Membranebased loAon Separation Processes: Nanofiltration and Electrodialysis

By

Ruoyu Wang

Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfilment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY
in

Environmental Engineering

May 12", 2023

Nashville, Tennessee

Approved:
Shihong Lin, Ph.D.
Florence Sanche®h.D.
Alan Bowers, Ph.D.
Ravindra Duddu, Ph.D.
G. KaneJenningsPh.D.



Copyright © 2023Ruoyu Wang
All Rights Reserved



For myfamily and friends

who have supported nadl the timealongthis journey



ACKNOWLEDGEMENTS

| am deeply grateful tany advisor, Dr. Shihong Linfor his exceptional mentorship
throughout the past four yeatde helped me explore and discover research interdstsaught
me scientific writing skills and the importance aésthetican figure-making Moreover, e
strongl supported my professional developmbgitencouraging me to present in conferences,
providing opportunities to work with outstanding researchers around the world, and allowing me
to practice teaching skills in his clasdis humility and enthusiasrfor research and mentorship
have set role model for me to strive towards becoming a great researcher, teacher, and mentor in
my own career.

| also extend my sincere thanksmyy committee Dr. Florence SancheDr. Alan Bowers
Dr. Ravindra DuddpandDr. G. Kane Jenningdor their support andaluableadvice.l am grateful
for the opportunitiesatwork with collaborators outside Vanderbilt Universiy. Yuzhang Zhu,
Dr. Anthony Straub, Dr. Tiezheng Tong, aatothers.l look forward tofuture collaboratns.

| learned a lot fronexcellentformer colleaguef D r . L i n, ®rsLi \Bang, DrpKofi
Christie,Dr. Yuanzhe LiangDr. ThomasDrew Horseman, and visiting scholaBr. Chunlei Su,
Dr. Fei Gao,Dr. Yujiao Li. | thankevery one ofyou and hope we can continue to collaborate in
the future. To the curregtoup memberRui Chen, Joshua Livingston, Weifan Liu, Siyuan Feng,
Xudong Zhang, Sk Md Ali Zaker Shawon, Abigail Caffedy) ZhangandRayanAlghanayem!|
enjoyedworking with all of you andwish yousuccessfulTo lab staff and other department staff,
thanks for all your dailgupport

To my friendsback in Chinaand to the friends | meet while &arnegie Mellon and
Vanderbilt, thank you for yourompany andupport.To my fellow basketball players, | cherish
the memories we shared on the caumt wisheveryonecan enjoy basketbdibrever.

Finally, | want to express miyeartfeltgratitude to my familyTo my parents, grandparents,
uncles,aunts and cousinsyour constant motivation has been my driving foriceould not have
come this far without your love and support. Although | have been unable to visit you over the last
three years due to the pandemic, | am looking forward to reuniting with you as soon lale possi



TABLE OF CONTENTS

Page
DEDICATION L.ttt et eerne e e ettt e e e e e et b e e e e amnneeeeeeetna e e e aeeernnnnns il
ACKNOWLEDGEMENTS.... .ottt eeetss e e e e e e e e e e e e e e amnnnsneeesd \Y
LIST OF FIGURES. ...ttt e s ix
LIST OF TABLES......cooeeeeteiit et teeea s e e e e e e e e e e e et e e ee et sbbnnneeeeeeeeeeaeennnnne Xi
CHAPTER 1: INTRODUGCTION....cctttiiitttiiiaas ettt e e eamees s e e e e e e e e aeeeeeeeeennnninns 1
1.1 Precise solute separation and lithium extraction from brine lakes......................coiieeeiiinnns 1
RGN F= g To] 111 = 14 o] o [P T PP P PP PP TPPPPP 2
I = Tor (o Lo [T 1 YA TR 3
1.5 Objectives and HYPOtNESES..........ooiiiiiieeeee et rrre e e e e e eeas 4
1.6 StruCture Of DISSEIMTALION. ..ot rmmee e e e e e e e e e mnee s e 5

CHAPTER 2:UNDERSTANDING SELECTIVITY IN SOLUTESOLUTE SEPARATION:

DEFINITIONS, MEASUREMENTS, AND COMPARABILITY.....ooviiiiiiiiiiiiieeeeeeeiieeeee 6
P20 R [ 1 oo [U T 1 o] o SO P RO OP R PURRR PP 6
2.2 Materials and MEthOUS. ............ooiiiiie e e 10

2.2.1 Materials and experimental SEIUPS. .........oiiiiiiiiii e 10

222Pressurd r i ven nanof i l.t.r.a.t.i.o.n.. (.Af.Q.l.t.r.a.t.i.o.nld)
2.2.3 Concentration differenebr i ven di f f us.i.o.n...(.A.d.i.f.f.u.s.i..0.5020)

2.2 4 Electricfieled r i ven i on migr at.i.on..(.Ael.ect.r.omilgr ati onc¢

2.3 RESUILS QN0 DISCUSSIOM......cuuttiiieiiiiiieeeame sttt e et e e eeee e s e e e e e et e e e e s s mneasne e e e e e anees 16
2.3.1 Selectivity depends on measurement CONdItiQNS.............ooviiiiieeeiiiiee e 16
2.3.2 Selectivity is not comparable between methods.............oooiiiiieeeiiiiii 21
2.3.3 Singlesalt and mixegalt feed solutions yield different selectivity............ccoooevveiieeernn. 27

2.4 ImplicationNs and PeIrSPECTIVE.........uuiiiiiiiiiti et 29



CHAPTER 3: PERFORMANCE METRICS FOR NANOFILTRATIORASED SELECTIVE

SEPARATION FOR RESOURCE EXTRACTION AND RECOVERY..........cceeevvviiivieiienn 33
G0 A [ o1 oo (U7t i [o] o TSP PP PP PPRPPPPPRPPRRI 33
3.2 Theory and METNOUS. .........uuuuuii et e e e s e s e e e e e e e e e e e e e e eeeeaeaeeeeeaerenrane 36

3.2.1Modeling modulescale performance with the SDEM maodel.............coovvvvvvvieeeeniiinnnnnnn. 36
3.2.2 Estimation of osmotic pressure of the EMCl, mixed electrolyte solution..................... 39
3.2.3 Li/Mg NF separation experiments using commercial memhranes.........cccccvvveeeeeeeenn. 39
3.3 Results and DiSCUSSIQN...........uviieiiiiiiieieeriiiieeeesriieee e snrisesee e e snneeeessnnneeesssnnessneeeesennnne A0
3.3.1 Why is selectivity not @ SUffiCiENt METIIC2........cooiiiiiiiii e 40
3.3.2 Modulescale analysis of NBased Li/Mg separation..............ccccvvevvveeemeeeeeeeeeesssnnnnnnn A4
3.3.3 Performance tradeoff in NF OPeration.............cccuuiiiiieeeiieiiiee e 47
3.3.4 Performance metrics of NF membrane for Li/Mg separation...............ccccceeeevveeeeeen..... 49
3.3.5 Extending performance metricsNF membrane for recovering ions in the brine...........! 52
3.4 Perspectives and OULIOOK. ............oiiiiiiiiiiieeeee e rnne e e e e aeeas 52

CHAPTER 4: MULTFPASS NANOFILTRATION FOR HIGH LITHIUM RECOVERY AND

[0 1 I PP SPPPPPTTRIPPIN 55
ot R [ a1 (o To (U ot 1o ] o PSP PP PP PRPPPR 55
4.2 Materials and MEtNOUS...........uuiiiiiiiiii et eenr e 57

4.2.1 Experiments of mulpass NF without recirculation....................oovvieeeiiiiiiciiieccccee e 57
4.2.2 Modeling multipass NF with recirculation................ccoooiviieeeiiiiiiccccccce e, 59
4.3 RESUILS AN DISCUSSION.....ceeiuttiiieeiiiiet e e ettt e e ettt e e e s eeee e e e e et r e e e s st e e e e e s nmnesne e e e e e annnes 59
4.3.1 Tradeoff between selectivity and recovery in mudiss Li/Mg separatian........................ 59
4.3.2 Impacts of cexisting cations on muipassLi/Mg separation............ccccvvveeeiiieieeseeeeeennnns 61
4.3.3 High selectivity and recovery achieved simultaneously with brine recirculatian.......... 62
[ g1 o] o= 11 0] o S PP PPPPPR 64

CHAPTER 5: EXTENDED DONNANMANNING THEORY FOR SELECTIVE ION
PARTITION AND TRANSPORT IN ION EXCHANGE MEMBRANE..........ciiiiiiieee 66

vi



LS T A [0 o [ o3 1T o P 66

LI I g ToTo VA= Lo 1Y, =3 1 oo SO 67
20 R o] YT T =Y= 1= Tor 1Y/ Y/ 68
5.2.2 10N PArtitioN SEIECHVILY. .......coiiiiiiiieiii e e e e e rmmne e 68
5.2.3 MODIItY SEIECTIVITY . ...eeeiieieiiiiiiiti ettt erer et e e e e e e s emme e e e e e e e e annnes 72
5.2.4 MOdEl @VAIUALIAN.......ceiiiiiiiiiitree e rees e e e e e e s eenemr e e e e e e e e e aannes 73

5.3 RESUILS AN DISCUSSIQN........uuuiiiiiiieieeeiiimee ettt e e e e e e e s immee s r et e e e e e e e e mnee s s snnrneneeas 75
5.3.1 Partition as a function of external total salt concentration...............c.veeecceeicvnireenninnnnn. 75
5.3.2 lon partition as a function of external salt concentration ratio...............ccoevvceveeeveeeneee. 79
5.3.3 Impact omembrane properties on partition SeleCtiVity.........ccccviiiiccneiieeiieeeeeceeeee, 81
IR Y o] o 1A =T=1 [=Tox 1)/ 83

5.4 CONCIUSIONS. ...ttt ettt e e e eeer e e e a et e e e ek e et e s e mens s s e e e e e nb e e e e e e annne e e e amme s 85

CHAPTER 6: COMPARISON OELECTRODIALYSIS AND NANOFILTRATION FOR
LITHIUM MAGNESIUM SEPARATION WITH A UNIFIED MASS TRANSPORT MODEL

......................................................................................................................................... 88
Lo i o To [0 T 1 o] o HR TP PP PP UPPPPPPPPPP 88
6.2 Materials and MethOUS...........oooiiiiiie e eeee e 91

6.2.1 Solutiorfriction model for ED and NE.........coooiiiiiiiiiiieen e 91
6.2.2 NoRrDonnan partition COeffiCIENIS............ooiiiiiiii e 93
6.2.3 HINAranCe COBMICIENIS. ........ooiiiiiii et 94
6.2.4 MEMDIrane PrOPEITIES......coiiiiiiiiiii ittt ermr e e e e e e s s e e e e e 95
6.2.5 Modeling NF and ED from coupagale to modukscale.............ccooooiiiiiiieeciiiiieieeeee 96
6.3 RESUILS AN DISCUSSIQMN........uuiiieiiiiieeeeisicee ettt e e e e e e e s smmee st e e e e e e e e e s mnes s s snbeene e 99
6.3.1 Performance of composite MSCEMS IN.ED........ccccooiiiiiiii i eres e 99
6.3.2 Performance of composite NF membranes in EENER. ............uuvivviiiiiicn e 101
6.3.3 Comparison from coupeatale to modulscale............ooooiiiiiiiiii e 103
6.4 CONCIUSIONS. ....coiiiiiite ettt ettt e e et ammme e e e e et e e e e e e e s rmmne s s e e e e e e e e e e e e ennnes 104

Vii



CHAPTER 7:CONCLUSIONS AND FUTURE WORK.........ooiiiiiiiiiimmreeen 108

REFERENGCES. ... .ottt e 111
APPENDICES. . ...ttt e 124
WM Y o] o 1= a1 0t (o] g O g F=T o) (=1 2R 124
(2 AN o] o1=T o [hah (o] g @ 1 T=T o (= S 128
(O AN o] o =T o [)ql 0] g @4 4 T= 1| (= S PP 137
D. Appendix for Chapter 5.......cccoi i ae e e 144
SN o] o1=T g o [hal (o] g @4 1 T=T o (= S G T 150

viii



LIST OF FIGURES

Figure 2.1Schematic diagrams of different selectivity testing processes................coeeveeeee. 8
Figure 2.2 Selectivity of cation and anion ion pairs as a function of concentration tested by different

ST 0T ot E 1] = PP 17
Figure 2.3 Effects of permeate flux on selectivity measured by filtration methad............ 19
Figure 2.4 Permeability and selectivity comparison across methads................cccceceeeeeee. 23

Figure 2.5 Seleatity difference between measurements with single salt and mixed salt solutions.

Figure 3.1 lllustration of soluteoluteseparation and success criteria for Li/Mg separatiord4
Figure 3.2 Summary of the performance of NF membranes used or devébwpedMg

RS 0= 1= L1 (0] o 1 U 42
Figure 3.3 Coupoiscale NFbased Li/Mg separation modeled by the SDEM madel......... 45
Figure 3.4 Modulescale NFbased Li/Mg separation modeled by the SDEM madel......... 46
Figure 3.5 Tradeoff between Li/Mg selectivity and Li reCOVELY..........ccuuvviiiiiriieeniiiirennnee. 48
Figure 3.6 Performance metrics of NF membrane for Li/Mg separation......................... 51
Figure 4.1Schematics fothe multipass NF process for Li/Mg separation.......................... 56
Figure 4.2Performance of a thrggass Li/Mg separation ProCess.............eueeeeeeeeeeeeevenennne 60

Figure 4.3Impacts of ceexisting cations on the performance of a tkpaes Li/Mg separation
000 1 TSP 62

Figure 4.4Lithium recovery of multipass Li/Mg separation process enhanced by recirculation.

.......................................................................................................................................... 63
Figure 5.1 Partition of count@dns iNt0 IEMS............ovuiiiiiiiiie e eeeeea s 76
Figure 5.20n-ion selectivity for counteron partition to IEMS............ccccvvvviiiiiieiieeniiiiiinneee. 77
Figure 5.3Partition of CEIONS INtO IEMS ..ottt ieee e 79
Figure 5.4lon-ion partition selectivity OfEMS. ............uuiiiiiiiiiiie e 80
Figure 5.5Li*/Mg?* and Li/Na' partition selectivity in a hypothetical CEM........................ 82
Figure 5.6lon mobility selectivity Of IEMS..........cooouiiiiiiiiee e 84



Figure 6.1 Schematics of composite MSCEMs and NF membranes used in ED and.NF89
Figure 6.2 Performance of composite CEMS in ED.............oouiiiiiiiiceciiiiiiiiieeeee e 100
Figure 6.3 Performance of mposite NF membranes in ED and NF-.................cccvvvieeenns 102
Figure 6.4Performance comparison of composite CEMs and NF membranes in ED and NF from

couponscale to MOAUKSCAIE.............coooiiiiiiieeee e e e e e 103



LIST OF TABLES

Table 2.1 Examples of studies from literature uslifiigrent methods for selectivity evaluatién
Table 3.1 Performance comparison of two scenarios with the same Li/Mg selectivity....43
Table 5.1Comparison of partition models with mixed saltS...............cccevvvveeeeeeeeeeeeeeeenn 24

Table 6.1 Membrane properties used to model ED and NF performance....................... 96

Xi



CHAPTER 1: INTRODUCTION
1.1Preciseion-ion separationand lithium extraction from brine lakes

The pecise separationf soluteshas emergea@s a crucial frontierin membranebased
separatioa due to thegrowing demand for selective separatimnapplicationssuch as nutrient
recovery from wastewaténvater softening;® extraction of critical minerals from brinés and
industrial wastewater reusd=or example,race organic contaminants pose a sigaifi threat to
water security butcurrent membranidtration processes face a challenge in effectively separating
micropollutantsfrom inorganic ionswhich makes costly remineralization necessary as a {ost
treatment practicg Urban wastewater is a crucial source of phosphorus, with sewage sludge
containing over 90% of the influemhosphorus® Nanofiltration (NF) can be competitive
phosphorus recovetgchnologycomparedo the conventional struvite precipitation methiba
membrane can achieve high permeability of inorganic phosphorus while maintaining sufficient
rejectionsto harmful substance&urthermore, nmeral scaling is a significant challenge faced by
all desaination and wastewater treatment processdsch increasegrocesscost and energy
consumptionAs most scalants ar@ the form ofmultivalent ions(e.g., C&", Mg?*, B&*, and
SQ?), separating these ions from monovalent igagy., N& and Cl) in the feedwater is a

necessary prreatmenfor scaling control.

Precise solute separation involves the separation of individual solutes with high
accuracy'1* rather thansimply separatingall solutes from the feedwate®©ne potentially
prominent applicationf precise ioAon separation for enabling the extraction of target solutes as
the primary producis lithium (Li) extraction from brines rich in magnesium (Mghhe dobal
annual lithium consumption is expected to incresigaificantly, reaching an estimat®&,000
tons in 20252 This has led to a growing interefsom industry and researefsin extracting
lithium ions from salake brines, which can contaitigh concentrations of lithium ions from
hundreds to thousands of parts per milfid4’ However, or battery prity lithium carbonateit is
crucial to remove divalent cations suchMg?* and C&". The composition of brine varies widely
around the world, making it difficult to develop a esieefits-all solution. The conventional
evaporatiorprecipitation techrlogy has been used for brine lakes with a relativelyNéyg*/Li*

ratio,>1® but is not suitable for brines with high MYLi* ratio. Sgnificant technological



advancements have been made to enhance the separation facté¥/bifMgcluding ionsieving
adsorption, selective electrodialyqiED), liquid-liquid extraction, membrane extraction, ion
selective dialysis, and N.A representative treatmenain includes an evaporative process for
precipitating ousodium and potassiusalts, aNF or ED process for separating*Land Md¢*, a
reverse 0smosis process to concentrate theclhistream and a final precipitation process for
generatindithium cartonateas the produc® Li*/Mg?* separation based on NF or ED is the most

critical and technically challenging as compared to other unit processes that are relatively mature.

In general precisesolute separation becomes challenging when the solutes to be separated
have similar size and chargé@sAchievingion-ion separation with membrasigased processes
demands the membranes possessing more controlled selectivity with precision at the subnanometer
or even subangstrom scafeThus, much effort has been devoted in recent years to develop high

performance NF membranes and ion exchange membranes (tEscise ioron separatiort’

1.3 Nanofiltration

NF is a pressurgriven membrane process, which can separate inorganic salts and small
organic molecules from solvent. NF membrane, usually prepared from polyamide with interfacial
polymerizatioR?, is considered to be an intermediate between porous membranes, such as
ultrafiltration (UF) and microfiltration (MF) membranes, and +pmious membranesuch as
reverse osmosis (RO) membrane. The nanoscale pores in NF membrane are typically less than 2
nn?2. The separation mechanisms of NF are known to include both size sieving and electrostatic
effects as most NF membranes are slightly ch&fg€dmpared to RO membrane, NF membrane
has a fietworload lynder, which results in a lewrequired operating presstfieDue to
these characteristics, NF process has been applied in brackish water des|inatiter
softening®, food processing, wastewater reu$é?® and treating industrial wastewaterNF
membranes with precisely controlled pore size distribution and positively charged functional
groups have been developed with great efforts for Li/Mg separation. Mametlsgenembrane
structures withcoordination chemistryare suggested tdave better ability for ion specific
separatiorf®3!



The development of NF membranes capable of preciséon separation is still in its
burgeoning stage without a standardized protocol for evaluating seleclivéyuse of different
evaluation methods based on fundamentally different driving forces and transport mechanisms
render the comparability of the measured selectivity questiofaBlsystematic comparison of
selectivity measured with different methods and a standardized protocol for selectivity evaluation
are neededRegardless of the wide application of selectivity @sdpotential incomparability
across studiedt, remains unclear whaxactly a good NF membrarssfor any ionion separation.
Selectivity alone may not be a sufficient performance metric for evaluabitgbased ioAon
separationBesides the developmeaot novel membranes with better iion separation ability,

process optimization and innovation may also improve théda#ed separation performance.

1.4 Electrodialysis

ED is an electrical separation technology that employsxamange membranes (IEMs)
to separate ions. The membranes are arranged alternately in a stack and facilitate the transfer of
salt ions from the diluted to the concentrated solution side under an applied electftlEld.
are made up of polymeric films with charged ionic functional groups that allow the transport of
oppositely charged species (counterions), while retaiiliegcharged iongco-ions). IEMs have
been utilized successfully in various applications, sastED desalination, fuel cells, and the
chloralkali proces$? Besides their primary function of charge selectivity, IEMs can be utilized for
other selective separatioridonovalent ion selectivéEMs, usually a composite structurean
separate and recover*Lirom Mg?* in lithium-rich brines3* by discriminating between like
charged ionof different valencesvith a thin surface modification layer of opposite charges
Advancing IEM selectivity to differentiate betweelifferent ions with the same valenday
considering coordination chemistry in structure destgi, would allow for specific ion
separationsEnhancing IEMs' function from just ion exchange to-gmbective separations would
improve the coseffectiveness and energyficiency of current IEMbased applications and

expand their utility to meet emergingmaration needs.

Although ED process has beextensively modeled in the literature with either

phenomenological models using salt and water transport numbers or more mechanistic models



solving theextended\ernstPlanck equation, only a festudies havedcused on theelective

separation with mixed electrolyte solutiolf$! Even fewer stud® have applied modeling
approaches to investigate timepacs of IEM properties and operating conditions on theigaon
selectivity®®*’Mor eover, the recent de-oedomdensatontheoyyf Man
has not beeextended talescribe the selective ion transport across IEMSwhich, if accounted

for, should give more accuratesdictions of iorion selectivity A mechanistic ion transport model

can help guide the future IEMs design with betterimmselectivity.

1.5 Objectives and Hypotheses

The overarching goal of this dissertation is to advance the understanding-ioh
separation in NF and ED fromicroscopic ion transpotb processscaleperformance evaluation
for tackling thespecific challengef lithium extraction from brine lakes with a high mass ratio of
Mg?* over Li*.

The first objective is taevaluate he comparability ofion-ion selectivity measured by
different approaches and propose a standard protocol of selectivity evaluation for filbeetexh
membranesMy hypothesis ishatselectivity measured using different methods, or even different
condtons with the same method, are generally no
defined as the ratio between the permeabilities of solutes through the active separation layer, is
more comparable across different methods. Selectivity measuregfesoh solutions containing
single salt species is different from that measured with feed solutions containing mixed salts.

The second obijective is tmnstructa fundamentaframework for performance evaluation
of NF-basedon-ion separationMy hypothesis ishatselectivity, as the existing evaluation metric
for NF-basedion-ion separation, is biased and insufficient. Evaluation of preseste
performance using coupestale results directly can be problemalicadeoffs betweeproduct

recovey and purityexistat both material level and process level.

The third objective is tamprove theproduct recovery and purity of Nfased iorion
separation via process innovatidily hypothesis ishat amulti-pass NFwith brine recirculation
can achieva high product purity that satisfies various industrial application requirements while

maintainng a high product recovery



The fourth objective is tadevelop a mechanistic model to accurately describe the
competitive ion partition and diffusidmehavioran the IEMs My hypothesis ishat the partition
and diffusivity of countefons and cdons from a mixed electrolytes into the IEMs can be
predicted with the extended Donrfanning model.

The fifth objective is tocompare the.i*/Mg?* separatia performanceof NF and ED
processes with different composite NF membranes and fEiMscouponrscale to modulscale
My hypothesis ishatboth NF and ED can be evaluated uralanified mass transport framework.
NF and EDusing the same membrareave similar Li*/Mg?* separation performance and

operational tradeoffs.

1.6 Structure of Dissertation

This dissertation is organized into seven chapters. Chapter 2 disthussesnparability
of ion-ion selectivity measured by different approaches and the standard protocol of selectivity
evaluation for filtratioAdbased membrane€hapter 3 discusséise right performancenetrics for
evaluation of NF-basedsolutesolute separabn. Chapter 4discusses the potential process
innovation to improve the product recovery and purity ofbdSed solutsolute separation
Chapter Sprovides a mechanistic model to describe competitive ion partition and diffusion
behaviors in the IEMSChapter 6compares the 'iIMg?* separation performance of NF and ED
processes from coupetale to modulscale Finally, Chapter 7 summarizes the main conclusions
from the work in this dissertation and presents avefurdaturework.



CHAPTER 2:UNDERSTANDING SELECTIVITY IN SOLUTESOLUTE SEPARATION:
DEFINITIONS, MEASUREMENTS, AND COMPARABILITY

This chapter is adapted frodnderstanding Selectivity in Solifolute Separation: Definitions,
Measurements, and Comparabilithat has been published iBnvironmental Science&
Technologyand has been reproduced with the permission of the publisher -authars Junwel
Zhang, Chuyang Tang, and Shihong L(Wang, R, Zhang, J., Tang, C. Y., & Lin, S. (2022).
Understanding Selectivity in Solit8olute Sepration: Definitions, Measurements, and
Comparability. Environmental Science & Technology, 56(4)526816)

2.1 Introduction

Membrane separation has been applied for decades to address the global challenge of freshwater
scarcity. With the development thin-film composite polyamide (TF®A) membranes of high

solute rejection, freshwater can now be produced efficiently using reverse osmosis (RO) or
nanofiltration (NF) from wastewater and saline wétdRecently, precise solute separation using
membranes has emerged to become one of the frontiers for merbbsmteseparation due to the
increasing demand for selective separattbtt,such as nutrient recoveinom wastewatet water
softening?3 extraction of critical and strategic minerals from brifi@snd industrial wastewater

reuse’ Instead of focusing on separating all solutes from feed water, precise solute separation
refers to the separation of solutes from each other with high precision, i.e., having a fiery hig
rejection for some species and a very low rejection for the others. However, precise solute

separation is challenging when the solutes to be separated have similar size and charge states.

While there are other possible approaches to achieve precise separation (e.g., ion
exchange, electrodialysi®&y*’ membrane filtration remains an attractive and the most widely
studied approach due to its operational simplicity. Many studies have been devoted to design novel
membranes with weltontrolled structure or uniforpore size (or free volume) distribution that
is indispensable for achieving more precise sedolate separatioff °° General approaches taken
include developing polymeric membranes (based on polyamide or alternative chemistry) with
more uniform pre size distribution and using porous nanomaterials or artificial nanochannels
either as fillers of nanocomposite membranes or to construct standalone active separatith layers.
Nanomaterials that have been investigated towasdgbal include carbon nanotub®s? 2D

nanomaterials¥ >” metatorganic frameworks® covalentorganic frameworks® and biological

6



water channels or biomimetic artificial chann®§! These memlames are often compared
between each other and with commercial membranes for their performance insebltge

separation.

The challenge with evaluating and comparing the salabete separation performance of
novel membranes lies in the inconsisterfirdion and measurement methods used in different
studies®? In general, three types of membrane processes with different driving forces have been
applied to characterize solutelute selectivityTable 2.1): pressurariven filtration (albreviated
as i f i | Hgura 2.1A) nconcentration differenedriven diffusion (abbreviated as

Adi f f ulgure n2dB), and electric fieledriven ion migration (abbreviated as

ot

el ect r o rRigwer 24l€)i dregsyredriven filtration involvesapplying a hydraulic
pressure to drive the solution through the membrane. The membrane rejects different solutes to
different extents. The performance of solst® | ut e separ ation, which is
selectivityo, i s whe vepdtionyof ddferdnt soletek. Irb @rcenttation n
differencedriven diffusion, solutes transport across the tested membrane from a high
concentration feed solution to a receiving solution (typically deionized water) and the flux of solute
diffusion is neasured. The solute selectivity in this case is defined based on the diffusion fluxes
of different solutes. Water osmosis in the opposite direction may affect solute diffusion but is
typically ignored in most studies reported in literat#€ In electric fielddriven ion migration,

chargd solutes transport through the membrane under the influence of the applied electric field.
Currentvoltage (}V) curves are typically measured in a system where the membrane is positioned
between two exactly same solutions. The solute selectivity inctse is defined based on

membrane conductance.
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Figure 2.1 Schematic diagrams of different selectivity testing processe$A) pressuredriven filtration

process, (B) concentration differepdgven diffusion process, an) electradriven migration process.
Orange circles with positive sign and green circles with negative sign represent cations and anions,
respectively. Grey columns represent Ag/AgCI reference electrodes. Cations and anions transport across
membranes fronfeed to permeate in filtration and diffusion processes, while transport in the opposite
direction under the electric field. Water flux in filtration is represented by the solid blue arrow. Water
osmosis in diffusion process is represented as the dasarbiwesince it can be offset with the addition of
sucrose in the receiving solution.

While pressurdriven filtration is practically the most relevant to the intended applications
of the tested membranes, the other two methods are also commonly uszdllgdpe testing
membranes that are made of novel materials. These membranes are often fabricated in a relatively
small size and/or do not have sufficient mechanical strength to be tested in pressure driven
filtration. The use of different evaluation rhetls based on fundamentally different driving forces
and transport mechanisms rergldre comparability of the nasured selectivity questionable.
However, such an unfair comparison has been widely adopted in the literature studids.
fact, a summary of sected selectivity datal@ble 2.1) suggests that the selectivity for the same
separation (e.g., Liand Md* separation, which is important for lithium extraction from brine) can
vary in values by more than three orders of magnitude. It is uncertain if this dramatic difference in
selectivity is a result of the different membrane properties, an artifact of theedtfmeasurement
methods, or likely, both. Meanwhile, even with the same measurement method, a wide range of
experimental conditions (e.g., pressure, concentration, and voltage) have been used in different
studies, which affect solute transport driviggde and the state of membrane, and thus can be

another origin of the incomparability between experimental results. Furthermore, while it is
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practical more relevant to measure selectivity using feed solution with mixed salts, most studies in
literature evhuated selectivity using results from experiments performed with feed solutions
containing a single salt species. It is thus also uncertain if selectivity measured usingadingle
and mixedsalt feed solutions are comparable.

Table 2.1 Examples of studies from literature using different methods for selectivity evaluation

Singl iy . -
Methods !ng © Conditions Membranes Solute pairs | Selectivity
/Mixture
1000 ppm, . Conjugated K ,+Na,2E| ,
10 bar microporous polymer| Ca*, Mg?*vs 6~10
membrang Al%* Fe(CN)*
Single 10 mM, Nanocavitycontained ) ’
3 bar TFC-NF membran® Crvs SQ 5735
Zwitterionic TFGNF
500 ppm, witterionic TFG Clvs SO 12-16
I 5 bar membrang
Filtration Polyelectrolyte
1t0 5 mM, yelecroy Na' vs C&",
multilayer NF s 1~40
3.45 bar Mg
membrang
Mixture 2000 ppm (1:20), PEFTMC NF - . N
8 bar membran® Li*vs Mg 16
2000 ppri(1:23), Cu-MPD membrang | Li*vs Mg?* ~8
5 bar
10 mM Conjugated K*, Na', Li",
24 hour’s microporous polymer| Ca&*, Mg?vs | 100~1000
membrang? Al Fe(CN)*
. 1M, K* Na, Li*
Single GO membrarfé ? |2+VS >100
Diffusion 5 days ca’, Mg
200 mM, 2D TisC,T, MXene | 1+ N&: LI"vs
Ni?*, Ca*, ~5
4 hours membrané® e
Mg
. 1M, PVC/MOF hybrid .
Mixt Li* vs Mg?* ~5
e 30 days menbrané® i"vs Mg
10 mM. . Conjugated K vs+Nd,2I:| ,
0510 0.5V microporous polymer| C&*, Mg, 1.1~20
' ' membrang Al®*, Fe(CN)*
Electro Sinale 0.05 to 500 mM, PSS threaded MOF| Li*vs K", N&, 80-10
migration g -0.4t00.4V membrané Mg?*
1101000 MM, | GeVirradiated PET | <@ N&: L%
1010 10 V film 7t Csvs Mg, | 10-10
ca', Ba*




In this study, we evaluate and compare the selectivity between different ions with a
commercial NF membrane using three different approaches: filtration, diffusion, and
electromigration. We perform experiments using these three methods withsafigleutions of
NaCl, NaSQs; and MgCt at different concentrations to evaluate the monovalent/divalent
selectivity for anions and cations. For filtration experiments, the impact of operating pressure is
also evaluated. The apparent selectivity and selectivigedbaon more intrinsic membrane
properties are both compared between the three different methods. In addition, we also evaluate
selectivity measured with singgalt and mixeesalt feed solutions using both filtration and

diffusion experiments.

2.2 Materials and Methods

2.2.1Materials and experimental setups

A commercial polyamide NF membrane, NFX (Synder, IHE MWCO=150300 Da), was used

in this study for all experiments. Three common salts, NaCGlS@aand MgC}, were used to
evaluate membrarsolutesolute selectivity. Three types of experiments that have been used in
literature for measuring selectivity were performed, including preshiren filtration,
concentration differenedriven diffusion, and electrdriven migration. For pressuckiven
filtration, a crossflow filtration system with three parallel commercial filtration cells (Sterlitech,
CF042) was used in NF experiments. The effective membrane area of each cell was Barcm
concentration differenedriven diffusion, a Wshaped iffusion cell (Pasco, MEB940) was used

in diffusion experiments. The-shaped cell was composed of two columns separated by a semi
permeable membrane. The effective membrane area was 228Banelectredriven migration,

a SideBi-Side electrochemicakl (PermeGear) was used in linear sweep voltammetry (\e., |
curve measurements). The cell comprised two 7wwlume chambers separated by a semi
permeable membrane. The effective membrane area was D &reig/AgCl reference electrode
(CH InstrumentsCHI111) was inserted in each chamber. A potentiostat (Biologi20BPwas

used to apply voltage across the electrochemical cell and record current. In all experiments, salt
solutions were prepared with deionized water. The solution pH (unadjusted) thasrange of

6~7 after preparation and did not show any observable change throughout the experiments.
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2.2.2Pressuredr i ven nanofiltration (Afiltrationo)
Pressurariven NF experiments were carried out in a crossflow filtration system at a crossflow
velocity of ~20 cm $ under room temperature G e C) . The single salt
membrane were determined using a single salt feed solution containindNei@leor NaSQ, or

MgCl; at a series of concentration of 5, 15, 25, 50 and 100 migectgely. The NF membranes

were precompacted for 2 hours to reach a steady state before tuning the operating pressure to
achieve a designated permeate flux (i.e., 25, 35, 50 aharih?) for each individual membrane
coupon. Permeate conductivity when measured and converted to salt concentration based on a
calibration curve relating the two parameters. The permeate salt concentration was used to
calculate the salt rejection. New membrane samples were used for different salts and different
concentations, but the same membranes were used when varying permeate flux. All data points

were obtained based on results from three replicates.

To evaluate the difference between selectivity measured with feed solutions containing a
single salt species and thrmeasured with feed solutions containing a mixture, NF experiments
were also performed with feed solutions containing a mixture of NaCl and.Mg@ifferent
concentrationsThemolar concentration ratio of the two salts was 1:1 with each salt concamtrat
to be 25, 50 and 100 mM. The operating pressure was tuned to achieve a permeate fluxof 30
2 !, Theconcentrations of Naand Md* in the permeate were measured byuctively coupled

plasma optical emission spectrometry (HOES) for rejection alculation.
The permeate fluxy , of the NF experiments was determined using the following
equation:

0 (2.1)
whereYwis the permeate volume produced in the periodéaindd is the effective filtration
area of the membrane coupon. The observed salt rejeRfiaas defined as:
0

Y op 2.2)

11
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where6 and0 are molar concentrations of target solute in the permeate and feed solution,

respectively. The solutsolute selectivity in pressudriven filtration,”Y, is typically defined
based on solute rejections using the following expression:
p Y

Yp'Y

(2.3)

where subscriptsd and & represent soluteé and @, respectively. Conventionally, the more
permeable solute is assigned to the numerator and the less permeable solute to the denominator,
so that'Y is larger than unity and a largef represents better soluselute selectivity When
evaluating the selectivity between monovalent and divalent ions, such a convention means that the
rejection of monovalent ions is assigned to the numerator and thdivalént ions to the
denominatosince divalent ions are usually better rejected than monovalent ions (if the membranes
and ions are of similar chargd)o better understand the physical meaning of the rejebased
selectivity, Eq. 2.3) can be rewridin in an equivalent form by substituting the rejection terms with

Eq. @.2) as:

(24)

where and0 represent steadstate solute flux ofdandd respectively. The first part of Eq.

(2.4) suggests that the selectivity can be interpreted as the ratio between the abundance of species
@ (relative tod) in permeate and that in the feed solution. The second part o Equiilizes the
relationship between solute flus Y and permeatdux (0 ) at steady stat®, 0 0 . Selectivity

based on this definition can be interpreted as the ratio of the concentratioalized flux

between the two solutes. According to Eds3-.4), a highly precise solute separation results

from almost norejection to the more permeable solute but nearly perfect rejection to the less

permeable solute.

2.2.3Concentration differenced r i ven di f fusion (fAdiffusiono)
Concentratiordriven diffusion experiments were conducted usingshblped diffusion cell. The
NFX membrane was clamped in the middle the cell to separate the feed solution and permeate,

with the polyamide surface facing the feed solution. For experimathisinglesalt feed solution,

12



the feed side of the diffusion cell was filled with a 20 mL solution of NaCGISRg or MgCb at

a range of concentrations includifg25, 50, 100, 250 and 500 mM. The permeate side was filled
with 20 mL of either pure wat or sucrose solution. Sucrose (MW=342 Da) was used to offset the
osmotic pressure difference to minimize the effect of osmosis. The concentration of the sucrose
solution was determined based on the osmotic pressure of the feed solution as estimatieel using

vanot Hof f rel ati on:

yeo Y (25)

whereY* is osmotic pressuré, is van 't Hoff factor (one for sucrosd),is solute molar
concentration)Y is ideal gas constant aitis solution temperaturdBoth feed and permeate
solutions were continuously stirred with stir bars to minimize concentration polarization (CP) near
the membransolution interfaces. Each diffusion experiment lasted for one hour during which the
permeate conductivity was measureat dater converted to salt concentration based on the

calibration curve relating the two parameters.

To evaluate the selectivity measured with mixed salt feed solutions, diffusion experiments
were performed with NaCl and MgQhixture feed solutions atifferent concentrations. The
molar concentration ratio of two salts in the feed solution was 1:1, with each salt concentration set
to be 25, 50 or 100 mM. The receiving solution was either pure water, in which case the osmotic
flow was not corrected, or stose solution to offset the osmosis. Thé &lad M¢* concentrations
in the receiving solutions were measured using@HS to determine the diffusion fluxes. New
membrane samples were used for different salts and different concentrations. All datagrants

obtained based on results from three replicates.

The average solute diffusion flud,, in diffusion experiments can be estimated from mass

accumulation rate of target solute in the permeate:

@0 (2.6)
6 Yo '
wherewis the permeate solution volumé, is the solute molar concentration in the permeate

after a period/d, andd is the effective membrane area of the diffusion cell. The sehitee
selectivity inconcentratiordriven diffusion,’Y, is typicallydefined based on the diffusion flux

as®
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VW (o1
T 2.7
ORA0R (2.7)
whered is molar concentration of target solute in the feed, and subsérgstdrepresent solute

®and ®, respectively. Like Eq.24), Eq. @.7) defines the selectivity as the ratio of the

concentratiomormalized flux between the two solutes.

2.2.4Electricfield-dr i ven i on migration (Aelectromigrat:
Electradriven migration experiments were conducted using a-Biegide electrochemical cell.

The NFX membrane was clamped between the anode and cathode chambers. Both chambers were
filled with 7 mL of NaCl, NaSQ: or MgCk single salt solutionef same concentration (i.e., 5, 25,

50, 100, 250 and 500 mM). Linear sweep voltammetry (LSV) was performed over the voltage
range of-50 mV to 50 mV at a scan rate of 2 mV. ¥he +V curves in this range skved linear
relationship and were fitted to obtain the overall conductance of solution and meniBrang,

curves under the same conditions were also measured without membranes to obtain conductance
of solution,”O. New membrane samples were used for different salts and different concentrations.

All data points were obtained based on results from three replidsdsaming solution and
membrane as an equivalent circuit of resistance in series, the conductance cim¢é@brcan

be then evaluated from:

b P P
S G O

According to Eg.2.8), 'O can be approximated B if and only if'O|] "O . We note thathis

(2.8)

approximation has been frequently used when evaluating selectivity with ele@ga processes
in literature but is nonetheless not always valigte membrane conductance for ion transport in
an electredriven process can be described?as:

8

. o
o LS (2.9)

whered s the effective membrane area of the electrochemical©althe Faraday constant,
Ye is the vdtage across the membran®, andd are the flux and valence of ion speci@s

respectively. By rearranging EQ.9), the ion flux of speciestan be expressed as:
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M (2.10)
0 Qs
where"Yis the transport number of ionic speci@&hich represents the fraction of overall current
carried by this species (vs. other ionic speéfes)
0s
Bogs
Analogous to the selectivity definitions in pressdri&zen filtration and concentration

(2.11)

differencedriven diffusion, the slute-solute selectivity in electrdriven migration,’Y , can be
defined aghe ratio of the concentratiamormalized flux between the two solsite

0 70§ OpT0r YIS OpT0r O
070 Or765 YIS "Oy70r O

(2.12)

We note that a ratio of absolute valemm¥malized transport number (i.e., also known as
transference numbed, “YIx 9 appears in the conductanribased selectivity when substituting

ionic flux with Eq. @.10). Thisratio in the second parentheses is usually omitted in literature,
which is only valid under the following conditions: (1) the ionic species of interest have the same
transference number (i.®., 0); (2) the ionic species of interest (in single salperiments)

have the same valence and carry all the current and thus transport number is unity. The first
assumption has no theoretical basis whereas the second assumption is acceptable only when
evaluating selectivity between ionic species of same valmt¢he membrane has a high charge
density (e.g., ion exchange membranes). In this study, we evaluated these assumptions for NFX

membrane by determining the transport numbers of each ionic species.

To determine the transport numbesf cation and aniorfor each single salt, the
concentration was maintained constant in the Heighcentration chamber (i.6. = 100 mM),
while the concentration in the lewoncentration chambes,, gradually varies from 5 to 25, 50
and 100 mM to obtain concentration ratiinetween the two chambers) of 20:1, 4:1, 2:1 and 1:1,
respectively. At each concentration ratio, LSV measurement was performed and the membrane
potential Y , was determined as the intersect between-theurve and the voltage axis. The
transport nurherwas then calculated using the following equation:

o Y'Y

.0
Ve 5 0 —I T— 213
6 0 =5l 13 (213)
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where subscripts andz represent cation and anion, respectively.

2.3 Results and Discussion

2.3.1Selectivity depends on measurement conditions

Filtration Feed concentration and permeate flux both affect salt rejections by NF meniBranes.
NFX membrane showed 95%~99% rejections to Mgld NaSQ, in a wide range of feed
concentration and permeate flux, while NaCl rejection varied from 30% to Bisfidré Al). To
evaluate the effect of feed concentration on sedotate selectivity, we focused on rejections of
single salt in the concentration range of 5 to 100 mM under the same permeate flux (i’a1y50 L
2 Y. Selectivity of monddivalent anions (i.e.Cl/SQ?) and cations (i.e., N8Mg?") defined
based on Eq2(3) exhibited similar trends of variation with increasing feed concentrdigare
2.2B). As the solute concentration increased, botiVMg’* and CI/SQ:> selectivity improved
because NaGiejection decreased from 60% to 36%, while the rejections of Mm@ NaSQ
remained around 97%igure 2.2A).
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Figure 2.2 Selectivity of cation and anion ion pairs as a function of concentration tested by different
processes.(A) Salt rejection and (B) selectivity defined on rejection as a function of feed concentration.

Filtration pressure was tuned to maintain a perméateof 50 L m? hl. (C) Diffusion flux and (D)
selectivity defined on diffusion flux as a function of feed concentration. Diffusion flux was determined
from salt mass accumulation rate in the permeate solution. Sucrose was added in the receivimgosolutio
offset water osmosis (solid curves). (E) Membrane conductance fvboutve results and (F) selectivity
defined on conductance as a function of solution concentratibourves were obtained via linear sweep
voltammetry characterized withis0 to50 mV at a scan rate of 2 mV/s. We note that axis has different
scale in each panel.

The reduced rejection of Na@kt a higher feed concentration can be attributed to the
stronger charge screening effect at a high ionic strength, which reduced the electrostatic (Donnan)
exclusion to NaCl#">Although the same effect also applies to Mgilid NaSQu, their rejections
were largely unaffected as their transport was more constrained due to the pofsiange
divalent ions (Mg and SQ?) with strongesterichindrance’? lower diffusivity,’”® and stronger
hydration energy® Therefore, the unaffected rejections of Mg&id NaSQs, combined with the
compromised rejection of NaCl at a higher feed concentration resulted in a generally increasing

Na'/Mg?* and Cl/SQs? selectivity as the feed concentration increased.
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The only exception to this trend in the collected data is the reducéddfaand Cl/SQ*
selectivity when the feed concentration increased from 50 to 100 mM. However, the rejection data
in Figure 2.2A show no significant deviation from the trend for the rejection of all salts at any
specific concentration. The very high selectivity observed at 50 mM is caused by the slightly higher
rejection of MgC} and NaSQsas compared to the alreadgry-high rejection of the same salts at
100 mM. Whether this difference can be explained or is simply caused by measurement error, its
magnitude is very small (98.5% vs. 97.1% for Mg@hd 98.8% vs. 97.7% b&Cy), particularly
compared to the much more salient difference of rejection for NaCl measured at these two
concentrations (46.5% vs. 36.5%). However, this small difference of the rejection for the less
permeable salt has a very large influence on selectivity via affatingery small denominator
in Eq. €.3). In other words, the rejections of the salts in the numerator and denominator have
disproportionate impacts on the selectivity. The selectivity is more sensitive to the rejection of the
less permeable salt (in therseninator), especially when its rejection approaches 100%. We note
that the appropriateness of a sensitivity definition may depend on the specific application scenarios
(e.g., removal of the less permeable solute vs. recovery of the more permeablasdiiste)orthy
of further discussion beyond this study.

The effect of permeate flux on selectivity in presainigen filtration was also evaluated.
It is well known, as the dilution effect, that increasing the permeate flux typically enhances salt
rejectian unless in the case when ion transport mechanism is dominated by advection (which is
usually considered not the case for nanofiltratf8}.In our experiments, the rejection of NaCl
increased by ~B¥® when the permeate flux increased from 35 to 701hh regardless of the
feed concentratiorH{gure A1). The rejections of Mg@hnd NaSQ, also increased but to a much
smaller extentKigure Al), because the rejections, even with the lowest permeate flux, were
higher than 95% to start with. Even though the rejection of NaCl was considerably more sensitive
than MgCh and NaSQu to the change of flux, the selectivity of Mslg?* or CI/SQ:> remaned
roughly unchangedHgure 2.3), which can again be explained by the disproportionate impacts of
variation in rejection for species in the numerator vs. that in the denominator according to Eq.
(2.3). In short, while increasing the permeate flux impdbtree rejection of NaCl, it has a weak
impact on the N&Mg?* and CI/SQs* selectivity.
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Figure 2.3 Effects of permeate flux on selectivity measured by filtration method(A) CI/SQ?
selectivity and (B) N&Mg?* selectivity defined on rejection as a function of permeate flux under different
feed concentrations.

Diffusion During the onehour diffusion experiments, permeate concentration increased almost
linearly over time except for the first 5~10 minutes whengilt ions have not permeated through

the membraneRigure A2). As the salt concentration in the feed solution was much higher than
that in the receiving solution, the concentration difference across the membrane can be regarded
as approximately constattroughout the experiment and the diffusion can be considered as steady
state. With sucrose in the receiving solution to balance osmotic pressure difference (solid curves
in Figure 2.2C and 2.2D), diffusion flux increased linearly with feed concentrationdill three

salts, because concentration difference (or chemical potential difference) was the driving force for
diffusion. Both cation and anion selectivity defined based on diffusion flux increased

monotonously with feed concentration and anion seliégtivas higher than catiorfrigure 2.2D).

When pure water was used as the receiving solution (without sucrose, dash curves in
Figure 2.2C and2.2D), its volume decreased over time due to osmosis. As a result, all salt fluxes
decreased as compared to those measured with a swoordgaeing receiving solution,
particularly at a higher feed concentkoati on
example, with a 500 mM feed concentration, theS@ diffusion flux measured with osmosis
was about two orders of magnitude smaller than that measured without osmosis. As the effect of

osmosis is substantially less significant with NaCl than with MQENaSQ: (at the same molar
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concentration), both cation and anion selectivity measured in the presence of osmosis (i.e., without
offset) were higher than selectivity measured with osmosis offset by suEigaes(2.2D). At

high feed concentrations, tlamion selectivity with and without osmosis offset differed by two
orders of magnitude.

The salt flux decline caused by osmosis is attributable to the interference between water
and ions transport in the opposite directions across the membrane. Sinceadid@MaSQy
solutions have higher osmotic pressures than NaCl at a same feed concentration, larger osmosis
fluxes were generated to counter the ion transport. In addition, the ion size and diffusivity also
contribute to the difference in flux decline beew salts. However, it is not completely clear if the
negative impact of a water flux in the opposite direction (of the salt flux) on the salt flux was
exerted through both the support layer (i.e., internal concentration polarization, ICP) and the active
layer, or just one of them. Regardless of the distribution between different mechanisms, our results
suggest unequivocally that the osmosis effect is salient and cannot be ignored. Unfortunately, this
osmosis effect has been often ignored in previous studisng concentratiedriven diffusion
experiments even with higher feed concentrations (e.g., 1~2 M) and very long diffusion time (e.g.,
hours or daysy® ¢ Although using a diffusion cell with a small membrane area may reduce the
effect of dilution (of the feed solution) and concentmafjof the receiving solution) due to solution
volume change caused by osmosis, the effect of osmosis in reducing salt flux can still be significant

and is independent of membrane area.

Electromigration Membrane conductance with single salt feed solutiafs different
concentrations was determined frorV Icurves measured using LSV with and without a
membraneKigure A3). As polyamide NF membrane is honconductive, the current is all carried
by transport of ions across the membrane. Membrane conductarkeailt solutions increased
with solution concentratior{gure 2.2E). In general, the conductance at the same concentration
follows the order of MgGI> NaCl > NaSQy, because transport through a negatively charged NF
membrane is more favorable for divalecations (Mg") than for monovalent cations (Naand

less favorable for divalent anions ($Qthan for monovalent anions (Ll

Anion selectivity defined based on conductance slightly increased with concentration while
cation selectivity did not follw a monotonic trendrigure 2.2F). We note that cation and anion

transport are decoupled in electioven process, while they are paired to maintain electro
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neutrality in the other two method&ln this regard, cation or anion selectivity characterized using
the electromigratiomethod is more consistent with its name. We also note that, as mentioned in
Section 2, the conductanbased selectivity usually omits the transport number ratio in2E)(

by assuming that the current is all carried by the ionic species of intaréss study, the transport
numbers of cation and anion for the NFX membrane were evaluated by the membrane potential
method described in Section Bidure A4).”Y T°Y and’Y T'Y were estimated to be

0.67 and 0.79, respectively, which shoutd be omitted.

2.3.2Selectivity is not comparable between methods

For a fair comparison of novel membranes from literature, we expect the-solutie selectivity

of the same membrane characterized by different methods to be same or at leasThisilsr.
however, not the case for selectivity defined based on the ratios of feed concentvatiafized

solute fluxes. While different methods show qualitatively similar trends regarding the effect of
concentration and the comparison between anion catibn selectivity, they do not yield
guantitatively comparable resultSigure 2.2B, D and B. For example, anion selectivity varied
between 20~50 within the concentration range of 5 to 100 mM when defined based on rejection in
pressurized filtration. hvas around 10 when defined based on diffusion flux without osmosis and
varied from 10 to over 100 in the presence of osmosis. For electromigration, the anion selectivity

of the same concentration range was lower than 10.

One possible explanation for thecomparability of selectivity measured using different
methods is that feed concentratioormalized solute flux does not capture the intrinsic
permeability of the solute through the active layer of the membrane. In diffoagad selectivity
(Eq. @.7)), the concentration difference across the membrane is the driving force. When ignoring
concentration polarization (CP), the driving force is practically equal to the feed concentration (as
the concentration of the receiving solution is essentially zerthidicase, the feed concentration
normalized diffusion flux is the solute permeability. Therefore, the physical meaning of diffusion
based selectivity is the solute permeability ratio. Although the other two types of selectivity (based
on filtration and &ectromigration) were also defined in a similar form as the ratio between feed
concentratiomormalized solute fluxes (Eqs24 and 2.12)), the differences in measured

selectivity values arise from the fact that the different measurements charactdezendif
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transport phenomena in terms of driving force, presence of water transport, and the state of
coupling between cation and anion transport. In the following discussion, we will show that solute
permeabilities across membrane, and thus the ratio bepezmeabilities of different solutes, are

also dependent on the measurement method and thus cannot be considered as an intrinsic

membrane property.

Filtration Solute transport through polyamide membranes in pressurized filtration process has
been widely studied for decades. The description of solute transport through polyamide
membranes was initially described by phenomenological equations based on irreversible
thermodynamics, and later simplified to the soluliffusion (SD) model. SD model, typicaly
applied to Aidense membraneso used in RO, gas
water and solutes first dissolve (or partition) into the membrane and then diffuse through the
membrane matri%? Within the SD framework, solute permeabilitg, is defined as:

VK] 0

0 o) 58 (2.14)

wherev, O andQ are partition coefficient, diffusion coefficient in the membrane active layer,

and membrane active layer thickness. The solute permeability relates solute fluthe solute
concentration differencd) 0 . Water transport and solute transpare assumed to be
independent in ® model. The applicability of the-B model in describing transport in NF is
guestionable as NF membranes have a o6l ooserd
advection may have a more significant contributmaolute flux. Nonetheless, here we still adopt

the phenomenological-B model framework to examine soltgelute selectivity in pressure

driven filtration while being aware of the caveat that the solute permeability may be dependent on

experimental contions instead of being an invariant membrane progérty.

By describing concentration polarization (CP) with thin film theory, ittiensic solute
permeability of a pressuidriven filtration process) , can be determined with permeate flux and

solute rejection a¥

pQ (2.15)
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whereQis mass transfer coéffent of solute Q= 70.4, 72.2, 67.2 L rhh* for NaCl,Na&SQ, and
MgCl,) andwas predetermined by the flux method proposed by Tang &wiith Eq. 2.15), we
found that MgCl and NaSQy had similar intrinsic permeability and were over an order of
magnitude lower than that of NaCFigure 2.4A), which was consistent with the observed
rejectiondifference between these salihe solutesolute selectivity defined based on the ratio of

intrinsic permeabilities measured using a filtration procé&sswas then determined as:

Y Al Q 2.16
lY ( " )
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where'Y relates to the apparent (or measured) selectitypy a correction factor being the
product of the rejection ratio and an exponential term accounting for the difference in CP between

the two solutes.
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Figure 2.4 Permeability and selectivity comparison across method$A) Solute permeability and (B)
Na'/Mg?* selectivity and CISQ? selectivity of different definitions under 100 mM solution concentration.
Diffusion data was from experiments without osmosis.

Diffusion In concentration differenedriven diffusion with osmosis offset, by applying the model
framework of solutiordiffusion and considering CP, the solute diffusion flux can be expressed

as??
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whereQis overall apparent solute permeabiliand’Q are mass transfer coefficients in feed
and permeate boundary layers accounting for external CP (E@RJ)O are structural parameter

of the porous support layer of NF membrane and solute diffusiefficgent in the solution. 7O
accounts for CP effect inside the support layer, i.e., the internal concentration polarization (ICP).
0 is solute permeability for diffusion across the polyamide active layer. If we assume external
CP is negligible compad to ICP due to continuous stirring of feed and permeate during
experiments, the two mass transfer coefficients can be dropped, resulting in a simplified version
of the expression (third part &Qg. 2.17)). We also assumieto be 200 m, a reasonablealue

for the porous support of TFBA NF membranes. With these assumptions, the solute permeability
across the active layad, , can be estimated using the diffusion flux, Our experimental results
suggest that NaCl has the highest permeabilitjo\f@d by MgCh and lastlyNaSQu (Figure

24A). The difference in permeability was around an order of magnitude.

Onced can be evaluated, the sokselute selectivity defined based on permeability ratio

in a diffusion processy , can be estimated usifg. .18).

05 i
w O O O
Y - (2.18)
0 R 0 i
O (e}

Comparing withEq. @.7) which yields the apparent selectivity in the presence of the CP, Eq.
(2.18) characterizes the intrinsic selectivitytioé active layer. Our analysis shows thats larger

than the apparent selectivitly;, because of ICFHgure 2.4B).

Electromigration The ionic flux in electradriven membrane process can be described by the

NernstPlanck equation as:

(2.19)
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By grouping diffusion and partition coefficients and membrane thickness, a solute permeability
with the same form as those in filtration and diffusion processes can be defined by combining Eq.
(2.10) and Eq.2.19):

0 i A ORY 220

" @so068 " (2.20)

Since NFX is negatively charged (but not as strongly charged as a cation exchange membrane),
the permeability of Sg& was the lowest and the permeability of ¥gvas the highest. The
permeabilities of Naand Cl were between that of S®and Mdg* but much closer to the latter
(Figure 2.4A). The intrinsic solutesolute selectivity defined based on permeability ratio in the

electradriven process)Y , is determined as:

C
Py U

Y - ,
0 n 3

(2.21)
where"Y was related tdY by a factor of the valence ratio. The valence r&icgf<) S equals

2 when evaluating montivalent ion selectivity. Thereforéy is twice asY (Figure 2.4B).

Crossmethod comparisoffo compare the solute permeability determined from different methods
and the permeabilithased selectivity between methods, we focused on one feed concentration
(i.e., 100 mM) in the following discussion, whereas results obtained with other concentnagions a
also presented in the supporting informatiBig(re A5). If the theoretical framework of solutien
diffusion were applicable for NFX membrane, the intrirgiute permeability determined from
filtration should be the same as that from diffusion pradé¢swsever, for NaClo was only 7.6%

of 6 while the percentages were 17.3% and 74%#®8BQ;and MgCh (Figure 2.4A). The lower
permeability values from diffusion may be attributed to an overestimation of effective driving
force if CP effect (both external and internal) is not fully considered. For filtration, ECP at feed
side has been accounted by film theory and tiseme ICP in the support layer at steady state. For
diffusion, the minimization of ECP strongly depends on the stirring speed (i.e., degree of
hydrodynamic mixing) which can be limited by the diffusion cell geometry. Meanwhile, ICP in
the support layer easignificantly reduce the effective driving force for diffusion even when
osmosis is offset. Assume that the solute permeability were indeed the same in filtration and

diffusion, we can then estimate the structural parameters required for the corrasédroh Eq.
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217) . The estimated st rmufcaruriMd ClpéorMgdarelr s ar

4 8, 9 ftbr NeeSQy with a feed concentration of 100 mM and vary with a different feed
concentration. However, the structural parameter should in tdepsnd only on the geometry of

the support layer but not on the salt properties and concentration and should therefore have a single
value regardless of the feed solution. We thus conclude that the difference between permeabilities
measured using diffusioand filtration cannot be reconciled simply by a more accurate structural
parameter, and that there exist other mechanisms that contaldhtdower permeability values

in diffusion.

Another major difference between the filtration and diffusion igptesence of water flux
in filtration, which suggests that advection may have amegligible contribution to solute
transport through the membrane matrix and challenges the assumption of Dhendglel
framework. Furthermore, advective flux can also affatelectromigration (not as a measurement
method by as a mechanism of ion transport in the-ffanemodel) via inducing transmembrane
potential® The coupled effect of water flux on solute permeability is also supported by the
observed solute flux decline when osmosis was not offset in the diffusion exper{fFigote
2.2C). Solute permeability increases when there is water transport igathe direction and
decreases if water flows in the opposite direction. Additionally, the differenzef@f between
different salts shows the advection contribution to overall solute permeability depends on solute
properties, which is corroborated by the Donnan Steric-frmre model that describes the
advective contribution of solute transport using a hindrasaefficient that is a function of the

ratio between solute size and membrane pore’3ize.

Lastly, solute permeability determined from electromigrati@s smaller than that from
diffusion and filtration Figure 2.4A), possibly due to the decoupled ion transport in the electro
driven process where ignn friction may play a rol& This decoupling may cause the partition
and diffusion coefficients to be different from that for transport with paired $aksolutesolute
selectivity for electromigration through NFX membrane is also Idivan that in filtration and
diffusion (Figure 2.4B). The incomparability of solutsolute selectivity measured using different
methods is further confirmed by a separate series of data measured using a completely different
membrane as reported in a vescent study® Specifically, the cation permeability measured

using filtration, diffusionand electromigration exhibit difference by orders of magnitkdgpie
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A6). Both the apparent and intrinsic selectivity for different cation pairs is incomparable between
different methods to various degredsgure A6). Understanding these differences measured

using different methods likely require a more comprehensive ion transport model framework based

on NernstPlanck and Maxwelbtefan equations to account for advection, diffusion,
electromigration and frictions beeen all components (e.g., sohs@ute, solutevater, solute
membrane), in addition to proper consideration of concentration polarization. Under such a
framework, solute permeability would become an oversimplified phenomenological variable with

little mechanistic significance and cannot serve as the basis for defining selectivity. In other words,

we cannot make apparent selectivity Amore int

itself not an intrinsic property.

2.3.3Single-salt and mixedsalt feed solutions yield different selectivity

In previous discussion, soluselute selectivity was measured with two sirggdt solutions rather

than with a feed solution of mixed salts. While solsdute selectivity is only practically
meaningful forseparating a salt mixture, the reports of seigkite selectivity measured using
singlesalt solutions are very common in literature, particularly for diffusion and electromigration.

In fact, all electromigration experiments based on conductance measiseonly used single

salt solution because the transport number of each ionic species in a mixture cannot be derived
from the V curve. In general, measurements with sirggt feed solutions are experimentally
more convenient as they do not requirelynag the composition of the permeate or receiving
solution. However, it is unclear whether selectivity measured with sgadiéeed solutions can in

fact represent the selectivity measured with feed solutions of mixed salts. To answer this question,
weevaluated cation selectivity (Mfvs. N&) using both feed solutions with single salts and mixed

salts in both presswdriven filtration and diffusion driven by concentration difference.

Filtration In filtration, NaCl rejection was much lower with a radsalt feed solution compared
to that with a singlesalt feed solutionKigure 2.5A), suggesting Donnan exclusion promotes the
more permeable salt to partition more strongly into the membrane #ttikor MgCkh, the
rejection measured with a mixasadlt feed solution was also lower at a relatively low feed
concentration (25 mM for each salt), whereas the difference i1 Mpections measured using

different types of feed solution diminished as the feed condmmtiacreased. The overall ionic
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strength was higher in a mixed salt feed solution, which enhanced the charge screening effect and

thus reduced NaCl rejection.

As discussed previously, selectivity based on solute rejections is more sensitive to the
rejedion of the less permeable solute and becomes highly sensitive in the range of very high (close
to 100%) rejection. Thus, when the rejection of Mg@easured with a mixesialt feed solution
increased and approached 100% as the molar concentration idcribasbla/Mg?* selectivity
also increased significantlfFigure 2.5B). This trend of selectivity change with feed concentration
also differed substantially from that measured using sisaiefeed solutions. In fact, we cannot
even conclude with confider if selectivity is higher when measured using a sisglefeed
solution or a mixed salt feed solution, as the conclusion depends on the feed concehigatien (
2.5B).

Diffusion In the diffusion experiments (with sucrose addition to offset osmdkes)measured
NaCl and Mg diffusion fluxes were significantly lower when measured with a mixed salt feed
solution Figure 2.5C). As osmosis was offset, the flux reduction compared to that measured with
a singlesalt feed solutionms attributable to therdnanced ionic strength and thus strongericon
interaction. The selectivity measured using sirgglit feed solution was higher than that measured
using a mixeesalt feed solution, but both remained nearly constant regardless of feed
concentrationKigure 2.5D). Diffusion experiments with osmosis showed similar results except

that the selectivity measured in singlat feed solution increased with concentratieigyre A7).
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Figure 2.5 Selectivity difference between measurements with single salt and mixed salt solutiof#s)
Rejection of NaCl and Mgglmeasured in single (dash) and mixture (solid) salt solutions. Filtration
pressure was tuned to maintain a permeate flux of B b (B) Comparison of Nd&Mg?* selectivity

defined on rejection in single and mixture salt solutions. (C) Diffusion flux of NaCl and Mugzisured

in single (dash) and mixture (solid) salt solutions. Osmosis was offset with sucrose solution as permeate.
(D) Comparison of NdMg?** selectivity defined on diffusion flux in single and mixture salt solutions.
Results under three feed concentrations (i.e., 25 mM, 50 mM, 100 mM for each salt) were presented.

2.4 Implications and Perspective

The development of memdmes capable of precise solgtdute separation is still in its burgeoning

stage without a standardized protocol for evaluating selectiMigresults from this study unveil

the inconvenient truth that selectivity measured using different methodsyear different

conditions with the same method, are generally not comparable. Themetssd incomparability

is true for both apparent selectivity, defined as the ratio between concentiatioalized fluxes,

and the fAmore i ntr iantseiraio betsveeh the germeabilitigs ,of solute i n e ¢
through the active separation layer. The difference in selectivity measured using different methods
stems from the fundamental differences in ion transport driving force, the effect of water transport,

and the interaction between cation and anion transport. Further adding to the complication of

29



selectivity measurement is the difference in selectivity measured using feed solutions containing
single salt species and that containing mixed salt. While mamppeestudies reported selectivity
based on measurements using sisglk feed solutions, those results cannot accurately represent
the practically more relevant selectivity for a mixgadt feed solution. We believe some selectivity
measurements are imtsically not comparable (e.g., results from single salt experiments vs. mixed
salt experiments), whereas other selectivity measurements may (or may not) eventually be
relatable (e.g., results from single salt experiments in filtration vs. diffusion) &ytrequire a

more complicated theoretical framework and more/or careful experimental design to eliminate

artifacts.

As most results reported in literature were inherently incomparable, we face a predicament
in attempting to acquire a coherent understandingut where we are in developing advanced
membranes with enhanced sofstdute selectivity. From the perspective of practical application
(in nanofiltration), one should always evaluate the selectivity using predsuea filtration with
a mixedsalt eed solution of a composition relevant to the specific applications. Here, the
composition includes the concentrations of both targeted solutes and other major background
solutes. For example, Mg?* selectivity in nanofiltration is likely dependent naly on the
concentrations of liand Mdg* but also on the ionic strength of solution. Therefore, when a
membrane is developed for a specific target application, its selectivity should be evaluated under
corresponding conditions and those conditions shioelceported in detail.

When membranes are developed without a very specific application context, the evaluation
of their solutesolute selectivity following a consistent protocol can facilitate fair performance
comparison with other membranes. We propbs filtration with mixedsalt feed solutions are
preferred as the standard method for selectivity evaluation due to its strongest practical relevance.
In the cases of novel membranes that cannot be scaled up or fabricated in a sufficiently robust form
for pressurized filtration, the selectivity data can still be collected and should be treated with
caution and should not be directly compared with data collected in filtration. Additionally, the
experimental conditions should also be standardized foryseedsgven filtration including the
feed composition (i.e., concentration of each salt species) and the permeate flux (which can be

controlled by varying pressure). Furthermore, to ensure the statistical reliability of the reported
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membrane performance, \waggest not only performing replicate experiments but doing so using

different samples of the same membrane.

We further encourage future studies to evaluate their membranes using pdeissure
filtration at a permeate flux of 50 L frh™ with a solution of MgGl (25 mM) and NaCl (25 mM)
for evaluating cation selectivity (MgNa") and a solution of N&Qs (25 mM) and NaCl (25 mM)

for evaluating anion selectivity (S&/CI). If other types of selectivity (e.g., €ANa", Mg?*/Li*,

Na‘/K™) are of interest, they can also be evaluated at the same flux and concentrations. While we

understand that these choices of flux and concentrations are arbitrary and bear no practical

significance, we hope that the proposed standardization of testing@oesidan provide common

ground to crossompare the performance of membranes developed in different research groups.

Abbreviations
(by first
appearance)
NF
UF
RO
TFC-PA
ICP-OES
CP
LSV
SD
ECP
ICP

Symbols
0
Y
0
Yo
Y
5
Y
S‘/u

Description

Nanofiltration

Ultrafiltration

Reverse osmosis

Thin-film compositepolyamide

Inductively coupled plasma optical emission spectrometry
Concentration polarization

Linear sweep voltammetry

Solutiondiffusion

Externalconcentration polarization

Internalconcentration polarization

Description

Flux

Permeate volumehange

Effective area of the membrane coupon
Time period

Rejection

Concentration

Selectivity

Osmotic pressure
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Subscripts
and
superscripts
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van 't Hoff factor
Ideal gas constant

Absolutetemperature
Conductance

Faraday constant

lon valence

Voltage drop

lon transport number
lon transferencaumber
Permeability

Partition coefficient
Diffusion coefficient
Thickness

Mass transfer coefficient

Description

Water (or permeate)
Filtration
Permeate

Feed

Solute

Diffusion

Total

Membrane
Electromigration
High

Low
Conductance
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CHAPTER 3:PERFORMANCE METRICS FORIANOFILTRATION-BASED SELECTIVE
SEPARATION FOR RESOURCE EXTRACTION AND RECOVERY

This chapter is adapted froRerformance Metrics for Nanofiltratichased Selective Separation
for Resource Extraction and Recovémgt has been accepted for publicatioNature Waterand
has been reproduced with the permission of the publisher aadticors Rongrong He, Tao He,
Menachem Elimelech, and Shihong L{wvang, R., He, R., He, T., Elimelech, M., & Lin, S.
(2023). Performance Metrics for Nanofiltratidvased Seldtwve Separation for Resource
Extradion and Recovery. Nature Watkr291 300

3.1 Introduction

Selective solutsolute separation has become a research frontier due to its potential applications
in resource extraction and recové?y’ The technological progress in membrdrased solute

water separation over the past half century, particularly in reverse osmosis (RO) and nanofiltration
(NF), has enabled energyficient desalinationrad water purificatiort>®®In those applications,

water is the primary product whereas the solutes are the unwanted constituentd ®jecte
membranesKigure 3.1A). In seawater or brackish water desalination, the rejected solutes are
mainly salts, while in wastewater reuse, the rejected solutes include both salts and organic
substances. The ideal membranes for these applications showddah&igh watesolute
selectivity, i.e., they should have high water permeability while maintaining low solute
permeability, leading to fast water production and high solute rejetf8Extensive efforts have

been devoted to developing membranes with high veatlere selectivity?® To date,
commercial RO/NF membranes have adeguattersolute selectivities for delivering reasonably

good performance in desalination and water purificattdh.
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(C) Applications of solute-solute separation

(A) Water-solute Separation Improve Enable
Example Water Pollutant Mgl/Li Acid (or base)
M, Softening removal separation recovery
Solute Main product Water Target ions
Solute Permeating Monovalent ions | Mineral ions Li* H* (or OH")
solutes
Retained solutes | Divalent cations Pollutants Mg?* Co-ions
(B) Solute-solute Separation (D) Process intensification for Li extraction
Solute A (@) Na,CO,
’ @ @ water
Solute B
) |:,> Li*
Li-rich brine Li*
I, Nt Li* concentration LC0: )
precipitation Li*/Mg?* separation Li,CO, production

(E) Desirable Li/Mg separation (F) Undesirable Li/Mg separation
N\ '

( @Li* Omg*
NF . NF
PN B
N N
Permeate Permeate
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Permeate X e
Retentate@ High Li Purity Retenta ERgi TV By Retentate Low Li Purity
\

High Li Recovery o Low Li Recovery High Li Recovery

—/ \ Y,

Figure 3.1 lllustration of solute-solute separation and success criteria for Li/Mg separation(A)
lllustration of conventional water/solute separation. Water is the primary product whereas the solutes are
the unwanted constituents to be rejected by membréBid#iustration of solutesolute separation. Certain

target solutes are allowed to pass tigio while the others are retained by membraf@sRepresentative
applications of selective solu®lute separation classified into two categories: improvement and
enablement. Examples of the improvement category includeds&d water softening and napollutant
removal, where the primary product is water. Examples of the enablement category include acid (or base)
recovery and Li/Mg separation, where the primary product is target S@it&n example treatmeritain

for Li extraction where Nfbased LIMg separation is a critical step. An evaporative process first
precipitates out Na and K salts and-preiches Li concentration; an NF process next separates Li from
Mg, with most Li recovered to the permeate; an RO process then concentratesdh®&lEipermeate; and

a final precipitation process generategd0s as the product from the iich RO retentate with N&EO:s.

Success criteria for Li/Mg separatidi) a successful Li/Mg separation should achieve high Li purity and
recovery.(F) An undesired.i/Mg separation does not attain high Li purity and recovery simultaneously.

Because RO membranes reject most solutes to a great extent and indiscriminately, pressure
driven membrandased selective solumlute separation relies on NF which differemsathe
rejections of solutes based on their physicochemical propeFigsré 3.1B). In general, NF
based solutsolute separation can be classified into two major categdtigsré 3.1C). In the
first category, the primary product is water, and the edsolutesolute separation is improve
the NFbased water treatment processes. For instance,-lvasiéd water softening, hardness ions
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(Ca&* and Mdg*) are rejected whereas monovalent ions (e.g’, &l K can readily pass
through%%*3NF has also been used to selectively remove micropollutants without removing benign
mineral ions’**>The ability to achieg selective solutgolute separation in these contexts can lead

to a desired product water quality (e.g., reserving nutrient ions for fertigation), prevention of
mineral scaling in subsequent desalination processes, and/or energy saving via reducing

transnembrane osmotic pressure difference.

The second category of Ndased selective solusmlute separation aims at enabling the
extraction of target solutes as the primary product. For example, when strong acid or base is used
to recover cationic or anionadsorbates from polymeric or mineral adsorbents, NF can be applied
to concentrate the adsorbates (in the retentate) and recover acid or base (in the permeate) for reuse.
A similar application of this type is dye recovery from textile wastewater, wherendigeules
are retained and concentrated as the target séfubese potentially prominent NF application of

the second category is litmu(Li) extraction from brines rich in magnesium (Mg).

The conventional method for Li production from brine is based on evaporation and
chemical precipitation, which typically requires that the brine has a low Mg to Li ratio (MLR).
In recent years, integration of membrane processes into the treatment trainsifiad necreasing
interest for process intensification, and for enabling Li extraction from brines with a high MLR.
A representative treatment train includes an evaporative process for precipitating out Na and K
salts, an NF process forpmgating Li and Mg, an RO process to concentrate thechiNF
permeate, and a final precipitation process for generati@kias the productRigure 3.1D).1°
NF-based Li/Mg separation is the most critical and technically challenging unit process in such a
treatment train. Thus, many efforts have been devoted in recent years to idevaigp-

performance NF membranes tdfMg separatior?” 103

But what exactly is a good NF membrane for Li/Mg separation, or more generally, for any
solute-solute separation? As the treatment goal is no longer simple separation of solute from water,
the conventional framework of membrane evaluation based on -saitge selectivity is
insufficient. In most papers on developing solsidute separation @mbranes, performance was
evaluated based on solsgelute selectivity and water permeabififit% The selectiity of solute

A over solute B}Yy , is defined a¥&
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where’Y (Y ),0 (0)andoy, (G ) are the apparent rejection, solute flux, and feed concentration
of solute A (or B), respectivelyYy is also called separation factor. The solute flux and feed
concentration can be based on either mass or mole as long as teet@immns are consistent
within the equation. In the following discussion, we will use nizssed definitions as adopted by
most literature, although melesed definitions are mechanistically more meaningful.

In this Analysis, we will show thatyy alone isinsufficient for evaluating an NF
membrane or process for selective schdkite separations for resource recovery. While the
principle should be generally applicable, we focus the current analysis on the specific application
of Li/Mg separation tgrovide a concrete illustration. We start our analysis by evaluating the
success criteria for Li/Mg separation and provide a critical analysis of literature data. We then
perform coupon and modulescale analysis to elucidate important operating and rahter
considerations in Ndbased Li/Mg separation. Finally, we introduce and discuss two important
tradeoffs that will guide future process optimization and membrane development to achieve high

performance Li/Mg separation.

3.2 Theory and Methods

3.2.1Modeling module-scale performance with the SDEM model

In this analysis, we employ the solutidiffusion-electromigration (SDEM) model to describe
local ion transport across the membrane due to its simplicity and ability to model fluxes of multiple
componats. The SDEM model assumes that any point inside the membrane is in thermodynamic
equilibrium with a virtual bulk electrolyte solution that is charge ne@t@I% The virtual
solution treatments equivalent to applying a modified Neri&anck equation with the ion
diffusion coefficient replaced by the ion permeability, which is the product of the partition and
diffusion coefficients Appendix B).8” The ion flux for specie®QU, in the SDEM model is
described using the modified Neri&anck equation:

 fe
A (3.2)
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where0 is the ion permeabilityeo is the ion concentration in the virtual solutianjs the
transmembrane coordinate normalized by the membrane thickniesthe valence of speci&d
ande is the local electrical potential in the virtual solution. Solving B2) yields the fans
membrane distributions of ion concentrations, electrical potential, and electrical field, which

enables calculating rejections in a local differential element.

The SDEM model is serg@mpirical becaus@ is not constant but has a rather complex
depardence on the feed composition. While more mechanistic models are capable of describing
multi-component transport, they usually contain questionable assumptions and many fitting

parameter$>1%For simplicity, we employ a linear correlation to relat¢o feed composition:

O | Wy | g | (3.3)
wheredy, andcy, are the local interfacial feed concentrations 6finid Mg, and  are fitting
coefficients. We note that the linear correlation works well in this analysis but requires further
validation beforeapplying to a more complex mixture feed solution. The local interfacial

concentrations relate to the local bulk concentrations via concentration polarization (CP):
Wp  Wp

where0 is local water flux andQ is the mass transfer coefficient of sped@s can be estimated

= x

0
Az%i (3.4)

using

0 U wd o (3.5)
where0 is the water permeability, an® Oand* are the transmembrane difference of
hydrostatic pressure and osmotic pressur e,
Hoff equation can be applied to relate to transmembrane concentration differences (see
Section 3.2.2). The locatass transfer can be determined by solving 802 3.5) simultaneously
with charge neutrality and steadtate conditions

aw T (3.6)

0 U Qf (3.7)
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where( is the concentration of idf@n the virtual solution or the external feed and permeate, and
@ is permeate concentration of i@Yaroshchuk and Bruening provided an analytical solution
of the SDEM model for a ternary electrolyte systériihus, a pair of ion permeabilities can be
fitted to describe the coupestale ion transport behavior after accounting for concentration
polarization (Eq(3.4)), given experimental results ofland Md¢* rejections at a certain permeate

flux. A MATLAB application is provided for fitting ion permeabilities.

The module behavior was then modeled via a finite difference method to relate mass
transfer in differential elements. Each differential element eftaerthe same membrane area or
the same increment of water recovery'Y). Sincew 'Yincreases as feed water flows past more
membrane area, the modideale behaviors can be equivalently modeled as a functianYof
instead of a function of position alg the module. The inputs were the applied pressure and the

initial feed solution composition.

The modified NernsPlanck equation (E(q3.2)) and the local permeate flux (E@.5))
were solved iteratively with ion permeabilities as a function of inteafafeed solution
composition (Eq(3.3)) to determine the local permeate composition and thus local ion rejections.
Species conservation was maintained in the retentate and permeate when coupling the adjacent

differential elements:

A p OYop®yY
Ac'Y

wherew; @'Y and®y @'Y are local permeate concentration and bulk retentate (or brine,

Ssubscript Abo f or Bt wates fecovenpry,crespettively.t Guroutative f i or
permeate concentratio; ®'Y , can be calculated as:
Qf ©YAL'Y

D O . (39
W, WY o

Local and cumulative rejections were then calculated by:

QF ©'Y

YooY p oo (3.10a)
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O 0'Y 3.10b
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whered; is the initial (or influent) feed concentration of i@h

3.2.2 Estimation of osmotic pressure of the LIGMgCI2 mixed electrolyte solution
For relatively dilute solutions, the vanodét Ho

osmotic presure:

’ =YY (3.11)

where® is ion mass concentration of i&@) @ is the molecular weight of ioY is ideal gas

constant, andYis solution temperature. Transmembrane osmotic presgtre, can be then
estimated with feedide interfacial concentrations and permeate concentrations:
O r Of

% YY ——— (3.12)
VL W

We note that if solution neideality is accounted for, ion permearst®uld be estimated in terms
of ion activity gradient rather than concentration gradient. lon activity coefficient and solution

osmotic pressure can be estimated by the Pitzer mi%del.

3.2.3Li/Mg NF separation experiments using commercial membranes

Li/Mg NF separation experiments were carried out in ecladiomized crossflow filtration system

with stainlesssteel membrane coupons. Effective membrane area of each coupon i€. 7Them
crossflow rate is 2.7 L mih Three commercial thifilm composite polyamide NF membranes,

NFX (Synder), and NFO0 and NF270 (Filmtec, Dow), were tested. Pure water permeedmlit

first measured at 6 bar after prempaction of the membrane samples. Li/Mg separation was then
conducted at 6 bar with both retentate and permeate streams circulating back to the feed tank. The
feed solutions were prepared with LiCl and MgGligmaAldrich) to achieve a total concentration

of 2, 4, and 6 g t£, and an MLR of 20, 40, and 60. After filtration reaches steady state, permeate

flux was measured and permeate samples were collected for ion concentration measuréments. Li
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and Md@* concentrabns were measured by inductively coupled plasma optical emission
spectroscopy (ICP®ES).Thepermeate fluxp , of the NF experiments was determined using the

following equation:

0 (3.13)

whereYwis the permeate volume produced in the periodéatndd is the effective filtration

area of the membrane coupon. The observed ion rejedionas calcualted as

v Wp
P - 3.14
o (314)
where @ and &y, are concentrations of the target ion in the permeate and feed solution,

respectively.

3.3 Results and Discussion

3.3.1Why is selectivity not a sufficient metric?

Assessing the adequacy of the métyig requires first defining a successful Li/Mg separation.
Because the purpose of the separation is to extract Li from a Li/Mg mixture, the success criteria
should have two aspects: purity and recovéigyre 3.1E). Considering a simplified scenario

with only Li* and Md¢"* cations, the permeate Li purity, , is defined as the mass fraction of

cations in the permeate that aré:Li

wv
- K (3.15)
Qn O

where®; and®y are the LT and Md¢* concentrations in the permeate, respectively. The
importance of Li purity is obvious as improving Li purity is the motivation for performing Li/Mg
separation. A permeate with low Li purity will result inCiOs precipitate containing unacceptable
level of MgCQ impurity. For a feed solution of a given MILR relates to the Li/Mg selectivity,

Yy , via the following equation:

ey o (3.16)
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The second important success criterion is Li recovery, defined as the mass fraction of Li
in the feed that is eventually recovered in the perméqiecifically, Li recoveryd " can be
guantified as

DK o v Y (317)

L Wy

where0 and0 are the volumetric permeate flowrate and influent flowrate of the feed stream,
respectively;; and Gy are the Li concentrations in the permeate and feed influent,
respectivelyw 'Yis water recovery; an is Li rejection. Bothw 'Yand'Y are modulescale
performance metrics. As we will show shortly, usivig evaluated with membrane coupons for
modulescale analysis can lead to inaccurate or even unphysical results. With the definitions of Li
purity and recovery, it becomes apparent that a successful Li/Mg separation should recover the
majority of Li from the feed solution and at the same timepce a permeate with a high Li purity
(Figure 3.1E). In other words, attaining only high Li recovery or high Li purity alone is

undesirable for the purpose of Li extractiéigure 3.1F).

We summarize and analyze literature data on the performance of NF membranes for Li/Mg
separation. We also tested the performance of several commercial membranes (NFX, NF90, and
NF270, Table B1) to benchmark performance comparison. Both the literature atataresults
from our experiments are compiledrigure 3.2 (see alsd@able B2). The feed MLR spans a wide
range from 5:1 to 120:1 and the Mgoncentrations vary by nearly two orders of magnitude
(Figure 3.2A). The feed composition is critical as it affe Li/Mg selectivity and directly impacts
Li purity via Eq (3.16).
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Figure 3.2 Summary of the performance of NF membranes used or developed for Li/Mg separation.

(A) Li* and Md*concentrations of the feed waters usethia study and studies reported in the literature,

with the M@*/Li* mass ratios (MLR) presented in dash lines (vary from 5:1 to 150:1). Data points on the
same dash line have the same MUR.Li* and Mdg* rejections of three commercial NF membratessed

in this study (NFX, NF90, and NF270) and membranes reported in the literature, WilgAiselectivity

(defined by Eq. 1) values presented in dash lines (vary from 5 to 100). Data points on the same dash line
have the same t/Mg?* selectivity. (C) Li*/Mg?* selectivity as a function of Mgrejection for three
commercial NF membranes tested in this study and membranes reported in the literature. The selectivity
has a strong dependence on?Mgjection, especially when Mtyejection is high(D) Li*/Mg?* selectivity

as a function of MLR, with the permeate Li purity (defined by Eg. 2) presented in dash lines (varies from
10% to 99%). Data points on the same dash line have the same purity. For all panels, circles represent data
from literature studig including polyamide membranes (legend: PA) and polyelectrolyte membranes
fabricated by layeby-layer deposition (legend: LbL); diamonds represent data collected in this study.

The rejections of l'iand Md* span a wide range of valuggdure 3.2B). The rejections
of Mg?* are typically higher than 70% and can even reach 99.9%. Thej&ction {Y ) varies
from -140% to 87%. Negative rejectiaf highly permeable ions (f) is a result of maintaining
Donnanequilibrium and is common in NF when the feed solution mixture has an abundance of
strongly rejected ctons (Mg*) and counteions that can easily permeate through the membrane

(CI)).86:88.93The permeation of Cpromotes the transport of the highly permeable cationtd.i
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maintain charge neutrality in the permeate solution, thereby resulting in a permeate with even

higher Li" concentration than that of the feed.

The Li/Mg selectivity,"Y y , is strongly sensitive to Mgrejection, especially when MY
rejection is hitp (Figure 3.2C). This dependence is also obvious from the definitioiygf (Eq.
(3.1)) in which the denominator 8 Y . The Li/Mg selectivity and the feed MLR together
determine the permeate Li purity, which ranges from below 10% to overBigus€ 3.2D). The

high sensitivity of Yy to'Y suggests that a very hig¥i; can be achieved even if'lions
are well rejected, provided that Kfgejection is near perfect. This propertysf; renders it an

insufficient performance metric as it overlooks the factor of Li recovery.

To illustrate the inadequacy of selectivity as a performance metric, a heuristic comparison
between two scenarios with the exact same Li/Mg selectivity (50) is mawdrable 3.1. Two
different separations with the same selectivity fall on the same Li/Mg selectivity liFigune
3.2B. The'Y and’Y are-80% and 96.4%, respectively, in the first scenario, and 95% and
99.9% in the second scenario. Li recoverty, is estimated by E¢3.17) to be 90% for the first
scenario but only 2.5% for second scenario whéYiis 50%. The extreme difference wft¥or
the two separations with the same Li/Mg selectivity clearly demonstrates why selectivity is an
inadequate metric. Because of the high sensitivity of Li/Mg selectivity tq especially when
'Y approaches 100%, a very high Li/Mg selectivity can dmhieved even whelY is

unacceptably high for any Li recovery.

Table 3.1 Performance comparison of two scenarios with the same Li/Mg selectivity

Scenario 1 Scenario 2
Li/Mg Selectivity 50
MLR=10 83.3%
Purity
MLR=50 50.0%
Li* Rejection -80% 95%
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Mg?* Rejection 96.4% 99.9%

WR=50% 90% 2.5%
LIR ®

WR=80% 144% 4.0%

@ The lithium recovery (LiR) calculated here is based on tHeetdisproved assumption of
WR-independent Liand Md* rejections.

Notably, applyingzg. (3.17) with aw Y of 80% in the first scenario predicts an unphysical
0 "tof 144%. The emergence of this unphysical prediction is attributable to the implicit'¥se of
measured using coupatale experiments in an equation (E8.17)) that should useY of
modulescale processes. While & of -80% is not uncommon in literaturigure 3.2B), those
reportedY values were measured using membrane couponsa§i€is nearly zero) with a
certain feed solution composition. To achiew® & of 80% with membrane modules, however,
the feed composition varies along the module due to the selective transport of water and ions. As
we will show,Y of a modulescale process cannot be highly negative. In other words, @i
>100% should not emerge in a modstmle analysis that correctly captures the mass transfer
behavior, which is the focus of the next section.

3.3.2Module-scale analysis of NFbased Li/Mg separation

We use the data of water flux and ion rejectiong @lyelectrolyte membrane coupon
measured with different feed compositioRgg(re 3.3B) as reported by He et 8 to extract the
permability of Li* (0 ) and Mg@* (0 ) and determine the correlation coefficients in Ef).
The polyelectrolyte membrane (named LblFigures 3.3B and 3.3C) was fabricated using layer
by-layer (LbL) deposition of poly sodium {gtyrenesulfonate) (PSSnd poly(allylamine)
hydrochloride (PAH)}%® Additionally, we measured the performance of commercial NF
membranes using the conditions (Methods Rigdire B1). The correlations of ion permeability
for these membranes are summarizedTable B3. In general) is one to two orders of
magnitude highr thand , and the linear correlations can provide reasonable predictions of the

permeabilities extracted from the SDEM model using experimental Eigiaré¢ 3.3C).
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Figure 3.3 Coupon-scale NFbased Li/Mg separation modeled by the SDEM mode{A) Representative
distributions of electrical potentiali), electric field (, and concentrations of My(3x | )andLP @)

across the active layer of a positively charged NF memb{@hE&rom top to bottom: permeate water flux,
Li*/Mg?* selectivity, fitted ion permeabilities, and measured rejections as a function of feed composition.
The composition comprises both total centration (g t2) and Mdg*/Li* (mass) ratio. Rejections and flux
data were r epor t%Ld/Mg*rselddtivity was caulbted dvish Eg. 1. ibal permeabilities
were fitted with the solutiodiffusion-electromigration (SDEM) mode(C) Fitted permeability extracted

from the SDEM model using experimental data vs. the predicted permeability obtained using the empirical
correlaton presented in Eq. 6 for three commercial NF membranes tested in this study and the LbL
polyelectrolyte memBP% @oncentratian pathezatientwasaatcoudted fos byuad y
assumednass transfer coefficient of 100 L2 for both LiCl and MgCl.

With a model to evaluate the local mass transfer in a differential element, we can now
extend the analysis to modtgdeale by numerically integrating the governing differential equations
for species conservation over a finite membrane area (Methods).Wwekegse our illustrative
analysis on the polyelectrolyte membrane and generate representative results to describe the
modulescale behaviors in NBased Li/Mg separation. Intuitively, the module behavior can be
described as a spatial distribution of smintproperties and separation performance along the

direction of the feed flow. However, a more universal representation is to replace the position in
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the module withw 'Y (up to that position) becausgYincreases as feed water flows past more

membranarea.

As more water is recovered, the ¥Mgoncentration in the retentate (i.e., the solution
remaining in the feed channel after partial water recovery) increases dramatically, whereas the
retentate Li concentration first increases and then decreasesvauall remains lowHigure
34A). The permeate concentrations of ahd Mdg* consistently increase with increasicogY
(Figure 34B). Here, we distinguish between the local and cumulative permeate concentrations:
the local concentrations are what abbhlave been measured using a membrane coupon with the
local feed composition, whereas the cumulative concentrations consider the cumulative ion and
water permeation preceding the position corresponding to the curig(ite.,, OA'W_ 0 A'Y
whereA'Yis the differential membrane area). Correspondingly, thand Md¢*rejections can also
be defined locally and cumulativelfigure 3.4C). While the local Li rejection can become
strongly negative (as observed with some membrane coupons), the cugrliifagjection cannot,

thereby preventing the erroneous inference of over 1D0g@shown inTable 3.1.
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Figure 3.4 Module-scale NFbased Li/Mg separation modeled by the SDEM modelA) Retentate
concentrations (inset is the magnified turve),(B) Permeate concentrations, g Rejectionginset is
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the magnified M§' curve) as a function of water recovery (WR). The dash curves with circles represent

il ocal val ues o0 whesreemats ftchuemusloaltiidv ec uvravieuse spr.e I n pa
concentration is obtained by applying the SDEM model to a differential module element using the retentate
concentration at the same position (as in panel A); whereas the cumulative conceistratitained

considering accumulation of ions from the permeate stream entering the differential module element. In
panel C, the local and cumulative rejections are calculated using the local and cumulative concentrations in
panel B, respectively. On thegght: (D) Retentate Mg/Li ratio (MLR)(E) Local and cumulative Li/Mg

selectivity, andF) Li recoveryas a function of WR. Simulation used 6 bar and a feed solution of LiCl and

MgCl. with 2 g L* total concentration and MLR of 2Qoncentration polarization was accounted for by a

mass transfer coefficient @00 L m? h'*for both LiCl and MgCl.

The nonmonotonic dependence of retentatédancentration o 'Y (Figure 3.4A inse)
is a direct result of local Lirejection transitioning from positive to negativeca® increases
(Figure 3.4C). Despite the low (but positivey at loww 'Y, the Li' in the retentate is still
concentrated with more water recovered, uU¥tilbecomes negative at high'Y. The stongly
negative rejection of Liat highw 'Yis a result of both high local MLR rati¢igure 3.4D) and
low local water flux due to diminishing driving force with increasing retentate osmotic pressure
(Figure B2). Notably, both the cumulative selectivitpcalocal selectivity drop with increasing
'Y (Figure 3.4E) despite the progressively more favorablegarmeation at higheb 'Y (Figure
3.4C), which can be explained by the noticeable reductiolr ofwith increasingo Y (Figure
34C inse) and the high sensitivity ofyy to'Y (Eg. (3.1)). The drop in local Li/Mg
selectivity is a result of both the varying retentate compositiagufe 3.4A) and water flux, as
selectivity could be substantially compromised when the water flux iww@Appendix B and
Figure B3). Lastly, Li recoveryp "Q¥creases monotonically as more water is recovétigdie
3.4F).

3.3.3Performance tradeoff in NF operation

From an operational perspective, the modidale analysis reveals an intrinsic traifidetween
the (cumulative) selectivityY y , and Li recoveryp) "Q'For a singlestage NF process with a
given applied pressure and influent feed flowrate, a highi¥ican be achieved by providing more
membrane area. Increasing'Y increasesO(Y (Figure 3.4F) but at the cost of reduced

"Yy (Figure 3.4E), resulting in the tradeoff betweé¥iy and0 "Q(Figure 3.5A).
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Figure 3.5 Tradeoff between Li/Mg selectivity and Li recovery.(A) Tradeoff between cumulative
selectivity and Li recovery at different applied pressures. At a given pressure, the Li recovery increases
when more water is recovered. The values of water recovery (WR) are also provided. Each dash curve
connects data pointsdm the same WR obtained using different applied pressuresifib&tions were
performed using an applied pressure of 1, 2, 4, 6 and 8 bar and a feed solution of LiCl anditMdCq

L total concentration and an MLR of 2B) Couponscale selectity as a function of water flux with a

feed MLR of 20 and a total concentration of 2fdnd 6 g LX. The applied pressure varies up to 10 bar to

vary the water flux.Concentration polarization was accounted for by an assorass transfer coefficient

of 100 L m? h*for both LiCl and MgCl.

The characteristic curve quantifying the tradeoff betw&ep and0 "QYiamely the
operational tradeoff curve, depends on the applied pressureyhich affects the water flux. At
a loww () water permeates through the membrane at a lower rate. However, the ion fluxes are not
affected proportionally due to the negligible advective ion transport in NF. Therefore, operating
NF at lowerw Denhances the relative jpermeation as compared tater permeation, which
results in a higheb "QaAY the samey 'Y and thereby shifts the tradeoff curve toward the right (see
dash curves ifrigure 3.5A). This effect of enhancdd "QaY the samev "Yis more prominent at a
higher Y. Notably, the maixnum w 'Y achievable with unlimited membrane area is also
dependent omo () as water permeation stops wheh reacheso 0 In the extreme case of

applying only 1 bar, the maximum attainatiléYand0 "Qare ~10% and ~22%, respectively.

In the rame of low®'Y, "Yy increases considerably asidecreases from 8 bar to 4

bar, i.e., reducing band water flux in this range also shifts the tradeoff curveigpife 3.5A).
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However, further reducing Obelow 4 bar compromisé¥ ;y (see reflection of dash curves in
Figure 5A). With aw 0of 1 bar,"Y; becomes very low. While the cumulative selectivity,
Y+ , has a complex dependence on multiple factors (e.g., water flux, feed composition) that
varies along the module, themmonotonic dependence of y can be explained by the flux

dependence of local selectivity as showfrigure 3.5B.

In the water flux regime typical of NF (gray regiorFigure 3.5B), local Li/Mg selectivity
decreases monotonically with increasingtevaflux due to concentration polarization (CP).
Specifically, because Mgions are far better rejected thari idns, the accumulation of Mgnear
the membrane surface is more severe thamihich results in a higher interfacial MLR at a higher
waterflux (Figure B4). A higher interfacial MLR is detrimental to local Li/Mg selectivity which
is strongly sensitive to Mg rejection, because a heightened interfacial>Mgpncentration
compromises MY rejection Figure B5). In the very low water flux regime (yellow region in
Figure 3.5B, untypical of NF), local Li/Mg selectivity drops dramatically with decreasing water
flux due to the significantly reduced reject

e f f e ecAud€Y y Bis much more sensitive to Mgejection than to Lirejection, reducing

the rejections of all ions leads to a dramatic droYip

Because selectivity is related to the permeate Li purity,via Eq (3.3), the tradeoff
betweenriY y and0 "(presented ifrigure 3.5A can be directly converted to a tradeoff between
— and0 "Ofor a given feed MLRKigure B6). At a given applied pressure, the tradeoff between
the two important performance metrics in Li/Mg separation sugtestsecovering more Liby
using a larger membrane area will inevitably yield a permeate stream with aJowafithin the
typical range of NF flux)Yy and0 "Q¥n be simultaneously improved by operating NF at a
lower pressure to reduce watknd Additionally, the tradeoff curve can also be shifted toward a
more favorable direction when a bebettecert onelmd r s

discussed below.

3.3.4Performance metrics of NF membrane for Li/Mg separation
What exactly i s a fibetter membranedo in the co

to the vibrant and growing community for developing high performance NF membranes for Li/Mg
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separation. While many previous papers in this field compare meenpeaformance in a plot of
Li/Mg selectivity vs. water permeabilityX vs.0 ), we have demonstrated why; is an
insufficient metric Table 3.1). We have also shown that a high water flux is detrimental to both
Li selectivity (orpurity) and recoveryRigure 3.5). Therefore, a high seems at odds with the

success criteria for Li/Mg separation.

Selectivity is defined based on rejections which are less intrinsic than permeabilities,
whereas membrane performance is more comnouaytified based on permeabilities. Although
one may rightfully argue that permeabilities are also not entirely intrinsic properties, they are more
intrinsic than rejections and are adopted in the most widely used framework for evaluating
membrane perforance for watesolute separation. Selectivity in watmlute separation is
defined based on the ratio between water permeability 4nd solute permeability0(). The
water/solute selectivity 70 ) is usually plotted against the water permeability) to illustrate
the permselectivity of membrane&:1%"1%However, such a performance evaluation framework
based o F0 vs.0 is clearly inappropriate for Li/Mg separation with very different success

criteria compared to wateolute separation.

Not only an ideal NF membrane for Li/Mgparation should enable fast transport and
slow Mg?* transport so that selective permeation dfohier Mgf* can be achieved to maximize Li
purity, but it should also favor Lpermeation over water permeation to promotestovery. If
water permeatin is very fast yet Lipermeation is very slow, only a small fraction of in the
feed solution will end up in the permeate. Given these considerations, we propose that the
performance of an NF membrane for Li/Mg separation should be evaluated base® on
permeability ratios) 70 and0 F0 (Figure 3.6A). A highd F0 favors Li/Mg selectivity
and Li purity, whereas a high 70 favors Li recovery. These two permeability ratios directly

correspond to the two success criteria inldiSed LiMg separation.
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Figure 3.6 Performance metrics of NF membrane for Li/Mg separation.(A) Ratio between Li
permeability and Mg permeabilityP(i/Pvg) vs. ratio between Li permeability and water permeability
(Pu/Py). This evaluation framework applies to extracting Li, or more generally, the ions enriched in the
permeate. Increasirigi/Pwimproves Li recovery, whereas increasiigPvg enhances permeate Li purity.

(B) Ratio between Li permeability and Mg permeabilRy:/Pwg) vs. ratio between water permeability and

Mg permeability P./Pug). This evaluation framework applies to extracting Mg, or more generally, the ions
enriched in the brine. The size of the data goguantifies the water permeabilif, (see legend). The
permeabilities are extracted using the SDEM model with an assumed mass transfer coefficient of 100 L m
2 hlfor both LiCl and MgCi.

Like watersolute separation, a membrane with a highercan reduce the energy
consumption and/or membrane area for a given feed flowrate, thereby reducing overall cost of the
separatiof®®! In Li/Mg separation, however, a highér is beneficial only if it does not
compromis&) 0 , becaus® Q¥ likely a more important performance metric than water flux

or volumespecific energy consumption. In a bubble plobof0 vs.0 70 , whered may be

guantified by t hEgueB&AE, odnt hdedbumtbtbbe@n®d®ni & h

upper right of the plot. The concept of a performance upper bound commonly employed for perm
selectivity in wateisolute separation also applies here to describe the tradeoff between Li purity
and recovery. Future studies on developing {ggfiormance NF membranes should aim to

populate the bubble plot beyond the current upper bound.

Thed 70 vs.0 F0 bubble plot should be used with caution when comparing
membrane performance. Ideally, all data points in this plot should be obtaingdhe same feed

composition and operating conditions, which is not necessarily the case across different studies.
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These testing conditions impact membrane performance, which is evident from the mild scattering
of performance for a given membrane testedifferent conditionsKigure 3.6A andTable B4).
Future studies on membrane development should converge to a unified testing protocol for

performance comparison on thef0 vs.0 70 bubble plot.

3.3.5Extending performance metrics of NFmembrane for recovering ions in the brine

While the current analysis primarily focuses on Li extraction where the ions enriched in the
permeate (i.e., ) are the product, the analysis framework can readily be extended to other
selective solute separatiorhere the ions retained in brine are the product (e.g., rare earth metal
recovery)i% Without collecting new sets of data for such applications, here we analyze the same
dataset for Li/Mg separation but for a hypothetical scenario wheré Mgs are the product
(Figure 3.6B). The success criteria for such an application are clearly Mg purity and recovery.
Analogous to how we evaluate membrane performance for Li extraction, herefihe ratio
remains important as it determines the Mg purity in the brine stream. Unlikstiaction,
however, the relevant membrane property to Mg recovaiy® . A high water permeability,

0 , does not only improve performance from an energy or kinetic perspective as in conventional
watersolute separation, but also benefits Mg kexrg by ensuring that only a small fraction of
Mg?* ions in the feed stream will end up in the permeate stream when most water permeates
through the membrane. These two membrane performance metrics for Mg recovery using NF
based Li/Mg separatio®, 70 and0 F0 , positively correlate with each other based on data
evaluated from literature using the SDEM modtedj(ire 3.6B). In other words, there is no tradeoff

at the membrane level when Miased Li/Mg separation is used toward Mg recovery.

3.4 Perspectives and Outlook

Our analysis demonstrates that the existing framework for evaluating NF performance in water
treatment is inadequate for quantifying NF performance for selective-solutte separation. The
performance metrics in the existinguinework mismatch the success criteria for selective solute
solute separation when the goal is to extract a target solute as the desired product. Li/Mg separation

is chosen as an example for illustrating such a mismatch and for developing a suitable fkamewo
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for evaluating process and membrane performance. kbdsEd Li/Mg separation, the key
performance metrics at the process level should be Li/Mg selectivity (or Li purity) and Li
recovery notwater permeability as currently used. The consideration s tia metrics results

in important tradeoff relations for operation optimization and membrane development.

From an operation perspective, process optimization of NF for Li/Mg separation should
focus on Li purity and recovery which are constraint by deto#f relation Figure 3.5). Factors
that are critical in water treatment, such as energy consumption and membrane cost, are likely less
important in Li/Mg separation due to Li being a commodity with a much higher economic value
than water. From membranewtlopment perspective, NF membranes for Li/Mg separation should

be evaluated using thie 70 vs.0 70 bubble plot Figure 3.6), which captures membrane

properties most relevant to the success criteria of Li/Mg separation.

We also demonstrate hdwis analysis framework can readily extend to another general
category of selective solute separation where ions in the brine are the target ions of extraction.
We believe this general analysis framework featuring target ions purity and recovery will guide
future endeavors in process innovation and optimization and the development of high

performance NF membranes for selective sedaleite separation.

Abbreviations Description

(by first
appearance)
NF Nanofiltration
RO Reverse osmosis

TFC-PA Thin-film composite polyamide
ICP-OES Inductively coupled plasma optical emission spectrometry

CP Concentration polarization
SD Solutiondiffusion
MLR Mg to Li massratio
SDEM Solutiondiffusion-electromigration
WR Water recovery
LIR Lithium recovery
LbL Layerby-layer
PSS Poly sodium (4styrenesulfonate)
PAH Poly(allylamine) hydrochloride
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Symbols Description

Y Selectivity
Y Rejection
0 Flux
&) Concentration
0 Permeability
. Electrical potential
@ Transmembrane coordinatermalized by the membrane thickness
o} lon valence
| Fitting coefficients
ko) Mass transfer coefficient
w0 Transmembrane difference of hydrostatic pressure
o Transmembrane difference @$moticpressure
w'Y Water recovery
0w Molecularweight
Y Ideal gas constant
Y Absolute temperatrue
Yo Permeate volume change
Yo Time period
0 Filtration area
- Purity
DO0Y Mg to Li mass ratio
0" Li recovery
0 Flow rate
Subscripts
and
superscripts
f Feed
p permeate
w Water (or permeate)
cum Cumulative
loc Local
fm Feedmembrane interface
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CHAPTER 4:MULTI-PASS NANOFILTRATION FOR HIGH LITHIUM RECOVERY AND
PURITY

4.1 Introduction

Lithium (Li) has become one of the most valuable resources in fheettury with a sharp
increase in demand due to its applications in battery and estngge industrie®: ! OLi* is
abundant in the salt brine lakes, though at a relatively low concentration compared to -other co
existing cations, especially magnesium (Mg), which usually exists at tens to hundreds of times
higher concentratiof? Li* is usually recovered in the form of hydroxide and carbonate
compounds. However, the incomplete separation ofrbimn Mg?* can severely compromise the

final product purity. Thus, Li/Mg separation poses a critical challenge in the Li extraction process.
Conventional evaporation/precipitatidvased Li/Mg separation approach requires a large
footprint and substantial amount dfamicals and cannot effectively handle brines with high*Mg

to Li* mass ratio (MLR)?>*® Nanofiltration (NF), which can separate monovalent and divalent

ions, has been extensively studied and applied to Li/Mg separation due to its system compactness

and modularity, and process sustainabflity.

NF membranes have sulanometer pores and charged functional groups that allow them

to selectively transport ions by steric, dielectric, Donnan exclusions, and dehydration mechanisms.

The selectivity of monovalent and divalent ions stems from the difference in ion size, vafehce,
mobility. While the Li/Mg selectivity of most commercial and Jalistomized NF membranes is
typically lower than 30, with some exceptional membranes achieving 8841%0such
selectivity corresponds to a product purity of 10%~90% when treating a typical brine with high
MLR (e.g., 10~120) in a single pass of filtration, which fails to meet the strict industrial
requirements of product purity (e.g., 98%~99.9%) without additional chemical purification.
Besidesthemateridl e vel | i mit of membr an éa@ndMg, whichmay si ¢
be substantially improved with a better design of membrane mlatend structure (e.g.,
incorporating coordination chemist3)?8:193111.115 gperational tradeoff exists at procssale
between the two success criteria for Li extraction, Li/Mg selectivity and Li recovery. Selectivity

inevitably reduces as more'lis recovered in a single pass filtration process. Therefore, innovation
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and optimization of the current Ndased Li/Mg separation process are necessary to improve both

Li/Mg selectivity (i.e., product purity) and Li recovery simultaneously.

Multi-pass filtation is a straightforward and effective way to improve product ptiity.
Two or three passes of reverse osmosis is adopted in seawater desalination and wastewater
purification as the feed streams contain small and neutral compounds (e.g., boron and some
micropollutants) that cannot be pecfly rejected in a single pa8$:1*>Similarly, a multipass NF
process, where the permeate of each pass is repressurized to feed to the nexfupasgsl), is
supposed to have higher Li/Mg selectivity by rejecting the less permeable &% fddgnultiple
times. Similar approach hasdreemployed in selective electrodialysis for Li/Mg separation. A
four-stage electrodialysis module was validated experimentally to enhance the Li/Mg selectivity
by orders of magnitud&.Howeve, the overall Li recovery can be lower in the mypliss process
if the brines are disposed directly after each filtration pass as 100% water recovery or Li recovery
is unlikely to achieve in any single pass. To address this issue, the brine of edobypasssthe
1%t pass may cycle back to the previous pass as an additional feed (dash afFayuser#.1).
With recirculation, the mukpass process has only one main brine stream fromtpask, and
one main permeate stream (i.e., product stream) finenhast pass, thereby mitigating the loss of

Li* in the process.

Brine 1
(Qs1.Ca1)
Permeate 1
Feed % (Qps,Cpr)
(Qo.Co) )
Brine 3
(Qp3.Cg3)
Brine 2
(Qgz Ca2)
Permeate 2 =
(Qpz,Cp2) @/
/'. ?
3 Pass
@,,/ Final
> /,:; permeate
“ (Qrcp)
Nt Pass

Figure 4.1 Schematics of the multipass NF process for Li/Mg separationThe permeate of Npass is
the feed of N+1 pass. The brine of Npass recirculates back to the feed ef'Npass. Each pass can be
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operated at different pressure and water recovery. Passes betweé&hnatie 18" pass, and pumps for
pressurizing streams and recirculation are omitted for simplicity.

In this study, wdirst conduct experiments to evaluate the Li/Mg separation performance
of a threepass NF process without recirculation under varying operating pressure, using a simple
Li/Mg mixture as the feed solution. We then investigate the impacts-ekisting catbns on
Li/Mg selectivity and Li recovery of the mulgass process. Finally, we extend the analysis to
predicting the performance of mufiass Li/Mg separation with brine recirculation by applying a
modulescale NF model.

4.2 Materials and Methods

4.2.1Experiments of multi-pass NF without recirculation

Li/Mg NF separation experiments were carried out using a commercial polyhased spiral
wound NF membrane module, NF812 (Synder Filtration, USA), in a latustomized crossflow
filtration system. Eféctive membrane area of the module is 0.37Rure water permeability was
first measured after prompaction of the membrane. Li/Mg separation was then conducted with

synthetic brines at different pressure in a sbarich mode, i.e., circulating theine stream back

to the feed tank and collecting the permeate stream in a separate tank until the target water recovery

was achieved. The target water recovery was set as 75% fo¥ pasg, and 85% for thé®and
39 passes. A balance was used to rfmrthe mass increase of permeate tank over time for water

recovery estimation.

A simple mixture of 3.4 mM LiCl and 19.6 mM MgfWas first used as the initial feed
solution to test mukipass separation performance. The concentrations'¢28i8 mg L) and
Mg?* (470.4 mg [Y) represent a diluted brine with a MLR of 20 (i.e., an average MLR for natural
brine lakes). A more complicate and practical brine composifiablé C1) was then tested to
study the impacts of eexisting cations on the mupassLi/Mg separation. Feed and permeate
solutions were sampled at different water recovery with a sampling volume of 1 mL per sample.
Permeate flowing out of the spiabund module and permeate after mixing in the collection tank

were sampled separately,ance r e ref erred to as the Ol ocal
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respectively. Cationoncentrations of collected samples were measured by inductively coupled

plasma optical emission spectroscopy. For rpdss filtration experiments without recircudet,
each pass was conducted sequentially with the permeate composition used as the feed composition

for the next pass.
The localpermeate fluxy , at different water recovery was determined using the following

equation:
(4.1)

whereYd is the permeate tank mass change in a short time perdalanidd is the effective
filtration area of the membrane module. The observed local ion rejection at a certain water

recovery,Y 'Y, was calcualted as
0 ©'Y

Y Y — 4.2
P W WY (42)

where G and @f are concentrations of the target ion in the local permeate and brine,

respectively. While the cumulative ion rejection, , was calcualted as

' L (:)F1 W'Y
Y ®Y p ——— (4.3)
Wn
where®, is the concentration of the target ion in the cumulative permeat@yaiscthe initial

feed concentration of the current pass. The Li/Mg selectivity or separation facgor, is defined

as?
. p Y
Yy k p—Y (4.4)

Product purity € ) is related to the MLR of the feed solution and the Li/Mg selectivity via the

following equation:
P
T 5 00wy, (4.5)

Li recovery ( 1), defined as the mass fraction of im the feed that is eventually recovered in

the permeate, can be quantified by
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0 ©Yp Y (4.6)

4.2.2Modeling multi-pass NF with recirculation

A modulescale NF model for mixture solutions was applied to evaluate the Li/Mg separation
performance of the muipass NF process, in which the local mass transport across the membrane
was described by the solution diffusion electromigration model (SCER}*“The model was

first validated by comparing predictions to the experimental results of-pagd NF without
recirculation. The analysis was then extended to the 4padis system with reculation for

different number of passes. Steady state operation was assumed. More details about the modeling
are provided in théppendix C.

4.3 Results and Discussion

4.3.1Tradeoff between selectivity and recovery immulti -pass Li/Mg separation

Li/Mg separation performance of a thgss NF process without recirculation was first tested
with the simple Li/Mg feed. Lirejection increases with number of passes, whilé*Mgjection
decreasesHgure 4.2A and 4.2B). Negative rejectiomf Li* is common in mixed salts NF as a
result of maintaining Donnan equilibrium when the feed solution is in abundance of strongly
rejected Md* while Cf can easily permeate through the memb£&i@%The permeation of Cl
promotes the transport of ltib maintain charge neutigl in the permeate solution. The locaf Li
rejection in the ¥ pass can be strongly negative when water recovery increfigese(4.2A),

mainly due to both the increasing local MLR and decreasing local water flux as driving force
diminishes with the imeasing brine osmotic pressuFggure C1). Li* rejection becomes positive

in the 29pass and further increases in tHgass as most Mgis rejected in theSipass and MLR
drops by an order of magnitude after each gaigsife C2). NFX membrane is mgtively charged
around neutral pH, but the adsorption of multivalent cations (e.d) Mygcarboxylic functional
groups can lead to charge reversal (i.e., becomes positively ch&fyetjch benefits the high
rejection of M@" and thus the increase of Li/Mg selectivityith substantially reduced My
concentration in the"@and 3 passesRigure C2), the charge reversal effect is weakened and
thus the membrane becomes less positively charged, which may explain the decrea$e of Mg

rejection over passes.
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Figure 4.2 Performance of a threepass Li/Mg separation process(A-B) Local and cumulative Li
rejection (A) and Mg rejection (B) as a function of water recovery in each pass. (C) Li/Mg selectivity
versus Li recovery in each pagsessure in panels {8) was 6 bar. (D) Overall Li/Mg selectivity and Li
recovery variation with number of passes using different pressure. Feed solution was the simple LiCl/MgCI
mixture.

Li/Mg selectivity is sensitive to Mg rejection by definition (Eg4.4), especially when
Mg?* is well rejected (e.glY > 959%). Thus, the tradeoff between Li/Mg selectivity and Li
recovery is most obvious in thé pass where the selectivity drops from 60 to less than 30 as Li
recovery increases from 0 to over 90Btg(re 4.2C). The tradeoff still exists in the€'®and 3
passes though the curves become flaBgyufe 4.2C), as the selectivity (<15) is much lower due
to the decreased Mirejection and increased*Liejection. The tradeoff between selectivity and
recovery is affected by applied pressure or permeateFRiguie C3). Although a higher pressure

allows to achieve a higher water recovery, especially in theass where the osmotic pressure
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accumulates with water recovery fast, the higher water fluseth by higher operating pressure

can be detrimental to Li recovery. Because only a small fractionof thie feed solution can be
recovered to the permeate if the water permeation is much faster tipg@nrheation. The pressure

also has a neamonotonc impact on the Li/Mg selectivity. The lower selectivity in the low pressure
range is due to the weakened Adilution effect
range is a result of enhanced concentration polarization effect. The properepoessater flux

for optimal Li/Mg selectivity depends on both the membrane and feed solution composition.
Overall, the Li/Mg selectivity exceeds 100 with tHé2ass for all tested pressure, and can achieve
1000~2000 (equivalent to a purity of 98%~99%@rthe 3¢ pass except for the 8 bar caBg(re

4.2D). However, the cumulative loss of Li recovery (~40%) is also substantially higher than the
singlepass process, which may be mitigated by recovering more water in each single pass and by
inducing thebrine recirculation strategy.

4.3.2Ilmpacts of coexisting cations on multipass Li/Mg separation

A mixture of LiCl, MgChk, CaC}, KCI, and NaCl Table C1) was tested as the feed to validate the
effectiveness of mukpass NF for enhancing Li/Mgglectivity in a more practical scenario. ¥g
shows the highest rejections (85%~95%), whilé'@gjection is lower but still over 80%. Nand

K™ have similar rejections as’L{Table C2). Both Mg/Li and Ca/Li mass ratio drops by an order

of magnitude dér each pass, while Na/Li and K/Li mass ratio maintains almost unchanged over
the three passeBifure 4.3A). Therefore, the NFX membrane is effective to separate monovalent
ions from divalent ions, but it shows no selectivity to monovalent cation paesmpact of each
co-existing cation (e.g., G§ K" and N&) on the Li/Mg selectivity has been investigated
individually in the literature usually at the coupseale (i.e., zero water recovefy§,but rarely
tested in a mixture and with a high water recovery. The existence?dbisQaported to increase
Li/Mg selectivity!!® as C&" usually has a similar rejection as Mg which increases the
divalent/monovalent cation ratio and thus fort&srejection to be more negative to balance the
transport of Cl Meanwhile, the existence of other monovalent cation5,0N&", is reported to
decrease Li/Mg selectivit}$® because both Naand K" have a smaller hydrated radius thaf Li

and thus are preferably transferred across the membrane with less hindrance (both at interfacial
partition and inta-pore transport), or in other words, with a lower energy barrier. Whéh Ka
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and Nd co-existin the feed mixture, their individual impact on Li/Mg selectivity offsets each other
to some extent, and thus the observed overall Li/Mg selectivity afteipees is similar as or even
higher than that measured with the simple Li/Mg fdadure 4.3B). The overall Li/Mg selectivity
with complex feed approaches 2000 (equivalent to 99% purity) aftertipass. However, Li
recovery is further reduced when?Ga* and Nd co-exist, mainly due to the preferable transport

of K* and N& over Li".

Ma/Li CallLi Simple feed
(A) 17— (B) 10' i
Overall
> Purity = 99%
— 10"} - = e o o7
€0 g 10 - ol - - — - - - 98%
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Figure 4.3 Impacts of coexisting cations on the performance of a threpass Li/Mg separation
process.(A) Mass ratio of ceexistingcations to Lf in the feed and the permeate of each pass. (B) Overall
Li/Mg selectivity and Li recovery variation with number of passes for simple feed and complex feed. Water
recovery was 75% for theé'pass and 85% for the rest. Pressure was 6 bar.

4.3.3High selectivity and recovery achieved simultaneously with brine recirculation

The Li/Mg separation performance of a fquass NF process with brine recirculation was analyzed

via modulescale modeling approach. The local ion transport across the membrane in the module
scale NF model is characterized by ion permeabilities in the Shiedlel. lon permeability
depends on both membrane properties and solution composition. Experimental results ofthe three
pass filtration without recirculation were used to fitand Md* ion permeabilities under different
pressure and water recovery. ¥Mgermeability increases over an order of magnitude over the
three passes, corresponding to the rejection reduction from 95% to &gaiia 4.2B, while Li*
permeability variation is much lesggble C3). An empirical correlation (EqC4 andTable C4)
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suaessfully captures the ion permeability variation as a function*aind Mg* concentrations

in the brine stream after accounting for concentration polarizatignre C4). The modulescale

NF model was then validated by predicting similar Li/Mg sel@gtiand Li recovery in a three

pass process without brine recirculation as experimental reBidgtg€ C5). The model further
predicts the Li/Mg selectivity can exceed 4000 (equivalent to 99.5% purity) after -pdesir
filtration without brine recirculigon, though accompanied by substantial Li recovery loss (i.e.,
15~20%) in each pass of th& 2o 4" passes (dash line Figure 4.4). The analysis was next
extended to include brine recirculation. A high Li/Mg selectivity (4889) and high Li recovery
(96.6%) can be achieved simultaneously with four passes and brine recirculation (solid line in
Figure 4.4). The tradeoff between selectivity and recovery is predicted to be overcome with
recirculation. The mukpass NF process leverages the high Li reco(®®%%) achieved in the

1%t pass and thus avoids any Li loss in the rest passes. lon concentrations in each stream of a four

pass filtration process are tabulatédlfle C5).
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Figure 4.4 Lithium recovery of multi -pass Li/Mg sparation process enhanced by recirculation.
Overall Li/Mg selectivity and Li recovery was simulated with and without recirculation for four passes.
Feed solution was the simple LiCl/MgQhixture. Pressure was 6 bar. Water recovery was set as 80% for
the P! pass and 90% for the rest. Mass transfer coefficient of 1007 lhhnwas used to account for
concentration polarization.
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4.4 Implications

NF process is promising to extract' lfrom brine lakes with high mass ratio of ffgto Li*.
However, the Li/Mg selectivity of currently available NF membranes is not high enough to satisfy
the industrial product purity requirements in a siqgges filtration. The muHpass NF process

with brinerecirculation proposed in this study can achieve iigh selectivity without sacrificing

Li recovery. The performance may be further enhanced by optimizing the operating pressure and
water recovery in each pass, and by applying a better NF membrireeaaslysis here was only
based on a commercial NF membrane. The proposed process is expected to be effective for
simultaneous high selectivity and recovery in other sedatete separations, like nutrient recovery

from wastewaters.

Abbreviations Description

(by first
appearance)
NF Nanofiltration
RO Reverse osmosis
ICP-OES Inductively coupled plasma optical emission spectrometry
CP Concentration polarization
MLR Mg to Li masgatio
SDEM Solutiondiffusion-electromigration
WR Water recovery
LiR Lithium recovery

Symbols Description

Y Selectivity
Y Rejection
0 Flux
@ Concentration
0 Permeability

Electrical potential
Transmembrane coordinate normalized by the membrane thickness
a lon valence

- e
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Subscripts
and
superscripts
f

p
w
cum
loc

Fitting coefficients

Mass transfer coefficient

Transmembrane difference of hydrostatic pressure
Transmembrane difference @$moticpressure
Water recovery

Permeate mass change

Time period

Filtration area

Purity

Mg to Li masgatio

Li recovery

Flow rate

Feed

permeate

Water (or permeate)
Cumulative

Local

brine
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CHAPTER 5:EXTENDED DONNAN-MANNING THEORY FOR SELECTIVE ION
PARTITION AND TRANSPORT IN ION EXCHANGE MEMBRANE

This chapter is adapted froBxtended Donnaianning Theory for Selective lon Partition and
Transport in lon Exchange Membratteat has ben submitted tdournal of Membrane Science
for peerreviewand has been reproduced with the permission-@utbors, Ravindra Duddu and
Shihong Lin.

5.1 Introduction

Precise solutsolute separation is a topic of growing interest due to its relevance in resource
extracton from brine lakes and seawater (e.g., lithium and rare earth elements extraction) and
nutrient recovery from wastewaters (e.g., nitrogen and phosphorus recyéfngjt’
Electrodialysis (ED) is one of the most promising membrane processes for selective ion
separatiorn’®4%. The key components @h govern the performance of an ED process are ion
exchange membranes (IEMs) which are dense polymer matrices with high density of fixed charge
groups. IEMs allow the transport of couniens and repel cmns and can thus achieve the
separation of speaewith opposite charges. Historically, an ED process using alternately stacked
cation exchange membranes (CEMs) and anion exchange membranes (AEMs) has been
investigated most extensively for desalinatfdfi*?®. However, recent studies have started to
investigate ED for selective separations, h o
charged species based alence difference and/or difference in-o@mbrane affinity*121124

To guide the design ofext generation IEMs for the specific application of-ion separation,
fundamental understanding and quantitative description of selective ion transport through IEMs

are critical.

lon transport across the IEMs can be described by ion partition at twtmsohembrane
interfaces and ion transport inside the IEMs. Couiatieiselectivity of IEMs can be approximated
by a product of partition selectivity at interfaces and mobility selectivity inside the menibtahe
A desired IEM with high selectivity toward the ion of interest should prefer the partition and
transport of target ion inside the membrane. To guide the design of IEMs with better selective
sepaation ability, a mechanistic model that can relate selectivity with membrane structural and

chemical properties is desired but still under development.
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lon partition to IEMs can be measured by static sorption experim&ht€. Donnan
equilibrium is usually applied to predict the ion partitiat solutioramembrane interfaces but it
only accounts for electrostatic effects. Other models beyond the ideal Donnan model have been
proposed to describe the ion partition. DonAdinity model groups any noideal behavior
during partition to an affiny term which results in a simple model with good fitting ability but
lacks mechanistic insights on how to design better IE#?° The DonnasManning model
appl i es ddanteaon comgdénsation theory to describe ion transport across IEMs more
mechanistically but has only been validated with single £a184132 However, ion transport with
mixed salts can be very different from that with single salts and only mixed saltsetiegily

relevant under the context of any selective separ&tfon

lon transport inside the IEMs can be described by the NBtastk equations buequires
the knowledge of accurate irtnaembrane ion diffusivity. lon diffusivity can be measured from
salt diffusion experiments and membrane conductivity measurements for single salts or fitted from
ED experiments with the prior measurement of ionifp@ntfor mixed salt$3134 Tortuosity effect
is usually the only effect considered when modeling the diffusivity inmpexi inside IEMs2°,
Recentl vy, model s based on Manningds theory
electrostatic effect of fixed charges on ion diffusivity, but only for single $&s® Extension
and validation of these models to mixed salts are necessary for the investigation oficounter
selectivity of IEMs.

In this study, we first generalie t h e Ma n rionrcapndessationomoadek tcemixed
salts. The generalized model is then validated with results from recent literature/rfayndi
valent and mondmonacvalent ion partition experiments using both CEMs and AEMs. We also
compare the geeralized DonnaiManning model with the ideal Donnan model and the Donnan
Affinity model on countefion selectivity and céon partition. We next discuss the impacts of
membrane properties on counien partition selectivity. Finally, we compare the model
predictions of mobility selectivity to experimental results and discuss the possible reasons of the

observed deviation.

5.2 Theory and Methods
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5.2.1 lorrion selectivity
The ion flux across the IEM) [mol m? s], can be modeled using the extendéernstPlanck

equations, considering advection flux, diffusion flux and elegtigration flux:

s oo 0™ a0 OF 4 FeF8 G (5.1)
0 U ® i 000 g p 0 .

whereb [m s?] is the apparent water velocity across the membi@nelm? s?] is the ion

diffusion coefficient inside the membrarte, [mol m3] is thei® ion concentration per volume of
solution inside the IEMgis the coordinate perpendicular to the membrane suidaiethe ion
charge valence, [V] is the electrical potential0[96487 C mof], 'Y[8.314 J mof K] and"Y
[K] are Faraday constant, ideal gas constant and absolute temperature, respéctivelymber
of ion species. loion selectivity of a membrane proced,, is defined as the ratio of feed
concentratiomormalized ion fluxes between speci@nd’125133 When electramigration
dominates the ion transport over diffusion and advection as in an ED process, the first two terms
in Eq. 6.1) for ion flux can be ignored and the t@mm selectivity can be approximated as the
product of ionpartition selectivity;Yy , and mobility selectivity;Y, 3012

0T 0 ao

T 3T 0 a0 Y Yy (5.2)
where( is the ion concentration of the (feed) solution phase concentrati@n of @ To is the
partition coefficient of ioriisame definitions apply for iof2 We note that the ion concentration
ratio at the feed solutiesmembraneinterface is used to evaluale, as the main target is to
selectively separate the ion of interest from the feed solfti®artition selectivity;Y; , is defined
as the ratio of partition coefficients. i.6. 0 . Mobility selectivity,"Yy , is defined as the ratof

ion mobility, 6 %6 inside the IEM, wheré a0 "O'Y"Yando a0 FY"Y

5.2.2 lon partition selectivity
5.2.2.1 Ideal Donnan model
At ion sorption equilibrium, the electrochemical potential of @@mside the IEM equals that in the

external solutiorf®:
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‘L YYT & a0 ‘YN & ao (5.3)
where' [, [J molY] is the standard state chemical potential,and’ are activity coefficients of
ion Gn the membrane phase (i.e., inside the IEM) and the solution phase (i.e., outside the IEM),
* [V]ande [V]are electrical potentials of the membrane phase and the solution phase. When
assuming ideal solution behavior of ions for both phases/(i.e., [ p), Eq. 6.3) simplifies

to:

~

© WOAgD—Y. (5.4)
whereYs » isthe Donnan potential across the solutimembrane interface and is same

for every ion. lon concentrations inside the IEM and the Donnan potential can Beltrezhusing

the local electraneutrality condition:

a0 W T (55)
whered [mol mJ] is the fixed charge density of the IEM per volume of absorbed solution (i.e.,
positive for AEMs and negative for CEMs) and is typically treated as spdtiathogeneous.

Thus, ion partition selectivity of the IEM with mixed salts can be expressed as:

~ ~
g g

"Y, kO Agb @ ¢
20 0T YUY

'~

Ve (5.6)

Eq. 6.6) means the ideal Donnan model predicts ion partition selectivity as a function of
valence difference and the Donnan potential which depends on the membrane charge density and
the external solution composition. E§.§) suggests thal; always equals one when ioigand

(thave the same valence, i.e., no selectivity isiptesfor ions with the same valence within the

Donnan model framework.

5.2.2.2 DonnagAffinity model
The DonnapAffinity (D -A) model assumes that there is a difference between the chemical

potential of the standard state of ions in the external solutign &nd that inside the IEM [;)

121,129

‘FOYNIO 4G ‘T YNMIH Ao (5.7)
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This difference is quantified By ‘I ‘[, where' [J molY] is the affinity (or excess
chemical potential) of ioitdue to all possible chemical and physical effects beyond the Donnan
effect considered in the ideal Donnan modél?® With this relatively flexible fitting parameter

that broadly accounts for multiple effects, including solution-ideality, the activity coefficients

of ions are arbitrated to be unity to maintain model simplicity (one way to interpret this treatment
is that the nonideal solution effects have been incorporated infoWith these assumptions, the

ion partition is given as:

r o a0,
W (L)A b v, %’ TY (5.8)
The partition selectivity of the IEM with mixed salts can be then expressed as:
a a’o. Y g
" —_— Y  — 59
Y, A@b v v (5.9)
where¥" r * is the affinity (toward the IEM) difference between id@mnd’Q A
positive ¥*  (i.e., " * ) means that ion speciéGis preferred over ion specié@in

partitioning into the IEM. We note that ion affinity is considered as an intrinsic property of the
ion-IEM pair and is independent of concentration. TFYgs,is a constant when iofi@nd’thave

the same valence, as the first term in the egpbaf Eq. $.9) equals zero and Ed.9) is reduced
toY, AQ ) 1 7Y Y. When using the A model, ion affinity terms are usually fitted from

experimental sorption data, and theoretical estimation is currently unavaffeisfe

5.2.2.3 DonnarManning model
Releasing the simplifying assumption of ideal solution behavior and without introducing an ion

affinity term as a fudge factor, Ed.8) can be written as:

O ! WAGD —Ye (5.10)
where the ion activity coefficient for an ion in the solution phase¢an be estimated using the
Pitzer modet®®®” To esti mate the ion activity-anoeffic
condensation theory has been applied for a single salt system (i.e., the salt contains only one anion
species and onation species)**!3! Based on this theory, the IEM is modeled as a dinksd
network of linear polyelectrolyte chains with spatially eventriiigtion of charges. When

describing the local interaction between the fixed charges and ions, the Manning parameter (also
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known as dimensionless linear charge density) is defined as ¥®, where_ Q7

1“- -Q"Y is the Bjerrum length andis the distance between fixed chargé€&'® The
6couingarercondensationd in the Manni ngaéonteF heory
ions inside the IEM tend to stay in the overlapping electric fields of two adjacent fixed charges
and behave differently from the free countars, if , exceeds a critical value, pfaq ,

whered is the counteion valence, In other wordspunter ion condensation occurs when

& _ . The uncondensed ions are treated using Detmakel approximation to account for paint

to-line electrostatic forces.

Ma nni n g 6-$n comdeneation theory has been successfully applied to describe
singlesalts partition to IEM3$26:130.140142 However, the model has yet to be extended to describe
mixed salts partition. The expressions for ion activity coefficients estimation lgrdemved for
single salts and cannot be directly applied to mixed $&1#8 Herein, we extend the expressions

for estimating ion activity coefficientsiis i de | EMs based®d% Manningos

When no counteion condensation occurs (i.e., , ),[  of both counteions and ce

ions can be estimated by:

- , DY
I —_— 511
[ B 4o (5.11)
Integrating Eq.%.10) and $.11), when no countéon condensation occurs, the partition
selectivity can be then expressed as:
G & O ,WSA &
Y - Agp 2+ % %, SORYe .

- 512
I YUY ¢B dw (512)
When countefon condensation occurs (i.e., , ), ccion and counteron activity coefficients
are given as:
- . W]
I 1 —_— 5.13
' (Baow (513)
- . EAE
I I I = 514
[k (03 CB Ao (5.14)

where’(; is the fraction of countapn (nside the IEM that is in the uncondensed state. Consider

a ternary case (i.e., two countens and one con for an IEM) and assume the partial
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condensation of both countiems #3 the uncondensed fraction of each couidarcan be

estimated by solving Eqs.05-5.16) simultaneously:

YL p G ad p QG WwWsp — (5.15)
Gp RTx Y
g'xs p ,\% 7‘% 'Y .,Y

where Eq. %$.15) describes that condensed cousitgrs screen a sufficient number of the fixed

(5.16)

charges, Eq.5(16) describes the countiem condensation equilibrium, aty 7 [J mol] is the
condensation energy difference between the two coimter!®®, Differe nt fr om Manni
original assumption that the multalent counteions would condense prior to monovalent ions,

we here assume all couniens partially condense simultaneously. Moreover, to keep simplicity

and reduce fitting parameters, we do not smety specify any finite volume effect of the

condensed countéons as Manning did, but consider it has been accounted 36r jn. Thus,

the partition selectivity when countem condensation occurs can be then expressed as:

w % ¢ ¢, , Ws&  «
vrRrP YV B as

(5.17)

We note that Eqs5(11, and5.13/ 5.15) reduce to single salts scenario where the system contains
only one counteion, i.e., when we have binary instead of ternary systemAppendix D for
derivation). The key step of generalization is to calculate the Debye screening parameter of the

mixed electrolytes.

5.2.3 Mobility selectivity
lon mobility inside IEMs is slower than that in the bulk solution due to both spatial andstattr
effects*>1%8 The spatial effect considers the tortuosity of free volumes inside the IEM and is

usually modeled by the MackMears model*%. The electrostatic effect of fixed charges on the

mobile ions has al so be eioncondedsatioretiiteoryy lput oMafarni n g 6
singlesaltd®>3%  Her e, we gener al3faiend¥asinityimpedirdentwighg u at i o
mixed salts:
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o . %o a

— —0 5.18
(@) Qﬁ C %o P (0) 0 ( )

where%o is water volume fraction and the term—— accounts for the tortuosity effect. The

parameteD is a function of andgvsand accounts for the electrostatic effect. When no counter

ion condensation occurs (i.e., , ),
5 S\ S— (5.19)
“, Wsa  a B aw
and when countdon condensation occurs (i.e., , ),
5 ST — (5.20)
“qsa a , B aw’Q
whered andd are two norzero summation indices (i.eq hx Tt ) that come from

the |l attice ass ump¥ Wenotethat Eqsb4l85120)cam deducettchsmgler y
salts scenario where the system contains only one ceont¢seeAppendix D for derivation).
Thus, countefon mobility selectivity inside the IEM can be then expressed as:

T o P (5.21)

Eq. 6.21) shows that the tortuosity effect cancels out in the mobility selectivitytasbonter

ions experience the effect to the same extent.

5.2.4 Model evaluation

In a recent work, Chen et aF® experimentally measured the equilibrium partition of KCI/NaCl
and CaCl/NaCl into a CEM (CSE, Astor€o., Japan), and the partition of Nap@aCl and
NaSQ/NaCl into an AEM (ASE, Astom Co., Japan) as a function of external total salt
concentration. In thodeatch adsorptionexperiments the concentrations of courdieins and ce

ions inside IEMs were meared. Here, we compare the three models, i.e., the standard Donnan

model, the Donnaaffinity (D-A) model, and the Donnakanning (D M) model, in their ability
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to fit the membrang@hase ion concentrations. The model inputs, outputs and fitting paraareters
summarized iMable 5.1 and the fitted parameters are summarizetiaile D2 andTable D3. In

the D-M model, we use thg value (for each IEM) fitted by Chen et &from single salt partition
experiments, as has been validated to be an intrinsic property of IEMs. We note that because the
co-ion concentration is roughly an order of magnitude lower thalcdbaterion concentration,

we used weighted fitting (with a weight of 10 for-iom concentration residuals) to avoid strong

bias toward the influence of couniens.

Table 5.1 Comparison of partition models with mixed salts

Ideal Donnan
D-A model D-M model
model
Inputs 0, 0 0, O @, 0, ,,
Outputs Q0 ,Ye 0 ,Ye @,V
Fitting parameters None ‘ (Eqg. £8)) Y + (Eq. 6.16))
Model structure Simple Simple Relatively complex

We further compare the three models using additional experimental results in literature,
including the partition of NaN¢INaCl and NaSQw/NaCl into AEMsmeasured in batch adsorption
experimentss a function of external salt concentration ratio as reported by Zod%t ahd the
batchpartition of KkSOQ/Na&SOQs and MgSQ/N&aSQO, into CEMsmeasured in batch adsorption
experimentsas reported by Luo et @?® The membrane properties and ther each IEM (as
reported by the authors) in these studies are summariZathieD1. We note that the IM model
and the DA model were applied to only fit counte&m concentrations inside IEMs from these two
studies, as both studies did not measuré¢ @on par ti ti on. Finall vy,
mobility model is applied to predithe mobility selectivity of different ion pairs and compared
with experimental results reported in the studies by Zou éf‘aand by Luo et all?® The
experimental mobility selectivity was estimated using BR)(with overall ionion selectivity

measured from ED experiments and partition selectivity from sorption experiments.
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5.3 Results and Discussion

5.3.1 Partition as a functian of external total salt concentration

Counter-ion partition and selectivity Experimental equilibrium partition results of #&la" and
Ca*/Na" into CSE and N@/CI and SG*/CI into ASE as a function of external total salt
concentration were fitted with the M model, the DA model and the ideal Donann modeéigure
5.1). The ideal Donnan model cannot differentiate couimtes with the same valence as valence
is the only ion secific property used in the model and thus it predicts same concentrations inside
IEMs for a pair of monovalent countems (Figure 5.1 A and C). In contrast, the EM model
and the DA model can capture the competitive partition of courdas with the ame valence via
the difference in count@on condensation energy and iorembrane affinity (Eqs5@© and5.17)),
respectively. In the case of €&Na" into a CEM, the ideal Donnan model predicts the partition
well, meaning the Donnan effect may domingte partition. The EM model shows good
agreement, but the -B model overestimates Nagartition and underestimates Caartition
(Figure 5.1B). The deviation of the A model may be because we fitted/Ka" and C&"/Na"
partition simultaneously and assedithe mutual countéon Na” and the mutual can CI having

the same affinity in both cases. In other words, we assumegheonbrane affinity to be an
intrinsic property for a given pair of ion and membrane but independent of #wastence of
other pns.

Both the DM and DA models partially capture the partition difference ofMCI" but fail
to fit the increasing N® uptake when external salt concentration increases, especially at lower
concentration rangeF{gure 5.1C). The deviation indicateshat both models may miss
consideration of a concentratiolependent effect, e.g., concentratd@pendent affinity or
condensation energy. Finite ion volume may also induce a concentration dependence as ions are
modeled as point charges in both thaMDand D-A models, though N©® and Ci have similar
hydrated radius and NChas a larger bare radiugable D4). Another concentration effect may
come from | E9Wiater veluwre frdctiomamnd membrane charge density (per volume
of absorbed solution) vary with swelling degree, but the effect has not been accounted for in either
model. In the case of SEYCI, the AEM preferably sorbed Gdver SQ%. Both the DM and D-
A models fit well while the ideal Donnan model predicts the opposite selectgyré 5.1D).
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The ideal Donnamodel always predicts a stronger partition of courdes with a higher valence
over ions with a lower valence (E&.§)). The weaker partition of S®is explained by a higher
condensation energy in theNd model and a lower affinity in the-& model,respectively Table
D2 andD3).
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Figure 5.1 Partition of counter-ions into IEMs. (A) Na* and K and (B) N4 and C&" concentrations

inside the CSE (a type of CEM) as a function of external total salt concentration. External solution contains
1:1 molar ratio of NaCI/KCl or NaCl/Mg@l (C) Ci and NQ and (D) Cland SG* concentrations inside

the ASE (a type of AEM) aa function of external total salt concentration. External solution contains 1:1
molar ratio of NaCl/NaN@ or NaCl/NaSQ.. Symbols representounterion concentrations inEMs
measured by batch adsorption experiménats the study of Chen et & Curves represent model fitting
results from this study, including the Donnan model (curves D), Doffiemity model (curves DA), and
DonnanManning model (curves iM).
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The ideal Donnan model predicts no selectivity for the partition of monovalent ion pairs
and the DA model predicts a constant selectivity independent of ion concentration due to the
assumption of constant affinity values. TheMDmodel predicts a slight decrease of monovalent
ion partition selectivity for both cations {KNa", Figure 5.2A) and anions (N&YCI, Figure 5.2B)
as external salt concentration increases. Both ti#e dhd DM models fit K/Na" selectivity
reasonably well, but neither captures the slight increase giGIGelectivity measured at a high

external concentratiorF{gure 5.2B).
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Figure 5.2 lon-ion selectivity for counterion partition to IEMs. (A) K*/Na" and C&"/Na’ partition
selectivity of CSE. (B) N@/Cl-and SGQ?/CI- partition selectivity of ASE. External solution salt molar ratio
is 1:1.Symbols represeldn partition selectivity ofEMs evaluated by batch adsorption experiménots
the study of Chen et &° Lines represent model fittingselts from this study.

Compared to the selectivity of monovalent couberpairs which varies within one order
of magnitude, divalent/monovalent ion selectivity decreases much more dramatically with
increasing salt concentration for both catiofigre 5.2A) and anionsKigure 5.2B), likely due
to the charge screening effect. Such a dependence of selectivity on salt concentration is captured
by all three models (Figu2A). However, the ideal Donnan model fails to predict the preferable
uptake of Clover SQ? (Figure5.2B). The SG?/ ClI selectivity is lower than unity likely due to

the lack of consideration of iemembrane interaction. The-® model underestimates €#\a"
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selectivity by about half (Figur.2A) because of the overestimation of ‘Nmrtition Figure
5.1B). Only the DM model fits divalent/monovalent ion selectivity well in both CEMglre
5.2A) and AEM Figure 5.2B).

Co-ion partition and selectivity Co-ion partition has received less attention as compared to
counterion partition when evaluating iomon selectivity. Most studies reported in literature
measured only the partition of countens in the static sorption experimeft§!28:145146Qnly a
few reported both countéon and ceion partitionst26-139131 Although ceion concentration inside
IEMs may be negligible as compared to the couimerconcentration (which approlaes
membrane charge density if there is only one species of caanjerhen the external solution is
dilute, ceion partition increases with increasing external salinity and becomeseubgible
when external concentration exceeds 0.JFMyre 5.3). Moreover, ceion transport across IEMs
is important as it reflects the nadeality of IEMs and affects the current efficiency of ED
processes, especially when back salt diffusion flux becomesegligible with a large salinity
difference between thailuate and brine stream$ Thus, a partition model that can predictico
partition accurately is also essential to modeling an ED process.

From fitting results of cgon (i.e., Cl or N&) partition into CSE and ASE with mixed salt
solutions, the EM model fits ceion partifon the best in all case&igure 5.3). Both the ideal
Donnan model and the-B model tend to underestimate the-ioa partition, with deviations
within an order of magnitude. A better fitting of-mm partition suggests that theNd model

likely better @ptures the physics of ion partition.

78



10 10
—~ A (B)
= a = ‘B
= - H ’
210" i Q e
© =t © g
5 g £ 107} .-
) e @ e
8 -2 s 7 8 7
8 107 F g .- 8 O B -,
c . 4 CSE c P s CSE
2 NaCl & KCl 2 g NaCl & CaCl,
10-3 l-1 Iu 10-2 I-1 In
10 10 10 10
External salt concentration (M) External salt concentration (M)
——DM---DA ---D ,—DM---DA--D
10
g 10° -(C) . (D) -
= =
c | ~ -
2 » S 10" -7
© 10"t ~ = a .-
= = s 7
D Z T o s
0102_D // C10-2- /’
[&] -~ o) P
cC - ASE o - ASE
O c
= NaCl & NaNO; o NaCl & Na,SO,
10° L : e :
10" 10° TS 10°
External salt concentration (M) External salt concentration (M)

Figure 5.3 Partition of co-ions into IEMs. CI- concentration inside the CSE as a function of external total
salt concentration when the external solution is a mixture of (A) NaCl4®dl (B) NaCl/MgG). Na
concentration inside the ASE as a function of external total salt concentration when the external solution is
a mixture of (C) NaCl/NaN@and (D) NaCl/NaSQu. External solution salt molar ratio is 1:3ymbols
representounterion concentrations itEMs measured by batch adsorption experiméots the study of

Chen et al?®. Lines represat model fitting results from this study.

5.3.2 lon partition as a function of external salt concentration ratio

To further compare their fitting capability and limitations, we evaluate tiv idodel, the DA
model and the ideal Donann model in fittingpermental results of equilibrium partition of
K*/Na" and M@*/Na" into two additional CEMs (CMX and SPEEK) and NGI" and SGQ?/CI

into two additional AEMs (ACS and FAAF{gure D1 and D2). For the partition of Mgf/Na’,

the ideal Donnamodel overestimates the Kguptake and thus predicts a high selectivity towards
Mg?* (Figure 5.4A and B), contrasting its good prediction of €&Na" partition in CSE Figure
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5.2A). As Mgt and C&* have similar properties (e.g., radius and hydratiomggnd&able D4),

the deviation of the ideal Donnan model for the’Mga* case is likely caused by the difference

of membrane properties (e.g., CSE has a higher ion exchange capacity and water uptake than CMX

and SPEEKTable D1). But we also note that tlee-ion species is different in the two cases (i.e.,
SO for Mg?*/Na" and Ci for C&*/Na'), which may possibly affect the partition of courins

too.
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Figure 5.4 lon-ion partition selectivity of IEMs. K*/Na* and Mg*/Na" partition selectivity of (A) CMX
and (B) SPEEK. N@/CIl and SGQ?/CI partition selectivity of (C) ACS and (D) FAA. External-mm
concentration is 0.5 MSymbols representounterion concentrations inEMs measured by batch
adsorption experimenfsom the study ofZou et al*?” andLuo et al'?® Lines represent model fitting
results from this study.



The DM and DA models fit Mg*/Na" partition in CMX and SPEEK reasonably well
(Figure D1) because both models have extra membdEpendent property information in
additional to membrane charge density (as in the ideal Donnan model). Such information includes
the Manning parameter dmon condensation energy in theNDmodel, and the ion affinity in the
D-A model (Table D2 and D3). We notice that the IM model predicts a slight increase of
Mg?*/Na" selectivity in CMX as external Mgfraction increasedgure 5.4A), which is opposite
to the experimentally measured decrease of ‘Mg selectivity from ~2 to ~1. However, the D
M model fits the decreasing trend well in SPEEg(Ure 5.4B).

For the partition of Sg&/CI-, the DM model fits the selectivity better than theADmodel
(Figure 5.4C and D), especially at low external $©fraction range, although both models fit ion
concentrations inside the IEMs reasonably weijgre D2). For the monovalent ion pairs, the
ideal Donnan model predicts no selectivity and th& Bhodel can aly fit a constant value as
discussed before. The-M model partially captures the decreasing trend ot MNCD selectivity

when NQ fraction in the external solution increaségy(re 54C and D).

5.3.3 Impact of membrane properties on partitionselectivity

In this section, we applthe generalized the-M mo d e | to investigate t
properties on the partition selectivity of practically relevant ion pairs, e.gextiaction from

brine lakes where other cations exist in abundahlece.major challenge of Liextraction is that

all cations have similar radius and properti€ahle D4) and Li usually has a much lower
concentratior®. One major purpose of membrabnased Li sepaation is to remove Mg because

MgCOs would otherwise cexist in the LiCOs precipitate formed in a later stage. Removal of

other monovalent cations, like Nand K, is not as important (as they will not-peecipitate with

LioCOs) but the presence ohdse monovalent eens may affect the current efficiency of an ED

process applied for selective'lseparatiort?2124

By increasing the charge density of the CEM/Nig?* selectivity decreases whilelNa'
selectivity remains unchange#ligure 55A). Increasing charge density would have a similar
effect & reducing external salt concentratidilgUre 5.2) that enhances the Donnan effect and
promotes the uptake of countéons with a higher valence. Thus, a CEM with lower charge density

benefits the countdon partition selectivity toward Lithough the déct is weak, although a lower
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charge density may reduce courtar/coion selectivity and thereby compromise charge

efficiency.
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Figure 5.5 Li*/Mg?* and Li*/Na’ partition selectivity in a hypothetical CEM. (A) asa function of
membrane charge density, (B) Manning parameter and (C) ion condensation energy difference under two
concentration ratios. Charge density, Manning parameter and condensation energy difference were set as
7.5 M, 3, and2, respectively, for ta base case. External salt solution was assumed to be 50 mM LiCl and

50 mM (and 250 mM) MgCI2 for the 1:1 (and 1:5) case.

By increasing Manning parameter of the CEM;/Mg?* selectivity increases while
Li*/Na" selectivity decrease§igure 5.5B). Manning parameter is a function of permittivity and
distance between fixed charges and may be tuned by polymer hydrophobicity and the distribution
of functional groups in the membrane matffx Assuming Manning parameter increases by
reducing the permittivity within the polymer matrix, then cownders with lower hydrationreergy
(Table D4) may preferably sorb to the membrane as they are easier to partially dehydrate. The
permittivity related hydration effect has also been modeled by a hydration energy barrier via the
Born model in previous studies of IEM and nanofiltratioenmbrang®143147, pbut the Born model
tends to overestimate the energy barrier.

The variation 6 either charge density or Manning parameter has limited impact on
increasing CEM selectivity towards'l(Figure 5.5A and B). The most effective way is to increase
ion condensation energy difference betweenahid other competitive cations, or in othesrds,

i ncrease membr an é@igure®d.50). Numerbug studiesvhave ekglored the use

of coordination chemistry to enhan’® Thase CEM6 s
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approaches are in principle consistent with i
of interest. Lastly, Lipartition selectivity is higher with a lower Lconcentration fraction in the

external solution, which is consistent with previously discussed experimental trends fidag

and K'/Na" partition Figure 5.4).

We note that the theoretical analysis in this section assumes a homogenous CEM. A
heterogerous CEM with a surface coating layer of positive charge groups or multilayers of
polyelectrolytes has been actively explored in literature to enhance thevalent/divalent
cation selectivity in the ED proce&$111:149.150The effect of surface coating layer with opposite
charges cannot be modeled directly following BQR), but may require solving the Ners3anck
equation for ion transport in both the coating layer and the subGEAte>152 We note that the
experimental characterization of the coating layer to extragpriperties for modeling the
composite membrane may be challenging, as most existing experiments can only be performed to
the composite membrane as a whole and the thin coating layer has a relatively small ion adsorption

capacity as compared to the mucimiier substrate CEM.

5.3.4 Mobility selectivity

Counterion mobility selectivity can be determined using Ex2) with experimentally measured

overall iontion selectivity in the ED process and partition selectivity measured using sorption
experiments. Wec ompare experiment al resul 82828 vwith om Lu
predictions of the general i zg&al)). Maveverjtmagxeds mod e
salt transport model based on the original Manning theory could not match experimental mobility
selectivity well EFigure 5.6). One possible reason is the unclear impact of couwrer
condensation on mobil ity .-ionlcandersdtien thearyicgndensett Ma n
ions were assumed to be immobif& However, Kamcev et al. measured couiter mobility

inside IEMs with single salts and found that condensed ions may migrate twice as fast as the
uncondensed ions under the electric field fof Biad Cl in CEMs and AEMSs, respectively®.

Thus, the counteon diffusivity inside IEMs was suggeed to be modeled as a weighted average

of uncondensed and condensed parts:

O "0f p & Oj (5.22)
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whereO ; [m?s?] is the diffusivity of uncondensed courden and is modeled by Ec.08),0
[m? s1] is the diffusivity of condensed countiem. If we assum® | Oy and counteion

mobility selectivity inside the IEM can be then expressed as:
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Figure 5.6 lon mobility selectivity of IEMs. Experimental and model predicted (A)/Ka' and Mg*/Na*
mobility selectivity of CMX and SPEEK. (B) N{2CI- and SG?/CI- mobility selectivity of FAA and ACS.
Dash lines indicate mobilityelectivity in the external bulk salt solutioExperimentamobility selectivity
wascalculated from Elexperimentsand batch adsorption experimeittghe study oZou et al*?” and
Luo et al*?®,

After accounting for the mobility of condensed counbers (i.e., assume ¢ according
to Kamcevods pldethd mradisted imobility sefectivity is much closer to the
expermental results than that predicted with the assumption of immobile condensed ions for both
CEM (CMX and SPEEK) and for one AEM (FAAFigure 5.6). For the ACS membrane (an
AEM), however, the Manning theory underestimates the mobility selectivity of/@GlOand
overestimate the mobility selectivity of $CI- regardless of the assumption for condensed ion

mobility (Figure 5.6). The deviations may arise from imperfection of the current theory or stem
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from the inaccuracy of the indirect determination ofegkpental mobility selectivity via EQ5@Q)

which assumes (a) electroigration flux dominates countéon flux and (b) ion partition in the

ED process is the same as that in the static sorption experiments. A more reliable experimental
method for the dact measurement of ion diffusivity inside IEMs with mixed salts is needed to
further vali date the generalized Manningds m
investigate whether ion partition is the same in the ED process and static sorptiomexise

which can be more complex when the IEM is heterogeneous with a surface coating layer.

5.4 Conclusions

We have extended tidneonddrsationi modeb fer desaiking tioe r
partition and ion mobility inside IEMs to mixed salts scermarithe extended Donndwlanning
model was evaluated against experimental data from literature and compared with other two
existing models, namely the ideal Donnan model, and the Dekffi@ity model. In general, the
DonnanManning model and the Donngifinity model can provide reasonably accurate
prediction of ion partition into IEMs in multiple scenarios, whereas the ideal Donnan model falls
short in predicting any selectivity for ions with the same valence. We showed that the Donnan
Manning model can fiboth counteion and ceion partition well and outperform the Donnran
Affinity model in these regards. However, neither the Dorxianning model nor the Donnan
Affinity model can sufficiently capture the concentration dependences for coontpartition
selectivity observed in al/l experi ments. The
theory has also been applied to predict coulmtermobility selectivity. Applying the theory to
experimental results suggests that the assumption of higher maolbiibndensed ions than that
of uncondensed ions seems to work better than the alternate assumption that condensed ions are

immobile.

Abbreviations Description

(by first
appearance)
ED Electrodialysis
IEMs lon exchange membranes
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CEMs
AEMs
D-A
D-M

Symbols

O~C~_<:O_<=_<'C)=C)'.Q-8,8_IC‘C

Subscripts
and

superscripts

w
m

Cation exchangmembranes
Anion exchange membranes
DonnanAffinity
DonnanrManning

Description

Flux

Velocity

Concentration

Coordinate perpetcular to the membrane surface
lon valence

Diffusion coefficient

Faradayconstant

Ideal gas constant

Absolute temperature

Electrical potential

Selectivity

Partition coefficient

Mobility

Chemical potential

Activity coefficient

Condensation energy difference between ions

Manning parameter

Bjerrum length

Elementary charge

Dielectric constant of vacuum
Relative dielectric constant
Boltzmann constant

Distance between fixed charges
Fraction

Volume fraction

Ratio of diffusivity betweerondensed and uncondensed couites

Water
Membrane
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solution

Membrane charge density
Excess

Countefion

Co-ion

Critical

Uncondensed
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CHAPTER 6:COMPARISON OF ELECTRODIALYSIS AND NANOFILTRATION FOR
LITHIUM MAGNESIUM SEPARATION WITH A UNIFIED MASS TRANSPORT MODEL

6.1 Introduction

Lithium (Li) has become a critical and valuable resource due to its growing demand in the
production of batteries falectric vehicles, mobile devices, and renewable energy storage systems
in recent years. One of the primary sources of Li is brine lakes. However, brine lake composition,
where the magnesium (Mg) to Li mass ratio (MLR) can be as high as 365:1, presgmiftcars
obstacle in the production of higurity Li productst>® Therefore, the development of efficient
and costeffective technologies for thelective extraction of Li from brine lakes is of paramount
importance. Membranbased processes such as electrodialysis (ED) and nanofiltration (NF) have
emerged as promising alternatives to conventional methods, such as solvent extraction-and lime
soda pecipitation, which are often inefficient and environmentally hazaréfotisMembrane
based processes can achieve good selectivity when handling brines with high MLR, while
minimizing the generation of waste streams and reducing the overall chemical and energy
consumption of the press!®1>3 Additionally, the high modularity of ED and NF makes them
attractive for Li extraction projects of any scale. Thus, extensive research efforts have been devoted
to advancing the core componenfsED and NF, i.e., cation exchange membranes (CEMs) and

NF membranes, toward a target of superior Li/Mg selectii#§28103111,154

lons transport across ion exchange membranes (IEMs) at different rates under the applied
electric filed in the ED process and the-ion selective separation depends on the difference in
ion-membrane affinity ad ion mobility inside IEMs® Regular CEMs usually have little or no
selectivity toward Li as the divalent countéons (Mg?*) are more preferably absorbed into the
negatively charged membrane matrix, even thougihas a higher mobility than Mg Thus, the
development of monovalent selective CEMs (MSCEMSs) facilitates ED as a feasible technology
for the selective Li/Mg separation. MSCEMSs typically have an asymmetric composite structure,
where the substrate is a regular CEM and the thin surfacdicatidn layer can be a polymer
layer with strong opposite charges (e.g., Polyethyleneimine, polyaniline, and quaternized chitosan),
multiple layers of polyelectrolytes, or a dense layer with high crosslink degree, like polyamide

film (Figure 6.1).3%4¢ The key pupose of the surface modification layer is to reduce thé*Mg
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uptake into the substrate CEM via kkbarge electrostatic repulsion or spatial confinement as
Mg?* has a doubled valence and a larger hydrated radius tha@drimercial MSCEMSs (e.g.,
Selemia CSO from AGC, Japan, and Neosepta CIMS from ASTOM, Japan) with a surface layer
of abundant positive charges have been widely studied and validated with the feasibility for
separating Ui from Mg?+.18124124.158157 \gre recently, MSCEMs with laydsy-layer (LbL)
deposition of polyelectrolyte films or a polyamide surface layer have also been demonstrated with

better monovalent/divalent selectivity than commercial MSCER¥?

Positively charged polymers

Surface
layer or Polyelectrolytes
+ Polyam’ide (PA)
Q
Q
Substrate X :
membrane 3 L
S
Cation exchange Porous support
I I membrane (CEM) membrane
/\\“3 / ——
Q ‘:/ Qo 0 E‘A Q o eq )
Q Q A G Q
Composite QX OHD e (e,
o O Sedh NS RSN SRS
membrane > £ f £ f o f ED
d 4 '.‘ ';»13' 5
PA-CEM PC-CEM LbL-CEM PA-NFM LbL-NFM
\
MSCEM

Figure 6.1 Schematics of composite MSCEMs and NF membranes used in ED and NFompaosite
MSCEMs consist of a substrate layer of regular CEM and a surface layer of polyamide fBE{W)or
positively charged polymer film (RCEM). Composite NF membranes consist of a porous support
membrane and a surface layer of polyamide film or ntajters of polyelectrolytes deposited in an
alternative pattern. Composite MSCEMs are used in ED while NF membranes can be used in both ED and
NF proesses for Li/Mg separation.

Thin film composite polyamide membrane, the st#téhe-art NF membrane, is made of
an ultrathin polyamide film with sulmanometer pores on top of a porous support membrane
(Figure 6.1). NF membranes are weakly charged (@rheneutral) as compared to the high fixed

charge density of IEMs. Divalent ions are usually better rejected than monovalent ions by NF
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membranes in the pressure driven filtration process mainly due to stronger steric, dielectric,
dehydration, and Donnagffects at the interfacial partition and much hindered transport inside the
membrane poreS. For the specific application of Li/Mg separation, positively charged NF
membranes, fabricated viaating positively charged polymers on the surface or introducing
positively charged monomer to the interfacial polymerization step, have a higher Li/Mg selectivity
than regular NF membranes as a result of the stronger Donnan exclusiof f°Mef 164 LbL
deposition of polyelectrolytes on a porous support is another versatile method to fabricate NF
membranesKigure 6.1), with which the active layer structure and charge property can be easily
tuned by the number of layers and the choice of ending layer, etc. LbL NF membranes with 2.5
layers of poly(styrene sulfonate) and poly(allylamine hydrochloride) have shoveptexwl

Li/Mg selectivity (>70) than most commercial and -lstomized polyamide NF
membranes$?31! Moreover, polyamidédased NF membranes have also been employed as

replacements of MSCEMs in the ED process to enhance monovalent/divalent ion sel&gtivity.
168

As composite MSCEMs and NF membranes have been demonstrated effedtifel dor
separation in both ED and NF processes, a performance comparison is necessary to guide the future
design of Li selective membranes and process innovation for Li extraction. However, a fair
comparison between ED and NF can be challenging as diftdnieimg forces and membranes are
used. Brine composition and operating conditions vary across literature studies even for the same
technology. Moreover, performance metrics of Li/Mg separation is 4aintténsional beyond
Li/Mg selectivity, which has ususl been taken as the only criterion to compare membrane
performance with coupescale experiments. Li recovery, Li flux, energy consumption and cost
need to be considered from a process perspective. Nonetheless, MSCEMs and NF membranes may
be equivalentlyegarded as twitayer porous composite membranes with different layer thickness,
effective pore size, and membrane charge density. Additionally, ion transport phenomena in ED
and NF are fundamental the same and can be described using a unified mags tramsveork,

e.g., the solutiofiriction model812%18which allows us to fairly compare the two Li/Mg
separatiomprocesses via theoretical modeling approach and investigate the impact of membrane

properties on the selective separation performance.
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In this study, we adapt the solutifniction model to describe ion transport across
composite MSCEMs and NF membranestie ED and NF processes under a consistent
framework. We first compare the Li/Mg separation performance of MSCEMs with a surface layer
of strong opposite charges or a polyamide film in the ED process. We then evaluate the Li/Mg
separation performance oblgamidebased NF membranes in the ED and NF processes. Impacts
of the surface layer charge density of composite MSCEMs and NF membranes are investigated at
the couporscale with detailed comparison of ion concentration profiles across the composite
membraes and flux contribution from each transport mechanism. Finally, we extend the analysis
to modulescale ED and NF to compare the universal operational tradeoff between Li/Mg

selectivity and Li recovery.

6.2 Materials and Methods

6.2.1 Solutionfriction model for ED and NF

The solutionfriction model describes ion transport across the membranes starting with the
Maxwell-Stefan theory, in which a force balance establishes between the chemical potential
gradient of an ion species and the frictions betwkernan species and all other components (i.e.,
ion-water, ioamembrane, and ieion frictions) 38129189 on flux, O [mol m? s?], after neglecting
ion-ion frictions, can be equivalently described using the extended Nelarstk equation as
proved by previous studié®,which accounts for advection, diffusion and electromigration

mechanisms with hindrance:

. ,OA(B .. "OA
VU LU W L - —_— W — =
A ¢ Y M

(6.1)

wherey [m s?] is the water velocity across the membraDe,[m? s] is the ion diffusion
coefficient in the infinitely diluted solutioy [mol m3] is the ion concentration of specigper
volume of solution inside the membrameis the coordinate perpendicular to the membrane
surface- is the effective pasity that accounts for porosity and tortuosftyis the ion charge
valences [V] is the electrical potential0[96487 C motf], 'Y [8.314 J mol K1] and”Y[K] are
Faraday constant, ideal gas constant and absolute temperature, respéctisehe frictional or

hindrance coefficient origins from the friction between ion and membrane.
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lon partition at solutioo-membrane interfaces is assumed to be at local equilibrium. The
partition coefficient, defined as the ratio of ion concentratidheatnterface inside the membrane
(& ) over that in the external solutiofd ), can be expressed as a product of the Donnan exclusion

term that origins from membrane fixed charges, and aDwman termg¢,_ 7 ) that accounts for

any other partitioomechanism besides the Donnan effect:

— % ADD—Y 4 (6.2)

whereYs ; is the Donnan potential across the solutio@mbrane interface, and the solution

phase can be either the feed or the permeate (or the receiving solution in ED). fayetwo
composite membranes, an additional interface exists between the substrate antate layer.

Similarly, partition equilibrium is assumed as

— % T A@D—Y (6.3)
whereqy and¢ are interfacial ion concentrations in the surface layer and the substrate layer,
respectivelyYe ; is the Donan potential across the surfamgbstrate interfacg,, 7 is
the nonDonnan partition coefficient, and can be expressed as the rafjo éfandy, 7, i.e.,
%o %  T%. ©»imaging a hypothetical external bulk solution phase isquilibrium
with both layers.’°
Local charge neutrality is maintained at every position in each layer of the composite
membrane:
Bd®d & (6.4)
whered [mol m?] is the fixed charge density per volume of solution inside any layer. We note
that(y is assumed to be a constant and spatial variation is not considered in this study for simplicity,
though a Sindunctionlike charge density profile may exist in LbL polyelectrolyte films and

divalent cation adsorption has been suggested to vary memtirarge density and may even
cause charge reversép:1"!

For the ED process under an applied electric field, the current dei@itg m3?]) is

contributed by flux of all mobile species:
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‘© "B av (6.5)
While for the crossflow NF process, current density is zeroffandteady state condition gives:
0 0 ® (6.6)
where() is the permeate ion concentration.

The solutionfriction model describes water flux across the membrane by balancing the

total pressure gradient with frictions between watembrane and watéons:

A L ey P

whered [Pa] is the total pressure, defined as hydraulic pressure minus osmotic pressure.
[mol s n1°] is the friction coefficient between water and membrane, and can be related to the more
commonly known pure water permeability, [m st Pa'], by "Q 0 YYD ,where)is

the membrane thickness. We note that Eq. (7) is equivalent to HPajeuille equation if the

second term on the right describing-aater friction is neglected.

The solutionfriction model has been applied to fit experimental data of ED, NF and reverse
osmosis with the ne®Donnan partition coefficients and hindrance coedfits of ions used as
fitting parametersg®105.129.1634owever, explicit expressions relating these coefficients to ion and
membrane properties under reasonable physical assumptions are needed to theoretically
investigate the impact of membrane properties and operating conditions on the Li/Mg separation.

6.2.2 NonDonnan patrtition coefficients

The norDonan partition terms in Egs.-@ have been interpreted with different theory for
NF membranes and IEMs. A$F membranes have pore sizes close to ion hydrated radius, the
nonDonnan coefficients have been explained as a synergetic effect of steric and dielectric
exclusions, and ion partial dehydratiBrt/417# Steric exclusion accounts for the fact that ions
have finite volume and the probability for ions smaller thamtleenbrane pore size to enter the
pore is lower than 100%.The successful entry probability depends on the ratio of ion radius over
effective pore radius. Dielectric exclusion imposes a solvaiwergy barrier to ions which stems
from the water dielectric constant reduction under nanoconfiment inside theasoaimeter

membrane pores, and thus is a function of membrane pore size. lon partial dehydration has recently
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been suggested to contributesabstantial energy penalty when in the hydrated ions shell off
several water molecules during partition, but this effect has not been quantitatively described.
IEMs have a much higher charge density and can also be regarded as a porous structurerwith larg
effective pore radius (e.g., 1.0~3.0 nm) than NF membranes (0.5~16°Aff).">1"®Therefore,

the nonDonan partition coefficients are often interpreted asnm@mbrane affinity in IEM theory,

which accounts for any ion specific interaction with membrane functional groups beyond the
Donnan effect?'* Ma n ni n g 6 $son eowdansation rtheory is an alternative and more
mechanistic interpretatiof¥:*°31 The norDonnan term helps correct the overestimation of
multivalent countefon uptake by thedeal Donnan model (i.e., only considers the Donnan

equilibrium during ion partition).

To compare NF membranes and IEMs under a unified framework, we herein estimate the
nortDonnan partition coefficients with the steric and dielectric exclusions follothimgpproach
adopted in the Donnan steric pore model with dielectric exclusion (DBEM?

% p - Ape Lo P P 68)

i U-Yyi - - i

wherei [m] is the Stokes radius of idandi [m] is the effective membrane pore radiusis
dielectric constant of vacuunj. is Avogadro constant. and- are the relative dielectric
constants of water in the bulk £78.4 for water at 25 °C)nd in the pore, respectively, andis
a function ofi . %o, decreases sharply with pore radius when the pore radius is smaller than 1.0 nm,
especially for divalent iong-{gure E1). We note that Eq. (8) uses the Stokes radiusangartial
dehydratbn may have been accounted for to some extent as it may overlap with the steric and
dielectric exclusions when involving ion size and solvation energy. Moreover, the dielectric
exclusion can also avoid the overestimation of multivalent coumtepartition into IEMs as
predicted by the pure Donnan effect.

6.2.3 Hindrance coefficients
lon transport inside membranes is hindered due to thenambrane friction, and the
hindrance coefficients are often fitted from experimental data. In the NF transpoyt theothe

DSPM-DE model, the ioomembrane friction is interpreted as physical collision of ions with the
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membrane pore wall, and the hindrance coefficients are estimated using expressions derived from
hydrodynamic theory (Eg. (9)), with the assumptid@ gingle spherical solute transporting in a
perfect cylindrical microporé;’’
P %J):‘I L pdonmotmcypuupdupucgp
CHPWIMOTE X TXYUYPpP MTPPOPULUTE CU QOO
P _

wherey is the norelectrostatic hindrance coefficient, ands the ratio of ion Stokes radius

(6.9)

and membrane pore radildowever, the validity of applying Eq. (9) to a sndnometer pore for

charged ions remains questionabifeln IEM theory, ion diffusivity reduction inside the
membranes, especially for coantons, is also affected by a strong electrostatic effect besides the
spatial effect (i.e., tortuosity and porosity). The electrostatic effect origins from the high charge
density of | EMs, and has b eientondeasationdorp’®d® usi ng
Fan and Yip havproposed a simple expression to correlate the electrostatic hindrance coefficients

of counterions, ) , to ion valence

0 A@bPao (6.10)
whereo may be fitted from experimental results and has been related to membrane charge density,

0 w8t s 7 . Electrostatic hindrance to-gon transport is neglected (i.6.,  p for co-ions).

To reconcile the current NF and IEM theory, we estinjate Eq. 6.1) as a product of
0O andy ,ie,0 O U .We note that the merge treatment makes sense because: (1) for
weakly charged NF membranes, the {ebectrostatic hindranceffect dominates) aso
approaches unityHgure E2 andE3); (2) for IEMs with a pore radius of 1~3 nm and high charge
density, electrostatic hindrance is much significant, especially for divalentRansd E2 and
E3).

6.2.4 Membrane properties

The adapted solutiefriction model is applied to each layer of the composite NF
membranes and MSCEMs. Each layer of the membrane is characterized by effective pore radius,
charge density, and effective thicknegalfle 6.1). For the polyamide layer, tlselected property

values are within the fitting results of different NF membranes using the EISPNhodel

95



reported in a recent stud{? Water permeability of the modeled PA layer is 5.3 £ mt bar?.

The CEM layer is modeled as a thickrpus structure with a pore radius of 1.5 nm and strong
negative charge density. Water permeability of the modeled CEM layer is 0.t bar!. A

much larger pore radius is assumed for the surface layer with strong positive charges and the
porous suport layer to neglect any nddonnan partition effect and nealectrostatic hindrance

effect. The porous support is considered to account for the internal concentration polarization

effect.

Table 61 Membrane properties used tanodel ED and NF performance.

Effective pore radius Charge density® Effective thickness,

Properties .
P i (nm) (mM) 1 17-(em)
Polyamide layer 0.5 -50 ~ 0.5 2.5 (=0.15/0.06)
Positively charged 150 1000 ~ 5000 5
layer
CEM layer 15 -5000 750(=150/0.2)
Porous support layel 150 0 0~ 1500

6.2.5 Modeling NF and ED from couponrscale to modulescale

Li/Mg separation using ED and NF were modeled from cotgoatte to modulscale. We
assumed that the feed solution consists of 30 mM (@1 g L* Li*), 175 mM MgCh (4.2 g L
Mg?*), and 175 mM NacCl (4.0 g'LNa’), representing a brine with a MLR of 20 and a high total
salinity. We note that experimental works in the literature usually evaluate the performance of
newly designed membras with a diluted simple LiCl/Mg@mixture feed, which is less practical
as other monovalent cations (e.g.Bad K') co-exist in abundance in the real brines and compete
with Li* when transporting across membranes. The ED process also requiresiagetsam,
which we assumed to contain 468 mM NacCl to balance the osmotic pressure difference and reduce

channel electrical resistance.

For couporscale performance analysis, the soluioction model (Egs. (47)) was solved

to determine transmembrammn flux as a function of pressure (10~30 bar) or current density
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(0~300 A nP) applied for the crossflow NF process and the ED process, respectively.
Concentration polarization near solutiorembrane interfaces was considerdgdendix E).
Li/Mg separatio performance was evaluated with Li/Mg selectivity and Li flux at the coupon

scale.The Li/Mg selectivity or separation factdy, ; , is defined as bulk feed concentratigs) (
normalized ion flux ratid3®
0 70

. ;
T 0 T

(6.11)

whered and0 are flux of Li* and Mg* across NF membranes or CEMSs, respectively. For NF
process, Eq. (11) is equivalent to

p Y
p Y

Y (6.12)

where'Y and'Y are observed rejections of ‘Land Mg", respectively.lon rejection is

calculated as

Y p (6.13)

g4 £

The modulescale NFbased Li/Mg separation was then modeled as a function of water
recovery via a finite difference method. The inputs are the applied pressure and the initial feed
solution composition. The solutidriction model was solved iteratively etermine the local
permeate composition at any water recovery. Species conservation was maintained in the brine

and permeate when coupling the adjacent differential elements:

. i Ap oY Y (6.14)

0Y —
@ oY

where®" @'Y and® @'Y are local permeate concentration and bulk brine concentration of
ion "Gat water recovery 'Y, respectively. Cumulative permeate concentraﬁm'ﬁ, W'Y, can

be then calculated as:

e
e-
<
&
<

OY * : (6.15)

€
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Li/Mg selectivity at the moduiecale was then evaluated based on the average ion flux or the
cumulative ion rejections along the module. Li recoverif} is another success criteria for Li/Mg
separation from a process perspective and thus was evaludiechiodulescale analysid) "is
defined as the mass fraction of im the feed that is eventually recovered in the permeate (or the

receiving solution for ED),

DK ———— (6.16)

whered and0 are permeate and feed stream flow rates, respectively. For NF process, Eq. (16)
is equivalent to

0™ wYp Y (6.17)
wherew Yis water recovery. We note th#t measured from coupestale experiments at zero

water recovery cannot be used iq. EL7) to predict modulscale Li recovery.

The modulescale EBbased Li/Mg separation was modeled as a function of Li recovery
via a finite difference method. The inputs are the applied current density (i.e., assuming a semi
batch ED process under coast current operation) and the initial feed solution composition. The
solutionfriction model was solved iteratively to determine the local ion flux across the CEM.
Species conservation was maintained in the feed and receiving solutions when coupling the

adjacent differential elements:

Ab 0QY ApO0QY 0 0QYy, 0QY
O"AD QY O"AD QYOLR; 0QYL; 0QY

(6.18)

wheregy 0 "Qandd ) "Q§re ion concentration in the receiving solution and the feed solution,
respectivelyy.  § "Qgndoy; 0 “Qgre local ion flux across CEM and AEM, respectively.

For simplicity, we assumed a perfect anion exchange membrane (AEM) is pafréde CEM,

where only Cltransports across the AEM and carries all the current. We also assumed the feed
and the receiving streams have the same flow rate and flow rate change due to water transport is
negligible. The benefit of modeling modtdeale prformance as a function of water or Li

recovery is to avoid additional assumptions about the ratio of membrane area and stream flow rate.
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6.3 Results and Discussion

6.3.1 Performance of composite MSCEMs in ED

Li/Mg separation performance of composite ®8Ms in the ED process was first
evaluated and compared at the coupoale. Composite MSCEMs we discussed here include
CEMs with either a loose surface layer of strong positive charge€HND or a dense but weakly
charged polyamide film (PAEM). The rgular CEM, as a reference, barely has selectivity to Li
and Li/Mg selectivity decreases to below one with an increasing current ddigiiye(6.2A).
The loose surface layer with positive charges enhances Li/Mg selectivity and increases Li flux
under thesame current density. However, the enhancement is not substantial until the positive
charge density of the surface layer is close to the negative charge density of the substrate CEM,
with which Li/Mg selectivity raises to 3~4. We note that monovalentieiintaation selectivity of
commercial MSCEMSs reported in the literature studies varies in a wide range from ~1.2 to ~50 as
different solution composition and operating conditions have been#s&¢°3157 Co-existence
of monovalent cations (e.g.,"Kand N&) tend to reduce Li/Mg selectivity while diait ions,
either cation or anion (e.g., €and SQ@*), tend to increase the selectivi§:'?* Additionally,
properties of the positively charged surface layer are rarely reported and hard to characterize. To
stress the effect of posivcharges, we herein assumed no other exclusion or hindrance
mechanisms in the surface layer. Practically, the surface layer may have a denser structure than
assumed here and thus can have a larger Li/Mg selectivity due to ion size sieving effect when the
surface positive charge density is not as high as the substrate CEVEMA show several times
higher to over an order of magnitude higher Li/Mg selectivity tharCE®Is, depending on the
charge density of polyamide layeéfigure 6.2B).
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Figure 6.2 Performance of composite CEMs in ED(A-B) Li/Mg selectivity versus Li flux as a function
of current density and surface layer (i.e., (A) PC layer and (B) PA layer) charge den8jyA¢€rage Li
and Mg flux contributions froradvection, diffusion and electromigration in the CEMsFEConcentration
profiles of cations inside the composite membranes. Fé7)(Current density is 300 AfMPGCEM has
a surface layer with 5000 mbharge density, PA-CEM has a PA layer wittb0 mM charge, and PA(+)
CEM has a PA layer with 0.5 mM charge.

The existence of surface layer increases Li flux while reduce fllix as compared to
the standalone CEMgigure 6.2C and 6.2D). Polyamide stiace layer is more effective in
reducing Md@* flux than the positively charged polymer coating. A positively charged polyamide
layer has a lower Liflux than that of a negatively charged polyamide film under the same current
density but rejects Mg moreeffectively. By decomposing the average ion flux across the CEM
layer to different transport mechanisms} flux is contributed mainly by electromigration and
diffusion, while Mg* flux is dominated by electromigration, which is proportional to?Mg
conentration inside the CEM layer. Therefore, the?Miux reduction with the surface layer is
mainly due to the reduction of Mtconcentration inside the CEM, and can be verified with ion
concentration profiles across the composite membrddigsré 6.2E and 6.2F). Although MLR
is 20 in the bulk feed solution, partition of Kdnto the surface layer is unfavorable due to-like

charge electrostatic repulsion and steric and dielectric exclusions, which results?in Mg
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concentration in the surface layer lovilean Li* and Nd. Moreover, Mg* depletion occurs near

the interface between surface layer and the substrate layer, which further reduce% thetdkg

into the substrate CEM. For example, ¥goncentration in the positively charged polyamide
coated CEMs over an order of magnitude lower than that in the standalone CEM. Meanwhile,
more Li" and Nd partition into the CEM layer to maintain charge neutrality with enhanced Li

and Na flux to carry the applied current.

6.3.2 Performance of composite Nifnembranes in ED and NF

Li/Mg separation performance of NF membranes in the ED and NF processes was then
evaluated and compared at the coupoale. Li/Mg selectivity of the composite NF membrane in
the ED process varies by about two orders of magnitude 2 to ~150, depending on the
polyamide layer charge density and the effective thickness of the porous support membrane
(Figure 6.3A). A less negative or slightly positive polyamide layer substantially increases Li/Mg
selectivity under the same curretgnsity but at the cost of substantiat flux reduction, which
is a result of increased Glux in the opposite direction across the NF membr&igute E4). As
Cl is the ceion to the CEM and thus is strongly excluded,flux with a PACEM does novary
much when the polyamide layer charge density chakggsre 6.2B). Both Li/Mg selectivity and
Li* flux decrease with the effective thickness of the porous support due to an enhanced internal
concentration polarization effect. Although a support frelyamide layer theoretically can have
an unprecedented high selectivity (e.g., ~150) or higHllx, it is unfeasible in practice as the
polyamide film is too thin (e.g., 20~200 nm) and thus too fragile. Unfortunately, commercial NF
membranes usually fia a thick support layer made of polysulfone or polyethersulfone and a non
woven fabrics, which results in an effective thickness of thousands of micrometers and limits both
Li/Mg selectivityand Lif | ux. A t hin support ( messpisnecessart h ~1
for NF membranes to be an effective alternative for MSCEMs in thédded Li/Mg separation
process, and is possible as composite polyamide membranes with a thin support have been

designed to address the same internal concentratiorizagi@an issue in forward osmosf¥.
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Figure 6.3 Performance of composite NF membranes in ED and NKA) Li/Mg selectivity versus Li

flux in ED as a function of current density and PA layer charge density. (B) Li/Mg selectivity versus Li
flux in NF as a function of pressure and PA layer charge densitid) (Bverage Li and Mg flux
contributions from adveion, diffusion and electromigration in the PA layer of the composite NF
membranes. () Concentration profiles of cations inside the composite NF membranes-Fhra@rent
density in ED is 300 A i pressure in NF is 30 bar, PAand PA(+) have a&layer with-50 mM and

0.5 mM charge density, respectively.

On the other hand, polyamidesed NF membranes when used in the NF process show a
little lower Li/Mg selectivity than that in the ED proces$sgure 6.3B) but is independent of the
support laye as there is no concentration polarization on the permeate side due to the crossflow.
Li/Mg selectivity and Li flux generally increases with the applied pressure. Li/Mg selectivity is
sensitive to M§' rejection. Mg@* rejection is over 97% when the poly@® has a charge density
of 0.5 mM and is lower than 95% when the charge densiBpisnM, while Li* rejection does not
vary much Figure E5). A high pressure or permeate flux may lead to selectivity reduction due to
an enhanced external concentration apahtion in the feed. Li flux is dominated by
electromigration when the polyamide layer is negatively charged anslthie counteron, while
dominated by diffusion in the positively charged polyamide layer whers ithe ceion (Figure
6.3C). Mg?* flux is always dominated by diffusion (Figués3D) as it is well rejected by the
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polyamide layer especially when the layer is positively chargigdife 6.3E and6.3F). Diffusion
flux has a more significant contribution to overall ion flux in NF membranesmapared to that

in the MSCEMSs because the polyamide layer much thinner than the CEM.

6.3.3 Comparison from couponscale to modulescale

The couporscale performance evaluation indicates that a positively charged surface layer
is always beneficial to IMg separation, regardless of the substrate membrane and the type of
separation process. Polyamidased NF membranes and-B&Ms have higher Li/Mg selectivity
than PCGCEMs (Figure 6.4A), which indicating that ion size sieving effects, e.g., steric and
dielectric exclusions induced by nanoconfinement, are more effective tharhkikkge electrostatic
repulsion for enhancing Li/Mg selectivity. Polyamibdased NF membranes when used in the NF
process have similar Li/Mg separation performance a<CERNs usedn the ED process, while
the performance of replacing MSCEMs by NF membranes in the ED process strongly depends on
the porous support structure. With a reasonably thin suppoiEPAas a similar performance as
PA-NF and PACEM used in EDFigure 6.4A).
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Figure 6.4 Performance comparison of composite CEMs and NF membranes in ED and NF from
coupon-scale to modulescale.(A) Couponscale comparison. Current density in ED varies from 0 to 300
A m2, Pressure in NF varies fron® 1o 30 bar. PA layer charge density varies fr&®to 0.5 mM. PE
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layer charge density varies from 0 to 5000 mM. (B) Modhdale comparison. Current density of ED is
250 A m?. Pressure of NF is 30 bar. PA layer charge densitOisnM.

Module-scale l/Mg separation performance can be very different from the coapale
results as the feed solution composition varies along the module in a continuougassgle
process or vary with time in a batch process. Moreover, Li recovery in cagpte analysiis
zero, while achieving high Li recovery is as important as high selectivity for the Li/Mg separation
process. Our previous analysis has shown that an operational tradeoff between Li/Mg selectivity
and Li recovery exists at the modideale NF process.e., selectivity decreases as Li recovery
increases. Therefore, we extend the comparison of ED and NF based Li/Mg separation toe module
scale. Performance of a polyamibased NF membrane and a-E&M with the same polyamide
surface layer were comparedie NF and ED processes as a function of Li recovery. The pressure
for NF and the current density for ED were selected to have a similar initial Li/Mg selectivity and
Li flux at zero Li recovery. A similar tradeoff between Li/Mg selectivity and Li recoexigts
for both ED and NF processes, while Li is recovered in both processes at a quite stabigutex (
6.4B). MLR in the feed increases with Li recovery in the ED and NF processes following an almost
same trendRigure E6), but is due to different asons. In the NF process, MLR increases as water
recovers to the permeate and ¥gccumulates and concentrates in the brine. While the increase
of MLR in the ED process is due to*Lconcentration reduction. The substantially reduced
selectivity at high Li recovery indicates that a siagéss NF or ED cannot satisfies the industrial
requirement for Li product and thus multiple passes of NF or ED are required to achieve the desired
Li/Mg selectivity. Energy consumption and cost analysis are necessary for a complete process
comparison. We note that the capital cost of ED may be higher than NF as a cell pair in ED contains
two IEMs and IEMs are much expensive than NF membranes. Howdves ,constrained by the
applied pressure which needs to be higher than the osmotic pressure difference across the
membrane. Therefore, dilution of the saline brines is usually needed as a pretreatment for NF

based Li/Mg separation.

6.4 Conclusions
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ED and NF are two promising membrabased processes to separatdriom Mg?*, which
is the most critical step for Li extraction from brine lakes. In this study, we compared ED and NF
based Li/Mg separation using different MSCEMs and NF membranes with iffez .golution
friction model. We demonstrated that MSCEMs with a dense surface layer is more effective than
with a loose but highly charged surface in enhancing Li/Mg separation performance. Polyamide
based NF membranes when used in NF have a similarpenfice as polyamide coated MSCEMs
when used in ED. The same tradeoff between Li/Mg selectivity and Li recovery at rsodlde
exists in both ED and NF. NF membranes, when used to replace MSCEMs in ED for Li/Mg
separation, require a thin support layer hwibw tortuosity and high porosity to reduce
concentration polarization. The comparison provides new insights to the design of composite

membranes and process innovation for Li/Mg separation.

Abbreviations Description
(by first
appearance)
NF Nanofiltration
ED Electrodialysis
IEMs lon exchange membranes
TFC-PA Thin-film composite polyamide
LbL Layerby-layer
CEMs Cation exchange membranes
AEMs Anion exchange membranes
MSCEMs  Monovalent selectiveation exchange membranes
PA-CEMs  Compositecation exchange membranes with polyamide surface layer
PCG-CEMs  Compositecation exchange membranes with positively charged surface
PA-ED Polyamide nanofiltration membranes used in electrodialysis
PA-NF Polyamide nanofiltratiomembranes used in nanofiltration
Symbols Description
0 Flux
0 Hindrance factor
0 Velocity
@ Concentration
- Effective porosity
O Diffusion coefficient
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and
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w
m
Ho
S
P

ne
e
f

loc

Coordinate perpendicular to the membrane surface
lon valence

Faradayconstant

Ideal gas constant

Absolute temperature

Electrical potential

Non-electrostatic partition coefficient

Layer charge density

Current density

Total pressure

Water permeability

Friction coefficientbetween fluid and membrane
Membrane thickness

lon stokes radius

Pore radius

Avogadro constant

Dielectric constant of vacuum

Relative dielectric constaof water in the bulk
Relative dielectric constant of water in tiiembrane pore
Ratio of ion Stokesadius and membrane pore radius
Selectivity

Rejection

Water recovery

Li recovery

Flow rate

Water
Membrane
Infinitely diluted
Solution
permeate
Non-electrostatic
Electrostatic
Feed

Local
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cum Cumulative
b Brine
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

In this dissertatioripn-ion separation usinF and EDs investigatedystematicallfrom
microscopic iortransport to processcale performareevaluationA summary of Chapters-@

are detailed below:

Chapter 2: We demonstrate that selectivity measured using different methods, or even different
conditions with the same method, are generally not compardigerdsanethod incomparability

is true for both apparent selectivity, defined as the ratio between concentr@tioalized fluxes,

and the more intrinsic selectivity, defined as the ratio between the permeabilities of solutes through
the active separatidayer. The difference in selectivity measured using different methods possibly
stems from the fundamental differences in the driving force of ion transport, the effect of water
transport, and the interaction between cations and anions. We fuetihhenstatethe difference

in selectivity measured using feed solutions containing single salt species and that containing
mixed salts. A consistent protocol with standardized testing conditions to facilitate fair
performance comparison between studies is prajiaghis chapter

Chapter 3: We Iillustrate the deficiency ofpplying the existing performance evaluation
framework developed for watsplute separationto solutesolute separatiordue to the
fundamentally different separation goaaW¥e performed couperand modulescale analyses of

mass transfer to elucidate how membrane properties and operating conditions affect the
performance of Li/Mg separation in NF. Notably, we identified an important operational tradeoff
between Li/Mg selectity and Li recovery, which is critical for process optimization. We also
established a new framework for evaluating membrane performance based on the success criteria
of Li purity and recovery and further extended this framework to separation withdgbeitars in

the brine. The analysis of this chapter lays the theoretical foundation for performance evaluation

and process optimizatidor all kinds of NF-based selective solute separation

Chapter 4: We illustrate aradeoff between Li/Mg selectivity arld recovery exists at process
scale, and the Li/Mg selectivity in a singdass NF process is not high enough to satisfy the
industrial purity requirements. To overcome this challenge, we propose goasgtiNF process
with brine recirculation to achievéigh selectivity without sacrificing Li recovery. We

demonstrate that Li/Mg selectivity of a thrpass NF process with a commercial NF membrane
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can exceed 1000 with experiments, despit@xisting cations compromising Li recovery. Our
theoretical analys further predicts that a foymzass NF process with brine recirculation can
achieve ultrehigh Li/Mg selectivity of 4889 and Li recovery of 96.6% simultaneously. The
process proposed in this chapter could potentiaitylitate efficient NF-based solutesolute
separations of all kindsand contribute to the development of novel membizased separation

technologies.

Chapter5:We ext end t he -iracondensatipdmodet fordesdril@ng ion partition

and ion mobility inside IEMs to mixed salts segios. We evaluate the extended DonN&nning

model against experimental data from literature and compare the performance the-Donnan
Manning model to that of the ideal Donnan model and the DeAffarity model. Our analysis

shows that, despite its sttucal complexity, the Donnallanning model has less fitting
parameters than the DonnAffinity model and generally outperforms the two other models in
predicting counteion and ceion partition. With the assumption of a higher mobility of condensed

ionst han that of uncondensed ions, the giemeral:
mobility selectivity for cation exchange membranes, but its performance for predicting mobility

selectivity for anion exchange membranes is still unsatisfactory.

Chapter 6: We compared ED and NF based Li/Mg separation using different MSCEMs and NF
membranes with the unified solutidrction model. We demonstrated that MSCEMs with a dense
surface layer is more effective than with a loose but highly charged surface in egHafidin
separation performance. Polyamigigsed NF membranes when used in NF have a similar
performance as polyamide coated MSCEMs when used in ED. The same tradeoff between Li/Mg
selectivity and Li recovery at moduseale exists in both ED and NF. NF nm@anes, when used

to replace MSCEMs in ED for Li/Mg separation, require a thin support layer with low tortuosity
and high porosity to reduce concentration polarization. The comparison provides new insights to

the design of composite membranes and prooesation forion-ion separation.

Based on the conclusions from this dissertation, future work can be extended from the

following perspectives:

1 To fairly compare the solute permeability measusgdiltration and diffusion methods
discussed in Chapter the impact oboth external and internabncentration polarization

should be quantified with more accuracy. For composite membrafifasion
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experiments may be conducted by peeling off the supportseatructural parametef

the support layer shoulak determined independently.

Performance metrics and tradeoffs for sokéute separation discussed in Chapter 3 can
be generally applied to other applications beyond Li/Mg separation Although we
discussed a hypothetical scenario with Mg in the brine as the target sedlitgeparation
data ofpractical applicationge.g.,rare earth elements recovgmay becollected and
analyzed following the same framework.

The multipass NF process with banrecirculationproposed in Chapter deeds to be
validatedwith pilot-scale experiments. Effects of membrane properties on the overall
performance can be investigated with both theoretical and experimental approaches.
Operating pressure and water recgwa@reach pass may be optimized in teclesonomic
analysis.

The extended Donnamanning model in Chaptercouldbevalidaied with more complex
solution compositionsind applied to predict performance of selective ED proddss
diffusivity of condensed aunterions with mixed electrolytesequires furthetheoretical

and experimentahvestigation.

The comparison of ED and NF for Li/Mg separation in Chapter 6 coutysiematically
validated with experiment results, especiatlye impact of support layer structural
parameter on the performanceadfiF membrane used in FiPocessAdditionally, techne

economic analysisan be conducted to compare ED and NRdo+ion separation.
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A. Appendix for Chapter 2
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Figure Al (A) NacCl rejection, (B) N&5OQs rejection, and (C) MgGlrejection as a function of permeate
flux under different feed concentrations.
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(A) NaCl with membrane (B) Na,SO,with membrane (C) MgCl, with membrane
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Figure A31-V curves with(A, B, C) and without membranes (D, E, F) under different feed concentrations.
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Figure A4 Dependencef membrane potential on the concentration ratio between the two chambers. The
slopes of the curves were used to calculate the corresponding transport numbers of cations and anions.
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Figure A5 Solute permeability (A, B, C) and solegelute selectivity(D, E, F) as a function of
concentration calculated from filtration method, diffusion method and conductance method, respectively.
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Figure A6 (A) Solute permeability and (B) MAI®* selectivity of different definitions in a polycarbazole

type conjugateanicroporous polymer membrane. Permeability and selectivity were calculated based on
original rejection, diffusion flux, and conductance data reported in reference. Concentration polarization
effect was not considered.
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for each salt) were presented.
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B. Appendix for Chapter 3

The solution-diffusion-electromigration (SDEM) model. The SDEM modél881%assumes that
any point inside the membrane is in thermodynamic equilibrium with a virtual bulk electrolyte

solution, i.e.; [ , Or:

S I s R AR T (B1)

wherethe lefthandside of Eq (B1) is the real electrochemical potential of iGimside the
membrane’([) and the righthandside is the electrochemical potential in the virtual solutioh (

* is the electrochemical potential of standard stdtg. ), ¢cf(c), ands (s ) are real (virtual)
activity coefficients, concentrations, and electrical potentials, respectively. The ion flux across the
membrane is driven by the electrochemical potential gradient and can be expressed as:

AT

s (B2)

0 GO
whereO is the diffusion coefficient of ioiQWith the virtual solutiorapproactand ideal solution

assumption, EqB2) becomes:

o 90 a0’ (B3)
o R T R
If the partition coefficient is defined as _r we can obtain:
Aw . Ae
0 VLO—-= aUOwW (B4)

where the product of the partition and diffusion coefficients is then defined as ion permeability,
0 0 O.Thus, Eq(B4) is equivalent to Eq3.2) in the main text. The virtual solution concept
was first used by Spiegler and Kedem in the hyperfiltration theory based on irreversible
thermodynamics$®! The main advantage of the virtual solutiapproachis to avoid explicitly

determining the partition and diffusion coefficients.

The impact of water flux on Li/Mg selectivity. Li/Mg selectivity,”Y y , as a function of water

flux at a couporscale is modeled for the polyelectrolyte membrane. The fdetiosois LiCl and
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MgCl, with a total concertation of 2 or 6 g*LThe bulk mass based MLR is 20. The applied
pressure varies up to 10 bar to control the water flixy  first increases and then decreases

with water flux Figure 3.5Bin the main text At the low water flux regime where the CP effect

is mild, both’Y and’Y increase with permeate water fluxidure B3) known as the
ef f ¥V .increases in this regime due to its stronger sensitivity tq which is intrinsic

to the definition of selectivity (Equation (3.1) in the main text).

As water flux further increase®/ y decreases as combined result of the continuous
increase ofY and the slight reduction 6f (Figure B3). Mg?* transport behavior is mainly
characterized by Mg permeability,0 . A higher0 means that Mg becomes more
permeable, which tends to resultanreducedY when it out performs the
(Figure B3). Therefore, the reduction &f in the high water flux regime may be explained by
the impact of flux o) via the enhanced CP effect. A higher water flux results in more severe
CP which increases the total interfacial concentration (mainff ddmcentration as MLR is high).
Since ion permeability is assumed to be a function of local interfacial feed caticerstr(Eq
(3.3) in the main text), and has shown a positive correlation with interfacial feed
concentrations (i.e., positive and values for Mg* with the LbL membrane ifable B3), a

higher flux is thus detrimental tty »

Table B1 Properties of commercial NF membranes used in this study

Membrane NF270 NF90 NFX
MWCO (Da) 200~400 200~400 150~300
Pore radius (nm) 0.42 0.34 Not found
Watf;.?ﬁﬂ”gi?g"'ty (L 19.7 33 2.1
NaCl rejection (%) 21.1 82.5 40.0
MgCl; rejection (%) 26.0 93.0 97.0
N&aSQO; rejection (%) 93.1 97.8 97.0
Zeta potential at pH~7 2100 67 50
(mV)
Isoelectric point 2.9 3.3 4.8
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Note: MWCO data is from manufacturer. Pore radius of NF270 and NF90 reported in reféfésce
estimated from neutral solute rejections via hindered transport model. Other properties were measured in
this study. For single salt rejections, feed concentration was'lagd. applied pressure was 8 bar.

Table B2 Literature data and experimentd results in this study of Li/Mg separation

. M Li
Membrane IV(I?n;:/oLr;c. IE:T%);I]_(): MLR rejec?ion rejection | Selectivity Ref.
(%) (%)
Desal DL 9120.0 152.0 60.0 65.0 -80.0 5.1 183
Desal DL 5785.0 132.0 43.8 60.0 -10.0 2.8 183
PAN/DAPP/TMC 469.3 235 20.0 46.0 -40.7 2.6 184
NF270 2820.0 141.0 20.0 80.0 45.0 2.8 185
NF90 2820.0 141.0 20.0 94.0 87.0 2.2 185
NF270 705.0 141.0 5.0 89.0 33.0 6.1 185
NF90 705.0 141.0 5.0 99.5 62.0 76.0 185
NF270 1410.0 141.0 10.0 85.0 41.0 3.9 185
NF90 1410.0 141.0 10.0 99.0 65.0 35.0 185
NF270 2115.0 141.0 15.0 86.0 45.0 3.9 185
NF90 2115.0 141.0 15.0 98.0 77.5 11.3 185
PEI/GQDsNH2/TMC 469.3 23.5 20.0 97.0 20.0 26.7 97
Duatskin layer NF 469.3 23.5 20.0 97.2 6.5 33.4 98
Duatskin layerNF 438.1 43.8 10.0 97.3 7.0 34.4 98
Duatskin layer NF 486.6 12.2 40.0 97.3 6.5 34.6 98
Duatskin layerNF 938.5 46.9 20.0 96.7 6.7 28.3 98
Dualskin layer NF 1407.8 70.4 20.0 96.1 6.0 241 98
MBCN-0.02 494.9 6.8 73.0 97.5 37.5 25.0 99
MBCN-0.02 1484.6 20.3 73.0 92.0 -50.0 18.8 99
(PESGO)/PEI/TMC 469.3 23.5 20.0 95.1 22.0 15.9 100
PES/CNGCOOH/PA 480.7 16.0 30.0 96.1 21.8 20.1 186
PES/CNGCOOH/PA 492.7 8.2 60.0 95.6 11.6 20.0 186
PEITMC 469.3 23.5 20.0 95.0 19.0 16.2 69
MWCN?SI/PI;EI/TMC 471.5 22.0 21.4 95.0 18.0 16.4 54
NF-IL-2% 252.6 16.5 15.3 86.5 -26.0 9.3 187
NF-IL-2% 505.3 16.5 30.7 82.0 -45.0 8.1 187
NF-IL-2% 757.9 16.5 46.0 80.0 -49.0 7.5 187
NF-IL-2% 1010.5 16.5 61.4 75.0 -55.0 6.2 187
PA-B2-E3 2400.0 100.0 24.0 92.3 29.0 9.2 154
PES/(PIPPHF)/TMC 471.5 22.0 21.4 91.5 -10.0 12.9 101
MWCNTs-COOK 469.3 23.5 20.0 98.6 21.6 57.7 188
PES/CQDsNH2-TMC 480.7 16.0 30.0 94.7 22.9 14.4 102
SPEPEI600 500.1 3.3 150.0 89.1 -30.9 12.0 189
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SPEPEI600 1250.4 8.3 150.0 84.7 -38.1 9.0 189
SPEPEI600 2500.7 16.7 150.0 79.6 -43.1 7.0 189
TFN/PEF3 469.3 23.5 20.0 97.4 5.0 36.5 190
Cu-MPD 474.3 20.2 23.5 91.5 32.3 8.0 6

PSS/PAH2.5 (LbL) 463.0 27.0 20.0 99.9 58.6 279.0 11
PSS/PAH2.5 (LbL) 468.0 12.6 40.0 99.9 57.6 370.3 11
PSS/PAH2.5 (LbL) 477.0 8.6 60.0 99.9 58.0 381.6 11
PSS/PAH2.5 (LbL) 892.0 47.5 20.0 99.7 24.6 250.2 11
PSS/PAH2.5 (LbL) 1230.0 60.0 20.0 99.4 -40.8 249.2 11
PSS/PAH2.5 (LbL) 1310.0 66.0 20.0 99.0 -55.0 153.2 11
PSS/PAH2.5X (LbL) 468.0 23.8 20.0 99.7 22.1 262.3 11
PSS/PAH2.5X (LbL) 500.0 13.8 40.0 99.7 29.6 255.2 11
PSS/PAH2.5X (LbL) 506.0 9.0 60.0 99.8 34.0 330.2 1t
PSS/PAH2.5X (LbL) 957.0 49.8 20.0 99.4 -13.8 196.2 11
PSS/PAH2.5X (LbL) 1230.0 60.0 20.0 99.1 -55.8 176.7 11
PSS/PAH2.5X (LbL) 1530.0 86.0 20.0 98.5 -90.7 126.0 1t
PES/PSS/PAH (LbL) 469.3 23.5 20.0 99.0 28.6 71.4 103
PES/PSS/PAH (LbL) 486.6 12.2 40.0 98.9 28.0 65.5 103
PES/PSS/PAH (LbL) 492.7 8.2 60.0 99.0 25.7 74.3 103
PES/PSS/PAH (LbL) 938.5 46.9 20.0 98.0 -22.1 61.0 103
PES/PSS/PAH (LbL)| 1407.8 70.4 20.0 96.5 -60.2 45.8 103

NFX 469.3 23.5 20.0 89.1 -84.1 16.9 This study

NFX 486.6 12.2 40.0 73.7 -72.8 6.6 This study

NFX 492.7 8.2 60.0 85.5 -122.2 154 This study

NFX 938.5 46.9 20.0 86.2 -719.7 131 This study

NFX 1407.8 70.4 20.0 86.3 -89.8 13.9 This study

NF90 469.3 23.5 20.0 96.6 28.8 20.8 This study

NF90 486.6 12.2 40.0 94.9 3.2 19.2 This study

NF90 492.7 8.2 60.0 94.9 51 18.5 This study

NF90 938.5 46.9 20.0 96.1 15.6 21.7 This study

NF90 1407.8 70.4 20.0 95.8 4.7 22.7 This study

NF270 469.3 23.5 20.0 51.7 -10.2 2.3 This study

NF270 486.6 12.2 40.0 38.8 -8.0 1.8 This study

NF270 492.7 8.2 60.0 46.9 -12.2 21 This study

NF270 938.5 46.9 20.0 51.9 -10.2 2.3 This study

NF270 1407.8 70.4 20.0 49.9 -15.4 2.3 This study

Table B3 Correlation coefficients of ion permeabilities of different membranes

Membranes d d )
Li+ Mg?* Li* MgZ* Li* MgZ*
LbL
(PsspaH) | 01688 | 0.0008 0.026 0.0007 | 3.0603 | 0.0179




NFX -0.6788 -0.0429 0.0794 0.0055 8.017 0.2191
NF90 -0.1632 -0.0076 0.0154 0.0008 1.9761 0.0614
NF270 -16.763 -2.4129 1.8194 0.2385 64.8623 9.6706

Table B4 Water permeability, fitted ion permeabilities’, and permeability ratios of literature

membranes andcommercial membranes tested in this study

Membrane PngLr'_\{')H Pu( & m) | Pug( & ) | Pu/ Pu(bar) I;Lh;g/ Ref.
Desal DL 6.1 32.2 121 19.0 26.6 183
Desal DL 6.1 39.1 5.14 23.0 7.6 183

PAN/DAPP/TMC 2.6 21.8 0.85 30.6 26.7 184
NF270 19.7 4.9 111 0.9 4.5 185

NF90 3.3 0.0 0.00 0.0 2.8 185
NF270 19.7 21.3 2.03 3.9 10.5 185

NF90 3.3 1.4 0.01 1.5 112.2 185
NF270 19.7 13.8 212 2.5 6.5 185

NF90 3.3 0.8 0.01 0.8 51.5 185
NF270 19.7 7.5 1.18 1.4 6.3 185

NF90 3.3 0.2 0.01 0.2 16.2 185
PEI/GQDsNH2/TMC 11.9 3.0 0.07 0.9 42.8 97
Dualskin layer NF 12.0 5.6 0.10 1.7 54.1 98
Dualskin layer NF 12.0 6.7 0.11 2.0 58.9 98
Dualkskin layerNF 12.0 5.0 0.09 1.5 54.5 98
Dualkskin layer NF 12.0 3.3 0.07 1.0 46.4 98
Dualkskin layerNF 12.0 0.8 0.02 0.2 40.3 98
MBCN-0.02 5.6 15 0.04 0.9 38.0 99
MBCN-0.02 5.6 0.8 0.02 0.5 34.4 99
(PESGO)/PEITMC 11.2 2.9 0.11 0.9 25.9 100
PES/CNGCOOH/PA 4.2 3.9 0.12 3.3 31.7 186
PES/CNGCOOH/PA 3.4 3.5 0.11 3.7 31.7 186
PEITMC 5.0 5.3 0.20 3.8 26.6 69
PIP-MWCNTSs/PEI/TMC 14.0 8.4 0.32 2.2 26.4 54

NF-1L-2% 55 12.3 0.61 8.0 20.0 187
NF-1L-2% 55 13.0 0.68 8.5 19.0 187
NF-1L-2% 55 12.4 0.68 8.1 18.2 187
NF-1L-2% 55 14.4 0.83 9.4 17.4 187
PA-B2-E3 15 0.9 0.06 2.1 15.0 154

PES/(PIPPHF)/TMC 6.7 9.1 0.39 4.9 23.2 101
MWCNTs-COOK 12.3 2.8 0.03 0.8 90.9 188
PES/CQDSNH2-TMC 33.0 3.4 0.15 0.4 23.0 102

SPEPEIG00 10.0 13.0 0.60 4.7 21.6 189

SPEPEI6G00 10.0 11.0 0.61 3.9 18.0 189

SPEPEI6G00 10.0 3.3 0.21 1.2 16.1 189
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TFN/PEF3 30.6 135 0.23 1.6 60.5 190
Cu-MPD 16.2 8.4 0.66 1.9 12.8 6

PSS/PAH2.5 (LbL) 7.9 0.9 0.0021 0.4 420.2 1
PSS/PAH2.5 (LbL) 7.9 0.9 0.0015 0.4 568.3 1
PSS/PAH2.5 (LbL) 7.9 0.8 0.0014 0.4 584.4 1
PSS/PAH2.5 (LbL) 7.9 1.6 0.0041 0.7 393.3 1
PSS/PAH2.5 (LbL) 7.9 2.1 0.0047 1.0 445.2 1
PSS/PAH2.5 (LbL) 7.9 2.7 0.0093 1.2 287.7 1
PSS/PAH2.5X (LbL) 6.2 14 0.0035 0.8 406.8 1
PSS/PAH2.5X (LbL) 6.2 1.1 0.0029 0.6 383.0 1
PSS/PAH2.5X (LbL) 6.2 1.0 0.002 0.6 495.0 1
PSS/PAH2.5X (LbL) 6.2 2.1 0.0063 1.2 325.8 111
PSS/PAH2.5X (LbL) 6.2 2.1 0.0063 1.2 330.5 1
PSS/PAH2.5X (LbL) 6.2 2.4 0.0082 1.4 289.8 1
PES/PSS/PAH (LbL) 18.4 4.5 0.0413 0.9 110.0 103
PES/PSS/PAH (LbL) 184 4.1 0.0411 0.8 99.8 103
PES/PSS/PAH (LbL) 184 4.1 0.0362 0.8 112.6 103
PES/PSS/PAH (LbL) 184 5.2 0.0504 1.0 103.8 103
PES/PSS/PAH (LbL) 184 6.5 0.0729 1.3 88.5 103

NFX 2.1 7.0 0.15 12.0 46.4 This study

NFX 2.1 10.0 0.42 17.0 23.7 This study

NFX 2.1 8.1 0.19 13.9 42.9 | This study

NFX 2.1 7.2 0.18 12.3 39.9 | This study

NFX 2.1 6.2 0.14 10.6 45.4 This study

NF90 3.3 1.6 0.05 1.8 32.9 | This study

NF90 3.3 2.1 0.07 2.3 31.3 | This study

NF90 3.3 2.0 0.07 2.2 29.8 This study

NF90 3.3 1.6 0.04 1.7 35.6 This study

NF90 3.3 1.2 0.03 1.3 38.3 This study

NF270 19.7 65.7 8.86 12.0 7.4 This study

NF270 19.7 127.5 18.35 23.3 6.9 This study

NF270 19.7 80.9 10.93 14.8 7.4 This study

NF270 19.7 64.3 8.58 11.8 7.5 This study

NF270 19.7 66.4 7.80 12.1 8.5 This study

* We have provided a coded MATLAB App with graphic user interface for readers to fit ion permeability
with SDEM model from their experimentdF-based Li/Mg separation data.
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Figure B1 Li/Mg separation performance of (A) NFX, (B) NF90, and (C) NFZi@m top to bottom:
permeate flux, L'VMg?* selectivity, fitted ion permeabilities, and measured rejections as a function of feed
compositionConcentration polarization was accounted for by an assomaesd transfer coefficienf 100

L m?2 htfor both LiCl and MgCl.
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Figure B2 (A) Permeate flux and transmembrane osmotic pressure as a function of water recovery (WR).
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assumednass transfer coefficienf 100 Lm? hfor both LiCl and MgCl.
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C. Appendix for Chapter 4

Modeling the multi-pass NF process with owithout recirculation. The local ion flux across
the NF membrane of speci€®, is described using the modified NerR$anck equation in the
SDEM model:

i~

o 5 R0 eo
o Y%

whereD is the ion permeabilityp is the ion concentratiomis the transmembrane coordinate

(C1)

normalized by the membrane thickne®ds the valence of speci&ande is the local electrical

potential.Concentration polarization is accounted for via the film theory:

T’v (':)v 3
H A@E‘iﬁ (C2)

whereqy, is the local interfacial feed concentratian,is local water flux, andis the mass
transfer coefficient in the boundary layer (quantified to be 50%lhihfor the system used in this

study).0 can be estimated using

0 U wd o (C3)
wherel is the water permeability (~3.65 L bar? for the NFX spiral wound module used
in this study), andp DandeS* are the transmembrane difference of hydrostatic pressure and

osmotic pressure, respectively. Osmotiegsure can be estimated usimgvét Hof f equat i

With given feed solution composition and ion permeabilities, permeate composition can
be solved with the charge neutrality and stesidye conditions. However, the SDEM model is
semiempirical because is usually not a constant but has a rather complex dependence on the
feed composition. With experimentally measured local feed concentrations, water flux, and ion
rejections, Lt and Mg permeabilities can be fitte@able C3). We then employed an emigal

natural logarithm correlation to relaleto the local feed composition:
I TV T I T S B B T | (C4)
where are fitting coefficients (se€able C4).

The module behavior is then modeled as a functian ‘dfvia a finite difference method.

The inputs are the applied pressure and the initial feed solution composition. The modified Nernst
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Planck equation (EqC1) and the local permeate flux (EQ3) are solved iteratively with ion
permeabilities as a functiofiinterfacial feed solution composition (Et¢) to determine the local
permeate composition and thus local ion rejections. Species conservation is maintained in the brine

and permeate when coupling the adjacent differential elements:

A p @Yo ®yY
An Y

~
g

Wy W'Y (C5)

where®; @'Y and®y @'Y are local permeate concentration and bulk brine concentration of
ion "Gat water recovery 'Y, respectively. Cumulative permeate concentration, @'Y, can be

then calculated as:

. O ©YAD'Y
(bﬁ wyY = h — (C6)
WY

For multipass filtration without recirculation, each pass can be solved sequentially with
the permeate composition of one pass used as the feed to the next pass. fpasmfiltration
with brinerecirculation, the feed of each pass between thenidl the last pass (i.e %20 N-1"
pass) is a mixture of the permeate from the previous pass and the brine from the n&xgpass (
4.1 in the main text). When steady state operation is achievedndiss balance of water can be

described as

. 0 Y

5 0 p WY hAEEOpxO p
0

wY h Alt0 0 (€7)
where0 is number of passe8, andw'Y are the feed flow rate and water recovery of gass
respectivelyD is the initial feed flow rate ané'Y is set as 10 is a function o) and water
recovery of each pass, and can be solved analytically. The mass balance of ions can be described
as
- 0 QY 0 p @Y wp hAEEO PO p s
.l Oi R IO U (C8)
wheredy, , @y , andowy; are feed, permeate, and brine concentrations ofépasspectively®p,
is set ago, which is the initial feed concentratio®y; depends on botfy; ando; ,ard thus

is solved iteratively until the steady state is found.
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Table C1 Composition of the synthetic brine to study impacts of cexisting cations(All cations were
added as chloride salts).

Li* Mg?* Na' K* cat

mM 3.0 17.4 34.0 10.0 21
Molar ratio toLi 1.0 5.8 11.3 3.3 0.7
mg L?! 21.0 417.6 782.0 390.0 84.0
Mass ratio to Li 1.0 19.9 37.2 18.6 4.0

Table C2 Rejections (%) of cations in the thregpass Li/Mg separation process.

Li* Mg?* Na' K* cat
15t pass -2.76 95.50 0.41 -0.84 88.60
2" pass 11.68 92.99 11.26 13.23 85.36
39 pass 17.62 86.24 10.50 11.76 80.22

Table C3 Fitted ion permeability at different concentrations and pressure

Pass r 2+ r 2+
r;;g;bseurr'e r(;/\c/gf/eerry conclélntration concli/é?\tration P?[nr]ﬁ? Le_zl;‘lux permLéabiIity permgability
(bar) (%) (mM) (mM) (emM s (emM s
1-2 0 2.9 17.3 3.4 5.9 0.025
1-2 25 1.9 22.5 2.2 5.0 0.017
1-2 50 0.8 33.1 1.1 2.5 0.014
1-4 0 3.2 18.8 9.4 4.9 0.028
1-4 25 1.5 34.2 6.6 4.7 0.018
1-4 60 0.8 44.6 4.1 4.6 0.016
1-4 75 0.2 70.0 15 2.9 0.014
1-6 0 3.2 18.2 15.6 5.5 0.029
1-6 25 2.2 34.9 11.7 4.5 0.021
1-6 60 1.6 47.9 9.6 5.0 0.018
1-6 75 0.8 72.9 6.2 5.9 0.018
1-8 0 3.2 17.4 18.3 4.2 0.031
1-8 25 2.8 31.6 13.9 4.1 0.025
1-8 60 2.5 42.1 11.5 4.3 0.024
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1-8 75 2.0 69.2 7.5 3.7 0.021
22 0 6.6 2.1 6.2 6.1 0.08
2-2 50 5.6 3.4 6.2 7.8 0.06
2-2 75 4.0 71 5.4 11.6 0.07
22 85 3.1 10.5 2.6 3.4 0.02
2-4 0 4.1 1.4 141 8.7 0.16
2-4 50 4.1 26 14.8 8.1 0.10
2-4 75 29 3.8 14.4 8.4 0.08
2-4 85 3.3 7.1 7.5 9.2 0.04
2-6 0 3.9 1.4 21.9 9.0 0.21
2-6 50 4.0 24 21.7 9.0 0.13
2-6 75 4.1 4.7 21.2 7.0 0.08
2-6 85 3.7 8.5 17.8 6.2 0.04
2-8 0 3.6 1.6 27.4 6.3 0.13
2-8 50 3.8 26 26.9 5.4 0.08
2-8 85 3.9 7.9 24.3 4.2 0.04
36 0 3.7 0.1 22.2 6.1 0.23
36 50 4.5 0.3 22.2 6.6 0.24
36 75 5.3 0.5 22.2 8.6 0.51
36 85 6.3 0.8 22.2 9.2 0.77
Table C4 Linear correlation coefficients for ion permeability.
Gy G G
Li* 0.1235 -0.0831 1.8289
Mg?* 0.467 -0.4282 -2.4341

Table C5 Li */Mg?* concentrations in the feed, brine and permeate of each pass in the simulated four

pass filtration process.

15t pass 2" pass 39 pass 4" pass
Feed 3.9/18.5 5.5/0.84 5.5/0.084 4.8/0.016
.Wlth . Brine 0.36/89.3 9.2/7.7 11.8/0.69 10.0/0.11
recirculation
Permeate 4.8/0.86 5.1/0.08 4.8/0.016 4.2/0.005
Feed 3.4/19.6 4.2/0.89 4.0/0.078 3.4/0.013
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Without Brine 0.19/94.4 6.4/8.2 8.6/0.66 7.3/0.10

recirculation permeate  4.2/0.89 4.0/0.078 3.4/0.013 3.0/0.004
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Figure C1 Permeate flux at different water recovery under different operating pressures fpghssl
experiment.

Figure C2 lon mass concentration and MLR in the initial feed, and permeates of each pass.
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