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ABSTRACT 

ELECTRICALLY DRIVEN ION SEPARATIONS USING MEMBRANES COATED WITH 
POLYELECTROLYTE MULTILAYERS OR CONDUCTIVE FILMS 

 
By 

Yan Zhu 

 Ion-exchange membranes are attractive for salt recovery and brackish water desalination 

because they provide high selectivities between cations and anions.  Nevertheless, typical ion-

exchange membranes show only modest selectivities among cations or anions, and such 

selectivities are important in applications including water softening, acid recovery, and salt 

purification.  This dissertation explores coating of membranes with polyelectrolyte multilayers 

(PEMs) or conductive films to enhance selectivity in electrically driven ion transport.   

 Adsorption of PEMs on Nafion membranes gives rise to high monovalent/divalent cation 

selectivities in electrodialysis (ED), but the high cost of Nafion may preclude its use in many ED 

applications. This work demonstrates that relatively inexpensive Fujifilm cation-exchange 

membranes modified with protonated poly(allylamine) (PAH)/poly (4-styrenesulfonate) (PSS) 

films have extremely high K+/Mg2+ cation selectivities >1000 in ED. The high exclusion of Mg2+ 

suggests a complete and dense PEM, presumably because the smooth Fujifilm surface allows 

formation of a continuous coating. The PEM formed on the anode side of the membrane is 

essential for the high selectivity, whereas the cathode-side coating contributes only a small 

amount to resistance of the membrane system and little selectivity. Current density-voltage 

curves and transference numbers suggest that water splitting occurs at overlimiting currents. 

Overall, these highly selective membranes may be attractive for salt purification and salt 

recovery using ED. 



	

 Although PEM-modified cation-exchange membranes show high cation-selectivity 

during ED, the current efficiency is only ~0.5, which implies that unwanted ions carry 50% of 

current. Adsorption of (PDADMAC/PSS)n films on Nafion membranes leads to high monovalent 

/divalent cation selectivity in ED, and moreover, the monovalent cation current efficiency is as 

high as 0.8. (PDADMAC/PSS)3PDADMAC films give the highest current efficiency in both 

K+/Mg2+ and Li+/Co2+ separations. The high current efficiency presumably results from the high 

aqueous swelling of (PDADMAC/PSS)n films to increase the monovalent cation permeance. 

However, (PDADMAC/PSS)n films are not stable in solutions with high salt concentrations, so 

future work should aim to increase the film stability. 

 The high selectivity of PEMs partly stems from the high surface charge of the thin film. 

Thus, instead of introducing membrane surface charge through adsorption of polyelectrolytes, 

this work also aimed to develop conductive membranes to create surface charge using an 

electrical potential applied between the conducting membrane and a reference electrode in the 

source phase. The potential-dependent surface charge should alter cation and anion partitioning 

into the membrane. Electroless deposition of gold followed by electrosynthesis of poly(3,4-

ethylenedioxythiophene) gives highly conductive membrane with sheet resistances <100 Ω/�. 

Unfortunately, the ion fluxes do not significantly change with applied potential. 

 Finally, this dissertation investigates the possible mechanism of high salt rejection in 

nanofiltration through PEM-coated NF270. The surface charge may create regions of 

nonelectroneutrality in the membrane, and the low concentration of the excluded ion in this 

region should control the resistance to salt transport.



	 iv	

To my Mother Rong Ye and Father Xiao-Qing Zhu  



	 v	

ACKNOWLEDGEMENTS 
 

At the end of my journey at MSU, I would like to thank many people. Without their love 

and support, I could not finish the dissertation.  

Firstly, I need to express my deepest gratitude to my advisor, Dr. Merlin Bruening, for 

his guidance, support, understanding, and patient. Conducting research is a process to gain new 

knowledge that people have not understood, so research may not always work and could be very 

frustrating. While, I am very impressed by his passion and attitude in research and I also 

appreciate his suggestions and encouragement during the hard times.  

I would like to thank my second reader Dr. Gary Blanchard for the kindly discussions and 

help during my study. I also need to thank my committee members, Dr. Dana Spence and Dr. 

Vlad Tarabara, for their instructions inside and outside classrooms which are invaluable to build 

a solid background for my research. Besides, I would like to thank Dr. Greg Swain for many 

years solid training in electrochemistry. 

In addition to faulty members, I am fortune to work in Bruening group with nice group 

members. I would like to thank Dr. Chao Cheng, Dr. Jason Armstrong, Dr. Nick White for their 

discussions and suggestions in my research. I also appreciate the current and former group 

members for the great time that we work together in the lab. Besides, I am grateful to many good 

friends in graduate school, Xingyi Yang, Chen Qiu, Zhe Jia, Yuling Xie and Chen Zhang. I 

appreciate your company and lots of fun time that we spent together.  

Finally, I should give many thanks to my family. I left my parents for six and half years, 

and only went back once during my graduate school. I appreciate their endless love and support, 

and thank for their understanding and encouragement for me to pursuit my education and career 

in USA.  



	 vi	

Michigan State University is a very important stop in the journey of my life, where I 

learned how to face to myself, accept imperfections, overcome obstacles, be a better person, and 

also make a better world for others. This is the end of my graduate school study at MSU, but also 

a beginning of my next journey. Keep going. 

  



	 vii	

TABLE OF CONTENTS 
 

LIST OF TABLES .......................................................................................................................... x 

LIST OF FIGURES ...................................................................................................................... xii 

KEY TO ABBREVIATIONS ...................................................................................................... xvi 

Chapter 1 Introduction and Background ......................................................................................... 1 
1.1 Membrane-based ion separations ................................................................................ 2 

1.1.1 Diffusion dialysis ........................................................................................................ 3 
1.1.2 Nanofiltration .............................................................................................................. 5 
1.1.3 Electrodialysis ............................................................................................................. 8 

1.1.3.1  Ion-exchange membranes ................................................................................ 11 
1.1.3.1.1 Homogeneous and heterogeneous ion-exchange membranes ....................... 11 
1.1.3.1.2 Cost-effective cation-exchange membranes .................................................. 13 

1.1.3.2 Concentration polarization and limiting current ............................................... 16 
1.1.3.3 ED costs ............................................................................................................ 19 
1.1.3.4 Application of ED ............................................................................................. 21 

1.2 Functional thin films ................................................................................................. 22 
1.2.1 Layer-by-layer assembly of polyelectrolyte multilayers .......................................... 23 
1.2.2 Factors affecting film growth in layer-by-layer assembly ........................................ 27 
1.2.3 Swelling of polyelectrolyte multilayers .................................................................... 29 

1.3 Development of electrically conductive membranes ................................................ 31 
1.3.1 Fabrication of electrically conductive membranes ................................................... 32 

1.3.1.1 Conductive polymers ........................................................................................ 32 
1.3.1.2 Gold coated membranes .................................................................................... 35 
1.3.1.3 Carbon materials ............................................................................................... 36 

1.3.2 Applications of conductive membranes .................................................................... 36 
1.4 Dissertation outline ................................................................................................... 37 

REFERENCES ..................................................................................................................... 40 

Chapter 2 Highly Selective Separations of Divalent and Monovalent Cations in Electrodialysis 
Through Fujifilm Cation-Exchange Membranes Coated with Polyelectrolyte Multilayers ......... 55 

2.1 Introduction ............................................................................................................... 55 
2.2 Experimental section ................................................................................................. 57 

2.2.1 Materials ................................................................................................................... 57 
2.2.2 Film formation and characterization ......................................................................... 58 
2.2.3 Electrodialysis ........................................................................................................... 58 
2.2.4 Transmembrane potential measurements .................................................................. 60 
2.2.5 Current-voltage curves .............................................................................................. 60 

2.3 Results and discussion .............................................................................................. 61 
2.3.1 Characterization of Fujifilm cation-exchange membranes ....................................... 61 
2.3.2 Electrodialysis with bare and modified Fujifilm cation-exchange membranes ........ 64 
2.3.3 Current-density-voltage curves for bare and modified Fujifilm membranes ............ 71 



	
	

viii	

2.3 Conclusions ............................................................................................................... 74 
APPENDIX ........................................................................................................................... 75 
REFERENCES ..................................................................................................................... 79 

Chapter 3 Adsorption of Highly Water-Swollen Polyelectrolyte Multilayers on Cation-Exchange 
Membranes to Achieve High Selectivities among Cations ........................................................... 82 

3.1 Introduction ............................................................................................................... 82 
3.2 Experimental section ................................................................................................. 83 

3.2.1 Materials ................................................................................................................... 83 
3.2.2 Film formation and characterization ......................................................................... 83 
3.2.3 Electrodialysis and Donnan dialysis ......................................................................... 84 

3.3 Results and discussion .............................................................................................. 84 
3.3.1 ED through cation-exchange membranes modified with PDADMAC/PSS films .... 84 
3.3.2 Characterization of polyelectrolyte multilayer-modified Nafion and Fujifilm 

membranes ................................................................................................................ 87 
3.3.3     Electrodialysis and Donnan dialysis with HNO3 or Ba(NO3)2 in receiving phase .. 89 
3.3.4 Ion fluxes and selectivities as a function of the number of adsorbed layers ............. 91 
3.3.5 The effect of source-phase concentrations ................................................................ 95 
3.3.6 Current-density-voltage curve .................................................................................. 97 

3.4 Conclusions ............................................................................................................... 99 
REFERENCES ................................................................................................................... 100 

Chapter 4 Fabrication of Membranes with Electrically Conductive Skins for Investigation of Ion 
Transport as a Function of Applied Potential ............................................................................. 102 

4.1 Introduction ............................................................................................................. 102 
4.2 Experimental section ............................................................................................... 104 

4.2.1 Materials. ................................................................................................................ 104 
4.2.2    Layer-by-Layer assembly of conductive membrane coatings ................................ 105 
4.2.3 Au deposition on membrane surfaces ..................................................................... 106 
4.2.4 Electrochemical polymerization ............................................................................. 107 
4.2.5 Membrane characterization ..................................................................................... 108 
4.2.6 Diffusion dialysis with an electrical potential applied between the membrane surface 

and electrodes in solution ........................................................................................ 109 
4.2.7 Diffusion dialysis with an applied potential between two carbon meshes that 

sandwich a membrane ............................................................................................. 111 
4.3 Results and discussion ............................................................................................ 111 

4.3.1 Layer-by-layer assembly of conductive polymers .................................................. 112 
4.3.2 Deposition of Au to form conductive membrane surfaces ..................................... 115 
4.3.3 Electrochemical polymerization of EDOT to fabricate conductive membrane 

coatings ................................................................................................................... 116 
4.3.4 Ion permeability and selectivity of conductive membranes ................................... 117 
4.3.5 Membrane capacitor for ion rejection ..................................................................... 121 

4.4 Conclusions ............................................................................................................. 124 
APPENDIX ......................................................................................................................... 125 
REFERENCES ................................................................................................................... 128 



	
	

ix	

Chapter 5 Deviations from Electroneutrality in Membrane Barrier Layers: A Possible 
Mechanism Underlying High Salt Rejections ............................................................................. 132 

5.1 Introduction ............................................................................................................. 132 
5.2 Experimental section ............................................................................................... 137 
5.3 Results and discussion ............................................................................................ 139 
5.4 Conclusions ............................................................................................................. 142 

REFERENCES ................................................................................................................... 143 

Chapter 6 Conclusions and Future Work .................................................................................... 147 
REFERENCES ................................................................................................................... 150 



	
	

x	

LIST OF TABLES 
	

Table A2.1  K+ activities. γ is the activity coefficient, and a is the ion activity. .......................... 76 

Table A2.2  One example of the calculated junction potentials in membrane potential 
measurements. Ej,s is the junction potential between the source solution and the reference 
electrode filling solution. Ej,r is the junction potential between the reference electrode 
filling solution and the receiving phase. Ej = Ej,r – Ej,s. ..................................................... 77 

Table 3.1  Li+ and Co2+ fluxes and Li+/Co2+ selectivities during ED and Donnan dialysis through 
Nafion membranes coated with (PDADMAC/PSS)5PDADMAC films. The source phase 
contained 0.01 M LiNO3 and 0.01 M Co(NO3)2, the receiving phase was 0.01 M HNO3, and 
the current density was 0.63 mA/cm2. The transference numbers for ED are listed in 
parentheses. ........................................................................................................................... 90 

Table 3.2  K+ and Mg2+ fluxes and K+/Mg2+ selectivities during ED and Donnan dialysis through 
Nafion membranes coated with (PDADMAC/PSS)5PDADMAC films. The source phase 
contained 0.01 M KNO3 and 0.01 M Mg(NO3)2, the receiving phase was 0.01M Ba(NO3)2, 
and the current density was 0.63 mA/cm2. The transference numbers for ED are listed in 
parentheses. ........................................................................................................................... 91 

Table 3.3  K+ and Mg2+ fluxes and transference numbers and K+/Mg2+ selectivities during ED 
through bare Nafion and Nafion membranes coated with (PDADMAC/PSS)nPDADMAC 
films. The source phase contained 0.01 M KNO3 and 0.01 M Mg(NO3)2, the receiving phase 
was 0.01M HNO3, and the current density was 0.63 mA/cm2. ............................................. 93 

Table 3.4  Li+ and Co2+ fluxes and transference numbers and Li+/Co2+ selectivities during ED 
through Nafion membranes coated with (PDADMAC/PSS)1.5, (PDADMAC/PSS)3.5, or 
(PDADMAC/PSS)5.5 films. The source phase contained 0.01 M LiNO3 and 0.01 M 
Co(NO3)2, the receiving phase was 0.01 M HNO3, and the current density was 0.63 
mA/cm2. ................................................................................................................................ 94 

Table 3.5  K+ and Mg2+ fluxes, K+ transference numbers, and K+/Mg2+ selectivities as a function 
of source-phase cation concentration during ED through Fujifilm membranes coated with 
(PAH/PSS)5PAH films. The receiving phase initially contained 0.01 M HNO3, and the 
applied current density was 0.63 mA/cm2.  The Donnan dialysis fluxes are listed in 
parentheses. ........................................................................................................................... 96 

Table 3.6  K+ and Mg2+ fluxes, K+ transference numbers, and K+/Mg2+ selectivities as a function 
of source-phase cation concentration during ED through Nafion membranes coated with 
(PDADMAC/PSS)5PDADMAC films. The receiving phase initially contained 0.01 M 
HNO3, and the applied current density was 0.63 mA/cm2.  The Donnan dialysis fluxes are 
listed in parentheses. ............................................................................................................. 97 

Table 4.1  The sheet resistance, Rsh of several PEDOT:PSS-containing films deposited on either 
glass or porous alumina. ..................................................................................................... 114 



	
	

xi	

Table 4.2  K+ and Mg2+ fluxes and K+/Mg2+ selectivities during diffusion dialysis through bare 
and coated alumina membranes.  Dialysis occurred from source-phase solutions initially 
containing 0.01MKCl and 0.01M MgCl2 to a deionized water receiving phase. ............... 118 

Table 5.1  Solution Fluxes, Salt Rejections, and Rs Values for Nanofiltration of 10 mM K2SO4 or 
MgCl2 Through Bare and PAH-Modified NF270 Membranes. .......................................... 140 

  



	
	

xii	

LIST OF FIGURES 
	

Figure 1.1 Scheme of diffusion dialysis to a) separation HCl from metal ions using an anion-
exchange membane, and b) separate NaOH from a Na2WO4 solution. (Redrawn from J. 
Membr. Sci. 2011, 366, 1-16) ................................................................................................. 4	

Figure 1.2 Scheme of an electrodialysis stack for desalination. Anion- (red) and cation- (blue) 
exchange membranes allow selective passage of anions and cations, respectively. (Redrawn 
from Desalination 2007, 205, 38-46) .................................................................................... 10	

Figure 1.3 Schematic illustrations of a) an ion-exchange membrane with a heterogeneous 
structure consisting of resin powder and binder polymer and b) a cation-exchange 
membrane with a homogeneous structure. (Redrawn from Desalination 2010, 264, 268-288)
 ............................................................................................................................................... 12	

Figure 1.4 Basic structure of common cation-exchange materials for electrodialysis and fuel cell 
membranes. (a) Nafion, (b) polystyrenes, (c) poly(arylene ether sulfones) and (d) acid-
doped polybenzimidazole membrane. (Reprinted with permission from Chemical 
Engineering Research and Design 2012, 90, 950-959)72 ...................................................... 15	

Figure 1.5 Schematic drawing of the sodium ion concentration near a cation-exchange membrane 
during electrodialysis from a solution containing a Na+ salt.  The vertical axis is the 
concentration, and the cation concentration is Cf

+ in feed phase, C0
+ at the membrane 

surface (feed side), CL
+ at the membrane surface (receiving side), and Cr

+ in the receiving 
phase. L is the membrane thickness. (Redrawn from Membrane Technology and 
Applications, 2nd ed.: J. Wiley: Chichester; New York, 2004) ............................................. 17	

Figure 1.6 Schematic drawing of current density vs transmembrane potential during 
electrodialysis through an ion-exchange membrane. The intersection of the lines describing 
the Ohmic and plateau regions gives a value for the limiting current. (Redrawn from 
Desalination 2010, 264, 268-288)18 ...................................................................................... 19	

Figure 1.7 Schematic diagram illustrating the various costs in electrodialysis as a function of the 
applied current density. (Redrawn from Desalination 2010, 264, 268-288) ......................... 21	

Figure 1.8 Schematic diagram of layer-by-layer adsorption (Reprinted with permission from 
Science 2010, 348, 2491) ...................................................................................................... 24	

Figure 1.9 Schematic overview of LbL assembly with various substrates and coating materials 
(Reprinted with permission from Science 2010, 348, 2491)108 ............................................ 24	

Figure 1.10 Structures of common polyelectrolytes used in LbL adsorption. .............................. 26	

Figure 1.11 Schematic structure of (a) intrinsic compensation and (b) extrinsic compensation of 
polyelectrolyte chains. (Redrawn from Current Opinion in Colloid & Interface Science 
2014, 19, 25-31)135 ................................................................................................................ 30	



	
	

xiii	

Figure 1.12 Chemical structures of several conductive polymers (a) polyacetylene, (b) 
poly(phenylene vinylene), (c) polyaniline (X= NH/N) or polyphenylene sulfide (X=S), .... 33	

Figure 1.13 Chemical structure of a PEDOT:PSS complex ......................................................... 35	

Figure 2.1 Electrical potential drops (receiving-source phase) across a Fujifilm membrane as a 
function of the ratio of KNO3 activities in the source (a1) and receiving (a2) solutions.  The 
error bars represent the standard deviations from three Fujifilm membranes. ..................... 62	

Figure 2.2  SEM images of the (A) top and (B) bottom surfaces of Fujifilm membranes.  Images 
C and D show the tops of membranes after (C) immersion in 0.1 M NaCl and (D) coating 
with a (PAH/PSS)5PAH film. ............................................................................................... 64	

Figure 2.3  Moles of K+ (circles) and Mg2+ (squares) in the receiving phase as a function of time 
during ED with initial solutions containing 0.01 M KNO3 and 0.01 M Mg(NO3)2 in the 
source phase and 0.01 M HNO3 in the receiving phase. ED used either a bare Fujifilm 
membrane (open symbols) or a Fujifilm membrane coated with (PAH/PSS)5PAH on both 
sides (filled symbols). The current density was 0.63 mA cm-2. ............................................ 66	

Figure 2.4  Moles of K+ (circles) and Mg2+ (triangles) in the receiving phase as a function time 
during ED with initial solutions containing 0.01 M KNO3 and 0.01M Mg(NO3)2 in the 
source phase and 0.01 M HNO3 in the receiving phase. ED used a Fujifilm membrane 
coated with (PAH/PSS)5PAH only on the cathode side (open symbols) or anode (filled 
symbols) side. The current density was 0.63 mA/cm2. ......................................................... 68	

Figure 2.5  K+ and Mg2+ ED transference numbers for cathode-side-coated, anode-side-coated, 
and two-side-coated Fujifilm membranes and two-side-coated Nafion membranes.  The 
coating was (PAH/PSS)5PAH, and ED employed a solution of 0.01 M KNO3 and 0.01 M 
Mg(NO3)2 in the source phase and 0.01 M HNO3 in the receiving phase along with a current 
density of 0.63mA cm-2. ........................................................................................................ 70	

Figure 2.6  Ion transport through (PAH/PSS)5PAH-modified cation-exchange membranes. The 
migration of NO3

- and the different K+ transference numbers in the PEM and Fujifilm 
membrane generate a depletion zone in the PEM, which leads to water splitting near the 
PEM/membrane interface. .................................................................................................... 71	

Figure 2.7  Current density as a function of transmembrane potential drop during electrodialysis 
through bare Fujifilm membranes (squares), and membranes coated with (PAH/PSS)5PAH 
films on both sides (circles), on the cathode side (triangles), and on the anode side 
(diamonds). The experiment employed a two-compartment electrodialysis cell with 
solutions containing 0.01M KNO3 and 0.1 M Mg(NO3)2 on both side of membranes. ....... 73	

Figure 3.1  Moles of K+ and Mg2+ in the receiving phase as a function of time during ED with 
initial solutions containing 0.01 M KNO3 and 0.01 M Mg(NO3)2 in the source phase and 
0.01 M HNO3 in the receiving phase. Electrodialysis used bare Nafion membranes (blue) 
and Nafion coated with (PDADMAC/PSS)5PDADMAC films on both sides (red).  The 
current density was 0.63 mA cm-2. ....................................................................................... 86	



	
	

xiv	

Figure 3.2  SEM images of the surfaces of (A) a bare Nafion membrane, (B) a 
(PDADMAC/PSS)5PDADMAC-coated Nafion membrane, (C) a 
(PDADMAC/PSS)5PDADMAC-coated Fujifilm membrane, and (D) a (PAH/PSS)5PAH-
coated Fujifilm membrane. ................................................................................................... 89	

Figure 3.3  Current density as a function of transmembrane potential drop during electrodialysis 
through (PDADMAC/PSS)5PDADMAC-modified Nafion. The experiment employed a 
two-compartment electrodialysis cell with solutions containing 0.01 M KNO3 and 0.1 M 
Mg(NO3)2 on both sides of membrane. ................................................................................. 98	

Figure 4.1  Scheme of electroless deposition of gold on a porous alumina membrane. ............. 107	

Figure 4.2  Scheme of electrochemical polymerization of EDOT with PSS on Au-coated 
membranes. ......................................................................................................................... 108	

Figure 4.3  Diagram of the membrane cell for diffusion dialysis with an applied potential 
between the membrane and a reference electrode in the source phase. a) The conductive 
membrane surface faces the source phase, and electrical connection occurs through a thin 
copper .................................................................................................................................. 110	

Figure 4.4  The sheet resistances and thicknesses of (PAH/PEDOT:PSS)n films with different 
numbers of adsorbed bilayers, n. (Some of the error bars, which represent the standard 
deviations of determinations on three films , are smaller than the symbols). ..................... 113	

Figure 4.5  SEM imagines of porous alumina (a) before and (b,c,d) after coating with Au using 
(b) sputtering (50 nm film) (c) thermal evaporation (100 Nm) and (d) electroless deposition 
(10 deposition cycles after seeding the surface with Au nanoparticles). ............................ 116	

Figure 4.6  SEM imagines of PEDOT films formed during electrochemical polymerization from 
alumina membranes initially coated with Au through electroless deposition.  EDOT 
electropolymerization occurred for (a) 5 min and (b) 30 min.  The scale bar is common to 
both images. ........................................................................................................................ 117	

Figure 4.7  Amounts of K+ (filled data points) or Mg2+
 (open data points, along the x-axis) in the 

receiving phase as a function of time during diffusion dialysis with no applied penitential 
(blue circles), -0.5V (red squares) and and after removal of the applied potential (green 
triangles).   Diffusion dialysis occurred through a (PEDOT:PSS/PAH)7.5-modified alumina 
membrane from a 0.01M KCl, 0.01M MgCl2 source phase to a deionized water receiving 
phase. .................................................................................................................................. 120	

Figure 4.8  Schematic diagram of diffusion dialysis through a (PSS/PAH)4-coated alumina 
membrane sandwiched between two carbon mesh electrodes. ........................................... 122	

Figure 4.9  Amount of KCl in the receiving phase as the function of time with no potential (red 
circle), +2V (orange square) and +4V (blue triangle) during a continuous experiment that 
monitored K+ transport through the carbon mesh-sandwiched (PAH/PSS)4 coated alumina 
membrane. The source phase contains 0.01M KCl, 0.01M MgCl2 and the receiving phase 
was initially deionized water. ............................................................................................. 123	



	
	

xv	

Figure 4.10  Schematic drawing of a conductive membrane with current density perpendicular to 
the surface. The drawing also shows the membrane radius, R, and the radial coordinate, r.  
Current also flows into the membrane and along the surface. ............................................ 126	

Figure 5.1  Conceptual diagram of ion concentration profiles during NF through a membrane 
barrier layer that has different intrinsic partition coefficients for the cation and anion of a 
salt MA2.  The calculations either assume electrical neutrality (black line) or allow for net 
charge in regions of the barrier layer (red line- anion, blue line- cation).  The X-coordinate 
is the distance inside the 40 nm-thick barrier layer. ........................................................... 133	

Figure 5.2  Schematic drawing of the nanofiltraiton system (a), and a cross-flow nanofiltration 
cell (b). ................................................................................................................................ 138	

Figure 5.3  Rejection of MA2 as a function of salt concentration and the magnitude of negative 
fixed charge on the barrier-layer surface.  The simulation assumes a half-layer thickness of 
20 nm, intrinsic partition coefficients of 0.14 for A- and 3.4 x 10-4 for M2+, barrier-layer 
diffusion coefficients of 5 x 10-12 m2/s for M2+ and 1 x 10-11 m2/s for A-, and a volume flow 
of 6.9 µm/s or 25 L/(m2h).    The numbers with each curve represent the fixed surface-
charge density. .................................................................................................................... 141	

 

  



	
	

xvi	

KEY TO ABBREVIATIONS 
 

AEM   Anion-exchange membrane 

CE    Counter electrode 

CEM   Cation-exchange membrane 

CNTs   Carbon nanotubes 

CVD   Chemical vapor deposition 

DD   Diffusion dialysis 

DMF   Dimethylformamide 

DMSO   Dimethyl sulfoxide 

ED    Electrodialysis 

EDOT    Ethylenedioxythiophene 

EDR   Electrodialysis reversal 

EG   Ethylene glycol 

FO   Forward osmosis 

HA   Hyaluronic acid 

ICP-OES  Inductively coupled plasma-optical emission spectroscopy 

LbL  Layer-by-layer assembly 

MPA   3-mercaptopropionic acid 

NF   Nanofiltration 

NPs   Nanoparticles 

PAA   Poly(acrylic acid) 

PAH   Poly(allylamine hydrochloride) 

PAN   Polyaniline 



	
	

xvii	

PDADMAC  Poly(diallyl dimethyl ammonium chloride) 

PDMAEMA  Poly[2-(dimethylamino) ethyl methacrylate] 

PEDOT  Poly(3.4-ethylenedioxythiophene) 

PEI   Poly(ethyleneimine hydrochloride) 

PEMs   Polyelectrolyte multilayers 

PPy   Polypyrrole 

PSS   Poly(styrene sulfonate) 

PVDF   Polyvinylidene fluoride 

RE   Reference electrode 

RO   Reverse osmosis 

SEM   Scanning electron microscopy 

WE   Working electrode



	 1	

Chapter 1  Introduction and Background 

 
 

This dissertation investigates selective ion transport through cation-exchange membranes 

modified with polyelectrolyte multilayers (PEMs), nanofiltration membranes, and membranes 

with thin conductive skins. Coating Fujifilm cation-exchange membranes with PEMs through 

layer-by-layer assembly (LbL) leads to remarkable electrodialysis selectivities > 1000 in the 

transport of monovalent over divalent cations. LbL polyelectrolyte adsorption generates a dense 

film that excludes the passage of multivalent cations. Moreover, adsorption of PEMs that swell 

strongly in water leads not only to high electrodialysis selectivities, but also to electrically 

efficient ion transport. The highly charged PEM surface contributes significantly to selectivity, 

so this work additionally aimed to increase the charge on the membrane surface through 

application of an external potential. Such studies included coating of membranes with 

conducting films.  

To provide background for my research, this chapter first reviews membrane-based ion-

separation techniques, including nanofiltration, diffusion dialysis and electrodialysis. I 

emphasize ion-exchange membranes, concentration polarization and energy efficiency in 

electrodialysis. The second section of this chapter discusses LbL polyelectrolyte adsorption, 

deposition factors that affect PEMs properties, and the swelling of PEMs. Subsequently, I 

introduce the development of conductive membranes, their potential applications and an outline 

of this dissertation. 
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1.1 Membrane-based ion separations 

This research aims to develop highly selective ion-exchange membranes to enhance ion 

separations for applications such as water softening,1-2 salt recovery3-4 and acid recovery.5 

Traditionally, precipitation and ion exchange are the most common techniques for separating 

ions.6 However, precipitation often requires the addition of corrosive reagents such as strong 

bases, and sulfide precipitation produces toxic H2S fumes.7 Ion exchange enables the interchange 

of ions between two electrolytes, and ion-exchange chromatography separates ions based on ion-

exchange between a stationary phase and a mobile phase, particularly for analyzing ions and 

separating proteins.8 Unfortunately, preparative ion-exchange separations generate large amounts 

of eluent waste during the resin regeneration.9 

Membranes provide a barrier for selective ion permeation, and the rate of permeation 

depends on pore size, surface charge, and ion solubility in the membrane matrix.  Membrane-

based separations are potentially attractive for their high energy efficiency, minimal use of 

chemical additives, and scalable application.10 Using a variety of membranes and operation 

conditions, membrane-based ion-separation techniques include nanofiltration (NF), reverse 

osmosis (RO), diffusion dialysis (DD), electrodialysis (ED), forward osmosis (FO) and 

facilitated-transport dialysis. RO now holds the largest share of global water production through 

desalination.11 The separation layer of RO membranes is so dense that these membranes reject 

~99% of most ions.10 Separations that target removal of specific ions often employ nanofiltration 

membranes, which have barrier layers with effective pore sizes around 1 nm.  Due to a less dense 

membrane barrier layer (compared to RO membranes), NF can operate at lower pressures than 

RO and allow the passage of monovalent ions while rejecting divalent ions. Thus, NF is 
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attractive for water softening due to its high monovalent/divalent ion selectivity and low energy 

costs.12  

In another membrane-based separation, FO extracts water from a feed solution into a 

receiving phase containing a high concentration of dissolved solute.  Depending on the 

receiving-phase solute, subsequent water recovery can occur through methods such as 

evaporation of NH4HCO3.13  FO is promising for wastewater pretreatment14 and food 

processing.15 Facilitated-transport dialysis demonstrates high selectivity, but still has technical 

challenges for widespread application.16-17  In contrast, ED is a commercial process for brackish 

water desalination and concentration of salts in aqueous solutions,18 and DD is the basis of 

hemodialysis. This section reviews DD, NF and ED, which are particularly relevant to my work.  

 

1.1.1 Diffusion dialysis 

Diffusion dialysis is a process in which substances permeate through a membrane due to 

a concentration gradient. In 1861, Graham first proposed separating small molecules from large 

ones by selective diffusion through a membrane.19  As a more recent example, DD enables acid 

and alkali recovery using anion-exchange or cation-exchange membranes.20 Figure 1.1 a) 

illustrates DD for recovery of HCl from a feed solution containing metal ions. An anion-

exchange membrane separates the feed solution from the receiving phase and allows permeation 

of Cl- under a concentration gradient.  In contrast, the anion-exchange membrane prevents 

diffusion of metal ions, represented as M+.  To maintain electrical neutrality, H+ passes through 

the anion-exchange membrane and transfers to the receiving phase. Although protons carry 

positive charge, they diffuse through the anion-exchange membrane due to their small size, low 

valence and high mobility.  Figure 1.1 b) demonstrates the related NaOH recovery through DD.  
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b) 

	

Figure 1.1 Scheme of diffusion dialysis to a) separation HCl from metal ions using an anion-

exchange membane, and b) separate NaOH from a Na2WO4 solution. (Redrawn from J. Membr. 

Sci. 2011, 366, 1-16) 
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In ED, cation- and anion-exchange membranes should reject all anions and cations, 

respectively.  In contrast in acid or base recovery through DD, anion-exchange membranes 

should allow H+ passage and cation-exchange membranes should permit OH- passage.  Xu et al. 

fabricated anion-exchange membranes from poly(2,6-dimethyl-1,4-phenylene oxide) and used 

them to recover sulfuric acid from nickel sulfate with an acid recovery of 70% and nickel 

leakage less than 4%.21 Kiyono et al achieved a NaOH/Na2SO4 diffusive selectivity of 102 

through mixed matrix hollow fiber cation-exchange membranes.22 

Diffusion dialysis can also enrich radioactive species. Wallace employed 0.01 M 

UO2(NO3)2 as the feed solution and 2 M HNO3 as the receiving phase to move UO2+ through a 

cation-exchange membrane. In this type of dialysis, often known as Donnan dialysis, protons 

diffuse to the feed and UO2+ diffuse to the receiving solution to maintain electrical neutrality.  

Wallace achieved a 28-fold UO2+ enrichment in the receiving solution.23 

Ion-exchange membranes are not the only materials that show high selectivity in 

diffusion dialysis. Cheng et al deposited polyelectrolyte multilayers on porous alumina to create 

membranes that exhibit a K+/Mg2+ selectivity >350 in DD.24 This selectivity stems from 

electrostatic exclusion of divalent ions in highly charged PEMs as well selective size exclusion 

of the larger hydrated ion. Chapter 4 describes my efforts to introduce electric charge on 

conductive membrane surfaces to influence the ion permeance and selectivity during DD. 

 

1.1.2 Nanofiltration 

Nanofiltration is a pressure-driven process similar to RO, but NF employs more 

permeable membranes with an effective pore size of ~1 nm. Thus, the properties of NF 

membranes lie between those of ultrafiltration and RO membranes, i.e. NF membranes reject 
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molecules with molecular weights >300-500 Da, but they allow permeation of small, monovalent 

ions.25  Additionally, compared to RO the high permeability of NF membranes makes them 

attractive for low-pressure water softening and organic pollutant removal.12  

Models of ion transport in NF include both solution-diffusion processes and convective 

transport through nanopores.  However, the latter mechanism seems inconsistent with the low 

permeability of ultrathin barrier layers, and Freger recently showed that the diffusion coefficients 

of small molecules are inconsistent with pore diameters determined from hydraulic permeability 

data.26  Thus, the solution-diffusion model may better explain the high selectivity of NF 

membranes in many applications.27-29 In this model, Equation 1.1 describes the salt flux $% 

through a membrane barrier layer, where &%,(and &%,) are the concentrations of ion * in feed and 

permeate solutions, respectively, and B is the salt permeability constant. 

$% = ,	(&%,( − &%,))                                                                                                                     (1.1) 

The volumetric flux $1 depends on the pressure drop across the membrane Δ3, the osmotic 

pressure Δπ and the permeability constant 5 according to equation 1.2. 

$6 = 5(∆3 − ∆8)                                                                                                                       (1.2) 

Equation 1.3 describes the rejection of ion *, 9%, which is one of the primary measures of 

membrane performance.   

9% = 	1 −
;<,=

;<,>

	 	×	100%                                                                                                        (1.3) 

In another important measure of a separation, equation (1.4) shows the selectivity (B) for solute 

A over solute B. After substitution of equation 1.3, one can also express B in terms of rejections.  

B =
;C,>/;C,=

;E,>/;E,=

= 	
FGGHIC

FGGHIE

	                                                                                                              (1.4) 
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NF ion fluxes depend on the size and charge of the ion. Both increased size and 

electrostatic exclusion will decrease B in equation (1.1) and give rise to lower ion fluxes and 

higher rejections.  For charged and uncharged species, increases in size can decrease both 

partitioning into the barrier layer and diffusion coefficients.30 In charged NF membranes, ion 

rejections also rely on electrostatic exclusion. Kosutic et al. showed that the rejection of organic 

molecules exploits size exclusion,31 and Chellam et al. demonstrated that molecular diffusion 

also affects the rejection.32 For ionic components, Schaep et al. reported that the rejections of 

Na2SO4, MgCl2 and NaCl are similar on negatively charged (NF 40) and positively charged 

(UTC 20) membranes that possess small pore radii near 0.4 nm.33 However, with NTR 7540 

membranes with a larger pore size of 0.8 nm, ion rejection depends primarily on electrostatic 

exclusion.34 The results suggest that with very small pore sizes, size exclusion controls ion 

rejections, but at larger pore sizes, electrostatic exclusion may dominate.  

Although NF membranes are highly effective in commercial water softening, challenges 

including membrane fouling, low chemical resistance and modest selectivities still limit NF in 

some cases.25  Membrane modification shows promise for potentially alleviating some of these 

challenges.  For example, Li et al. fabricated NF membranes from polyhexamethylene guanidine 

hydrochloride through interfacial polymerization to create materials that inhibit growth of 

bacteria.35 Nanofiltration membranes coated with polyanionic brushes resist fouling by oil 

emulsions.36 By increasing membrane surface charge through layer-by-layer assembly, Ouyang 

et al. achieved a Na+/Mg2+ selectivity of 22 with a solution flux of 0.85 m3/(m2 day) at 5 bar.  

Specifically, they coated alumina membranes with five poly(styrene sulfonate) (PSS)/ protonated 

poly (allylamine hydrochloride) (PAH) bilayers.1 Additionally, the Cl-/SO4
2- selectivity was 35 

for (PSS/PAH)4PSS-coated coated alumina and 27 with PSS/poly(diallyl dimethyl ammonium 
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chloride) (PDADMAC) films deposited on ultrafiltration membranes.37-38 Moreover, Cheng et al. 

suggest that even the very small passage of Mg2+ through (PSS/PAH)4-coated alumina 

membranes is due to membrane imperfections.24  In addition to increasing selectivity, dual-layer 

polybenzimidazole/polyethersulfone NF hollow fiber membranes remove heavy metals from 

wastewater, and PBI resists chemical degradation.39 

NF applications include the treatment of ground water,40-41 wastewater reclamation,42-43 

water softening44-46 and recovery of monovalent ions.47 In addition, NF applications are 

expanding in pharmaceutical manufacturing and biotechnology. Several studies developed 

membrane-based purification of active pharmaceutical ingredients from genotoxic impurities.48-

50 In chapter 5 of this dissertation, we examine NF salt rejections and find that charged surfaces 

may create regions of nonelectroneutrality in the membrane.  These regions likely control the 

resistance to salt transport. 

 

1.1.3 Electrodialysis 

Electrodialysis is an electric field-driven separation technique in which ions migrate 

across ion-selective membranes from a feed stream to a receiving stream. Commercial ED 

configurations include a series of alternating cation-exchange and anion-exchange membranes 

between two electrodes (Figure 1.2).  As a dilute salt solutions flow between cation- and anion-

exchange membranes, cations migrate toward the cathode through the cation-exchange 

membrane, and the anion-exchange membrane in the neighboring receiving compartment 

ensures these cations remain in the receiving solution. Similarly, anions migrate from the dilute 

compartment toward the anode through an anion-exchange membrane, and the neighboring 

cation-exchange membrane in the receiving compartment retains these ions in the concentrate 
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solution. Thus, this configuration removes ions from the electrolyte solutions flowing through 

the dilute compartments to deionize the solution and potentially concentrate the ions in 

neighboring receiving compartments. Each stack contains two electrodes and several 

dilute/concentrate chambers.  

Meyer et al. first proposed an ED cell with a stack of membranes between two 

electrodes.51 However, at the time the high electrical resistance and low stability of ion-exchange 

membranes in harsh conditions limited commercial applications. With the development of high 

quality ion-exchange membranes, commercial ED for demineralizing brackish water began in the 

1950’s. ED industrial processes for demineralizing and concentrating electrolyte solutions 

rapidly appeared thereafter. In the 1960s, the Asahi company first produced salt from seawater 

through electrodialysis,52 and during the 1970s electrodialysis reversal (EDR) was developed to 

reduce the scale formation in long-term ED.53  Simultaneously, the development of bipolar 

membranes, which contain both cation-exchange and anion-exchange layers in one membrane, 

expanded ED into applications such as acid production54-58 and demineralizing whey and soy 

proteins in the food industry.59 This section  discusses ion-exchange membranes for ED, 

concentration polarization during ED, energy and capital costs of ED separations, and lastly, 

applications of this technology. 
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Figure 1.2 Scheme of an electrodialysis stack for desalination. Anion- (red) and cation- (blue) exchange membranes allow selective 

passage of anions and cations, respectively. (Redrawn from Desalination 2007, 205, 38-46) 
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1.1.3.1  Ion-exchange membranes 

Ion-exchange membranes form the core of electrodialysis cells. In cation-exchange 

membranes (CEM) fixed negative charges from functional groups such as -SO3
-, -COO-, and -

C6H4O- limit the passage of anions to enable selective cation transport. On the other hand, anion-

exchange membranes (AEM) include positively charged groups such as -NH3
+, -NRH2

+, and -

SR2
+ to restrict cation transport.61 Because the ionic groups absorb water, membranes must 

contain a high degree of crosslinking or insoluble phases to limit swelling.62-63 

 

1.1.3.1.1 Homogeneous and heterogeneous ion-exchange membranes 

Ion-exchange membranes can contain either homogeneous or heterogeneous distributions 

of charged sites. Heterogeneous membranes consist of fine cation- or anion-exchange powders 

dispersed in binder polymers.64 Figure 1.3a schematically shows the structure of a heterogeneous 

membrane and the counter-ion transport pathway.  (The term counter-ion refer to ions with a 

charge opposite in sign to that of the ion-exchange membrane fixed charge.) Because the binder 

polymer provides mechanical strength, ion-exchange resin materials need not satisfy strict 

mechanical requirements. Thus, heterogeneous ion-exchange membranes can exploit many ion-

exchange materials.64  However, the electrochemical properties of heterogeneous membranes are 

relatively poor because the heterogeneity may lower the membrane conductivity and limit 

economical current densities.65 Moreover, counter-ions pass through the ion-exchange phase, not 

the non-conducting binder polymer region, which may cause local concentration polarization.66 

Thus, homogeneous ion-exchange membranes are more common than heterogeneous materials 

in commercial applications.           
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a) 

  

 

b) 

	

Figure 1.3 Schematic illustrations of a) an ion-exchange membrane with a heterogeneous 

structure consisting of resin powder and binder polymer and b) a cation-exchange membrane 

with a homogeneous structure. (Redrawn from Desalination 2010, 264, 268-288) 
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Homogeneous ion-exchange membranes consist of a single-phase, so the polymer matrix 

must fulfill two functions: mechanical support and ion exchange. Figure 1.3b shows the 

schematic membrane structure. The three general approaches to prepare homogenous ion-

exchange membranes include polymerization of monomers containing cationic or anionic 

groups, introduction of charged moieties onto solid polymer films, and introduction of anionic or 

cationic moieties into a polymer followed by dissolution and casting into a film.52 Homogeneous 

membranes prepared by polymerization of monomer and subsequent formaldehyde crosslinking 

show good electrochemical properties, but poor mechanical strength.67-68 In the 1960s, Walther 

Grot from DuPont synthesized the fluorocarbon based ion-exchange membrane with the 

tradename Nafion.69 This polymer is attractive because of its high conductivity and stability in 

harsh conditions. 

 
1.1.3.1.2 Cost-effective cation-exchange membranes 

The rapid development of ion-exchange membranes expanded their applications from 

labs to industry.70 However, some applications require high temperature and oxidizing conditions 

in which many membranes are not stable.71 Currently, the cation-exchange membranes 

developed for those conditions, such as Nafion, Aciplex, and Flemion, consist of perfluorinated, 

polymers.72 The polytetrafluoroethylene backbone provides stability in harsh environments, and 

sulfonic acid groups on side chains give a high proton conductivity (Figure 1.4a). Many studies 

exploited such membranes in direct methanol and proton-exchange membrane fuel cells.73 

Nevertheless, production of perfluorinated membranes is expensive due to safety concerns when 

working with fluorinated monomers and the cost/availability of the perfluoroether 

comonomers.68  Nafion membranes cost more than 1000 US$/m2 (based on the Ion Power price 

list, Oct. 2016), and this high price will limit most large-scale applications. 
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Thus, many studies aimed to create alternatives to fluorinated ion-exchange membranes. Fan et 

al. developed cation-exchange fuel cell membranes based on sulfonated and phoshphonated 

polystyrene (Figure 1.4b). They claim that the tertiary hydrogen atom at position Y is the 

primary reason for the instability of current polystyrene membranes, so replacing the hydrogen 

with other covalently boned groups should enhance the membrane stability.74 Hibino et al. used 

poly(arylene ether sulfones) to prepare solid electrolyte membranes to prevent fuel crossover at 

high ion-exchange capacity (Figure 1.4c). Polybenzimidazoles doped with high acid 

concentrations provide high ionic conductivity comparable with Nafion at low cost (Figure 

1.4d).70 However, these alternative cation-exchange membranes are still far from large-scale 

applications. 
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          a) 

 

b) 

 

c) 

 

d) 

	

Figure 1.4 Basic structure of common cation-exchange materials for electrodialysis and fuel cell 

membranes. (a) Nafion, (b) polystyrenes, (c) poly(arylene ether sulfones) and (d) acid-doped 

polybenzimidazole membrane. (Reprinted with permission from Chemical Engineering Research 

and Design 2012, 90, 950-959)72 
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1.1.3.2 Concentration polarization and limiting current 

Concentration polarization, which occurs at the interface between a well-stirred solution 

and the ion-exchange membrane, significantly limits the rate and energy-efficiency of ED. 

Specific to ED, concentration polarization results from differences in the ion transport number 

(sometimes called the transference number) in an ion-exchange membrane and in the bulk 

solution. The ion transport number is simply the fraction of the total current that a given ion 

carries.  Figure 1.5 demonstrates an example of concentration polarization in a cation-exchange 

membrane. In a perfectly selective CEM, only cations carry current.  In contrast both anions and 

cations carry current in the solution, where cations migrate toward the CEM and anions migrate 

in the opposite direction. Thus, the cations become depleted at the solution/membrane interface 

because the number of cations electrically migrating from the bulk solution to this interface is 

less than the number cations electrically migrating within the CEM. This depletion gives rise to a 

concentration gradient that results in diffusion of cations to the CEM. Steady-state occurs when 

the cation concentration gradient at the membrane surface is large enough that the sum of 

diffusive and electromigration cation fluxes to the membrane surface are equal to the electrical 

migration of the cation within the CEM. (Diffusion in the CEM is negligible due to the large 

membrane thickness and the relatively low ion diffusion coefficients in the membrane.)  Note 

that anion depletion also occurs at the membrane/solution interface in Figure 1.5 because anions 

move into the solution from this interface, but they do not enter the interface from a perfectly 

selective CEM.   
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Figure 1.5 Schematic drawing of the sodium ion concentration near a cation-exchange membrane 

during electrodialysis from a solution containing a Na+ salt.  The vertical axis is the 

concentration, and the cation concentration is Cf
+ in feed phase, C0

+ at the membrane surface 

(feed side), CL
+ at the membrane surface (receiving side), and Cr

+ in the receiving phase. L is the 

membrane thickness. (Redrawn from Membrane Technology and Applications, 2nd ed.: J. Wiley: 

Chichester; New York, 2004) 
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the membrane, and other species must carry current.  These species may include OH- and H+ 

formed due to water splitting near the membrane/solution interface, where high potential 

gradients occur due to ion depletion. Both high resistances in the depleted region and significant 

side reactions such as water splitting consume much of the applied energy.   

Based on equating the cation flux in the solution and in the membrane when the surface 

cation concentration is zero,75-77 equation 1.5 describes the limiting current density, !"#$, where 

%& is the diffusion  

!"#$ = ()*+)

,(./0))
	                                                                                       1.5 

coefficient of the cation in water, 3 is Faraday’s constant, 4& is the bulk concentration of the 

cation, 5 is the depletion layer thickness and 6& is the cation transport number. 

 

Experimental estimations of the limiting current often employ a plot of applied current 

density vs transmembrane potential (I-V curve, e.g. Figure 1.6). Initially, the current density 

increases linearly with the transmembrane potential according to Ohm’s law (Ohmic region).  As 

the current approaches and exceed the limiting value, the current density does not increase 

significantly with transmembrane potential (“plateau region”) because the diffusive flux of 

cation from the feed solution reaches a maximum and cannot supply additional cation flux for 

increased migration into the CEM. However, as the current density exceeds an overlimiting 

value, the current again increases with transmembrane potential due to water splitting or 

electroconvection.78-79 One can estimate the limiting current density from the intersection of the 

Ohmic and “plateau” regions in the I-V curve. 
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Figure	1.6	Schematic drawing of current density vs transmembrane potential during 

electrodialysis through an ion-exchange membrane. The intersection of the lines describing the 

Ohmic and plateau regions gives a value for the limiting current. (Redrawn from Desalination 

2010, 264, 268-288)18 

 

1.1.3.3 ED costs 
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costs. Equation 1.6 describes the power consumed (P) to drive a separation  
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where 8 is the current through the membrane and R is the system resistance. When the transport 

number of the desired ions is unity, the current is proportional to the charge migrating across the 

membranes according to equation 1.7 

Current 
density

Transmembrane 
potential

!"#$

Ohmic
region

“Plateau” 
region

Overlimiting
region



	
	

20	

8 = ;<3(4= − 4?)                                                                                                                     (1.7) 

where z is the charge of the desired ion, Q is the volume flow, and 4= and Cr are ion 

concentrations in the feed at the ED compartment inlet and outlet, respectively. Introducing 

equation 1.7 into equation 1.6 gives the minimum energy cost for the separation  

@ = : ;<3 4= − 4?
9
                                                                                                            (1.8) 

The investment cost, including membrane and cell fabrication, as well as plant 

maintenance and labor costs are proportional to the size of the plant. The required membrane 

area for a given separation rate fixes the plant size. Thus, the higher the current density, the 

smaller the plant size needed to produce a certain amount of deionized or concentrated solution. 

The total cost in electrodialysis is primarily the sum of energy and investment costs (Figure 1.7).  

At a certain current density, the total cost reaches the minimum value. However, limiting 

currents are also important because operation at overlimiting currents will reduce the current 

efficiency so equation 1.7 will require an efficiency correction. For  low-concentration feed 

solutions, the limiting current is often much lower than the current density for minimum total 

cost.18  
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Figure 1.7 Schematic diagram illustrating the various costs in electrodialysis as a function of the 

applied current density. (Redrawn from Desalination 2010, 264, 268-288) 
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In some cases, ED is also effective in water demineralization and wastewater treatment. 

Industrial wastewater treatment includes demineralization of boiler feed water and desalination 

of contaminated water. Due to the increasing cost of fresh water and environmental concerns, 

recycling of wastewater is a necessity. Electrodialysis is particularly attractive for such processes 

because it can achieve water recoveries up to 95%. In other practical applications, ED can 

concentrate and recovery nickel from rinse water or recover acids such as HCl, HNO3 and HF 

from spent pickling solutions.82 ED applications in the food industry and biotechnology include 

deionization of whey as well as other protein and sugar solutions, and removal of organic acids 

from fermentation broths.83 Moreover, ED can serve as a pre-concentration process prior to 

evaporation for salt recovery from sea water.18 

 

 1.2 Functional thin films 

Thin polymer films provide a wide range of coatings that help to prevent corrosion of 

metals,84-86 resist fogging of glass,87-90 and decrease surface fouling.91 Additionally, polymer 

films can serve as active interfaces for chemical sensors92-95 or affinity coatings that capture 

specific substrates.96 Ultrathin films with thicknesses on the nm scale are attractive as barrier 

layers for membrane filtration because such films have a relatively small resistance to water flux 

and can dramatically improve selectivity or fouling resistance. This dissertation explores coating 

of membranes with thin polymer films to achieve high ion-transport selectivities. Specifically, 

we frequently coat membranes with polyelectrolyte multilayers.  Thus, this section discusses 

layer-by-layer adsorption of functional thin films, the layer-by-layer coating mechanism, and 

factors that affect film properties. 
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1.2.1 Layer-by-layer assembly of polyelectrolyte multilayers 

Layer-by-layer (LbL) assembly of thin films is now a widespread technique because of 

its precise control over film thickness, roughness, and surface charge using a wide variety of 

coating materials and substrates. Generally, LbL assembly of polyelectrolytes is a repeating 

process that includes adsorption of a charged polymer on a substrate, rinsing to remove weakly 

adhered material, adsorption of an oppositely charged polyelectrolyte on the same substrate, and 

a second rinsing step. Repetition of this sequence yields the desired number of bilayers on a 

surface (Figure 1.8),97 and variation of the number of bilayers affords thickness control at the nm 

scale.  

The assembly of polyelectrolyte multilayers usually, though not always, relies on charge 

overcompensation after adsorption of each polyelectrolyte. The initial layer adsorbs on the 

substrate through electrostatic or other attractions to create a highly charged surface. In 

subsequent steps the polyelectrolytes adsorb to the oppositely charged surface and 

overcompensate the surface charge to change its sign.98-100 Schlenoff et al. explained 

polyelectrolyte multilayer formation as an entropy driven assembly because the adsorption of a 

single polyelectrolyte molecule releases numerous counterions into solution.101 In addition to 

charge compensation and release of counterions, covalent binding, hydrogen-bonding, and host-

guest interactions can also promote LbL assembly with a wide range of deposition materials 

including proteins, lipids, nanoparticles and nucleic acids.102-105 Moreover, LbL assembly applies 

not only to planar substrates, but also to a range of substrates including porous membranes, 

colloids, nanoparticles and nanorods.106-107 Figure 1.9 demonstrates the various substrates and 

coating materials for LbL assembly.  
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Figure 1.8 Schematic diagram of layer-by-layer adsorption (Reprinted with permission from 
Science 2010, 348, 2491) 

	
	

	

Figure	1.9	Schematic overview of LbL assembly with various substrates and coating materials 

(Reprinted with permission from Science 2010, 348, 2491)108 
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Techniques for LbL assembly fall into several categories including immersive,109-111 

spin,112-113 spray,114-115 electromagnetic116 and fluidic assembly.117-118 Immersive assembly, also 

known as dip assembly, is the most common method for LbL thin film deposition because it is 

simple and tends to gives homogeneous films.119 However, the immersive assembly process is 

time consuming, requires significant amounts of coating materials especially for large substrates 

and generates waste solutions. These drawbacks are major problems in industrial applications. 

Thus researchers developed spin and spray assembly to increase the rate of polyelectrolyte 

adsorption or reduce the amount of waste solution. Electromagnetic assembly on electrodes or 

magnetic substrates employs electric or magnetic fields to enhance polyelectrolyte adsorption. 

Fluidic assembly coats a substrate in the channel of a flowing stream.  

This dissertation focuses on LbL films prepared from through immersive assembly. The 

common polyanions include ionized forms of poly(acrylic acid) (PAA),120 PSS,38 

poly(vinylsulfonic acid),121 and hyaluronic acid (HA),122 whereas the widely used polycations 

include PAH, poly(diallyl dimethyl ammonium chloride) (PDADMAC), and poly(ethyleneimine 

hydrochloride) (PEI).  Figure 1.10 shows structures of some of these polyelectrolytes. 
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poly(4-sodium styrene sulfonate)                    poly(allylamine hydrochloride) 

 

                                           

poly(acrylic acid) sodium salt                         poly(diallyl dimethyl ammonium chloride) 

 

                               	

poly(vinylsulfonic acid) sodium salt                   poly(ethyleneimine hydrochloride), branched 

Figure 1.10	Structures of common polyelectrolytes used in LbL adsorption. 
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1.2.2 Factors affecting film growth in layer-by-layer assembly 

The thickness, charge and structure of polyelectrolyte multilayers formed through LbL 

assembly depend on the constituent polyelectrolytes, deposition pH, supporting electrolyte 

concentration, and assembly methods. The density of charge on the polyelectrolyte affects film 

thickness, which can increase linearly or exponentially with the number of bilayers, depending 

on the polyelectrolyte system. For example, (PSS/PAH)n film thicknesses increases linearly with 

the number of bilayers,123 whereas (PDADMAC/PSS)n or (HA/chitosan)n films sometimes show 

an exponential growth mechanism.124-125 Under the same adsorption conditions, the thickness per 

bilayer for PSS/PDADMAC is 7 times higher than for PSS/PAH.109, 124 Choi et al. reported that 

the thicknesses of star-shaped PAA/poly[2-(dimethylamino) ethyl methacrylate](PDMAEMA) 

films are two or three times higher than the thicknesses of linear PAA/PDMAEMA with the same 

number of bilayers.126 

In addition to polyelectrolyte type, the supporting electrolyte composition and 

concentration in deposition solutions also affect PEM growth. The supporting salt screens the 

charge on the polymer chain to reduce the charge repulsion between the repeating units. As a 

consequence, polymers trend to coil and form thicker films in the presence of supporting 

electrolyte. In contrast, without the supporting salt, polymer chains extend to minimize charge 

repulsion, and adsorption under such conditions yields relatively thin films.127 The coil 

conformation (films deposited in the presence of salt) also leads to higher surface charge than the 

extended structure (films deposited without salt).109, 128 The thicknesses of (PDADMAC/PSS)10 

films increase from around 10 nm for films adsorbed from solutions containing 0.1 M NaCl to 

300 nm for films adsorbed from 2 M NaCl,109 and the surface roughness also dramatically 
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increases.129 The higher roughness leads to adsorption of more polymer because of increased 

surface area. 

In addition to supporting electrolyte concentrations, several studies show that salt 

composition affects the film thickness. Dubas et al. reported the thicknesses of 10-bilayer 

PDADMAC/PSS films deposited from different solutions containing a series of cations with a 

constant anion (chloride). The less hydrated cations lead to thicker films due to a stronger 

interaction with polyanions.109 Similarly, the anion of the supporting electrolytes also influences 

film thickness. Salomaki et al. studied the growth of PSS/PDADMAC films with a series of 

anions ranging from cosmotropic to chaotropic (F-, HCOO-, BrO3
-, Cl-, ClO3

-, Br-, NO3
-, ClO4

-). 

The chaotropic anions strongly interact with polycations, screening the polyelectrolyte charges, 

therefore resulting in coil structures and thicker films.130-131 The 10-bilayer film thickness 

increases from around 20 nm in NaF to 90 nm in NaBr, and the anion composition had a stronger 

influence on film thickness than the cation composition. Moreover, Dressick and coworkers 

reported that divalent anions in the deposition solutions lead to thicker films than monovalent 

anions.130 

The pH of the deposition solution dramatically affects the film thickness when depositing 

weak polyelectrolytes. The ionization of some functional groups such as amines and carboxylic 

acids depends on pH, and more extensive ionization creates a higher charge density on the 

polymer, which gives rise to thinner PEMs. For example, at pH 2.5, 70% of the carboxylate 

groups on PAA are in the carboxylic acid form, whereas, at pH 4.5, 70% of the acid groups are 

ionized to carboxylates. The less charged PAA at pH 2.5 gives a thicker (PAH/PAA)30 film than 

the lower charged PAA at pH 4.5.132 However, if the charge density is too low, films are not 

stable.133 
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1.2.3 Swelling of polyelectrolyte multilayers 

Controlling the swelling of PEMs is important for selective ion transport and release of 

small molecules. Schlenoff et al. introduced the concept of extrinsic and intrinsic charge 

compensation to help explain the swelling of PEMs.134 Intrinsic compensation refers to 

attainment of charge neutrality through pairing of charges from polycation and polyanion 

segments. Conversely, extrinsic compensation achieves charge neutrality by pairing charges on 

the polyelectrolytes with counter ions from salt (Figure 1.11). The fraction of extrinsic and 

intrinsic charge compensation in PEMs influences the film swelling, partly because intrinsic 

compensation cross-links polymer chains. In contrast, extrinsic compensation creates ion-

exchange sites to make film more hydrophilic, less cross-linked and more prone to swelling in 

water. The supporting electrolyte concentration surrounding a PEM can also affect the charge 

compensation. High salt concentrations tends to break ionic cross-links, thereby increasing the 

fraction of extrinsic compensation.133 
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a) 

 

 

b) 

	

Figure 1.11	Schematic structure of (a) intrinsic compensation and (b) extrinsic compensation of 

polyelectrolyte chains. (Redrawn from Current Opinion in Colloid & Interface Science 2014, 19, 

25-31)135 
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In chapters 2 and 3, I utilize (PAH/PSS)n or (PDADMAC/PSS)n films to enhance the 

selectivity among cations during ED through cation-exchange membranes. Steitz and coworkers 

found that PAH/PSS multilayers are relatively insensitive to supporting salt concentration.136 

However, (PDADMAC/PSS)n films show greater swelling in aqueous solutions with high salt 

concentrations.128 Dubas et al. reported that the volume swelling coefficient of 

(PSS/PDADMAC)n films is 20 times higher than for (PSS/PAH)n films of similar thickness.137 

Moreover, the terminal layers influence film swelling. In 0.5 M NaCl, PSS/PDADMAC 

multilayer films with PDADMAC termination swell 4 times more than the corresponding films 

terminated with PSS, presumably because PDADMAC penetrates the entire film and disrupts 

cross-linking of polymer chains.138 For PSS/PAH multilayers, PAH-terminated films swell 25% 

less than PSS-terminated films.139  

Several groups reported that the swelling of PEMs influences their permeability. 

PDADMAC/PSS films are 2 times more permeable to perchlorate ions than PAH/PSS.140 Stair 

and coworkers reported that cross-linking of PEMs dramatic decreases the permeation of 

multivalent anions.141 Extrinsic compensation may provide ion exchange sites that accelerate 

diffusion with a strongly nonlinear relation between diffusion and the concentration of ion-

exchange sites.137 

 
1.3 Development of electrically conductive membranes 

The most common driving forces for transmembrane transport include pressure, 

concentration, and electrical potential differences across the membrane. With the rapid 

development of conductive materials, electrically conductive membranes have attracted attention 

for controlling transport. In the 1980s, Wagner and Aizawa suggested a membrane separation 
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method based on an electrochemical reaction of membrane materials under an electrical 

potential.142 In the1990s, several groups investigated whether electrostatic interactions between 

analytes and conducting membranes could influence the transport of charged analytes.143  

Separations with electrically conductive membranes differ from conventional ED due to 

the nature of the separation mechanism. With a conductive membrane, the electrical potential 

between the membrane and solution may change the ion partitioning into the membrane, or the 

potential could change the oxidation state of the membrane material and consequently change its 

permeability and swelling. In conventional ED, a transmembrane electrical potential drives the 

ion movement, but the separation relies on the relative ionic affinities of the ion-exchange 

membrane and the ion mobilities in the membrane. 

Conductive membranes have many potential applications including protein rejection and 

adsorption,144 removal of organic contaminants,145 removal bacteria and viruses,146 and resisting 

membrane fouling.147 Chapter 4 describes my effort to develop ion-separation membranes with 

conducting surfaces. 

 

1.3.1 Fabrication of electrically conductive membranes 

1.3.1.1 Conductive polymers 

Various electrically conducting materials including conductive polymers, carbon and 

metals can serve as conductive membrane coatings or free standing membranes. There are 

several well-studied conductive polymer systems including polyaniline (PAN), polypyrrole 

(PPy), polyacetylene, polythiophene and their derivatives and copolymers.148 The conductivity 

stems from conjugated backbones in which a series of π-bonds overlap to allow electron 

delocalization. Importantly, addition of dopants into the polymer structure enhances the 
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conductivity.149 The dopants increase the number of charge carriers by removing or adding 

electrons to the polymer chains. Both electrons in unoccupied energy states (n-type) or mobile 

holes in filled energy states (p-type) can serve as charge carriers, but most conductive polymers, 

such as PAN, poly(3.4-ethylenedioxythiophene) (PEDOT), PPy, and polythiophene are p-type. 

 

	

Figure 1.12	Chemical structures of several conductive polymers (a) polyacetylene, (b) 

poly(phenylene vinylene), (c) polyaniline (X= NH/N) or polyphenylene sulfide (X=S), 

 (d) polypyrrole (X= NH) or polythiophene (X=S) 

 

Among the many conductive polymers, polypyrrole is especially common in many 

applications due to its simple synthesis and high electrical conductivity.150 Polypyrrole 

deposition on membranes can occur through electro-polymerization or solution polymerization. 

Bobacka and coworkers prepared PPy-modified polyvinylidene fluoride (PVDF) membranes by 

applying constant current (1mA/cm2) at a PVDF-coated Pt electrode immersed in PPy.151 Liu and 

coworkers created polypyrrole-modified polyester membranes through solution polymerization, 

and the coatings decreased fouling.152 In addition, electrosynthesis can provide stand-alone 

polypyrrole membranes. Wallace and co-coworkers reported electrosynthesis of a polypyrrole 

(b)(a)

(c)
(d)
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membrane using a constant current at a stainless steel or glassy carbon electrode. Ten min of 

electropolymerization gave a 5 µm thick film, and they stripped the polypyrrole from the 

supporting substrate to obtain a stand-alone membrane.153-155  

Polyaniline is another very common conductive polymer. The polyaniline structure can 

switch between its reduced (leucoemeraldine), half-oxidized (emeraldine) and fully oxidized 

(pernigraniline) states in aqueous solutions with an average of one electron extracted per two 

monomer units.156 Only the emeraldine state is highly conductive. Hillier and coworkers reported 

electrochemical polymerization of aniline onto gold-coated porous alumina.156 Delogoz prepared 

polyaniline-based asymmetric membranes by the phase inversion method from a casting solution 

containing N-methyl pyrrolidone.157 Jungbauer and coworkers reported gas separations with an 

unsupported polyaniline membrane cast from polyaniline powder.158  

PEDOT:PSS is a polymer complex consisting of positively charged, conjugated PEDOT 

and negatively charged saturated PSS (Figure 1.13). PEDOT:PSS is a successful commercial 

conducting polymer sold under the trade name of Baytron® by Bayer AG and subsequently by 

H.C.Starck, and under the name of Clevios® by Heraeus. Spin casting, spray deposition, inkjet 

printing, screen printing and layer-by-layer assembly can all yield thin PEDOT:PSS films.159-160 

The thin films exhibit a wide range of conductivities from 10-2 to 103 S cm-1 depending on the 

thickness, coating method, additives and post-treatment. Mixing PEDOT:PSS with solvents such 

as dimethyl sulfoxide (DMSO), ethylene glycol (EG), and dimethylformamide (DMF) can 

increase the conductivity more than 1 order of magnitude.161-162 The low molecular weight 

solvent induces the reorientation of PEDOT/PSS chains to lower resistance.163 Kim and 

coworkers proposed that polar solvents with a high dielectric constant screen interactions 

between the positively charged PEDOT and negatively charge PSS, thereby reducing the 
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electrical coupling between the counter ions and the charge carrier to increase conductivity.164  In 

addition to commercial PEDOT:PSS solutions, formation of PEDOT films can take place 

through electrochemical polymerization, vapor phase polymerization, and oxidative 

polymerization.165-167 

 

	

Figure 1.13 Chemical structure of a PEDOT:PSS complex 

 

1.3.1.2 Gold coated membranes 

In 1995, Martin and coworkers reported gold-based electrically conductive membranes. 

They employed electroless deposition to coat the pores of membranes with gold.143 The 

electroless metal deposition employs a chemical reducing agent to plate the metal from solution 

onto a surface. The first advantage of the electroless method is that it does not require an 

electronically conductive substrate.  As a second asset, the coating covers both the interior of 

pores and the membrane surface. Thirdly, the method applies to various membranes such as 

track-etched polycarbonate, porous alumina and polymeric nanopores.168-169 Sputter coating and 
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evaporation can also coat commercial membranes with gold.156, 170 However, such methods do 

not yield controlled deposition in pores.   

 

1.3.1.3 Carbon materials 

Carbon materials including carbon nanotubes (CNTs), graphene, and doped diamond can 

potentially create electrically conductive membranes. Wiesner and coworkers fabricated CNT-

coated membranes by pressure filtering a thin layer of poly (vinyl alcohol) cross linked with 

carboxylated multiwalled CNTs.  The membranes showed a conductivity of 3600 S m-1.171 Other 

groups developed freestanding CNT membranes for possible water treatment and desalination.  

These include isoporous CNT membranes in which CNTs align as cylindrical pores across an 

impermeable matrix and bucky-paper CNT membranes in which CNTs arrange randomly.172 

Chemical vapor deposition (CVD) of graphene followed by focused ion beam (FIB) drilling of 

nanopores (<10 nm to 1	Am) yields permeable graphene films.173 Recently, Gao and Nebel grew 

boron-doped diamond on quartz filters through CVD to give membranes with self-cleaning  

properties.174 

 

1.3.2 Applications of conductive membranes 

Conductive membranes can potentially control ion transport, separate proteins, and 

combat fouling. Several groups investigated the ion permselectivity of conductive polymer 

membranes under various potentials. In its oxidized and reduced states, polypyrrole membranes 

are highly permeable to anions or cations, respectively.175  Morita found that the ion permeability 

dependence on applied potential varies with both ion radius and valence. The permeabilities of 

anions with lower ionic radii and higher valences are especially dependent on the applied 
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potential.176 Hillier and coworkers reported the electrochemical modulation of ion transport on 

PAN-modified alumina membranes, based on PAN oxidation states.177 

Although the applied potential affects ion transport through conductive polymer 

membranes, the permeability changes often rely on an electrochemical reaction within the 

polymer. Martin’s group investigated the ion permeability of gold nanotubule membranes, which 

can show cation, anion or no selectivity depending on the applied potential. The Au nanotubules 

have pore radii of ~ 2.5 nm, which is smaller than the double layer thickness at low ionic 

strength, so the strong electric field rejects ions with same charge as the sign of the applied 

potential.143 The potential has more significant effects in low-concentration solutions where 

double-layer thicknesses are low.178 

In addition to ion transport, Nguyen et al. investigated protein transport through alumina 

membranes coated on both sides with Pt. The selectivity is 96:1:12 for chicken egg white : 

bovine serum albumin: myoglobin at a transmembrane potential of -1.5V.179-180 Several groups 

employed conductive membrane to combat fouling. Applied electrical potentials with 

CNT/polyamide composite membranes prevent biofilm formation even with high bacteria and 

organic material loadings.181 Zhang and Vecitis operated a CNT-polyvinylidene fluoride mesh as 

a cathode to create negatively charged surfaces and reduce organic fouling.182 

 

1.4 Dissertation outline 

This dissertation investigates ion separations with modified cation-exchange membranes, 

conductive membranes and nanofiltration membranes in electrodialysis, diffusion dialysis and 

nanofiltration. Chapter 2 studies adsorption of PEM coatings on inexpensive Fujifilm cation-

exchange membranes. The coating achieves the same high monovalent/multivalent cation 
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selectivities previously seen with modified Nafion. The Fujifilm membranes consist of an 

aromatic polyimide matrix surrounding a fibrous support, and thus should be much less 

expensive than the fluoropolymer Nafion.  The relatively smooth surface of the Fujifilm 

membranes is also attractive for potentially forming continuous polyelectrolyte films. 

Specifically, I coated the Fujifilm Type1 cation-exchange membranes with two types of 

polyelectrolyte films, (PAH/PSS)n and (PDADMAC/PSS)n, and subsequently examined selective 

electrodialysis through these membranes. Additionally, current density-voltage curves give 

insight into limiting currents and water splitting at the PEM-cation-exchange membrane 

interface. 

In chapter 3, we aim to achieve enhanced current efficiencies with PEM-coated 

membranes. PDADMAC/PSS films swell strongly in water, and high swelling may lead to a high 

monovalent ion permeance, and therefore high current efficiency. Thus, this research examines 

ED through Nafion membranes coated with PDADMAC/PSS films. We investigate the effects of 

feed-solution ion concentration and number of PEM bilayers on ion flux, selectivity and 

transference numbers of coated membranes. Importantly, Nafion membranes coated with 

(PDADMAC/PSS)5PDADMAC show high selectivities with a current efficiency of ~0.75. 

Chapter 4 demonstrates the development of electrically conductive membranes coated 

with conductive polymers and gold using LbL assembly, electroless deposition and 

electropolymerization. The coated membranes show high electrical conductivity, but 

unfortunately the ion-transport selectivity does not reversibly change when varying the applied 

electrical potential. 

Finally, Chapter 5 investigate the effect of surface charge on salt rejection in 

nanofiltration. The K2SO4 passage increase 3-fold after coating bare NF 270 with a polycation, 
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whereas the passage of MgCl2 decreases 3-fold as the surface turns positive. Thus, surface 

charge greatly affects ion permeability. A solution-diffusion-electro-migration model provides a 

possible explanation for how the charged surface creates regions of nonelectroneutrality where 

the excluded ion controls the resistance to salt transport. 
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Chapter 2  Highly Selective Separations of Divalent and 

Monovalent Cations in Electrodialysis Through Fujifilm 

Cation-Exchange Membranes Coated with Polyelectrolyte 

Multilayers 

 
 
2.1 Introduction 

Electrodialysis (ED) is a membrane-based separation technology for applications 

including pre-concentration of salt solutions,1 production of salts from seawater,2-3 brackish 

water desalination,4 demineralization of food products,5 and recovery of organic acids from 

waste salt solutions.6 In contrast to pressure-driven separations such as microfiltration, 

nanofiltration and reverse osmosis, in ED an electric field drives transmembrane ion flux.  From 

specific compartments, cations migrate through cation-exchange membranes toward a cathode 

and anions migrate through anion-exchange membranes toward an anode. Thus, ion-exchange 

membranes that allow selective passage of anions or cations are vital to efficient ED.  

Commercial ion-exchange membranes have high permselectivities for cations over 

anions or vice versa, but they exhibit low selectivities among anions or cations. Nevertheless, 

high selectivities among cations or anions are important for separations such as acid recycling 

from industrial wastewater containing metallic salts7 and hard water softening.8 Accordingly, 

several studies investigated methods to improve the monovalent/divalent or 
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monovalent/multivalent ion selectivities of ion-exchange membranes. Based on differences 

among hydrated ionic radii, denser cation-exchange may show size-based selectivity for 

monovalent over divalent ions. However, increasing the amount of cross-linking agent during the 

formation of ion-exchange membranes increased the Na+/Ca2+ selectivity only slightly.9 Ge and 

co-workers fabricated a nanofiltration membrane with a dense top layer to achieve a Na+/Mg2+ 

ED selectivity of 7.10 Sata and co-workers showed that cation-exchange membranes change from 

Ca2+ selective to Na+ selective after impregnation with chelating agents,11
 and electrodeposition of 

the positively charged polyethylene imine (PEI) on Nafion yielded membranes with a Na+/Cr3+ 

selectivity of 10-20.12 Nevertheless, these selectivities are still relatively low. 

A few recent studies reported modification of ion-exchange membranes through layer-by-

layer adsorption of polyelectrolyte multilayers (PEMs). This method yields ultrathin selective 

films on the membrane, and variation of polyelectrolytes and their adsorption conditions can 

tailor film selectivity by controlling films properties such as thickness, pore size and charge 

density.13-14 Modification of Neosepta CMX cation-exchange membranes with 

PEI/polystyrenesulfonate (PSS) multilayers increased Na+/Ca2+ selectivity from 0.64 to 1.5,15 

and deposition of PSS/protonated poly(allylamine) (PAH) films on Neosepta AMX anion-

exchange membranes changed the Cl-/SO4
2- selectivity from 0.8 to 2.5.16  Again, the selectivities 

in these studies are relatively modest. 

Remarkably, formation of PAH/PSS films on Nafion 115 cation-exchange membranes 

generates monovalent/divalent and monovalent/multivalent cation ED selectivities >1000.17 The 

high selectivities likely reflect the formation of a defect-free PEM on the smooth Nafion surface.  

However, the high cost of Nafion may preclude its use in many ED applications.5 Additionally, 
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the current efficiency in ED separations through PEM-modified Nafion membranes was  ~0.5, 

implying that unwanted ions such as protons carry 50% of the current.17-18  

This research aims to coat a relatively inexpensive ion-exchange membrane with a PEM 

and achieve the same high selectivities seen with modified Nafion. Specifically, we coat Fujifilm 

Type1 cation-exchange membranes with PAH/PSS films and subsequently examine selective 

electrodialysis through these membranes.  The Fujifilm membranes consist of an aromatic 

polyamide matrix surrounding a fibrous support, and thus should be less expensive than the 

fluoropolymer Nafion.  The relatively smooth surface of the Fujifilm membranes is also 

attractive for potentially forming continuous polyelectrolyte films. In addition to ED studies, 

current density-voltage curves give insight into limiting currents and water splitting at the PEM-

cation-exchange membrane interface.   

 

2.2 Experimental section 

2.2.1 Materials  

Poly (sodium 4-styrenefulfonate) (Mw = 70 000 Da) and poly(allylamine hydrochloride) 

(Mw = 17 500 Da) were obtained from Sigma-Aldrich. Potassium nitrate, magnesium nitrate, 

and sodium chloride were purchased from Columbus Chemical, and all salts were used as 

received. Deionized water (Milli-Q Reference Ultra-pure Water Purification System, 18MΩ) was 

used to prepare all solutions. The pH of polyelectrolyte solutions was adjusted with 0.1M HCl or 

0.1M NaOH. Nafion 115 membranes were acquired from Ion power (New Castle, DE, thickness 

127 nm), and Fujifilm type 1 cation exchange membranes were a gift from Fujifilm.  
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2.2.2 Film formation and characterization 

Fujifilm membranes were cut into 25-mm disks with a metal punch and immersed in 

room-temperature 0.1 M NaCl for 24 h before modification. Polyelectrolyte films were deposited 

on both sides of the cation-exchange membranes through layer-by-layer assembly.  After 

pretreatment, membranes were immersed in 0.02 M PAH in 1 M NaCl (pH 2.3) for 5 min, rinsed 

for ~1 min with deionized water from a squirt bottle to remove weakly adsorbed 

polyelectrolytes, immersed in 0.02 M PSS in 0.5 M NaCl (pH 2.3) for 5 min, and again rinsed 

with deionized water. (Polymer concentrations are those of the repeat unit, and during the 

modification, membranes were handled with tweezers only near their edge.) This adsorption 

process was repeated until the desired number of layers was deposited. Images of bare and 

modified membranes were obtained with a JEOL 7500F scanning electron microscope with a 

cold field–emission emitter. All samples were dried in vacuum overnight and sputter-coated with 

4 nm of platinum prior to imaging. Single-side coated membranes were modified in a home-

made O-ring holder which exposed only one side of the membrane to the deposition solution. 

 

2.2.3 Electrodialysis 

Electrodialysis was performed as described previously.19 A membrane was placed 

between two homemade glass cells (sealed with an O-ring) that exposed a membrane area of 

3.14 cm2. The source-phase cell (anode side) was filled with 90 mL of salt solution and the 

receiving-phase cell (cathode side) contained 90 mL of 0.01 M HNO3.  Both cells were stirred 

vigorously to reduce concentration polarization, and Pt wire electrodes served as the anode and 

cathode. To generate a constant current, a resistor (499 Ω) was connected between the working 

and reference terminals of a CH Instruments (model 604) potentiostat. The reference terminal 
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was also connected to the platinum anode in the source phase, and the counter electrode terminal 

was attached to the Pt cathode in the receiving phase. In most experiments, a 1 V potential was 

applied across the resistor to generate a constant 2.0 mA current (0.63 mA cm-2), such that 

cations migrated toward the receiving phase. During 120 min of ED, 1-mL aliquots were 

withdrawn periodically from the receiving phase for determination of the concentrations of target 

cations, and corresponding aliquots were collected from the source phase to maintain equal 

volumes. The cation concentrations were determined using inductively couple plasma-optical 

emission spectroscopy (Varian 710-ES) with calibration curves. The calibration standards were 

prepared by dilution of commercial ICP-OES standard solutions (GFS chemicals) with Milli-Q 

water. The feed solutions were occasionally analyzed to ensure the source-phase concentration.  

The total amounts of target ions that permeated through the membrane were plotted as a 

function of time, and ion fluxes were determined by dividing the slope in such a plot by the 

exposed membrane area. When the source phase contains the same concentrations of the two 

cations, the K+/Mg2+ selectivities are simply the ratios of ion fluxes. The transference number of 

a given ion, the fraction of current carried by that cation, was calculated from equation 1, where 

B# is the flux of ion 8, ;#	is the ion charge, 3 is the Faraday constant, and ! is the total current 

density.   

6# =
CD×FD×*

G
                                                                                                                                   (1) 

Note that this equation assumes that all transport results from the applied current.  If significant 

transport occurs due to Donnan diffusion, equation (1) will overestimate the transference number.  
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2.2.4 Transmembrane potential measurements 

Transmembrane potential experiments were carried out with bare Fujifilm membranes to 

determine the transference numbers of cations and anions in the cation-exchange membranes. 

The experiments were performed in a homemade two-compartment cell similar to that for 

electrodialysis. Ag/AgCl reference electrodes (3M KCl, CH Instruments) were sealed in 

homemade Haber-Luggin capillaries and inserted into the source and receiving sides of the cell. 

Each capillary was brought to within ~4 mm of the membrane surface to minimize the ohmic 

voltage drop through the solution between the reference electrode and the membrane. The 

receiving phase always contained 0.001M KNO3, and the source phase concentration of KNO3 

ranged from 0.001 to 0.02 M.  Both cells were stirred vigorously to reduce the concentration 

polarization. The electrical potential differences between the two electrodes were measured with 

an electrical multimeter (TEKPower TP2844R). Before experiments, the two capillaries were 

both placed in the receiving solution to determine the small potential difference between 

reference electrodes, and this value was subtracted from the multimeter reading. As described 

previously, the junction potentials in the capillaries were also subtracted from multi-meter 

readings to obtain the membrane potential.14  

 

2.2.5 Current-voltage curves 

The current-voltage curves were conducted in the same apparatus used to measure the 

transmembrane potential. Platinum electrodes were inserted into the source and receiving cells to 

apply current. At current densities ranging from 0 to 3 mA/cm2, the transmembrane potential was 

determined from the electrical potential difference between reference electrodes. In these 
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experiments, both cells contained 0.01 M KNO3 and 0.1 M Mg(NO3)2 and were stirred 

vigorously.  

 

2.3 Results and discussion 

Remarkably, ED through (PAH/PSS)5PAH-coated Nafion membranes gives 

monovalent/divalent cation selectivities >1000.17 Despite the selectivity of these membranes, the 

high cost of Nafion may preclude their use in many applications. This chapter investigates 

whether adsorption of (PAH/PSS)5PAH films on more practical Fujifilm cation-exchange 

membranes leads to the same selectivities seen with coated Nafion. 

 The extreme selectivities of coated Nafion imply that the PEM completely covers the 

smooth membrane surface.  However, other cation-exchange membranes did not show high 

K+/Mg2+ selectivities after coating with PEMs, presumably due to defects or rough membrane 

surfaces.15, 17 Thus, this section first examines the surface morphology of bare and PEM-

modified Fujifilm membranes, and then investigates whether ED through coated membranes 

yields the high monovalent/divalent cation selectivities observed with (PAH/PSS)nPAH films on 

Nafion. We also examine how monovalent/divalent cation selectivities and the monovalent 

cation transference number depend on the numbers of bilayer in the PEM, the source-phase salt 

concentrations, and for single-side-modified membranes whether the modified surface faces the 

anode or cathode.  Finally, we explore limiting currents and water splitting using current density-

voltage curves. 

 
2.3.1 Characterization of Fujifilm cation-exchange membranes 

Transmembrane electrical potential measurements with single salts give an estimate of 

the cation/anion selectivity of a membrane. For a membrane that separates two solutions with 
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different salt activities, equation (2.1) describes the equilibrium potential drop, E, where 6&  and 

6/ are the cation and anion transference numbers, ;& and ;/	are the cation and anion charges,  

@ = 0)
F)
+ 0I

FI

JK

*
LM NO

NP
                                                                                                            2.1 

and Q. and Q9 are salt activities in the source and receiving phases, respectively.20 For ideal 

cation-exchange membranes,  6/ is zero, and	6& is unity, so these membranes should give a slope 

of 59 mV in plots of E vs LM NO
NP

.		Figure 2.1 plots E vs LM NO
NP

 for Fujifilm membranes flanked 

by different KNO3 solutions. The slope of the linear fit to the data is 57.9 mV, indicating that the 

Fujifilm membranes are nearly impermeable to anions (6/ = 0.01 − 0.02). 

 

 

	

Figure 2.1 Electrical potential drops (receiving-source phase) across a Fujifilm membrane as a 

function of the ratio of KNO3 activities in the source (a1) and receiving (a2) solutions.  The error 

bars represent the standard deviations from three Fujifilm membranes. 
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Complete coverage of a membrane with a film containing only a few polyelectrolyte 

layers will likely require a membrane surface that is smooth at the nm, or at least 10’s of nm, 

scale. Figures 2.2(A) and (B) show the front and back sides, respectively, of Fujifilm 

membranes, which consist of fibers coated with aromatic polyamides.  Although the underlying 

fibers and a few holes at the micron scale are visible, the majority of the membrane appears 

smooth at this magnification.  Both sides of these membranes show similar features. The round 

and elongated holes may form in part due to drying of the membrane.  Thus, we immersed a 

membrane in 0.1 M NaCl for at least 17 h to completely swell the polymer before coating with a 

PEM.  Figure 2.2 C and similar images suggest that the sizes of the voids decrease after 

immersion in 0.1 M NaCl, despite again drying the membrane prior to imaging. The image of the 

(PAH/PSS)5PAH-coated membrane in Figure 2.2D suggests full PEM coverage, as no 

underlying voids are visible, even in larger images (10 µm x 10 µm) of the membrane. The 

particles on the surface may correspond to insoluble polycation/polyanion complexes that form 

in the presence of excess polyelectrolytes.   

The surface roughness of the Fujifilm membrane is ~ 0.4 nm from AFM, which is much 

smaller than the 2.7 nm roughness of CMI-7000 cation-exchange membranes. Our previous 

attempts to coat CMI-7000 membranes with (PAH/PSS)5PAH did not give highly selective 

membranes.17 The smooth Fujifilm surface may allow more complete PEM coverage to enhance 

selectivity.  
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Figure 2.2  SEM images of the (A) top and (B) bottom surfaces of Fujifilm membranes.  Images 

C and D show the tops of membranes after (C) immersion in 0.1 M NaCl and (D) coating with a 

(PAH/PSS)5PAH film. 

	
2.3.2 Electrodialysis with bare and modified Fujifilm cation-exchange membranes 

As with Nafion membranes, coating of Fujifilm membranes with (PAH/PSS)5PAH films 

leads to a remarkable increase in ED selectivity for monovalent over divalent ions.  Figure 2.3 

shows the amounts of K+ or Mg2+ in the receiving phase as a function of time during 2 h of 

electroldialysis from a source phase initially containing 0.01 M KNO3 and 0.01 M Mg(NO3)2 to 

a receiving phase containing 0.01 M HNO3.  Due to the constant current density (0.63 mA cm-2), 

the amounts of K+ and Mg2+ in the receiving phase increase approximately linearly with time. 
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The average K+ and Mg2+ fluxes, which are proportional to the slopes in plots such as those in 

Figure 2.3, were 2.83 ± 0.01 and 2.91±0.21 nmole s-1cm-2, respectively, for three bare 

membranes, and the average K+/Mg2+selectivity was only 0.98 ± 0.05.  Thus, although these 

membranes are selective for cations over anions (see Figure 2.1), they are not selective among 

cations.  In contrast, after coating both sides of the Fujifilm membranes with (PAH/PSS)5PAH 

films, the Mg2+ flux decreases to 2 pmol cm-2 s-1, and the average K+ flux increases to 3.64 ± 

0.34 nmol cm-2 s-1, giving rise to a K+/Mg2+ selectivity > 1000.  The high selectivity implies that 

the PEM covers essentially all of the Fujifilm membrane, despite some µm-size surface voids in 

the dry underlying substrate (see Figure 2.2).  The PEM may cover the interior of these voids, 

which also likely decrease in size when the membrane swells in water.   
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Figure	2.3		Moles of K+ (circles) and Mg2+ (squares) in the receiving phase as a function of time 

during ED with initial solutions containing 0.01 M KNO3 and 0.01 M Mg(NO3)2 in the source 

phase and 0.01 M HNO3 in the receiving phase. ED used either a bare Fujifilm membrane (open 

symbols) or a Fujifilm membrane coated with (PAH/PSS)5PAH on both sides (filled symbols). 

The current density was 0.63 mA cm-2. 

 

Although coating both sides of the Fujifilm membrane yields exceptional selectivities, 

membranes coated on only one face could present less ion-transport resistance and increase the 

limiting current to enhance current efficiency.  Thus, we examined the ion fluxes and 

selectivities of single-side-modified Fujifilm membranes. Figure 2.4 shows the results from ED 

with single-side-coated Fujifilm membranes where the (PAH/PSS)5PAH-film faced either the 

anode or cathode. When the coating faced the anode, the K+ and Mg2+ fluxes were 3.46 ± 0.03 

nmole cm-2 s-1 and 0.013 ± 0.006 nmole cm-2 s-1, respectively, and the K+/Mg2+ selectivities of 

three membranes ranged from 200 to 700. However, when the coating faced the cathode, the K+ 
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flux was 2.30 ± 0.55 nmole cm-2 s-1, the Mg2+ flux was 1.02 ± 0.45 nmole cm-2 s-1, and the 

selectivities of three membranes ranged from only 1.4 to 5.75. Thus, the PEM on the anode side 

is essential for high selectivity. When the polyelectrolyte faces the cathode, concentration 

polarization inside the cation exchange membrane may decrease the selectivity.  In this case, the 

more rejected ion (Mg2+) should accumulate at the interface between the ion-exchange 

membrane and the PEM to increase Mg2+ flux and decrease K+/Mg2+ selectivity.  When the 

coating faces the anode, Mg2+ will accumulate at the interface between the feed solution and the 

PEM.  However, stirring in the source phase and the relatively high ion diffusion coefficients in 

the source-phase solution (compared to in the cation-exchange membrane) will limit 

concentration polarization.  It is also possible that rotating the polyelectrolyte film 180° 

decreases electrostatic exclusion of cations to decrease selectivity.   
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Figure 2.4		Moles of K+ (circles) and Mg2+ (triangles) in the receiving phase as a function time 

during ED with initial solutions containing 0.01 M KNO3 and 0.01M Mg(NO3)2 in the source 

phase and 0.01 M HNO3 in the receiving phase. ED used a Fujifilm membrane coated with 

(PAH/PSS)5PAH only on the cathode side (open symbols) or anode (filled symbols) side. The 

current density was 0.63 mA/cm2. 
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High current efficiency is important for minimizing the energy consumption in ED 

separations. The quantitative measure of the current efficiency is the transference number, 6#, 

which is the fraction of current carried through a membrane by a given ion 8.  Figure 2.5 presents 

the transference numbers of K+ and Mg2+ for modified Fujifilm and Nafion membranes. The 

current efficiency for K+ is ~0.5 for all selective membranes (anode-side coated Fujifilm, two-

side coated Fujifilm and two-side coated Nafion) at the current density of 0.63 mA cm-2.  In 

contrast, the Mg2+ transference number is <0.02.  

For highly selective membranes, cations other than K+ and Mg2+ carry approximately 

50%. of the current through the membrane.  (Anion transference numbers should be negligible 

through these cation-exchange membranes, see Figure 2.1) We suspect that water splitting at the 

PEM/membrane interface likely produces H+ ions that carry current through the membrane.15  At 

this interface, differences in transference numbers in the membrane and PEM will lead to ion 

depletion and large potentials gradients that could cause water splitting.  However, even with 

cathode-side-coated membranes that should give rise to ion accumulation rather than depletion, 

the K+ and Mg2+ transference numbers, 35% and 30%, respectively, do not account for all of the 

current.  Wessling and coworkers showed that PEMs catalyze water splitting, which might 

account for relatively low current efficiencies.15   
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Figure 2.5		K+ and Mg2+ ED transference numbers for cathode-side-coated, anode-side-coated, 

and two-side-coated Fujifilm membranes and two-side-coated Nafion membranes.  The coating 

was (PAH/PSS)5PAH, and ED employed a solution of 0.01 M KNO3 and 0.01 M Mg(NO3)2 in 

the source phase and 0.01 M HNO3 in the receiving phase along with a current density of 

0.63mA cm-2. 
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Figure 2.6  Ion transport through (PAH/PSS)5PAH-modified cation-exchange membranes. The 

migration of NO3
- and the different K+ transference numbers in the PEM and Fujifilm membrane 

generate a depletion zone in the PEM, which leads to water splitting near the PEM/membrane 

interface. 

	
2.3.3 Current-density-voltage curves for bare and modified Fujifilm membranes 

Current density-voltage (I-V) curves provide estimates of the limiting currents through 

ion-exchange membranes. Typical I-V curves for cation-exchange membranes display three 

regions. The ohmic region appears at low current densities where the transmembrane potential is 

proportional to the applied current density. As the current density increases, concentration 

polarization leads to a diffusion-limited current and, hence, a plateau region in the IV curve. As 

the current density further increases, multiple phenomena such as water splitting or electro-

convection may occur to supply additional ions to the region of concentration polymerization 
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and give rise to an overlimiting current.21-22 The intersection of the ohmic region and the 

‘plateau’ gives an approximation for the limiting current density. 

Figure 2.7 shows the I-V curves for bare, cathode-coated, anode-coated and two side-

coated Fujifilm membranes. I-V curves for anode-coated and two side-coated membranes shows 

ohmic, ‘plateau’ and overlimiting regions. Because K+ primarily carries the current through the 

ion-exchange membranes and both K+ and NO3
- carry current in the PEM, a limiting current 

results from depletion of K+ at the membrane/PEM interface. The anode- and two side-coated 

membranes show similar limiting currents around ~1 mA/cm2, consistent with the high K+/Mg2+ 

selectivity of both membranes. 

In contrast, bare and cathode-coated Fujifilm membranes, which show low K+/Mg2+ 

selectivities, exhibit only the ohmic region over this current density range.  Given the high Mg2+ 

concentration and the relatively low resistance of these membranes to Mg2+ transport, the applied 

current density never reaches a limiting value. Based on the inverse of the slopes in Figure 2.8, 

the ohmic resistances of the bare and cathode-side coated Fujifilm membranes are 94 and 112 

Ω·cm2.  Thus, the cathode side PEM adds only a small resistance to the membrane system.  
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Figure 2.7  Current density as a function of transmembrane potential drop during electrodialysis 

through bare Fujifilm membranes (squares), and membranes coated with (PAH/PSS)5PAH films 

on both sides (circles), on the cathode side (triangles), and on the anode side (diamonds). The 

experiment employed a two-compartment electrodialysis cell with solutions containing 0.01M 

KNO3 and 0.1 M Mg(NO3)2 on both side of membranes. 
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2.3 Conclusions 

Adsorption of PEMs on relatively inexpensive Fujifilm cation-exchange membranes 

leads to extremely high K+/Mg2+ cation selectivities >1000 in ED. The high exclusion of Mg2+ 

suggests a complete and dense PEM, presumably because the smooth Fujifilm surface allows 

formation of a continuous coating. The PEM coated on the anode side is essential for the high 

selectivity, whereas the cathode-side coating contributes only a small amount to resistance of the 

membrane system and little selectivity. Nevertheless, the current efficiencies for highly selective 

membranes are only 50%. Future work should explore methods to increase the current efficiency 

to enable high-efficiency separations. 
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APPENDIX
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APPENDIX 
 
 

1. Calculation of K+ activity 

Table A2.1  K+ activities. ! is the activity coefficient, and a is the ion activity. 

Source Conc. 

(M) γ K+ a1 

Receiving Conc. 

(M) γ K+ a2 a1/a2 log(a1/a2) 

0.1 0.766 0.0766 0.001 0.965 0.000965 79.4 1.90 

0.02 0.868 0.0174 0.001 0.965 0.000965 18.0 1.26 

0.01 0.901 0.0090 0.001 0.965 0.000965 9.34 0.97 

0.005 0.926 0.0046 0.001 0.965 0.000965 4.80 0.68 

0.002 0.951 0.0019 0.001 0.965 0.000965 1.97 0.29 

* source phase and receiving phase both contain KNO3 
* activity values are adapted from CRC handbook of chemistry and physics. 
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2. Calculation of junction potentials 

The junction potential was calculated using the Henderson equation (A2.1), and the details 

were described previously.14  

!" = $% − $' =
()

*+ ,+
*)

-) % .-) '

()|0)|1)[-) % .-) ' ]
	56
7
	89 ()|0)|1)-)(')

()|0)|1)-)(%)
     (A2.1) 

!" is the junction potential, <= is the ion charge, >= is the ion mobility, ?= is the ion 

concentration, and @ and A are different solution phases. 

 

 

Table A2.2  One example of the calculated junction potentials in membrane potential 

measurements. Ej,s is the junction potential between the source solution and the reference 

electrode filling solution. Ej,r is the junction potential between the reference electrode filling 

solution and the receiving phase. Ej = Ej,r – Ej,s. 

	

Source Conc.  (M) Receiving Conc. (M) Ej,s (mV) Ej,r (mV) Ej (mV) 

0.1 0.001 -1.35 -3.37 -2.03 

0.02 0.001 -1.98 -3.37 -1.39 

0.01 0.001 -2.29 -3.37 -1.08 

0.005 0.001 -2.61 -3.37 -0.76 

0.002 0.001 -3.04 -3.37 -0.33 

* source phases and receiving phases both contain KNO3 
* reference electrodes are commercial Ag/AgCl electrodes from CH instrument with filling 

solution of 1M KCl 
 

 



	
	

78	

3. Calculation of the membrane potential 

In actual measurement, the membrane potential ∆! is calculated from equation A2.2 

∆! = 	∆!CDEFGHDI − ∆!JKLMHKN − !"        A2.2 

∆!CDEFGHDI is the potential difference between two reference electrodes, and ∆!JKLMHKN	 is the 

potential reading when the same two electrodes were placed in 0.001 M KNO3 solution. 
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Chapter 3 Adsorption of Highly Water-Swollen 

Polyelectrolyte Multilayers on Cation-Exchange 

Membranes to Achieve High Selectivities among Cations 

 
 
3.1 Introduction 

The data in chapter 2 show that (PAH/PSS)5PAH-modified Fujifilm membranes exhibit 

remarkably high monovalent/divalent cation selectivities. Coating Nafion 115 cation-exchange 

membranes with PAH/PSS films also generates monovalent/divalent and monovalent/multivalent 

cation ED selectivities >1000.1-2 However, the current efficiencies in ED separations through 

PEM-modified Nafion and Fujifilm membranes were only ~0.5, implying that unwanted ions 

such as protons carry 50% of the current.3  

Enhanced current efficiencies with PEM-coated membranes will likely require an 

increase in the PEM permeability to the monovalent cation. Poly(diallyldimethylammonium 

chloride) (PDADMAC) /PSS films swell strongly in water, and high swelling may lead to a high 

monovalent ion permeance.4-6 Thus, this chapter examines ED through Fujifilm and Nafion 

membranes coated with (PDADMAC/PSS)5PDADMAC films. We investigate the effects of feed 

solution concentration and the number of PEM bilayers on ion fluxes, selectivities and 

transference numbers of coated membranes. Importantly, Nafion membranes coated with 

(PDADMAC/PSS)n show  monovalent/divalent cation selectivities >200 along with a current 

efficiency of ~0.8. 



	
	

83	

3.2 Experimental section 

3.2.1 Materials  

Poly(sodium 4-styrenefulfonate) (Mw = 70 000 Da) and poly(diallyldimethylammonium 

chloride) (Mw~ 100 000-200 000) were obtained from Sigma-Aldrich. Potassium nitrate, 

magnesium nitrate, potassium chloride and magnesium chloride were obtained from Columbus 

Chemical. Co(II) nitrate·6H2O was purchased from Mallinckrodt. Lithium nitrate and barium 

nitrate were acquired from Spectrum, and all salts were used as received without further 

purification. Deionized water (Milli-Q Reference Ultra-pure Water Purification System, 18MΩ 

cm) was used to prepare all solutions. The pH of polyelectrolyte solutions was adjusted with 0.1 

M HCl or 0.1 M NaOH. Nafion 115 membranes were acquired from Ion power (New Castle, DE, 

thickness 127 nm), and Fujifilm type 1 cation exchange membranes were gifts from Fujifilm.  

3.2.2 Film formation and characterization 

Nafion and Fujifilm membranes were cut into 25-mm disks with a metal punch, and 

pretreatment of Nafion membranes followed a literature procedure.2 The membranes were 

immersed sequentially in 100 ˚C solutions of 3% H2O2, deionized water, 1M H2SO4, and 

deionized water for 30 min each. Between each immersion, Nafion membranes were rinsed with 

room-temperature deionized water from a washing bottle for 20s. Fujifilm membranes were 

immersed in room-temperature 0.1 M NaCl for 24 h before modification. Polyelectrolyte films 

were deposited through layer-by-layer assembly using the same methods described in chapter 2.   

Images of bare and modified membranes were obtained with a JEOL 7500F scanning 

electron microscope with a cold field–emission emitter. All samples were dried in vacuum 

overnight and sputter-coated with 4 nm of platinum prior to imaging. 
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3.2.3 Electrodialysis and Donnan dialysis 

Electrodialysis was performed as described in chapter 2 using an exposed membrane area 

of 3.14 cm2. In some experiments, 0.01 M Ba(NO3)2 served as the receiving phase instead of 

HNO3 to minimize the diffusion of cations from the receiving phase to the source phase. Donnan 

dialysis was performed same with electrodialysis apparatus without an applied current. The 

cation concentrations were determined using inductively coupled plasma optical emission 

spectroscopy (Varian 710-ES) with calibration curves. The standard solutions were prepared 

through dilution of commercial ICP standard (GFS chemicals). 

The transference number of a given ion, the fraction of current carried by that cation, was 

calculated from equation 3.1, where O= is the flux of ion P, Q=	is the ion charge, R is the Faraday 

constant, and S is the total current density.   

T= =
U)×W)×7

X
              (3.1) 

The current density-voltage curves were obtained as described in chapter 2. 

 

3.3 Results and discussion 

3.3.1 ED through cation-exchange membranes modified with PDADMAC/PSS films 

Although (PAH/PSS)5PAH-coated Fujifilm membranes are highly selective for K+ over 

Mg2+, the current efficiency is only 0.5.  A highly swollen polyelectrolyte film may have a high 

monovalent ion permeance, which could lead to a high limiting current and relatively high 

current efficiencies below the limiting current.  Moreover, if such a film can electrostatically 

exclude divalent ions, it may still induce high ED selectivity between monovalent and divalent 

cations.  Because the water uptake in (PDADMAC/PSS)nPDADMAC films is as much as 4 

times greater than in (PAH/PSS)nPAH films,4, 7 we examined whether Nafion membranes coated 



	
	

85	

with (PDADMAC/PSS)5PDADMAC show high K+/Mg2+ selectivities along with current 

efficiencies that are higher than the 0.5 value for (PAH/PSS)nPAH-coated Nafion. 

Figure 3.1 shows receiving phase concentrations during ED through Nafion membranes 

with and without (PDADMAC/PSS)5PDADMAC coatings.  Clearly the film greatly increases 

the K+/Mg2+ selectivity, but it also decreases the K+ flux.  In ED with three bare Nafion 

membranes, on average the K+ flux was 4.8 ± 1.0 nmole cm-2 s-1, the Mg2+ flux was 2.5 ± 0.5 

nmole cm-2 s-1, and the K+/Mg2+ selectivity was 1.9 ± 0.1. The K+ flux through 

(PDADMAC/PSS)5PDADMAC-modified Nafion membranes decreased ~30% to 3.4 ± 0.3 

nmole cm-2 s-1. In contrast, the Mg2+ flux through modified membranes was lower than the 

detection limit (2 pmol cm-2 s-1) for all three replicate membranes, which gives K+/Mg2+ 

selectivities > 1000. Additionally, the Li+/Co2+ ED selectivity is also >1000 through the 

(PDADMAC/PSS)5PDADMAC-coated Nafion, with a Li+ flux of 4.7±1.3 nmole cm-2 s-1 and a 

Co2+ flux under the detection limit. These remarkable selectivities, which are similar to the 

values for (PAH/PSS)5PAH-coated Nafion membranes, presumably stem from the electrostatic 

exclusion of Mg2+.  We think that size-based selectivity should be small in these swollen PEMs.  

The K+/Mg2+ selectivity is also >1000 for Nafion modified with (PDADMAC/PSS)5PDADMAC 

only on the anode side, but selectivity is just 7 for cathode-side modified Nafion.  The low 

selectivity for the membrane coated on the cathode side may reflect concentration polarization at 

the membrane/PEM interface near the receiving phase.   
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Figure 3.1  Moles of K+ and Mg2+ in the receiving phase as a function of time during ED with 

initial solutions containing 0.01 M KNO3 and 0.01 M Mg(NO3)2 in the source phase and 0.01 M 

HNO3 in the receiving phase. Electrodialysis used bare Nafion membranes (blue) and Nafion 

coated with (PDADMAC/PSS)5PDADMAC films on both sides (red).  The current density was 

0.63 mA cm-2.  

	

 Interestingly, the K+ flux through (PDADMAC/PSS)5PDADMAC-coated Nafion 

membranes is less than that through bare Nafion membranes. The same trend appears with 

(PAH/PSS)5PAH-modified Nafion membranes. In contrast, the K+ flux increases ~29% after 

coating Fujifilm membranes with (PAH/PSS)5PAH films. This reflects in part the low selectivity 

of the bare Fujifilm membrane (K+/Mg2+ selectivity of 0.95±0.05) relative to the bare Nafion 

membranes (K+/Mg2+ selectivity of 1.9±0.1).  With the Fujifilm membrane, after coating the K+ 
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begins to carry some of the current previously carried by Mg2+.  Thus, the K+ flux increases 

despite some possible water splitting that tends to decrease metal-cation current efficiencies.  In 

the case of Nafion, the higher selectivity before coating means there is less current from Mg2+ to 

replace and water splitting likely results in a net decrease in K+ flux.   

We also investigated the ion fluxes and selectivities of (PDADMAC/PSS)5PDADMAC-

modified Fujifilm membranes, but the results differed for two different batches of membranes.  

For batch 1, the (PDADMAC/PSS)5PDADMAC-modified membranes showed a K+/Mg2+ 

selectivity of 74±30 with a K+ flux of 5.51±0.59 nmole cm-2 s-1 and a Mg2+ flux of 0.085±0.037 

nmole cm-2 s-1. The transference number was 0.84±0.09 for K+ and 0.026±0.011 for Mg2+. 

However, for batch 2, the modified membranes showed a K+/Mg2+ selectivity of 4.2±0.7 with a 

K+ flux of 4.10±0.78 nmole cm-2 s-1 and a Mg2+ flux of 0.97±0.05 nmole cm-2 s-1. The lower 

selectivity of batch 2 suggests a lower PEM coverage presumably due to some large surface 

defect that the highly swollen (PDADMAC/PSS)5PDADMAC film cannot fill. Nevertheless, for 

both batches of Fujifilm membranes, the PDADMAC/PSS film enhances the K+/Mg2+ selectivity 

compared to the bare Fujifilm K+/Mg2+ selectivity of ~1. However, with both batches of Fujifilm 

membranes, adsorption of (PAH/PSS)5PAH films gives K+/Mg2+ selectivities> 1000, suggesting 

that the PAH/PSS films better covers the underlying pores. 

 

3.3.2 Characterization of polyelectrolyte multilayer-modified Nafion and Fujifilm membranes 

 High rejections of multivalent cations imply full PEM coverage of the underlying 

substrate. Figure 3.2 (A) shows that Nafion membranes have smooth and defect-free surfaces, 

which should enable full coverage with a PEM. Figure 3.2 (B) and (C) present images of 

(PDADMAC/PSS)5PDADMAC-modified Nafion and Fujifilm membranes, respectively. Both 
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images suggest a continuous (PDADMAC/PSS)5PDADMAC coating, but the film appears 

porous, at least after drying. Figure 3.2 (D) shows a (PAH/PSS)5PAH-modified Fujifilm 

membrane. The image suggests that the (PAH/PSS)5PAH film is less porous than the 

(PDADMAC/PSS)5PDADMSC film, thus the (PAH/PSS)5PAH film may better cover 

underlying defects. Because of the high exclusion of divalent cations, we think that 

(PDADMAC/PSS)5PDADMAC films swells strongly in aqueous solutions to decrease the pore 

size ( or even eliminate pores) in these coatings.   
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Figure 3.2  SEM images of the surfaces of (A) a bare Nafion membrane, (B) a 

(PDADMAC/PSS)5PDADMAC-coated Nafion membrane, (C) a 

(PDADMAC/PSS)5PDADMAC-coated Fujifilm membrane, and (D) a (PAH/PSS)5PAH-coated 

Fujifilm membrane.  

 

3.3.3 Electrodialysis and Donnan dialysis with HNO3 or Ba(NO3)2 in receiving phase 

 Because (PDADMAC/PSS)5PDADMAC-coated Nafion membranes shows high 

monovalent/divalent cation selectivities, we determined ion transference number in ED to 

investigate the current efficiency. Table 3.1 gives the ion flux and transference numbers during 

ED with a source phase containing 0.01 M LiNO3 and 0.01 M Co(NO3)2. Based on the Li+ flux 

in ED, the Li+ transference number was 0.72 ± 0.2. However, the Li+ flux in Donnan dialysis (the 

10	µm

A

100nm

B

100nm 100nm

C D



	
	

90	

same experiment as the electrodialysis but without an applied potential) is very close to the ED 

flux (Table 3.1). In the Donnan dialysis experiment, diffusion of cations from the source to the 

receiving phase couples with the diffusion of H+ from the receiving to the source phase. 

Compared to Donnan dialysis, in ED the H+ flux from the receiving phase to the source phase 

flux should decrease because of the electric field directed from the source to the receiving phase.  

Nevertheless, some Donnan diffusion may still occur. As a result, the total cation flux in ED 

experiments includes both migration flux and Donnan diffusion flux, but only the migration flux 

reflects the true current efficiency. Therefore, the transference number calculated from the ED 

flux is most likely an overestimation. 

 

Table 3.1		Li+ and Co2+ fluxes and Li+/Co2+ selectivities during ED and Donnan dialysis through 

Nafion membranes coated with (PDADMAC/PSS)5PDADMAC films. The source phase 

contained 0.01 M LiNO3 and 0.01 M Co(NO3)2, the receiving phase was 0.01 M HNO3, and the 

current density was 0.63 mA/cm2. The transference numbers for ED are listed in parentheses. 

 Li+ flux (nmol cm-2 s-1) Co2+ flux (pmol cm-2s-1) selectivity 
ED 4.7±1.3(0.72±0.20) < 2 (0.00060) >1000 

Donnan dialysis 4.5±1.6 < 2 >1000 
 

 

To better determine the current efficiency we employed 0.01 M Ba(NO3)2 as the 

receiving phase instead of 0.01 M HNO3. The diffusive flux of Ba2+ from the receiving phase to 

the source phase is much smaller than that of H+ because the polyelectrolyte multilayer excludes 

Ba2+ due to its large hydration sphere and high charge.8 Table 3.2 gives the Donnan dialysis and 

ED fluxes of K+ and Mg2+ with Ba(NO3)2 in the receiving phase. The K+ flux in Donnan dialysis 

(1.05±0.11 nmole cm-2 s-1) is much smaller than the K+ flux in ED (5.26±0.38 nmole cm-2s-1). 
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The K+ transference number of 0.81±0.06, is significantly larger the transference number of 

0.61±0.04 obtained with a (PAH/PSS)5PAH-caoted Nafion membrane using 0.01 M Ba(NO3)2 as 

the receiving phase. Notably, during 2 h of ED, the pH of the receiving phase increase from 5.8 

to 10.7 due to the formation of OH- at cathode. The K+/Mg2+ selectivity with Ba(NO3)2 in the 

receiving phase decreases compared to that with HNO3 in the receiving phase, perhaps because 

some species such as Mg(OH)+ are more permeable than Mg2+. In one experiment, after each 

aliquot sampled, we added 0.14 mL of 1 M HNO3 to the receiving phase to neutralize the OH- 

formed during 2 h of ED at 0.63 mA cm-2, and the K+/Mg2+ selectivity was >1000 in this case.  

 

Table 3.2		K+ and Mg2+ fluxes and K+/Mg2+ selectivities during ED and Donnan dialysis through 

Nafion membranes coated with (PDADMAC/PSS)5PDADMAC films. The source phase 

contained 0.01 M KNO3 and 0.01 M Mg(NO3)2, the receiving phase was 0.01M Ba(NO3)2, and 

the current density was 0.63 mA/cm2. The transference numbers for ED are listed in parentheses. 

 K+ flux (nmol cm-2 s-1) Mg2+ flux (pmol cm-2s-1) selectivity 
Donnan dialysis 1.1±0.1 < 2 >1000 

ED 5.3±0.4 (0.81±0.06) 9.6±3.2 (0.00087±0.00049) 593±200 
 
 
 
 
3.3.4 Ion fluxes and selectivities as a function of the number of adsorbed layers 

Both the thicknesses and surface coverages of PEMs should increase with the number of 

deposited bilayers. Thus, we expect membrane selectivities to increase with the number of layers 

in PEMs on membranes, but the limiting currents and current efficiencies should decrease.  

Consistent with these expectations, Table 3.3 shows that the K+ transference number decreases 

with an increasing number of PDADMAC/PSS layers on Nafion membranes.  (The sum of the 

K+ and Mg2+ transference numbers is >1 for membranes coated with 
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(PDADMAC/PAA)PDADMAC and bare Nafion, implying significant Donnan diffusion in this 

case.) Although the K+/Mg2+ selectivities are too high to quantify even for membranes coated 

with (PDADMAC/PSS)3PDADAMC films, we do see the expected increase in selectivity on 

going from (PDADMAC/PSS)PDADAMC to (PDADMAC/PSS)3PDADAMC films on Nafion.   

Similar trends occur in ED with 0.01 M LiNO3 and 0.01 M Co(NO3)2 in the source phase (Table 

3.4).   In this case, we see increases in Li+/Co2+ selectivity with an increasing number of 

PDADMAC/PSS layers.  The transference number decreases as expected on going from a 

(PDADMAC/PSS)3PDADMAC to a (PDADMAC/PSS)5PDADMAC film.  For a 

(PDADMAC/PSS)PDADMAC film, however, the Li+ transference number is relatively low 

because of the low selectivity (Co2+ carries much of the current). The bare Nafion membranes 

have a Li+/Co2+ selectivity of 0.66,1 and after coating with a PDADMAC/PSS/PDADMAC film, 

the Li+/Co2+ selectivities increase to 2.7. For these relatively thin films, low coverages does not 

allow high selectivities.   

Notably, the trend of Li+ transference numbers with the number of adsorbed 

PDADMAC/PSS bilayers is very different than that with PAH/PSS bilayers. White et al. 

reported that the Li+ transference numbers decrease with a decreasing number of bilayers on 

(PAH/PSS)nPAH-modified Nafion membranes, and the Co2+ transference numbers were smaller 

than 0.02 even with only 1.5 bilayers on the Nafion. This may suggest more water splitting with 

a lower number of PAH/PSS bilayers. Overall, depositing (PDADMAC/PSS)3PDADMAC leads 

to the highest monovalent cation transference numbers (around 0.8 for K+ and Li+) along with 

high selectivities.
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Table 3.3		K+ and Mg2+ fluxes and transference numbers and K+/Mg2+ selectivities during ED through bare Nafion and Nafion 

membranes coated with (PDADMAC/PSS)nPDADMAC films. The source phase contained 0.01 M KNO3 and 0.01 M Mg(NO3)2, the 

receiving phase was 0.01M HNO3, and the current density was 0.63 mA/cm2. 

Film K+ flux 
(nmol cm-2 s-1) 

Mg2+ flux 
(pmol cm-2s-1) 

K+ 

Transference 
number 

Mg2+ 
Transference 

number 
 selectivity 

(PDADMAC/PSS)PDADMAC 6.9±1.3 1050±115 1.1±0.2 0.32±0.04 6.7±2.0 
(PDADMAC/PSS)3PDADMAC 4.9±0.7 < 2 0.74±0.11 < 0.0006 >2000 
(PDADMAC/PSS)5PDADMAC 3.4±0.3 < 2 0.52±0.04 < 0.0006 >1000 

Bare Nafion 4.8±1.0 2600±510 0.73±0.15 0.78±0.16 1.9±0.1 
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Table 3.4		Li+ and Co2+ fluxes and transference numbers and Li+/Co2+ selectivities during ED through Nafion membranes coated with 

(PDADMAC/PSS)1.5, (PDADMAC/PSS)3.5, or (PDADMAC/PSS)5.5 films. The source phase contained 0.01 M LiNO3 and 0.01 M 

Co(NO3)2, the receiving phase was 0.01 M HNO3, and the current density was 0.63 mA/cm2. 

 

 

 
Film Li+ flux 

(nmol cm-2 s-1) 
Co2+ flux 

(pmol cm-2s-1) 

Li+ 
Transference 

number 

Co2+ Transference 
number selectivity 

(PDADMAC/PSS)PDADMAC 3.5±0.6 1500±540 0.54±0.1 0.46±0.17 2.7±1.5 
(PDADMAC/PSS)3PDADMAC 5.6±0.9 3, 2, 31 0.85±0.13 0.0098,0.00061,0.00098 >170 
(PDADMAC/PSS)5PDADMAC 4.7±1.3 <2 0.72 ± 0.2 0.0006 >1000 
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3.3.5 The effect of source-phase concentrations 

Increases in the source-phase salt concentration should lead to increases in limiting 

currents and consequently higher monovalent/divalent cation selectivities and monovalent cation 

transference numbers at a fixed current density.  Thus, we performed ED with (PAH/PSS)5PAH-

coated Fujifilm membranes and (PDADMAC/PSS)5PDADMAC-coated Nafion membrane using 

source phases containing 0.01 M, 0.02 M or 0.1 M KNO3 and Mg(NO3)2. The receiving phases 

all contained 0.01 M HNO3.  

Table 3.5 shows the K+ and Mg2+ fluxes and transference numbers and K+/Mg2+ 

selectivities from ED through (PAH/PSS)5PAH-modified Fujifilm membranes. The K+ flux 

increases from 3.43±0.29 nmol cm-2s-1 to 12.37±0.75 nmol cm-2 s-1 when the source-phase 

concentration increases from 0.01 M to 0.1 M, whereas the Mg2+ fluxes are all lower than 2 

pmole cm-2 s-1, the lowest detectable flux.  Thus the selectivity is >1000 at all concentrations.  

The K+ transference increases from 0.52±0.04 to essentially 1 when the source phase 

concentration increases from 0.01 M to 0.02 M.  The increases in source-phase concentration 

should approximately double the limiting current density to a value above the applied current 

density (0.63mA cm-2), which should lead to minimal water splitting and the nearly 100% K+ 

current efficiency.  However, higher source phase concentration may also increase Donnan 

diffusion. 

At a source-phase salt concentration of 0.1 M, the calculated K+ transference reaches the 

non-physical value of 1.87±0.11. As mentioned above, transference numbers >1 imply that some 

ion transport occurs through mechanisms other than electromigration, presumably Donnan 

diffusion where cations exchange between the source and receiving phase. Thus, we conducted 

Donnan dialysis experiments at the same source and receiving phase concentration as in ED, 
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only without applied current. With 0.1 M salts in the source phase, the Donnan dialysis K+ flux is 

4.1 nmol cm-2 s-1 and the Mg2+ flux is less than 2 pmole cm-2 s-1. 

 

Table 3.5		K+ and Mg2+ fluxes, K+ transference numbers, and K+/Mg2+ selectivities as a function 

of source-phase cation concentration during ED through Fujifilm membranes coated with 

(PAH/PSS)5PAH films. The receiving phase initially contained 0.01 M HNO3, and the applied 

current density was 0.63 mA/cm2.  The Donnan dialysis fluxes are listed in parentheses. 

      * Mg2+ fluxes in donnan dialysis are all < 0.002 nmol cm-2 s-1 

 

Table 3.6 shows K+ and Mg2+ fluxes and the K+ transference number as a function of 

source-phase salt concentration during ED through (PDADMAC/PSS)5PDADMAC-modified 

Nafion membranes.  In this case, the K+/Mg2+selectivity decreases from >1000 to 44 as the feed 

concentration increase from 0.01 to 0.02 M, primarily because of an increase in the Mg2+ flux 

(the K+ flux also increases but less so). As the feed concentration increase to 0.1 M, the Mg2+ 

flux remains about the same, and the K+ flux increases.  The K+/Mg2+ selectivity increases to 

108, although the standard deviation of this value is high. Increased Mg2+ fluxes at higher feed 

concentrations may result from charge screening that decreases electrostatic exclusion of Mg2+.  

However, this does not explain why the Mg2+ flux remains constant when the source-phase 

Source phase 

concentration 

K+ flux  

(nmol cm-2 s -1) 

K+ transference 

number 

Mg2+ flux 

(nmol cm-2 s -1) 
selectivity 

0.01 M 3.6±0.34 (2.3) 0.56±0.06 <0.002 >1000 

0.02 M 6.9±0.44 (3.9) 1.1±0.07 <0.002 >1000 

0.1 M 12.4±0.75 (4.1) 1.9±0.11 <0.002 >1000 
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concentration increases to 0.1 M.  PEM swelling also increases with ionic strength,9 but this 

again does not explain why Mg2+ transport does not increase on going to the 0.01 M feed 

solution.  Perhaps an interplay between Mg2+ adsorption, which increases charge, and charge 

screening leads to the constant Mg2+ flux.  

 

 

Table 3.6		K+ and Mg2+ fluxes, K+ transference numbers, and K+/Mg2+ selectivities as a function 

of source-phase cation concentration during ED through Nafion membranes coated with 

(PDADMAC/PSS)5PDADMAC films. The receiving phase initially contained 0.01 M HNO3, 

and the applied current density was 0.63 mA/cm2.  The Donnan dialysis fluxes are listed in 

parentheses. 

 

3.3.6 Current-density-voltage curve 

 Figure 3.3 presents the current density-voltage curve for 

(PDADMAC/PSS)5PDADMAC-coated Nafion with source and receiving solutions that both 

contain 0.01 M KNO3 and 0.1 M Mg(NO3)2. The high Mg(NO3)2 concentration reduces the 

solution resistance. The linear increase of the membrane potential with current density 

corresponds to an ohmic region from 0 to >4 mA/cm2. The large ohmic range suggests a high 

Source phase 

concentration 

K+ flux 

(nmol cm-2 s -1) 

K+ transference 

number 

Mg2+ flux 

(nmol cm-2 s -1) 
selectivity 

0.01 M 3.4±0.29 (5.5) 0.52±0.04 <0.002 (0.002) >1000 

0.02 M 7.7±0.04 (7.6) 1.18±0.01 0.18±0.04 (0.096) 44±8 

0.1 M 16.1±1.9 (17.7) 2.47±0.30 0.18±0.07 (0.16) 108±69 
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limiting current for this system.  Based on the fluxes in Table 3.6, most of the current should 

stem from K+ flux.  The current density-voltage curve performed in 0.01 M KNO3, 0.01 M 

Mg(NO3)2 mixture demonstrates ohmic region from 0 to 0.25 mA/cm2. Unfortunately, the 

potentiostat (CH Instruments Model 604) and the high resistance of the solution limited the 

applied current to 0.25 mA/cm2. 

 

 

	

Figure 3.3		Current density as a function of transmembrane potential drop during electrodialysis 

through (PDADMAC/PSS)5PDADMAC-modified Nafion. The experiment employed a two-

compartment electrodialysis cell with solutions containing 0.01 M KNO3 and 0.1 M Mg(NO3)2 

on both sides of membrane. 
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3.4 Conclusions 

 Adsorption of (PDADMAC/PSS)n films on Nafion membranes leads to monovalent 

/divalent ED selectivities >1000. Moreover, the monovalent cation transference number is as 

high as 0.8 with PDADMAC/PSS-coated Nafion. In the contrast, the current efficiency for 

PAH/PSS-coated Nafion is typically around 0.5~0.6. Among various coatings, 

(PDADMAC/PSS)3PDADMAC films give the highest current efficiency in both K+/Mg2+ and 

Li+/Co2+ separations. The high current efficiency presumably results from the high aqueous 

swelling of (PDADMAC/PSS)n films to increase the monovalent cation permeance. Notably, the 

Donnan dialysis fluxes through (PDADMAC/PSS)n-coated Nafion are high, thus it may possible 

to utilize Donnan dialysis for to achieve highly selective separations without an applied potential, 

thus avoiding water splitting. However, (PDADMAC/PSS)n films are not stable in solutions with 

high salt concentrations, so future work should aim to increase the film stability.  
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Chapter 4 Fabrication of Membranes with Electrically 

Conductive Skins for Investigation of Ion Transport as a 

Function of Applied Potential 

 
 
4.1 Introduction 

Potable water scarcity is a serious global challenge. Membrane-based desalinization and 

waste-water reclamation, which have a higher energy efficiency than distillation, offer potential 

solutions to this challenge.1-3 However, improvements in membrane stability, fouling resistance, 

selectivity and permeability could increase the impact of membrane separations.  Highly charged 

membrane surfaces, in particular, are attractive for potentially increasing resistance to fouling, 

enhancing selectivity among ions, and raising fluxes. For example, nanofiltration membranes 

coated with polyanionic brushes resist fouling by oil emulsions,4 and other negatively charged 

membranes resist fouling during treatment of dye wastewater.5 With regard to selectivity among 

ions, chapters two and three demonstrate that highly charged polyelectrolyte coatings increase 

the monovalent/divalent cation selectivities of cation-exchange membranes. Surface charge also 

enhances salt rejection and ion separations in nanofiltration.6-7  

Introduction of charge on membrane surfaces typically entails adsorption of 

polyelectrolytes or covalent derivatization of the substrate with charged moieties. We 

hypothesized that an applied electrical potential between a conductive membrane surface and an 

electrode in solution would create extensive surface charge to alter cation and anion partitioning 

into the membrane, especially for divalent ions.  Thus, such an applied potential could provide 
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high monovalent/divalent cation or anion selectivity, depending on the sign of the applied 

potential. Compared with chemical surface charge, an externally applied electric field should 

introduce a much larger double layer potential and have a bigger effect on ion rejection and 

selectivity. 

The mathematical basis of our hypothesis starts from the quasi-equilibrium partitioning of 

each ion. In the absence of an electrostatic potential, at quasi-equilibrium the chemical potential 

of ion !	in solution, #$,&'()*$'+	, is equal to that in the membrane, #$,,-,./0+-	.  Substitution of 

#$
1 + 34567$  for the chemical potential leads to eq (1), 

#$,&'()*$'+	
1 + 34567$

&'()*$'+ = #$,,-,./0+-	
1 + 34567$

,-,./0+-	    (1) 

where #$1 is the standard standard state chemical potential (in the solution or the membrane as 

designated), 3 is the gas constant, 4 is temperature, and 7$  is the ion concentration (in the 

solution or the membrane).  This equation assumes activity coefficients of 1.  Rearrangement of 

eq (1) leads to the ion partition coefficient, 9$1, in eq (2). 

9$
1 =

:;
<=<>?@A=

:;
BCDEF;CA = exp	(

K;,BCDEF;CA
L MK;,<=<>?@A=

L

NO
)                       (2) 

When the electrostatic potential, Q, differs between the solution and the membrane, the 

electrochemical potential of ion !	in solution, #$,&'()*$'+	, is equal to that in the membrane, 

#$,,-,./0+-	.  Substitution of expressions for #$	  leads to eq (3) 

#$,&'()*$'+	
1 + 34567$

&'()*$'+ + R$SQ
&'()*$'+ = #$,,-,./0+-	

1 + 34567$
,-,./0+- +

R$SQ
,-,./0+-	          (3) 

Thus the partition coefficient in the presence of an electrostatic potential difference between the 

solution and the membrane,	Q&'()*$'+ − Q,-,./0+-, is  

9$ = 9$
1	exp	

U;V

NO
Q&'()*$'+ − Q,-,./0+-                           (4) 



	
	

104	

where 9$1 is the partition coefficient without an applied electrostatic potential. 

Importantly, the partition coefficient varies exponentially with both the charge of the ion and 

the potential drop between the solution and the membrane. Thus, even a 50 mV potential drop 

can lead to a 50-fold change in partition coefficient for a divalent ion.  Moreover, a charged 

surface may create regions of nonelectroneutrality in the membrane, and in these regions the 

excluded ion controls the resistance to salt transport.8   

This chapter describes our efforts to achieve highly selective monovalent/divalent cation 

separations using a potential applied between a conductive membrane surface and an electrode in 

solution. Such experiments require a membrane with a selective skin that is both conductive and 

permeable to ions.  However, the skins should not contain large pores that lead to decreases in 

selectivity, so fabrication of such membranes is a major challenge. 

We examined fabrication of conducting membrane skins using several methods including 

layer-by-layer assembly of conductive polymers, sputter coating of a thin metal film, electroless 

deposition of Au, and electrochemical polymerization from a Au film. Initial characterization 

included determination of the electrical sheet resistance of the films and imaging using scanning 

electron microscopy (SEM). Subsequently, we determined ion fluxes and the effects of applied 

electrical potential on ion transport.  

 

4.2 Experimental section 

4.2.1 Materials.  

Poly(allylamine hydrochloride) (PAH, Mw=15 000 Da), Poly(sodium 4-styrenesulfonate) 

(PSS, MW=70,000 Da), Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, 

1.3 wt% dispersion in H2O, conductive grade), PEDOT:PSS (3 wt% dispersion in H2O, high 
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conductive grade), branched polyethylenimine (B-PEI, Mw=25,000 Da), 3,4-

Ethylenedioxythiophene (EDOT) , Dimethyl sulfoxide (DMSO), and hydrogen tetrachloroaurate 

(HAuCl4) were obtained from Sigma-Aldrich. Potassium chloride, magnesium chloride and 

hydroxylamine hydrochloride (NH2OH·HCl) were obtained from Columbus Chemical. The pH 

values of all solutions were adjusted by addition of dilute NaOH or HCl. Alumina membranes 

(Whatman Anodisk filters, 0.02 µm surface pores) served as the substrates for conductive film 

deposition. Silver conductive epoxy was obtained from MG chemicals. Platinum electrodes and 

Ag/AgCl electrodes were purchased from CH Instruments. 

 

4.2.2 Layer-by-Layer assembly of conductive membrane coatings 

Porous alumina membranes were cleaned in UV-O3 (Boekel UV-Clean Model 135500) for 

15 min to remove organic residues, and then placed in a home-made holder that directly exposes 

only the filtration side of the membrane to modification solutions. (The holder exposes a 

membrane surface area of 1.7 cm2.)  The polycation deposition solutions contained either 0.02M 

PAH (with respect to the repeating unit) in 1M NaCl or B-PEI (0.3 wt% in H2O or 1M NaCl). 

The PEDOT:PSS solutions were used as-received, except 1% wt of DMSO was added in the as-

received solutions as dopant in some experiments. The alumina membranes were immersed in 

the polyanion solution for 5 min, and then in the polycation solution for 5 min, and between 

exposures to each deposition solution the membranes were rinsed with deionized water for 1min 

to remove loosely bonded polymer. The process was repeated several times to adsorb the desired 

number of layers. 

Some experiments utilized Au- coated Si wafers or bare glass as the deposition substrate to 

investigate the film thickness or electrical sheet resistance. The Au wafer was coated with a 
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primer layer of 3-mercaptopropionic acid (MPA) to introduce charge on the surface before layer-

by-layer assembly.9 The glass was sequentially cleaned in detergent, water, acetone and 

methanol before modification. With both glass and MPA-modified Au, the layer-by-layer 

assembly started with the polycation solution due to the negative substrate surface charge. 

 

4.2.3 Au deposition on membrane surfaces 

Au was deposited on membranes through electroless deposition according to a literature 

method.10-11 Citrate-stabilized gold nanoparticles (NPs) (0.02 mg/mL) with an average diameter 

of 12 nm were prepared using the citrate reduction method.12-14 Figure 4.1 demonstrates the 

coating process. The feed side of an alumina membrane was first coated with a primer 

(PSS/PAH)2 film (both polyelectrolyte deposition solutions contained 0.02 M polymer repeat 

units in 1 M NaCl) through layer by layer assembly. The same side of the membrane was then 

immersed in the colloidal Au nanoparticle solution for 10 min to adsorb seed Au nanoparticles. 

After rinsing with H2O for 1min, the membrane was immersed in a 50 mL solution containing 

0.4 mM NH2OH·HCl and 0.01 wt% HAuCl4 (enlargement solution).  The solution was mixed on 

an orbital shaker for 20 min, and then the membrane was immersed in 50 mL of fresh 

enlargement solution for another 20 min. The same process was repeated 10 times using a total 

of 500 mL of enlargement solution.  

Some alumina membranes were coated with Au using a PELCO SC-7 sputter coater with a 

Au target. The deposition thickness was 50 nm as determined with a FTM2 PELCO film 

thickness monitor. The thermal evaporation of Au was conducted with an Edwards Auto 306 

thermal evaporator equipped with a quartz crystal microbalance (Maxtek P/N 103200-2). 

. 
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Figure	4.1		Scheme of electroless deposition of gold on a porous alumina membrane. 

 

4.2.4 Electrochemical polymerization 

Au-coated membranes were assembled in a home-made two-compartment cell sealed with 

an o-ring. The coating side faced a source phase containing 0.01 M EDOT and 0.01 M PSS.  

This solution was sonicated for 15 min to completely dissolve EDOT prior to introduction into 

the source-phase cell. The receiving cell was empty. A Pt wire and a Ag/AgCl electrode in the 

source phase served as the counter and reference electrodes, respectively, whereas the membrane 

acted as the working electrode. The electrochemical polymerization of EDOT was performed 

using chronoamperometry with a constant potential of 1 V (CHI 604 potentiostat). Different 

PEDOT films were obtained using a 5 min or 30 min coating time. 

Au enlargement

LBL

(PSS/PAH)2
pH=4.5Bare membrane

Citrate  stabilized
Au NPs

50 mL 0.01% HAuCl4 in 
NH2OH�HCl (0.4mM)

Repeat enlargement step  9 times
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Figure	4.2		Scheme of electrochemical polymerization of EDOT with PSS on Au-coated 

membranes. 

 

4.2.5 Membrane characterization 

The sheet resistances of membrane surfaces were determined using a 4-probe 

measurement. The probe has spring-loaded tips connected to a Hewlett Packard 3441 multimeter 

that applies a constant current between two outer probes with the voltage drop was measured 

between two inner probes (four probes are aligned with equal spacing of 0.1 cm). The sheet 

resistant was calculated from the equation (5)15: 

3&W = 4.532×
^

_
                  (5) 

where 3&W is the sheet resistance (Ω/�), V is the potential drop and I is the applied current in the 

4-probe measurement. The imagines of coated membranes were taken with a JEOL 7500F 

scanning electron microscope (SEM) equipped with a cold field-emission emitter. The 

thicknesses of polyelectrolyte multilayer films adsorbed on Au-coated Si were determined with a 

EDOT

+ PSS

PEDOT :PSS
– ne–
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model M-44, J.A. Woollam ellipsometer using WVASE32 software. The film refractive index 

was assumed to be 1.5,  and the thicknesses was fitting parameters. 

 

4.2.6 Diffusion dialysis with an electrical potential applied between the membrane surface and 

electrodes in solution 

A conductive membrane was connected to a copper wire using silver epoxy at the center of 

the membrane and was sandwiched between source and receiving cells (see Figure 4.3). The top 

of copper and silver epoxy was also coated with 5-min epoxy as an insulating layer to avoid 

corrosion. The conductive side faced the source-phase cell and served as a working electrode. A 

platinum counter electrode and Ag/AgCl reference electrode were placed in the source phase that 

contained 90 mL of 0.01 M KCl and 0.01 M MgCl2.  The receiving phase contained the same 

volume of deionized water. During a 1.5-h experiment, a constant potential (CH Instruments 

model 604 potentiostat) was applied between the membrane and the reference electrode in the 

source-phase solution. One-mL aliquots were collected periodically from the receiving phase to 

determine the ion concentration as a function of time, and same amount of solution was 

withdrawn from the source phase to keep equal volumes. The cation concentration was 

determined using a Varian 710-ES Inductively Coupled Plasma Optical Emission 

Spectrophotometer (ICP-OES) with calibration curves.  



	
	

110	

 

	

Figure 4.3  Diagram of the membrane cell for diffusion dialysis with an applied potential 

between the membrane and a reference electrode in the source phase. a) The conductive 

membrane surface faces the source phase, and electrical connection occurs through a thin copper  
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Figure 4.3 (cont’d) 

wire attached to the conductive surface by silver epoxy. b) The copper wire working electrode 

(WE), reference electrode (RE)  and counter electrode (CE) are connected to a potentiostat to 

apply a constant potential between the membrane surface and a reference electrode. Both source 

and receiving phases were stirred vigorously to minimize concentration polarization.  

 

4.2.7 Diffusion dialysis with an applied potential between two carbon meshes that sandwich a 

membrane 

Alumina membranes were coated with (PSS/PAH)4 films, and then sandwiched between 

two round carbon mesh sheets with diameters just smaller than the membrane to avoid forming a 

short circuit. The carbon mesh size was 5.3 cm2.  The resistance between the contacts to the two 

meshes was150 Ω. Each carbon mesh sheet was also contacted with a thin copper wire. The 

experimental apparatus was the same as in Figure 3 without the Pt and Ag/AgCl electrodes. The 

(PAH/PSS)4 film faced the source phase, and the carbon mesh on the source-phase side of the 

membrane served as both the counter and reference electrodes, whereas the carbon mesh facing 

the receiving phase acted as the working electrode. The source phase contained 0.01M KCl and 

0.01M MgCl2, and the receiving phase was initially deionized water. The sampling method and 

ion analysis were described in section 4.2.6.  

 

4.3 Results and discussion 

We deposited conductive films on commercial porous membranes through layer-by-layer 

assembly, sputtering, electroless deposition or electrochemical polymerization. This section first 

presents each deposition method along with characterization of coated membranes and the 
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limitations of each method, and then investigates the effect of applied potential on the ion flux 

and ion-transport selectivity of different conductive membranes. Finally, I examine the effect of 

applied transmembrane potential on salt permeability.  

 

4.3.1 Layer-by-layer assembly of conductive polymers 

Conjugated polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT) have high 

conductivities and stabilities that are attractive for formation of conductive films16 Commercial 

PEDOT suspensions are homogeneous dispersions of PEDOT: PSS complexes in which PEDOT 

oligomers attach to the long PSS chains due to electrostatic interactions.17 The PEDOT:PSS 

complex acts as a polyanion during layer-by-layer assembly due to the net excess of sulfonic 

acid.17 

To initially characterize (PAH/PEDOT:PSS)n films, we deposited them both on Au-coated 

silicon wafers to determine their ellipsometric thicknesses and on glass to determine their 

electrical sheet resistances, Rsh. Figure 4.4 shows the values of Rsh and ellipsometric thickness as 

a function of the number of adsorbed PAH/PEDOT:PSS bilayers. After adsorption of the initial 

bilayer, the film thickness increases approximately linearly with the number of adsorbed bilayers 

with an average thickness of 100 Å per bilayer.  This is similar to the thickness of PSS/PAH 

films deposited under similar conditions.18  

The electrical sheet resistance decreases from 6×10c Ω/� for one bilayer to 9×10e Ω/� 

for 9 bilayers, and a 10-fold decrease in Rsh occurs on going from one bilayer to 2 bilayers. After 

drying the 9-bilayer film in a 70ºC oven for 15 min to remove much of the moisture in the film, 

the Rsh value increases from 9×10e to 4×10fΩ/�. The relatively low conductivity values 
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suggest that the PSS/PAH complex may dominate the PEDOT:PSS/PAH film, so the limited 

amount of PEDOT decreases sheet resistance but does not yield a highly conductive film. 

	

Figure	4.4		The sheet resistances and thicknesses of (PAH/PEDOT:PSS)n films with different 

numbers of adsorbed bilayers, n. (Some of the error bars, which represent the standard deviations 

of determinations on three films , are smaller than the symbols). 

 

In efforts to increase the film conductivity, I (a) varied the polycation in the film and the 

pH of deposition solutions, (b) attempted to dope PEDOT:PSS with organic solvent and (c) 

employed a high-conductivity grade of PEDOT:PSS solution. Table 1 summarizes the Rsh values 

for different films. Substituting branched PEI (B-PEI) for PAH in the layer-by-layer assembly 

did not result in films with low resistance, and deposition of the (B-PEI/PEDOT:PSS)n films at 

low pH gave Rsh values that were too high to measure with the apparatus (> 108 Ω/�).  At 

pH=3.2 B-PEI carries more positive charge than the partially deprotonated B-PEI at pH=10.  The 
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lower charge density often leads to more adsorption of polyelectrolytes in layer-by-layer 

deposition,19 and additional adsorption of the PEDOT:PSS complex likely leads to lower 

resistances for films deposited at pH=10. Addition of 1 M NaCl to adsorption solutions increased 

the resistance of (B-PEI/PEDOT:PSS)n films deposited at pH 10.  The extra salt may screen 

surface charge and lead to less polyelectrolyte deposition.20-22   

 

Table 4.1  The sheet resistance, Rsh of several PEDOT:PSS-containing films deposited on either 

glass or porous alumina. 

   * The pH value of  PEDOT:PSS solutions was ~2.7 in all cases. 

The conductivity of PEDOT films often increases with DMSO doping because DMSO 

helps to align the PEDOT.16, 23-24 Thus, we prepared layer-by-layer films using PEDOT:PSS 

solutions containing DMSO (1% wt). However, the [B-PEI/PEDOT:PSS (1% DMSO)]10 film 

shows an Rsh value of of 0.97×10f Ω/�, which is similar to the sheet resistance of undoped 

films. Thus, regardless of deposition conditions we could not obtain layer-by-layer films with 

sheet resistances significantly less that 1×10fΩ/�. 

Substrate Film Rsh(×10fΩ/�) 

Glass spin coating on Piranha cleaned glass  0.51±0.01 
[PAH/PEDOT:PSS]10 1.38±0.05 
[B-PEI(pH=10)/PEDOT:PSS]10 0.78±0.03 
[B-PEI(pH=3.2)/PEDOT:PSS]10 Not detectable 
[B-PEI(pH=10 in 1M NaCl)/PEDOT:PSS]10  6.11±0.76 
[B-PEI(pH=3.2 in 1M NaCl)/PEDOT:PSS]10 Not detectable 
[B-PEI(pH=10)/PEDOT:PSS (1% DMSO)] 0.97±0.05 

Alumina [PEDOT:PSS (1% DMSO)/ PEI PH=10]10.5 on 
alumina 47.5±3.5 

[High-Conductivity Grade PEDOT:PSS (1% 
DMSO)/ B-PEI(PH=10)]20.5 on alumina 35±10 
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I also deposited films on porous alumina substrates (20 nm surface pores) because the 

ultimate purpose of these studies is to fabricate a conductive membrane skin. The Rsh values for 

films on alumina are ~50 times higher than for films grown on glass (Table 4.1). Even with a 

high-conductivity grade PEDOT:PSS solution, layer-by-layer deposition on alumina still yields a 

sheet resistance of 35×10fΩ/�. These high sheet resistances will give a significant potential 

drop from the center of the membrane to its edge. Thus, I decided that layer-by-layer assembly is 

not sufficient to fabricate a highly conductive membrane surface. 

 

4.3.2 Deposition of Au to form conductive membrane surfaces 

Because layer-by-layer films have high sheet resistances that will lead to a significant 

potential drop from the center to the edge of the membrane, I began examining metal deposition 

methods to create conducting membrane skins.  These methods including sputter coating, 

electroless deposition and thermal evaporation to deposit gold on porous membranes. Figure 4.5 

shows SEM imagines of bare and coated alumina membranes. The electroless deposition gives a 

coated but porous surface. The sputtered surface is also porous but contains large gold clusters, 

and the gold surface from thermal evaporation is very uniform but less porous. All membranes 

are highly conductive (sheet resistances <100 Ω/�).  

I examined the adhesion of the coatings using a peel test where a piece of ScotchTM tape is 

attached to a coated membrane surface and then removed. Qualitatively, surfaces that show the 

most gold on the peeled tape have the lowest adhesion.  The sputter coated surface showed the 

most adhesion, with minimum gold removal from the surface.  In contrast, thermal evaporation 

gave the worst adhesion even with a Titanium primer layer.   
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Figure 4.5  SEM imagines of porous alumina (a) before and (b,c,d) after coating with Au using 

(b) sputtering (50 nm film) (c) thermal evaporation (100 Nm) and (d) electroless deposition (10 

deposition cycles after seeding the surface with Au nanoparticles). 

 

4.3.3 Electrochemical polymerization of EDOT to fabricate conductive membrane coatings 

Although the Au-coated membranes are highly conductive, the pore size in sputtered and 

electrolessly deposited coatings is still large compared to the typical double layer thicknesses in 

solution (around 1-10 nm for salt concentrations from 0.001 to 0.1 M).25 A positive electric field 

can significantly decrease the partitioning of cations only if the pore size is smaller than or 

comparable to the double layer thickness.  Otherwise the applied electric field will be negligible 

in much of the pore and have minimal effect. To decrease the pore size, I employed some Au 

coated membranes as working electrodes for electrochemical polymerization of EDOT. The 
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polymerization occurred at a constant potential of 1 V vs Ag/AgCl in a solution containing 

0.01M EDOT and 0.01M PSS. Figure 4.6 shows SEM imagines of electrochemically 

polymerized PEDOT on porous alumina initially coated with electroless Au deposition.  Five 

minutes of electropolymerization leads to a thin layer of polymer on the Au substrate, whereas a 

thick polymer layer (with some pores) covers the substrate after 30 min of coating.  

 

 	

Figure 4.6  SEM imagines of PEDOT films formed during electrochemical polymerization from 

alumina membranes initially coated with Au through electroless deposition.  EDOT 

electropolymerization occurred for (a) 5 min and (b) 30 min.  The scale bar is common to both 

images. 

 

4.3.4 Ion permeability and selectivity of conductive membranes 

Table 4.2 summarizes the ion fluxes and K+/Mg2+ selectivities during diffusion dialysis 

through conductive membranes. Bare (nonconductive) alumina membranes show high KCl and 

MgCl2 fluxes but a K+/Mg2+ selectivity of only 1.5.  These values indicate unhindered diffusion 

through membrane pores. The (PEDOT:PSS/PAH)7.5-modified alumina membranes show a 

K+/Mg2+ selectivity of 90, presumably because the film contains PSS/PAH bilayers that highly 

100 nm
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reject Mg2+.26 The sputter-coated membranes allow smaller K+ and Mg2+ fluxes than bare 

alumina, but the K+/Mg2+ selectivity of 2.6 is similar to that for bare alumina. Polymerization of 

EDOT:PSS for 5 min from Au-coated membranes gives a selectivity <3. Because polymerization 

of EDOT:PSS for 30 min from electrolessly deposited Au membranes leads to very low salt 

permeabilities, I conducted diffusion dialysis using a source-phase solution containing 0.1MKCl 

and 0.1M MgCl2. Despite the low permeability, the K+/Mg2+ selectivity is only 4.6. In summary, 

the highly conductive coating PEDOT:PSS coating decreases ion fluxes greatly but increases 

K+/Mg+ selectivity only 3-fold compared to bare alumina. 

 

Table 4.2  K+ and Mg2+ fluxes and K+/Mg2+ selectivities during diffusion dialysis through bare 

and coated alumina membranes.  Dialysis occurred from source-phase solutions initially 

containing 0.01MKCl and 0.01M MgCl2 to a deionized water receiving phase. 

Membrane Coating KCl Flux 
(nmole cm-2s-1) 

MgCl2 Flux 
(nmole cm-2s -1) 

Selectivity 
(K+/Mg2+ ) 

Bare 6.4±0.6 4.4±0.04 1.5±0.2 
(PEDOT:PSS/PAH)7.5* 3.8 0.043 90 

Sputter coated Au 4.6 ±0.6 2.1±0.3 2.6± 0.8 
5min of EDOT:PSS 
polymerization from 

electrolessly deposited Au 
4.4±1.2 1.5±1.0 3.5±1.8 

30 min of EDOT:PSS 
polymerization from 

electrolessly deposited Au 
** 

3.1±0.7 0.7±0.3 4.6±1.2 

*Data is the average of two membranes     
**In this case only, the source-phase solution initially contained 0.1M KCl and 0.1M MgCl2. 
 

I investigated the effect of applied potential on ion permeability using an alumina 

membrane coated with a (PEDOT:PSS/PAH)7.5 film.  Although these films are modestly 

conductive, they fully cover the underlying alumina substrate.  I initially performed diffusion 



	
	

119	

dialysis with and without a -0.5 V potential applied between the membrane and a Ag/AgCl 

reference electrode in the source phase.  At this applied potential, the current density between the 

membrane and a Pt counter electrode in the source phase was ~5.6 µA/cm2 of membrane. Figure 

4.7 plots the amounts of K+ and Mg2+ in the receiving phase as a function of time.  (Each 

experimental condition used a fresh source phase and receiving phase.) Unfortunately, the 

applied potential does not affect the K+ and Mg2+ fluxes. An experiment with a +0.8 V potential 

between the membrane and the reference electrode gives a similar result.  Thus, the fluxes do not 

change with potential. This might stem from the high sheet resistance (~50×10fΩ/�) of the 

(PEDOT:PSS/PAH)7.5 film, so much of the potential drop may occur across, rather than 

perpendicular to, the membrane surface.  

With the highly conductive Au-coated membranes (formed with either sputtering or 

electroless deposition), again the K+ and Mg2+ fluxes are independent of the applied potential. As 

mentioned above, the pore sizes in the Au coatings are larger than the electrical double layer, 

which likely leads to the insensitivity of ion transport to potential.    



	
	

120	

	

Figure 4.7  Amounts of K+ (filled data points) or Mg2+
 (open data points, along the x-axis) in the 

receiving phase as a function of time during diffusion dialysis with no applied penitential (blue 

circles), -0.5V (red squares) and and after removal of the applied potential (green triangles).   

Diffusion dialysis occurred through a (PEDOT:PSS/PAH)7.5-modified alumina membrane from a 

0.01M KCl, 0.01M MgCl2 source phase to a deionized water receiving phase. 

 

The electrochemically polymerized PEDOT-coated membranes with high conductivity and 

small pore size are perhaps the most promising to observe the effect of applied electrical 

potential on ion permeation. With 5 min of EDOT polymerization from electrolessly deposited 

Au, however, the fluxes are the same at positive applied potentials of 0.1, 0.5 and 0.8 V versus 

the Ag/AgCl reference electrode.  In this case, the K+ and Mg2+ fluxes are 4.2 nmol cm-2 s-1 and 

1.8 nmole cm-2 s-1, respectively. Membranes coated with a 30-min EDOT polymerization also 
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show no sensitivity to applied positive potentials despite a relatively low permeability. In the 

contrast, with a -0.8 V applied potential, the KCl flux significantly decreased from 3.7 nmole cm-

2 s-1 to 0.7 nmole cm-2 s-1 and MgCl2 flux declined from 1.0 nmole cm-2 s-1 to 0.0029 nmole cm-2 

s-1 (Because of the low permeability of the membrane, these experiments employed a source 

phase containing 0.1MKCl, 0.1M MgCl2.)  However, after removal of the potential, the fluxes 

did not change, which suggests that the potential permanently changes the coating either through 

reduction or some fouling mechanism such as Mg(OH)2 fouling.  

To rule out Mg(OH)2 fouling, I performed dialysis with only 0.1M KCl in the source phase. 

The KCl flux decreased from 9.2 nmole cm-2 s-1 (no potential) to 3.4 nmole cm-2 s-1 (-0.8V), and 

then increased to 7.2 nmole cm-2 s-1 after removal of the applied potential.  This result suggests 

that the flux change is due to the applied potential. However, further experiments are needed to 

confirm this result. The decrease of flux presumably occurs due to the reduced state of PEDOT 

and doping with cations.27-28  

 

4.3.5 Membrane capacitor for ion rejection 

Because potentials applied with a conductive membrane surface had negligible effect on 

salt permeability, we explored whether a potential applied across a membrane between 

conductive carbon mesh sheets (Figure 4.8) would alter ion transport. The direction of the 

applied electric field should slow cation diffusion, so we hypothesized that it might decrease K+ 

and, especially, Mg2+ flux.29 
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Figure 4.8		Schematic diagram of diffusion dialysis through a (PSS/PAH)4-coated alumina 

membrane sandwiched between two carbon mesh electrodes. 

 

Figure 4.9 plots the receiving-phase concentration during diffusion dialysis through a 

(PSS/PAH)4-coated alumina membrane sandwiched between two carbon mesh electrodes (Figure 

4.8 illustrates the sandwich structure). The plot initially shows a linear region, which indicates a 

K+ flux of 1.2 nmole cm-2 s-1. The Mg2+ flux is below the detection limit of the analysis (<2 

pmole cm-2 s-1).  Upon application of a 2 V potential, the K+ flux decreases to ~0.8 nmole cm-2 s-

1, and flux declines further to 0.1 nmole cm-2 s-1 with a 4V potential between the carbon meshes. 

The pH of the source-phase solution decrease from 6.46 at the beginning of the experiment to 
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5.99 at the end. In contrast, the pH of the receiving phase decreases from 7.11 initially to 7.03 

after dialysis with a 2 V transmembrane potential, and finally to 3.51 after dialysis with a 4 V 

potential. The decrease in the KCl flux likely stems from electromigration of K+ in a direction 

opposite to its diffusion.  However, current generation at the electrode requires formation of 

protons at the anode and hydroxide or some other reduced species at the anode.  The proton 

generation is apparent from the decrease in pH in the receiving phase.  However, the reaction 

that may occur at the cathode is not obvious.  Perhaps Mg(OH)2 precipitation limits the rise in 

pH in the source phase.  

  

	

Figure 4.9  Amount of KCl in the receiving phase as the function of time with no potential (red 

circle), +2V (orange square) and +4V (blue triangle) during a continuous experiment that 

monitored K+ transport through the carbon mesh-sandwiched (PAH/PSS)4 coated alumina 

membrane. The source phase contains 0.01M KCl, 0.01M MgCl2 and the receiving phase was 

initially deionized water. 
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 4.4 Conclusions 

This chapter explored several methods for forming electrically conductive coatings on 

porous membranes. Layer-by-layer assembly with conducting polymers did not yield films with 

high conductivities, and such coated membranes will show high potential drops from the edge to 

the center of the membrane (see the appendix). The Au and electrochemically polymerized 

conducting polymer coatings show high conductivity. However, the salt fluxes through such 

membranes are independent of applied potentials from -1V to 1V with respect to Ag/AgCl for 

Au-coated membranes. Preliminary studies show that salt fluxes through conducting polymer-

coated membranes do decrease at negative potentials, perhaps because of film doping.  

Additionally, high transmembrane potentials applied using external electrodes can negate cation 

transport, but likely at the expense of formation of protons and hydroxide ions. 
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APPENDIX 
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APPENDIX 
 
 

	

Figure 4.10		Schematic drawing of a conductive membrane with current density perpendicular to 

the surface. The drawing also shows the membrane radius, R, and the radial coordinate, r.  

Current also flows into the membrane and along the surface.   

 

Here, we derive expression for the potential drop from the outer edge of a conductive 

membrane to the center with the assumption that the current density (in the direction 

perpendicular to the surface) is uniform across the entire surface.  We also assume that all of the 

current enters via a contact around the membrane.  At distances farther from the edge of the 

membrane, less current flows parallel to the surface due to the shunting of current to the solution. 

Eq (a1) defines the total current, !*'*0( , where g  is the uniform current density and h  is the 

membrane diameter. 

!*'*0( = gihj																														                                                 (a1)	

Eq (a2) gives the current !  flowing radially through a circle whose center is the center of the 

membrane and whose radius is k.  

membrane
R

Current

solution

r
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! = gikj                                                (a2) 

Eq (a3) describes the resistance, R, to current flowing through a wire with cross-sectional  

3 = 	l
(

m
                                                                             (a3) 

area n and length 5, where l is the wire resistivity.  For current flowing into a disk, eq (a4) gives 

the differential of resistance, o3,   

o3 = 	
pq/

jr/*
                                                                       (a4) 

where s is the disk thickness, so 2iks is the cross-sectional area. Thus, equation (a5) gives the 

Ohm’s law differential potential drop, ot.   

ot = !o3 = gikj
pq/

jr/*
= 	

up

j*
kok                              (a5) 

Eq (a6) then gives an expression for the potential drop, ΔE, from the edge to the center of the 

disk  

ΔE = 	
up

j*
kok = 	−

upxy

z*

1

x
             (a6) 

Eq (a7) defines sheet resistance, Rsh, 

3&W = 	
p

*
                                                                           (a8)  

so  eq (a6) becomes eq(a9) 

ΔE = 	−
uxyNB{

z
= −

$NB{
zr

                               (a9) 

if ! = 1	#n, 3&W = 10c Ω/�, 3/|N = 0.8	~. 

We contact the membrane via a wire that extends the potential from the center of the membrane 

to the edge. The potential drops across the membrane is 0.8V according to equation a9. The 

significant potential drop will lead to nonuniform currents.  



	
	

128	

REFERENCES 



	
	

129	

REFERENCES 
 

1. Elimelech, M.; Phillip, W. A., The future of seawater desalination: Energy, technology, 
and the environment. Science 2011, 333, 712-717. 

2. Semiat, R., Energy issues in desalination processes. Environmental Science & 
Technology 2008, 42, 8193-8201. 

3. Fritzmann, C.; Lowenberg, J.; Wintgens, T.; Melin, T., State-of-the-art of reverse 
osmosis desalination. Desalination 2007, 216, 1-76. 

4. Yang, Z.; Tarabara, V. V.; Bruening, M. L., Adsorption of anionic or cationic surfactants 
in polyanionic brushes and its effect on brush swelling and fouling resistance during emulsion 
filtration. Langmuir 2015, 31, 11790-9. 

5. An, A. K.; Guo, J.; Jeong, S.; Lee, E.-J.; Tabatabai, S. A. A.; Leiknes, T., High flux and 
antifouling properties of negatively charged membrane for dyeing wastewater treatment by 
membrane distillation. Water Research 2016, 103, 362-371. 

6. Krasemann, L.; Tieke, B., Selective ion transport across self-assembled alternating 
multilayers of cationic and anionic polyelectrolytes. Langmuir 2000, 16, 287-290. 

7. Hoffmann, K.; Friedrich, T.; Tieke, B., Layer-by-layer assembled polyelectrolyte blend 
membranes and their use for ion separation and rejection. Polymer Engineering and Science 
2011, 51, 1497-1506. 

8. Yaroshchuk, A.; Zhu, Y.; Bondarenko, M.; Bruening, M. L., Deviations from 
electroneutrality in membrane barrier layers: A possible mechanism underlying high salt 
rejections. Langmuir 2016, 32, 2644-2658. 

9. Wijeratne, S.; Bruening, M. L.; Baker, G. L., Layer-by-layer assembly of thick, cu2+-
chelating films. Langmuir 2013, 29, 12720-12729. 

10. Supriya, L.; Claus, R. O., Solution-based assembly of conductive gold film on flexible 
polymer substrates. Langmuir 2004, 20, 8870-8876. 

11. Brown, K. R.; Lyon, L. A.; Fox, A. P.; Reiss, B. D.; Natan, M. J., Hydroxylamine 
seeding of colloidal au nanoparticles. 3. Controlled formation of conductive au films. Chemistry 
of Materials 2000, 12, 314-323. 

12. Frens, G., Controlled nucleation for regulation of particle-size in monodisperse gold 
suspensions. Nature-Physical Science 1973, 241, 20-22. 

13. Dotzauer, D. M.; Dai, J. H.; Sun, L.; Bruening, M. L., Catalytic membranes prepared 
using layer-by-layer adsorption of polyelectrolyte/metal nanoparticle films in porous supports. 
Nano Letters 2006, 6, 2268-2272. 



	
	

130	

14. Grabar, K. C.; Freeman, R. G.; Hommer, M. B.; Natan, M. J., Preparation and 
characterization of au colloid monolayers. Analytical Chemistry 1995, 67, 735-743. 

15. Smits, F. M., Measurement of sheet resistivities with the 4-point probe. Bell System 
Technical Journal 1958, 37, 711-718. 

16. Dawidczyk, T. J.; Walton, M. D.; Jang, W. S.; Grunlan, J. C., Layer-by-layer assembly of 
uv-resistant poly(3,4-ethylenedioxythiophene) thin films. Langmuir 2008, 24, 8314-8318. 

17. Smith, R. R.; Smith, A. P.; Stricker, J. T.; Taylor, B. E.; Durstock, M. F., Layer-by-layer 
assembly of poly(3,4-ethylenedioxythiophene): Poly(3,4-ethylenedioxythiophene): 
Poly(styrenesulfonate). Macromolecules 2006, 39, 6071-6074. 

18. El Haitami, A. E.; Martel, D.; Ball, V.; Nguyen, H. C.; Gonthier, E.; Labbé, P.; Voegel, 
J.-C.; Schaaf, P.; Senger, B.; Boulmedais, F., Effect of the supporting electrolyte anion on the 
thickness of pss/pah multilayer films and on their permeability to an electroactive probe. 
Langmuir 2009, 25, 2282-2289. 

19. Shiratori, S. S.; Rubner, M. F., Ph-dependent thickness behavior of sequentially adsorbed 
layers of weak polyelectrolytes. Macromolecules 2000, 33, 4213-4219. 

20. Blomberg, E.; Poptoshev, E.; Caruso, F., Surface interactions during polyelectrolyte 
multilayer build-up. 2. The effect of ionic strength on the structure of preformed multilayers. 
Langmuir 2006, 22, 4153-4157. 

21. Dubas, S. T.; Schlenoff, J. B., Factors controlling the growth of polyelectrolyte 
multilayers. Macromolecules 1999, 32, 8153-8160. 

22. Guzman, E.; Ritacco, H.; Rubio, J. E. F.; Rubio, R. G.; Ortega, F., Salt-induced changes 
in the growth of polyelectrolyte layers of poly(diallyl-dimethylammonium chloride) and poly(4-
styrene sulfonate of sodium). Soft Matter 2009, 5, 2130-2142. 

23. Crispin, X.; Marciniak, S.; Osikowicz, W.; Zotti, G.; Van der Gon, A. W. D.; Louwet, F.; 
Fahlman, M.; Groenendaal, L.; De Schryver, F.; Salaneck, W. R., Conductivity, morphology, 
interfacial chemistry, and stability of poly(3,4-ethylene dioxythiophene)-poly(styrene sulfonate): 
A photoelectron spectroscopy study. Journal of Polymer Science Part B-Polymer Physics 2003, 
41, 2561-2583. 

24. Heeger, A. J.; Kivelson, S.; Schrieffer, J. R.; Su, W. P., Solitons in conducting polymers. 
Reviews of Modern Physics 1988, 60, 781-850. 

25. Bard, A. J.; Faulkner, L. R., Electrochemical methods: Fundamentals and applications; 
John Wiley & Sons: New York. 2000. 

26. Cheng, C.; Yaroshchuk, A.; Bruening, M. L., Fundamentals of selective ion transport 
through multilayer polyelectrolyte membranes. Langmuir 2013, 29, 1885-1892. 



	
	

131	

27. Pile, D. L.; Zhang, Y.; Hillier, A. C., Electrochemically modulated permeability of 
poly(aniline) and composite poly(aniline)-poly(styrenesulfonate) membranes. Langmuir 2006, 
22, 5925-5931. 

28. Pile, D. L.; Hillier, A. C., Electrochemically modulated transport through a conducting 
polymer membrane. Journal of Membrane Science 2002, 208, 119-131. 

29. Schmuhl, R.; Keizer, K.; van den Berg, A.; ten Elshof, J. E.; Blank, D. H. A., Controlling 
the transport of cations through permselective mesoporous alumina layers by manipulation of 
electric field and ionic strength. Journal of Colloid and Interface Science 2004, 273, 331-338. 

 

 



	
	

132	

Chapter 5 Deviations from Electroneutrality in Membrane 

Barrier Layers: A Possible Mechanism Underlying High 

Salt Rejections  

Portions of this chapter are reproduced from Andriy Yaroshchuk, Yan Zhu, Mykola Bondarenko, 

and Merlin Bruening  Langmuir 2016, 32, 2644-2658. 

 

 

 5.1 Introduction 

Reverse osmosis (RO) and nanofiltration (NF) now produce large quantities of potable 

water in many areas of the world.1  To achieve high water fluxes, commercial RO and NF 

membranes consist of ultrathin barrier layers on porous supports.2  The barrier layer allows 

selective passage of water (relative to salts or other small molecules), whereas the much thicker, 

unselective porous support provides mechanical strength. Salt rejection stems from a 

combination of low ion solubilities and diffusivities (relative to water) in the ultrathin barrier.3-4  

To better understand possible mechanisms of salt rejection, this study examines the formation of 

significant electrical double layers inside the barrier layer.  Specifically, we consider space 

charge regions that appear in the barrier because of either differences in cation and anion 

solvation energies5 or fixed charge on the barrier surface.6-8  This work shows that the low 

concentration of the more excluded ion will greatly increase salt rejections when ion solubilities 

in the barrier are low.  
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Despite barrier-layer thicknesses as low as 20 nm, thin-film composite membranes often 

exhibit salt rejections that exceed 90%.9-12  These high rejections with ultrathin layers and 

moderate volume flows imply ion permeabilities that are many orders of magnitude lower in the 

barrier layer of the membrane than in bulk electrolyte solutions. Such low permeabilities suggest 

an essentially non-porous skin layer where a solution-diffusion-electromigration model describes 

ion transport.13-15 However, low permeabilities result from the products of small partition and 

diffusion coefficients, which are difficult to determine separately for thin films.3-4, 16-19  

Nevertheless, both partition and diffusion coefficients are likely low in relatively dense, 

nonporous polymers.20   
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Figure 5.1  Conceptual diagram of ion concentration profiles during NF through a membrane 

barrier layer that has different intrinsic partition coefficients for the cation and anion of a salt 

MA2.  The calculations either assume electrical neutrality (black line) or allow for net charge in 

regions of the barrier layer (red line- anion, blue line- cation).  The X-coordinate is the distance 

inside the 40 nm-thick barrier layer.   
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Small ion partition coefficients will give rise to low ion concentrations in the barrier layer 

so electrical screening lengths may become significant compared to the layer thickness.  In such 

cases, immobile charge at the barrier surface6-8 or unequal solvation energies for cations and 

anions in the barrier21-22 will give rise to significant zones where anion and cation concentrations 

are not equal (Figure 5.1, compare red and blue lines).  Moreover, low concentrations of either 

the cation or anion in these zones will lead to a large resistance to salt transport, 3&.  Thus, 

deviations from local electroneutrality may control ion transport and dictate salt rejection.  This 

chapter presents an initial examination of the effect of deviations from electroneutrality (at the 

barrier-layer scale) on ion transport.  We note that ion-exchange membranes contain fixed 

charged in their interior and naturally contain unequal concentrations of mobile cations and 

anions.  In this work we consider membranes that do not contain fixed charge in their interior. 

The traditional application of the solution-diffusion model to RO or NF assumes 

equilibrium partition coefficients at the barrier-feed and barrier-permeate interfaces, along with 

transport through the membrane according to Fick’s law (no convective transport) with an 

effective salt diffusion coefficient �Ä.4, 23  With these assumptions, equation 5.1 describes salt 

flux, g&, where ΓÄ is the salt partition coefficient, or the ratio of the salt concentration in the 

membrane,	Ç&,-,, to that in the external solution,	Ç&-É*.  In equation 5.1 ΔÇÄ is the difference 

between the feed and permeate salt concentrations and ΔÑ is the thickness of the barrier layer.   

g& = ΓÄ�Ä
ÖÜá
ÖÉ

;   ΓÄ =
ÜB
<=<

ÜB
=àF         5.1 

Equation 5.1 implies the concentration profile shown by the black line in Figure 1 if the 

solubilities of cations and anions are equal throughout the membrane and there is no fixed 

charge.  Implicitly, the linear concentration profile assumes electroneutrality throughout the 

membrane.    
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When cations and anions have differing solubilities in the membrane, the region near the 

membrane surface will contain excess cationic or anionic charge (see Figure 1, red and blue 

lines).  Equation 5.2 describes the ion partition coefficient, Γ$,  the ratio of the ion concentrations 

in the membrane, 7$,-, and in the external feed solution, 7$-É*.  In this equation, R$ is the ion 

charge, S is Faraday’s constant, R is the 

 Γ$ =
:;
<=<

:;
=àF =

â;
=àF

â;
<=< exp

M∆KBCDã
NO

exp −
U;V

NO
å, ;	 Γ$$+* = exp

M∆KBCDã
NO

    5.2 

gas constant, T is temperature, å,is the electrical potential difference at a particular point in the 

membrane relative to the external bulk solution, and é$-É* and é$,-, are the activity coefficients 

in the external solution and in the membrane barrier, respectively.  Equation 5.3 describes the 

intrinsic ion partition coefficient, Γ$$+*, which we define as the partition coefficient due only to 

ion solvation energies in the solution and the membrane.  Excess charge in the membrane will 

create an electrical potential difference between the 

Γ$
$+* =

â;
=àF

â;
<=< exp

M∆KBCDã
NO

          5.3 

solution and a given point in the membrane, so equation 5.2, rather than equation 5.3 will 

describe the local equilibrium ion partition coefficient. If the membrane is sufficiently thick, the 

quasi-equilibrium electrical potential eventually takes a constant value in the membrane interior, 

and equilibrium cation and anion partition coefficients are equal in that region.  

Some solution-diffusion models account for the effect of electrical potential on ion 

partitioning using equation (2), but they assume the space-charge region is thin enough that it 

does not affect salt transport.24-25  This again leads to a linear concentration profile in the 

membrane (the black line in Figure 1), and ΓÄ is constant and equal to Γ$ in equation (2) but not 

Γ$
$+*.  Nevertheless, these models neglect the charge distribution that gives rise to å, and the 
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very high  3& value that will likely stem from the region that supports a charge distribution.   For 

selective cation exclusion from the membrane (Figure 1), regions with near-zero cation 

concentrations will contribute greatly to 3&.  

Additionally, for the solution-diffusion model the assumption of electroneutrality inside 

the barrier layer predicts that salt transport will not depend on fixed surface charge at the 

membrane external surface.  This consequence of electroneutrality occurs because the value of 

å, in equation (2) is that required for electroneutrality in the bulk of the membrane, regardless 

of external surface charge.  Thus, the ΓÄ value calculated from equation 5.2 and inserted into 

equation 5.1 will not vary with surface charge.  However, experiments show that surface charge 

can greatly alter salt transport.26-30  

 We should note that many studies employ pore-based models to describe ion transport in 

NF.31-33 These models show a dependence of rejection on pore surface-charge density,34 but they 

usually assume a uniform charge in membrane pores and do not account for deviations from 

electroneutrality in the membrane.26, 29, 35 Changes in the charge density on the pore surface as a 

function of salt concentration can affect rejection through either Donnan or dielectric 

exclusion.31,33 However, a recent study shows that in some cases pore-based models greatly 

overpredict diffusion coefficients, possibly because the membranes do not contain connected 

pores.14  Thus, we prefer a solution-diffusion model over models that consider hindered transport 

in pores.   

This study investigates the salt rejection through negatively charged bare NF270 and 

polycation-modified NF270 in nanofiltration. The positive surface charge increases the Rs of 

MgCl2, but decreases the Rs of K2SO4. The surface charge may create regions of 
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nonelectroneutrality in the membrane, and the excluded ion in this region controls the resistance 

to salt transport. 

			

5.2 Experimental section 

NF270 membranes were a gift from Dow Chemical and used as received.  Membrane 

modification included rinsing the membrane in water and a 10-min immersion of the active side 

of the membrane in a 0.02 M solution of protonated poly(allylamine) (PAH) (Aldrich, 

Mw=15,000, the concentration is with respect to the repeating unit) containing 1 M NaCl.  The 

pH of the PAH solution was adjusted to 2.3 with HCl.  During modification, a holder ensures 

that the PAH solution contacts only the active surface of the membrane. After PAH adsorption, 

the membrane was immediately rinsed with deionized water from a squirt bottle for 1 min.  

Subsequent NF occurred in a home-built apparatus36 with a transmembrane pressure of 4.3 bar. 

The cross-flow rate of 0.5 mL/s limits concentration polarization, and the exposed membrane 

area is 1.7 cm2.  (Although not uniform across this circular cell, the crossflow velocity in the 

center of the cell is around 0.06 m/s.) After 18 h of filtration, permeate solutions were collected 

for 20 min, and the feed solution was sampled at the end of each experiment. For the bare NF270 

membrane, MgCl2 rejections were similar after only 1 h of filtration.  Cation concentrations were 

determined using inductively coupled plasma optical emission spectroscopy with calibration 

curves.  Both the feed and permeate solutions were analyzed to calculate rejections.  

Uncertainties represent standard deviations of values calculated for at least 3 different 

membranes.  
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(a) 

 

 

(b) 

 

Figure 5.2  Schematic drawing of the nanofiltraiton system (a), and a cross-flow nanofiltration cell (b). 
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5. 3 Results and discussion 

Rejection and surface charge.  To experimentally assess the effect of surface charge on 

salt rejection, we performed NF using NF270 membranes before and after modification by 

polycation adsorption.  Native NF270 membranes have a negative surface charge,35-37  whereas 

adsorption of PAH introduces positive charge on the surface.  Table 5.1 shows solution volume 

fluxes and salt rejections for filtration of solutions containing either K2SO4 or MgCl2.  After 

adsorption of PAH to change the sign of the surface charge, the K2SO4 rejection decreases from 

0.985 to 0.949, which corresponds to a 3-fold increase in salt passage.  Because èê decreases 

about 30% after PAH coating, the changes in rejection correspond to a 2.6-fold decrease in 3& 

upon going to the positively charged surface, according to equation 5.4.  (These changes in 3& 

neglect small changes in concentration polarization, which should tend to make the rejections 

higher after coating because of the smaller value of èê and, hence, less concentration 

polarization.)  

3ë& ≡ 1 −
ÜBì

ÜBî
=

NBïã
ñóNBïã

         5.4 

In contrast to K2SO4, MgCl2 rejection increases from 0.32 to 0.49 after adsorption of 

PAH on the NF270 membrane (Table 5.1).  Considering the change in volume flow, this 

represents a 3-fold increase in 3& for MgCl2 after polyelectrolyte adsorption (again assuming 

minimal change in concentration polarization).  These trends are consistent with trends from our 

model calculations, which account for space-charge layers in ultrathin membranes. Literature 

values for MgCl2 rejection with untreated NF270 membranes are ~0.7 with 5000 ppm MgCl2.38 

Using the same MgCl2 concentration, we achieved a rejection of 0.43±0.03.  The low rejection 

might stem from concentration polarization in our membrane cell, but the polyelectrolyte layer 

clearly increases MgCl2 rejection and decreases K2SO4 rejection.  
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Table 5.1  Solution Fluxes, Salt Rejections, and 3& Values for Nanofiltration of 10 mM K2SO4 or 

MgCl2 Through Bare and PAH-Modified NF270 Membranes.  

aDetermined using equation (5.4) assuming no concentration polarization. 

 

As mentioned in the introduction, a solution-diffusion model that assumes electroneutrality 

throughout the membrane would suggest that surface charge will not affect ion rejection.  

Simulations that incorporate an immobile volume charge throughout the membrane along with 

electroneutrality will also not explain this trend because partitioning still will not depend on the 

surface charge for the case of electroneutrality.  Moreover, PAH should not alter the fixed 

volume charge because it is too large to enter into the barrier layer of an NF270 membrane.  

NF270 membranes likely contain a negative fixed volume charge that enhances SO4
2- rejection, 

but the assumption of a fixed volume charge and electroneutrality will not explain the effects of 

surface charge. 

Rejection as a function of salt concentration. Several studies show that CaCl2 rejections 

initially increase and then decrease with CaCl2
 concentration during NF through negatively 

charged membranes.26-29  At solution fluxes around 7 µm/s, salt rejections increase from 40-60% 

to a peak of 80% on going from a CaCl2 concentration of 0.5 mM to 10 or 50 mM.  We 

Membrane Salt 
Volume Flux, 

èê (µm/s) 
Rejection, 3ë& 

3& (s/µm) 

Experimentala 

NF270 K2SO4 14.3±2.4 0.985±0.003 5.2±2.1 

NF270/PAH K2SO4 10.1±3.6 0.949±0.003 1.97±0.5 

NF270 MgCl2 17.2±0.3 0.32±0.03 0.027±0.004 

NF270/PAH MgCl2 12.6±1.7 0.49±0.07 0.081±0.027 
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calculated MA2 rejections as a function of fixed surface charge for a range of solution 

concentrations.  For the set of parameters we examined, rejections range from 

 

Figure 5.3  Rejection of MA2 as a function of salt concentration and the magnitude of negative 

fixed charge on the barrier-layer surface.  The simulation assumes a half-layer thickness of 20 

nm, intrinsic partition coefficients of 0.14 for A- and 3.4 x 10-4 for M2+, barrier-layer diffusion 

coefficients of 5 x 10-12 m2/s for M2+ and 1 x 10-11 m2/s for A-, and a volume flow of 6.9 µm/s or 

25 L/(m2h).    The numbers with each curve represent the fixed surface-charge density. 

	

a minimum of about 66% to a maximum of 83% (Figure 5.3).  We could obtain better 

agreement with experimental data by varying parameters such as diffusion coefficients, but given 

the lack of information on membrane properties, our aim is only to show that incorporation of a 

space-charge zone within a barrier layer yields a maximum in rejection as a function of CaCl2 

concentration in the feed.  Previous pore-based models account for such trends using 

nonmonotonic relationships between CaCl2 feed concentration and either volume charge or 
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dielectric constant in the barrier.26, 28-29  Deviations from electroneutrality naturally explain this 

phenomenon without invoking unusual concentration-dependences of membrane properties.  

 

 5.4 Conclusions 

Space-charge regions may explain how changes in surface charge and salt concentration 

affect salt rejection.  Adsorption of a single polycation layer on a negatively charged NF270 

membrane increases MgCl2 rejection but decreases K2SO4 rejection.  The positive charge due to 

the polycation will increase the height of the electrostatic “barrier” in the space-charge region 

during NF of MgCl2 but decrease this “barrier” during NF of K2SO4.  Local deviations from 

electroneutrality are also consistent with CaCl2 rejections that increase and then decrease with 

the CaCl2 feed concentration during NF through a negatively charged membrane.   
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Chapter 6   Conclusions and Future Work 

 
 

This dissertation examines the enhancement of ion-transport selectivities using charged 

membrane coatings in ED, Donnan dialysis and nanofiltration. Deposition of PEMs on 

inexpensive Fujifilm cation-exchange membranes results in continuous films that give rise to 

remarkable monovalent/divalent cation selectivities >1000, similar to results with much more 

expensive Nafion membranes. However, the current efficiency for both PEM-coated Fujifilm 

and Nafion membranes is only 50%.  Use of a more water-swollen PEM coating increases the 

current efficiency to ~80% while retaining high selectivity.  High swelling presumably increases 

the permeance of monovalent cations, whereas the high selectivity likely stems primarily from 

the positive charge in highly swollen films. Because we think that surface charge is a dominant 

factor behind monovalent/divalent cation selectivity, we also attempted to apply an electrical 

potential drop at the surface of conductive membranes to influence ion permeability. 

Chapter 1 presents an overview of membrane-based ion separation techniques and 

discusses the fabrication of membranes, mass-transport mechanisms, and current and future 

applications of ED. Additionally, I discuss the deposition of functional PEMs and conductive 

membranes. 

Chapter 2 investigates the deposition of PEMs on inexpensive Fujifilm cation-exchange 

membranes. The Fujifilm membranes consist of an aromatic polyamide matrix surrounding a 

fibrous support, and thus they should be much less expensive than the fluoropolymer Nafion. 

The relatively smooth surface of the Fujifilm membranes is also attractive for potentially 

forming continuous polyelectrolyte films. Coating these membranes with a PEM leads to 
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remarkably high monovalent/multivalent cation selectivities similar to those previously seen with 

modified Nafion. The PEM coating on the anode side is essential for the high selectivity, 

whereas the cathode-side coating contributes only a small amount to resistance to ion transport 

and little selectivity. Nevertheless, the current efficiencies for highly selective membranes are 

only 50%. 

In chapter 3, I study adsorption of (PDADMAC/PSS)nPDADMAC films on Nafion 

membranes to again achieve extremely high monovalent/divalent ED selectivities. The 

monovalent cation current efficiency is as high as 0.8 in (PDADMAC/PSS)nPDADMAC-coated 

Nafion, and the coated membranes still show high selectivities . In contrast, the current 

efficiency for PAH/PSS-coated Nafion is 0.5~0.6. (PDADMAC/PSS)3PDADMAC coatings give 

the highest current efficiency in both K+/Mg2+ and Li+/Co2+ separations. The high current 

efficiency presumably results from the high swelling of (PDADMAC/PSS)nPDADMAC films in 

water, which increases the monovalent cation permeance in the film.  

Chapter 4 demonstrates the development of electrically conductive membranes prepared 

through deposition of conductive polymers or gold using LbL assembly, electroless deposition 

and electropolymerization. The coated membranes show high electrical conductivity, but 

unfortunately the ion-transport selectivity does not reversibly change when varying the applied 

electrical potential. 

Chapter 5 investigates the effect of surface charge on salt rejection in nanofiltration. The 

K2SO4 passage increase 3-fold after coating bare NF 270 with a polycation, whereas the passage 

of MgCl2 decreases 3-fold as the surface turns positive. Thus, surface charge greatly affects ion 

permeability. A solution-diffusion-electro-migration model provides a possible explanation for 
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how the charged surface creates regions of nonelectroneutrality where the excluded ion controls 

the resistance to salt transport.1 

The PEM-coated Nafion and Fujifilm membranes give rise to high selectivities, and 

highly water-swollen (PDADMAC/PSS)nPDADMAC-coated Nafion membranes demonstrate 

high current efficiency. However, questions remain about how to improve PEM stabilities and 

how to process separations with high efficiency through cation-exchange membranes. The 

electrostatic interaction between polycations and polyanions is insufficient to maintain film 

stability in highly concentrated salt solutions, and applied electric fields may also delaminate the 

film.2-4 Crosslinking of PEMS through covalent bonds may increase the film stability. 

Poly(acrylic acid) (PAA) and PAH crosslink via simple heating or with addition of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiinide (EDC).5 However, the film still need to contain sufficient 

charge to provide high ion selectivity. 

As mentioned, relatively high current efficiency occurs with highly water-swollen PEMs. 

Future work should further investigate if the high current efficiency stems from increasing 

monovalent cation permeance, and better demonstrate whether this greatly increases limiting 

current in current-voltage measurements. Additionally, we also find that the Donnan dialysis flux 

is high through (PDADMAC/PSS)nPDADMAC-coated Nafion. Unlike ED, Donnan dialysis 

does not require an applied electric field for separation, therefore water splitting will not 

complicate the transport. We could utilize Donnan dialysis to investigate the effect of the number 

of PEM bilayers on selectivity and the role of adsorption of divalent cations in the film on ion 

transport. In addition, Donnan dialysis could also prove useful in ion separations such as 

separating metals from acid. 
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