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summary

Due to climate change, more places around the world are dealing with freshwater shortages. There is plenty of
salt water on earth, but this is not suitable for human consumption, agriculture, or for use in many industrial pro-
cesses. Among desalination technologies a new technology started to emerge called dcapacitive deionisationd
(CDI). A conventional CDI cell consists out of two electrodes with a potential applied to them. The electro-
static charge on the electrodes attracts the ions from the feed water that flows in between these electrodes.
Recent years have seen the introduction of a new cell architecture with multiple electrodes and multiple water
channels parallel to each other. A cell consists out of four electrodes. The potential on the outer electrodes is
the driving force, and the inner electrodes function as selective membranes between the channels. The inner
electrodes therefore serve two functions and are called capacitive membrane electrodes (CME). The water
is deionised due to the migration of ions through the CME, from the inner channel (low salinity) to the outer
channels (high salinity). Since multi-channel CDI is relatively new, a thorough investigation of the effect of
electrostatic charge and the microstructure of the CME on its deionisation performance is still lacking. This
led to the following main research question: How large is the effect of the pore size distribution on the ion
transport and selectivity of porous carbon capacitive membrane electrodes? This thesis sought an answer to
this question by testing five different CME materials via an experimental approach.

An experimental measuring setup was built, with a source measuring unit (SMU), a power supply, and a cell
holding the CME. The charging of the cell and measuring procedure were all controlled by a relay board and
Arduino. The measuring procedure was as follows: each experiment consists out of a positive and negative
charge cycle. Each cycle has a charging phase, a floating phase (the cell is disconnected from the power
supply), and a short-circuit phase. During each phase, the membrane potential (V) and the electrical potential
of the CME (Vcme) w.r.t. one of the reference electrodes was recorded. Knowing the salt concentrations and
Vm, the permselectivity (P) can be calculated.

The materials that were studied, were all research samples with varying compositions and thicknesses. Each
material showed a different permselectivity (P), ionic resistance (Ry) and fluid flow through the membrane
(Q). The membrane materials should not be compared based on permselectivity alone. A highly selective
membrane with high ionic resistance is not considered to be desirable. Therefore, two performance param-
eters were used to compare the materials: P/Vcme and P/Ry,. When looking at the ratio of P/Ncme, no
membrane material really stood out from the rest. However, when looking at P/R, clearly material 09/04
had the advantage. Material 09/04 was decently selective with a permselectivity of 0.56 [-], but it showed a
much lower ionic resistance of 19:91[Y] for its membrane area. These are desirable qualities in a CME, and
therefore material 09/04 should be considered in a CDI cell.

The pore size measurements were conducted with a porometer that utilises the capillary flow technique, where
the fluid flow is recorded as the pressure on the membrane is increased. First, a wet measurement with
wetting liquid is carried out, followed by a dry measurement. From the difference in pressure between these
measurements, the pore size distribution can be calculated. The pore size measurements showed that the
most occurring pore sizes were between 20 [nm] and 80 [nm], which is in the mesopore range to the smaller
macropore range. Scanning electron microscopy (SEM) imaging was used to verify the porometer results, as
the porometer has a lower measuring limit of 20 [nm]. From the SEM images, it was verified that there were
almost no pores below the 20 [nm] limit.

When comparing the results between the permselectivity measurements and the pore size measurements the
following correlation was found: membrane materials that showed higher fluid permeability also showed lower
ionic resistances. This can be explained the following way: if the liquid can easily permeate through the CME,
then the ions will also easily diffuse through. Finding a correlation between the fluid permeability and the ionic
resistance, does give the confidence that there must be a connection between the physical properties and
the electrical/permselectivity properties of a CME. To achieve good deionisation performance in multi-channel
CDI, CMEs must offer low ionic resistance when ions are forced to migrate from low to high salinity, while still
being permselective when ions want to migrate back from high to low salinity.
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Introduction

An increasing number of places are dealing with freshwater shortages due to climate change. Most of the
earthis surface is covered in water, but this is salt water that cannot be used for human consumption, agri-
culture, or for use in many industrial processes. Salt water is not a simple mixture of water and salt grains,
because it is different on a molecular level: when salt gets dissolved in water the ionic bonds are broken
down and ionic particles start to interact with the individual water molecules. From an energetic perspective,
salt dissolves in water because it prefers to be in a lower free-energy state. For NaCl this is an endothermic
process: dissolution increases enthalpy but the gain in entropy of the (now) mobile ions makes the process
favourable nonetheless. Consequently, salt does not spontaneously go out of solution. This explains why
removing salt from water is not a straightforward filtration process.

The oldest method to desalinate water is by evaporating the water and then condensing the water vapour
again. This is an energy intense distillation method that also occurs in nature as the well-known water cycle.
Salt water distillation, though energy intense, is capable of producing highly pure water that contains virtually
no ionic species. This method is still used today to produce distilled water for laboratory purposes [1]. Water
distillation has been the dominant method to produce potable water until the late sixties. Recently, water
distillation got a renewed interest in the form of solar distillation [2]. Here, the heat of the sun is used to
produce distilled water.

Water distillation eventually got replaced by a process called reverse osmosis (RO). In the US, the first large
scale RO desalination plant started producing 11.4 million litres of potable water in 1977, Cape Coral (Florida,
USA) [3]. Currently, RO is the most widely used desalination technology [4]. Reverse osmosis works on
the principle of pushing the salt water through a membrane that is only permeable to water molecules and
not to the ionic species. Osmosis is the natural process where the solvent (in this case water) can move
through a semipermeable membrane from a fluid low in salinity to a fluid high in salinity. An osmotic pressure
can be observed when the solvent migrates through the membrane. Reverse osmosis works in the opposite
direction, and it has to overcome the osmotic pressure. This explains why RO has to work at high pressures
and consumes considerable amounts of energy. From a mass perspective, it can be said that RO removes
the water from salt water.

A completely different technology that got a lot of attention in recent years, is called dcapacitive deionisationo
(CDI). Brackish water desalination with CDI can be considerably less energy intense compared to RO and
distillation [5, 6]. CDI removes the ionic species directly from salt water instead of removing water from salt
water. In CDI, the deionisation process is initiated by applying a potential over a set of electrodes (called a cell)
as water is passing through or by the electrode. The charged particles adhere themselves to the electrodes
in the so-called electrical double layer (EDL) via electrostatic attraction. When the electrodes are completely
saturated with salt, the process is reversed and all the salt is released into a waste stream. This setup is the
conventional CDI cell architecture that operates in cycles. Cycling between a product stream and a waste
stream of water. Many CDI cell architectures have been developed in the past years (see section 2.2), such
as: flow-by cells, flow-through cells, membrane CDI, and inverted CDI.



1.1. Research questions 2

Recently, a new CDI cell architecture has been developed, with multiple channels parallel to each other that
run under continuous operation. In this cell architecture, the ionic species migrate from channel to channel
driven by an electrostatic potential. The advantage of this method is that the product and the reject flows are
separated at all times, permitting a more continuous operation. This research will focus on the ion transport
through the electrodes. The electrodes that separate the channels also function as membranes, therefore
called capacitive membrane electrodes (CME). Depending on the electrostatic charge of the CME, the CME
will either become a cation exchange membrane or an anion exchange membrane. As the method is relatively
new, a thorough investigation of how electric charge and the microstructure of the CME affect its performance
is still missing. For example, the permselectivity, which is a membrane property that describes the ratio of the
migration of positive ionic species, over the total number of ions migrating through the membrane.

0000 00000000 bobooiood

Before the research questions can be formulated, first a problem statement must be given:

Problem statement dIn conventional CDI cell architectures, the porosity of the carbon material has been
linked to the salt adsorption rate of CDI electrodes [7], and the micropores had the largest contribution to
the maximum salt adsorption capacity (mSAC). The porosity of the CMEs can be quantified with a pore size
distribution. As of yet it is not fully known how the pore structure affects the ion transport and ion selectivity
of CMEs.0

The research questions are given below. The main research question is supported by the sub-questions.
These sub-questions have to be answered first before the main research question can be answered.

Main research question: How large is the effect of the pore size distribution on the ion transport and selectivity
of porous carbon capacitive membrane electrodes?

Sub questions:

A What will the experimental setup look like such that it can measure the ion transport and ion selectivity
of a CME?

A How can a mathematical model be built such that it can describe the permselectivity of the CME in terms
of measurable electrostatic potential and ion concentrations?

A How can the pore size distribution of a CME be measured and which units quantify the pore size distri-
bution?

A How can the measured pore size distributions be linked to the experimental values for ion selectivity and
transport capability?

A How can the experimental results be correlated to each other?

0000 Doiooooooo

The main objective of this research is to determine whether there is a clear correlation between the pore
size distribution and the ion transport and ion selectivity of CMEs made of porous carbon materials. A list of
sub-objectives is given below:

A Build a mathematical model that describes the permselectivity of the CMEs as a function of the electro-
static potential and the ion concentrations

A Experimentally measure the ion transport and selectivity of a CME
A Experimentally measure/quantify the pore size distribution of a CME

A Compare experimental results to determine if there is a correlation between the pore size distribution
and ion transport and ion selectivity of the CMEs
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DFFXPXODWHLQD YHU\WKLQ OD\HUFORVH WR WKHFDUERQ ZDWHU LQWHUI
(/ 7KLV SURFHVV RIDWWUDFWLQJWKHLRQVIURP WKH ZDWHU SURGXFHV I
SURFHVV RIUHPRYLQJVDOW IURP)WKHUADWHU LV GHSLFWHG LQ

JLIXUH 7TKHDGVRUSWLRQ SKDVHLQ D &', FHOO

$W VRPH SRLQW WKH FHOO LV FRPSOHWHO\ VDWXUDWHG ZLWK VDOW :KHQ
UHDFKHG WKH FHOO PXVW EH VKRUW FLUFXLWHG RUUHYHUVHG WR UHOHD)
RI WKH SURFHVV SURGXFHV D ZDVWH YWNXHBP OPNFDQEMWKHHAQQ DUH UHOH
WKH FHOO FDQ EH FKDUJHG DJDLQ WR SURGXFH IUHVK ZDWHU 7KLV PHDQV "
EHWZHHQ FKDUJHDQG GLVFKDUJH SKDVHVY 7KHFHOO LWVHOILVDVWUDLJK)
SKDVHV PDNHV IOXLG KDQGOLQJ GRZQVWUHDP RI WKH FHOO FRPSOH]



"(- GIPP EVGLMXIGXYVIW

JLIXUH 7KH GHVRUSWLRQ SKDVHLQ D &', FHOO

'(-GIPPEVGLMXIGXYVIW

$V PHQWLRQHG LQ WKH LQWURGXFWLRQ WKHUH DUH PDQ\ &', FHOO DUFKLW
VFULEHG DQG GLVFXVVIEG Y PRWWIAMRRPRG FHOO DUFKLWHFWXUHY DUH |
RYHUYLHZ LVMULXUHI LQ

7KHFRQYHQWLRQDOFHOO GHVLJQLVDFHOOFRQVLVWLQJRIWZR SRURXV H(
+HUHWKHIORZRIZDWHUDQG WKH GLUHFWLRQRIWKHHOHFWULFILHOG DUH
D IORZ E\" FHOO DV FARQXBHHVH®@ IQRZ E\ FHOO WKHUH LV D VSDFHU EHWZ}
SURYLGH VWUXFWXUDO VXSSRUW WR SUHYHQW WKH HOHFWURGHV IURP VK|
WKH HOHFWURGHYV $ GLIIHUHQW DSSURDFK LV D VHWXS ZKHUH WKH IORZ R
GLUHFWLRQ WKLV LV FDOOHG)DJXQURZ WEWRIX WKK HF HHOHOG Y BWHU JRHV VWUDL
HOHFWURGHY WKHPVHOYHV 7KHDGYDQWDJH RIVXFKD FHOO LV WKDW WKH
EH PXFK WKLQQHU 7KDW LV EHFDXVH WKH VSDFHU GRHV QRW KDYH WR JXL
DQ\PRUH DV WKHIOXLGIORZLV QRZSHUSHQGLFXODU WR WKHHOHFWURGH\
PRUH FRPSDFW DQG WKDW WKH FHOO LRQ&F UHVLVWDQFH ZLOO EH UHGXFHC

$QLPSRUWDQW YDULDQWRIWKHIORZ E\FHOO GHVLJQLVE\DSSO\LQJD VHOI
7KHVH PHPEUDQHV DUH SHUPHDEOH WR HLWKHU FDWLRQV RUDQLRQV DQG D
7KLVW\SHRIFHOODUFKLWHFWXUH LV FDQDHGJ'H H/ARHURDDQLH & G Y D& W DMHIHR | 0
LVWKHLPSURYHPHQW RI FKDXEMHIFWERDGKDODVHHHIILFLHQF\ FRPSDUHG WR
&', >@ 7KDW LV EHFDXVH WKH ,(0V UHSHO WKH FR LRQV DQG OHW WKH FRX
WKH HOHFWURGH 7KH GRZQVLGH RI XWLOLVLQJ ,(0V LV WKHLQFUHDVHG PIL
RSHUDWLRQDO FRVWY XWLOLVLQJO0&',PD\VEH OHVV HFR Q@R P,IQFDF-RPVS DHRIMHU
PXFK UHVHDUFK KDV EHHQ SHUIRUPHG RQ PHPEUDQH PDWHULDOV PDQXID
RI 0&', FHO®V@ 0&', KDV EHHQ SURYHQ WR EH D YLDEOH WHFKQRORJ\ WR G
VDOLQLWLHYV DV 0&',LVQRZFRPPHUFLDOO\XVHG E\GHVDOLQDALRQ FRPSEL

5HFHQWO\ DQRWKHU YDULDQW RI WKH IORZ EN WEDA® KKW B H MK G HHYOHIFR\SIHRGG!
FKHPLFDOO\ VXUIDFH WUHDWHG 7KLV UHVXOWHG LQ DQ LQYHUVH EHKDYLF
WKHUHIRUH FDOOLQJ LW)LDXYHUVHBRE FKH®LFDO WUHDWPHQW RI WKH VXUID
FDXVHG WKH HOHFWURGH WR SRVVHVV IL[HG FKDUJHV 7KLV UHVXOWHG LQ
GRXEOH OD\HU VHFWIHMHQ7KH LRQV IURP WKH VROXWLRQ DUH VWRUHG LQ W
FKDUJHG WKH IL[HG FKDUJHVY LQ WKH HOHFWURGHY DUH QHXWUDOLVHG DQG

&HOO DUFKLWHFWXUKXUWGHBVHEWMIG LG IURP WKH IORZ EV\FHOO EXW FRQILJX
QDWLRQ EDWWHU\ XWLOLVHV RQHRUPRUHIDUDGDLF HOHFWURGHV LQVWH
DUHQRQ FDSDFLWLYHDQGDUHEH\RQG WKHVFRSHRI WKLV UHWED@FK 7KH
LIWKHUHDGHULVLQWHUHVWHG LQNQRZLQJPRUHDERXW )DUDGDLF SURFH

7KHILQDO FHOO FRQILJXUDWLR Q)L YXVKID DRZW HD 6 CHSHEWOIRZLQ', )&', )&
FDUERQ IORZ HOHFWURGHY 7KHVH FDUERQ IORZ HOHFWURGHV IRUP D VOX
ZDWHU 7KHVH FDUERQ IORZ HOHFWURGHY DUH DOVR EH\RQG WKH VFRSH R
=KDWD@®@ DQG BHML@®@ LI WKH UHDGHU LV LQWHUHVWHG LQ WKH UHFHQW GH



1YPXM GLERRIP '(- WIWXIQW

D)ORZ E\FHOO E)ORZ WKURXJK FHOO FOHPEUDQH &', FHOO

GLQYHUWHG &', FHOO H'HVDOLQDWLRQ EDWWHU\ I)ORZ &', FHOO

JLIXUH 9DULRXV &', FHOO DUFKLWHFWXUHYV

1YPXM GLERRIP "(- WIWXIQW

5HFHQW\HDUV KDYH VHHQ WKH LQWURGXFWLRYLBRXDHKHZWKIFXOWHBE®WN BHK DG
7KLY QHZ DUFKLWHFWXUH KDV D FRQWLQXRXV IORZRIZDWHU LQVWHDG RI F
VWUHDPV 7KLV FDQEHDFKLHYHG E\KDYLQJPXOWLSOHFKDQQHOV SDUDOO
VHW RI HOHFWURGHY ZLWK DQ DOWHUQDWLQJ SRWHQWLDROUHYKRIZWCDWR W
VOQDSVKRWDW ZKLFKWKHLQQHUHOHFWURGHV KDYHD PD[LPXP FKDUJH DQG
SRWHQWLDO RQ ERWK SDLUV RIHOHFWURGHV LV GHJUHHV RXW RI SKDVH

LV SRVLWLYH WKH RXWHU ULJKW HOHFWURGH KDV QR FKDUJH \HW EXW LW
DQLRQ FRXOG HQWHU WKH LQQHU ULJKW HOHFWURGHDQG DV WKH RXWHU U
WKHDQLRQ WKURXJK WR WKH QH[W FKDQQHO 7KH RXWHU HOHFWURGHV DU
LOQHU HOHFWURGHV IXQFWLRQ DV VHOHFWLYH PHPEUDQHY EHWZHHQ WKH |
LQQHU HOHFWURGHYVY DUH UHIHUUHG WR DV FDSDFLWLYH PHPEUDQH HOHFW

7TKH SRWHQWLDO RQ WKHHOHFWURGH SDLUV LV DOWHUQDWLQJLQ IRXU SKEL
WKHVHFRQG SKDVH WKHRXWHU HOHFWURGHYV FKDUJH XS WR SXOO WKH LR
SRODULW\RIWKH &0(VLVUHYHUVHGDQGLQWKHILQDO SKDVH WKH SRODUL
F\FOHVWDUWV RYHU DJDLQ 7KLVFHOODUFKLWHFWXUHLVIDLUO\QHZDQG
DQGLQ ZKDW PDIJQLWXGH RSWLPLVH WKHWUDQVSRUW RILRQV WKURXJK W



"(-TIVISVQERGI QIXVMGW

JLIXUH 7KH ZRUNLQJ SULQFLSOH RIPXOWL FKDQQHO &",

7KH LQIRUPDWLRQ DERXW WKH PXOWL FKDQQHO &', FHOO ZDV REWDLQHG W
%RRQ VHHLWV@DWHQW >

'(-TIVISVQERGI QIXVMGW
7KHUH DUH VHYHUDO ZD\VWKH SHUIRUPDQFHRID &', FHOO FDQ EH PHDVXUHC
ZLWK HDFK RWKHU 7KHVH DUH VWDQGDUG SUDFWLFHV LQ &', UH& HDWH K WR
PRVW LPSRUWDQW PHWULFV DUH WKH PD[LPXP VDOW DGVRUSWLRQ FDSDFL\
$6$& DQG FKDUJH HIILFLHQF\ 7KHVH PHWULFV DUH GLVFXVVHG LQ WKH IRC

1E\MQYQ WEPX EHWSVTXMSR GETEGMX]

7KH P6%$& LV UHDFKHG E\DSSO\LQJ D FRQVWDQW YROWDJH RQ WKH FHOO IR
FHOO LV FRPSOHWHO\ FKDUJHG QR PRUH H[WUD VDOW JHWV DGVRUEHG 7K
RI WKH FRQGXFWLYLW\RI WKHFHOO LV HTXDO WR]JHUR 7KHDPRXQW RI VDC
WKH GLITHUHQFH LQ VDOLQLW\EHWZHHQ WKH IHHG ZDWHU DQG WKH GHVDO
P6%& LV WKHQ GHILQHG E\ GLYLGLQJ WKH HPY VER IWNKKIHPUWH/F/RRYIHVWE K\HD EFDOVH F-\V@ L
[J] 7KHPDVV RIWKHHOHFWURGH PXVW EH FDUHIXOO\UHSRUWHG WKRXJK
HOHFWURGH VKRXOG EH FOHDUO\GHILQHG DV HLWKHU WKH HQWLUH PDVV R
FDUERQ FRPSRQHQW WKDW DGHMRUEEY I WK WEWW3IWKBGBRURVLW\ RI WKH FD!
HOHFWURGHVY KDGD FRQVLGHUDEOHLQIOXHQFHRQP6%& :KDW WKH\IRXQG .
WKDIQQPFRQWULEXWHG WKH PRVW WR WKH P6%&

%ZIVEKIWEPX EHWSVTXMSR GETEGMX]
7KH $6%$& GLIIHUV IURP P6%$& LQ WKH VHQVH WKDW D WLPH FRPSRQHQW LV LC
PDVV RI WKH UHPRYHG VDOW GLYLGHG E\ WKH[PH)WIVPRQ}NI@J-IKHQHIFQ\/JU\RKF-UN\Q%
FKDUJLQJ WLPHV FRXOG OHDG WR D KLJKHU $6%$& $ FDSDFLWRU FKDUJHV X



JPIGXVMGEP HSYFPIPE]IV

FDSDFLWRULQFUHDVHVLQYHUVHH[SRQHQWLDOO\WRDILQDO YDOXH 7KHC
DWDVORZ SDFH 7KHUHIRUH QRW FRPSOHWHO\ FKDUJLQJ WKH &', FHOO DQ
$6%&

'LEVKIERHGYVVIRXIJhGMIRG]
7KH ODVW LPSRUWDQW PHWULFV DUH WKH FKDUJH DQG FXUUHQW HIILFLHQ
PHWULF KDV EHHQ DGRSWHG IURP WK@ @H © B (RH W H FVX W R GHOMEO KV LLHEOHDQNEA C
WR WKH FKDQJ Ktk Qe Q [RRWR WKH YROXPHWQ LR PR ®UWWH )DUDGD\ FRQV V
) >& PR@ DQG WKH FXUUHQW , >$@ 7KH FXUUHQW HIILFLHQF\ GHVFULEHV Z
GHLRQLVLQJDIL[HG IORZUDWHRI ZDWHU ZLWK D FHUWDLQ GURS LQ VDOLQ!|

_ (Gn Clout)Q-F 100

7KH FKDUJH HIILFMLWHWIOAAHAODU WR WKH FXUUHQW HIILFLHQF\ DV LW GHVFULEH
GHLRQLW$BHDIL[HG YROXPHRIZDWHU ZLWK D FHUWDLQ GURS LQ VDOLQLW\ 7
HTXDE)=VVF3Idt 7TKHQ WKH FKDUJH HIILFLHQF\FDQ EH GHVFULEHG DV

: F
- (Cin Ft?out)Q 100
to Idt

(TXDWLRQYY OHVVUHOHYDQW IRUFHOO DUFKLWHFWXUHV WKDW DUHGRSHUDW

JPIGXVMGEP HSYFPIPE]IV

,Q QDWXUH SRVLWLYHO\DQG QHIJDWLYHO\ FKDUJHG SDUWLFOHY EDODQFH
QHXWUDO 7KLV PHDQV WKDWLQDQDTXHRXVY VROXWLRQ WKHFRQFHQWUD
7KLV EHFRPHV GLIITHUHQW KRZHYHU QHDU WKH VXUIDFH RI D FKDUJHG HOH
HOHFWURGH LWZLOODWWUDFWWKHFRXQWHU LRQDQGUHSHO WKHFR LRQ
RIHLWKHU FDWLRQVRUDQLRQVLQD WKLQ OD\HUWKDWFRYHUVWKHHOHFW
OD\HU" ('/ DQGLQ WKLV OD\HULVY ZKHUH WKHLRQV DUH VWRUHG" ZKHQ WK
7TKHILUVW PDWKHPDWLFDO PRGHOV WKDW GHVFULEHG WKH ('/ ZHUHaNKH +H(
6WHUQ FRPELQHG ERWK PRGHOV LQWR RQH PRGHO QDPLQJ LW WKH *RX\ &l
WKHVH PRGHOV DUH QRW YHU\DFFXUDWH DW FDSWXULQJ WKH SK\VLFV RI' W
PRGHO DVVXPHVY WKDW WKH ('"/ RQO\ FRQWDLQV FRXQWHU LRQV LQ DIODW S
HIILFLHQF\ & RZKHLBPK PHDQV WKDW HYHU\ FKDUJHG SDUWLFOH LQ WKH HOHF
WKH VROXWLRQ 7KLV LV FOHDUDO)LQRKW H PNME 2 KWIQRZVRMNK QW DWW H RKQDOLJ H
FORVHWR ZKHQ WKHVDOW FRQFHQWUDWLRQV DUH YHU\ ORZ

JLIXUH ([SHULPHQWDO GDWD RQ WKH FKDUJH DQG FXUUKQW HIILFLHQF\IRU 0&", I
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