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RESUMO

A deionizacgdo capacitiva (DIC) surgiu como uma tecnologia eletroquimica promissora para
a dessalinizacdo de &gua salobra, a qual promove a eletrossor¢do de ions na dupla camada elétrica.
Nos ultimos anos, houve um crescimento significativo dos estudos sobre deionizacdo capacitiva,
porém, questdes desafiadoras ainda persistem, como a obtencdo de eletrodos de carbono de baixo
custo, com alta capacidade de eletrossorcdo e estabilidade ao longo dos ciclos de
eletrossorgéo/dessorgéo, assim como um melhor entendimento como os aspectos hidrodindmicos
que influenciam a transferéncia de massa e a eficacia do processo. Neste sentido, 0 objetivo desta
tese foi desenvolver um eletrodo de carvao ativado utilizando como precursor um polimero obtido a
partir do glicerol residual do biodiesel e investigar os efeitos da arquitetura de diferentes células

DIC na dessalinizacéo eletroquimica.

Os resultados mostraram que foi possivel preparar eletrodos empregando como precursor o
polimero de glicerol residual. Nos experimentos de eletrossorcdo, o eletrodo PGAC demonstrou
estabilidade ao longo de 50 ciclos, aplicando-se voltagens de 1,1 V e 1,2 V, na configuracdo
simétrica, comportamento desejavel para permitir o processo por longos periodos de operacdo. No
entanto, ao se aplicar 1,4 V, o potencial do eletrodo positivo ultrapassou o potencial limite de
estabilidade anddica, ocasionando reacBGes de oxidacdo no anodo e, consequentemente, perda da
capacidade de dessalinizacdo. As configuracdes assimétrica e com membrana (MCDI) foram
também analisadas com o intuito de melhorar a capacidade de adsorcdo de sal (salt adsorption
capacity - SAC). Utilizando-se configuragdo assimétrica foi possivel minimizar o efeito deletério da
expulsdo de co-ions, visto que houve um aumento de eficiéncia de carga (Qg) de 62,9% para 88,4%.
Ja na configuragdo MCDI, a aplicacdo de membranas de troca idnica levou a um aumento
significativo dos valores de SAC e Qe. Essa melhoria ¢ atribuida a presencga dos co-ions repelidos
dos microporos e que sdo impedidos de migrar para a solucdo devido & presenca da membrana.
Esses co-ions acumulam-se entdo nos macroporos do material, constituindo-se em uma forca de
atracdo adicional dos contra-ions, uma vez que a eletroneutralidade deve ser mantida. Esses
resultados mostraram que o eletrodo PGAC, além de ser um material de baixo custo, revelou-se

promissor para dessalinizagdo de agua salobra por deionizagdo capacitiva.

Na sequéncia, a comparacao de diferentes células de DIC evidenciou que suas arquiteturas

influenciaram na transferéncia de massa e cinética do processo. Para um eletrodo de menor
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espessura, a célula flow-by (CFB) apresentou melhor performance de dessalinizacdo comparada a
célula flow-through (CFT), devido a menor resisténcia ao carregamento da dupla camada elétrica e
maior difusdo nos microporos. Porém, para um eletrodo mais espesso, uma notavel reducao de SAC
ocorreu na CFB, resultado atribuido a menor transferéncia de massa da superficie do eletrodo até os
sitios ativos de adsorcdo. Este efeito ndo ocorreu ao se usar a CFT, pois nesta arquitetura o
transporte convectivo de massa nos poros intersticiais promoveu uma cinética mais rapida quando
comparada a CFB. Considerando esses resultados, uma célula de fluxo com percolagdo (CFP) foi
proposta para combinar os aspectos benéficos das arquiteturas de célula investigadas anteriormente.
Com o fluxo do eletrélito percolando o eletrodo e sendo perpendicular ao campo elétrico, a CFP
permitiu aumentar o parametro “optimized salt removal” (OSR), devido a transferéncia de massa
mais rapida promovida pela permeacdo do eletrolito através do filme de carbono do eletrodo. Uma
investigacdo do tamanho de particula utilizado na elaboracéo do eletrodo mostrou que esse tamanho
influencia diretamente no fendbmeno de transferéncia de massa, sendo possivel aumentar as
constantes cinéticas com particulas menores, porém as mesmas promoveram um SAC menor devido
a alteraces nas propriedades texturais. Esses resultados evidenciaram que existe um tamanho de
particula ideal para obter um valor elevado de OSR. Por fim, a analise do modo galvanostatico e
quase single-pass foram analisadas utilizando a CFP. Os resultados mostraram que a vazao e a
densidade de corrente mais elevadas aceleram a cinética, mas atingem rapidamente o potencial de
corte, afetando o OSR. Logo as condi¢Bes operacionais que mostraram serem mais efetivas para
obter o maior valor de OSR foram 7 ml min™ e 1 mA cm, evidenciando a importancia de analisar

simultaneamente o SAC e o tempo de ciclo.
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ABSTRACT

Capacitive deionization (CDI) has emerged as a promising electrochemical technology for
the desalination of brackish water, which promotes the electrosorption of ions in the electrical
double layer. In recent years, there has been significant growth in studies on capacitive
deionization, however, challenging issues still persist, such as obtaining low-cost carbon electrodes
with high electrosorption capacity and stability over electrosorption/desorption cycles, as well as a
better understanding of how the hydrodynamic aspects influence mass transfer and process
efficiency. In this sense, the objective of this thesis was to develop an activated carbon electrode
using a polymer obtained from residual glycerol from biodiesel as a precursor and to investigate the
effects of the architecture of different CDI cells on electrochemical desalination.

The results showed that it was possible to prepare electrodes using residual glycerol polymer
as the precursor. In electrosorption experiments, the PGAC electrode demonstrated stability over
50 cycles, applying voltages of 1.1 VV and 1.2 V, in a symmetrical configuration, desirable behavior
to allow the process for long periods of operation. However, when applying 1.4 V, the positive
electrode potential exceeded the limit potential of anodic stability, causing oxidation reactions at
the anode and, consequently, loss of desalination capacity. The asymmetric and membrane
configurations (MCDI) were also analyzed in order to improve the salt adsorption capacity (SAC).
Using an asymmetric configuration, it was possible to minimize the deleterious effect of co-ion
repulsion, since there was an increase in charge efficiency (Qg) from 62.9% to 88.4%. In the MCDI
configuration, the application of ion exchange membranes led to a significant increase in the values
of SAC and Qe. This improvement is attributed to the presence of co-ions repelled from the
micropores and which are prevented from migrating into the solution due to the presence of the
membrane. These co-ions then accumulate in the macropores of the material, constituting an
additional force of attraction of the counter-ions, since electroneutrality must be maintained. These
results showed that the PGAC electrode, in addition to being a low-cost material, proved to be
promising for brackish water desalination by capacitive deionization.

In sequence, the comparison of the different CDI cells showed that the cell architectures
influenced the mass transfer and kinetics of the process. For a thinner electrode, the flow-by cell
(FBC) showed better desalination performance compared to the flow-through cell (FTC), due to the
lower resistance to charging of the electrical double layer and higher diffusion in the micropores.
However, for a thicker electrode a notable reduction of SAC occurred in the FBC, a result attributed
to the lower mass transfer from the electrode surface to the adsorption active sites. This effect did
not occur when using FTC, because in this architecture the convective transport of mass in the
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interstitial pores promotes a faster kinetics when compared to FBC. Considering these results, a
percolation flow cell (PFC) was proposed, to combine the beneficial aspects of previously
investigated cell architectures. With the flow of electrolyte percolating through the electrode and
being perpendicular to the electric field, the PFC allowed the increase of optimized salt removal
(OSR), due to faster mass transfer promoted by the permeation of the electrolyte through the
carbon film of the electrode. An investigation of the particle size used in the preparation of the
electrode showed that this size directly influences the mass transfer phenomenon, being possible to
increase the kinetics constants with smaller particles, but they promoted a lower SAC due to
changes in textural properties. These results showed that there is an ideal particle size to obtain a
high OSR value. Finally, galvanostatic and quasi-single-pass mode analysis were analyzed using
PFC. The results showed that higher flux flow and current density accelerate the kinetics, but
quickly reach the cutting potential, affecting the OSR. Therefore, the operating conditions that
showed to be more effective to obtain the highest OSR value were 7 ml min* and 1 mA cm?,

highlighting the importance of simultaneously analyzing SAC value and cycle time.



SUMMARY
1 CHAPTER INTRODUCTION .....ooti ittt sttt s snta e e e snae e nsaeeennneeans 1
IO R = 1 (0T To [0 1 (=) APPSR 1
1.2 Desalination teCNNOIOGIES. ........coiiiiiiieiiei e 2
1.3 Capacitive deionization (CDI).......ccoiiiiiiieiieise et 4
R O T 01V T T USSR 5
1.5  CDI electrode MaterialS.........ccceiiiiiieiieie et sre e enee e 8
1.6 Crude gIYCEIOL .. ...ttt ettt e e nae e 9
1.7 CDI CEll @rCNITECTUIES ......ouviii ettt sttt sttt beene e 11
IS T O o] T £ LTSRS SRPPROSIN 13
1.9 THESIS OULINE.....eieieiieieie et b e bbbttt b et st e st beene e 14

2 CHAPTER USING CRUDE RESIDUAL GLYCEROL AS PRECURSOR OF
SUSTAINABLE ACTIVATED CARBON ELECTRODES FOR CAPACITIVE DEIONIZATION

DESALINATION .ottt ettt e et e e et e e et e e anbe e e snteeesnteeesnaeeesneeeennaeeanneeeans 16
2% R 111 7T (1T {To] o ISR 16
2.2 EXPEIIMENTAL ...c.ooiiiiece et et re e raens 18

2.2.1  IMIEEITAIS. ...ttt eneas 18
2.2.2  Glycerol polymerization, PGAC synthesis, and electrode preparation ....................... 19
2.2.3  Material and electrode charaCterization ............c.ccooeveriiiieiisiceee e 20
2.2.4  Electrochemical CharaCterization .............cccooviiiieieiieneie e 20
2.2.5  Electrosorption eXPErimENtS ..........cceiviiuiiieieeie e s e e et sre e ste e snae e 22
2.3 RESUILS AN QISCUSSION........eetieiiiiieiiieie ettt ettt sttt e b sneees 24
2.3.1  Material CharaCteriZatioN..........ccooviiieiieii e 24
2.3.2  Electrochemical CharaCterizations.............cooiieiuiiieiienie e 27
2.3.3  Desalination PerfOrmManCe ...........coiuieiiiiiiie e 33
SO0 o] U1 [ SR 44

3 CHAPTER ROLES OF MASS TRANSFER AND CELL ARCHITECTURE IN
ELECTROCHEMICAL DESALINATION PERFORMANCE USING POLYGLYCEROL

ACTIVATED CARBON ELECTRODES.........cooi ittt aneas 45
1200 R 1011 o T [N o1 o] o IR OUPOPRRTRRPN 45
3.2 EXPEIMENTAL ..ot es 47

3.2.1 MAEITALS. .o 47



3.2.2  Glycerol polymerization and preparation of the activated carbon and electrode ........ 47
3.2.3  Material CharaCteriZatioN..........coiverierieiierie ettt 49
3.2.4  Electrochemical CharaCteriZations...........cooviieiieieseeiierie e 49
3.2.5  ElectroSorption eXPErimENTS ........ccueieieriiierieriiseeeeie ettt 51

3.3 RESUILS AN QISCUSSION........eeitieiiiiiesiieiesiie sttt ettt et beebe s e nneenes 53
3.3.1  Cell architectures and electrode configurations...........cccocereririniinieienese e 57
3.3.2  Percolation cell: single-pass desalination under galvanostatic conditions................... 69

2 O] o] U1 [ SRR 73

4 CHAPTER CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS. ...........ccocuu..... 75
4.1 Suggestions fOr FULUIE WOIKS..........ccoveii i e 76

5 REFERENCES ...ttt sttt bbbt b ettt sn e enenre s 77
6 ACADEMIC PRODUCTION ..ottt ettt sttt anesne s 93
TR RN [0 1 0 S PSPPSRSO 93
T 0] o1 (-] € o1 PSRRI 93

T APPENDIIX .. 94



Xii

LIST OF TABLES

Table 2.1 Mass yields: polymerization (Yp), carbonization (Yc), activation (Ya), and overall (Yo)..24
Table 2.2 Textural properties of polyglycerol after carbonization, activation, and electrode

[O1=] OT= L=V [ TP P PP PP PP 27
Table 2.3 Capacitance determined using the CV and EIS parameters obtained from fitting the
Nyquist plots with a modified Randle equivalent circuit, for the PGAC electrode...........ccccovevveenene 29
Table 2.4 Values of Rct and Ao reported in the CDI literature.........cocooeveviiininicieiee s 31
Table 2.5 Average values of the salt adsorption capacity (SAC), charge efficiency (Qg), and specific
energy consumption (7) for the desalination PrOCESSES. .........ccueverieriererirerereeee e 35
Table 2.6 Potential of zero charge (Epzc) and Epzc shifts obtained for the PGAC anode electrodes
before and after the desalination CYCIES. ..........ocviiiiiiiii e 36
Table 2.7 VValues obtained for the optimized salt removal (OSR).........cccvviiiiiiiiiiee s 42
Table 2.8 SAC values reported in the literature for activated carbons derived from industrial wastes
or byproducts and used as electrodes fOr CDI. .........coov i 43
Table 3.1. Mass yields: polyglycerol polymerization (Yr), carbonization (Yc), activation (Ya),
treatment With HF (Y1), and OVErall (Y0). cvcvierieiiiiieiet et 54
Table 3.2 Desalination results (SAC, Qg, and ) obtained using the different electrodes................. 56
Table 3.3 Capacitance and EIS parameters obtained from fitting the Nyquist plots with a modified
Randle equivalent circuit (Fitting results in FIQUIe 3.5) ..o 58
Table 3.4 Optimized salt removal (OSR) for the FBC, FTC(A-C), and FTC(C-A) architectures and
different electrode thicknesses. Conditions: batch mode, 600 mg L™ NaCl, Dso = 34.2 um. ........... 63
Table 3.5 Effect of particle diameter on desalination kinetics and OSR..........c.ccccovveveiieiiccieenen, 66
Table 3.6 Textural properties of PGAC with different median particle diameter (Dso). ................. 67
Table 3.7 Optimized salt removal (OSR) for the different cell configurations. Conditions: batch
desalination, 600 mg L™ NaCl, and Dso = 34.2 LM, ....c.c.vueveieveiieeeee e 68
Table 3.8 Optimized salt removal (OSR) for desalination using potentiostatic and galvanostatic

4100 TSRS 71

Table 3.9 OSR for CDI desalination using carbon electrodes. ...........cccoovevirininieieneiec s 73



xiii

LIST OF FIGURES

Figure 1.1. Desalination technologies: Multi-stage flash distillation (a); Reverse osmosis (b); and
E1eCtrodialySis (C) [L3]. . . e oeeeeeeeieieienie sttt bbbt 3
Figure 1.2. Scheme of capacitive deionization device (a) electrosorption and (b) desorption [14]..4
Figure 1.3. (a) Evolution of the number of publications regarding capacitive deionization since
2000 (Web of Science; keyword: “capacitive deionization”). (b) Schematic structure of electrical

double layer according to the Gouy-Chapman-Stern theory for single planar EDL [25].................... 6
Figure 1.4. Biodiesel production: transesterification reaction [64].........ccccccevvveveiiievieeiesiiese e 9
Figure 1.5. CDI cell architectures: Flow-by cell (a), and flow-through (b) cells. .............cccoovne. 11
Figure 1.6. CDI cell architectures and cell configurations: (a) flow-electrode CDI, (b) inverted
CDl, (c) hybrid CDI, (d) desalination battery, and (e) cation intercalation desalination [19]........... 12
Figure 2.1. (a) TG and (b) DTG curves for PG, PGC, and PGAC, obtained under an air
atmosphere; (¢) Raman SPectrum fOr PGAC. ..ottt 25
Figure 2.2 (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions (inset:
cumulative pore volumes) for PGC, PGAC, and the PGAC electrode. ...........cccoevvevveveiieieeie e, 26

Figure 2.3 (a) Specific capacitance from cyclic voltammograms recorded at different scan rates,
before desalination; (b) Total specific capacitance, as a function of scan rate, before and after
desalination applying 1.2 V; (c) Nyquist plots before and after desalination applying 1.2 V; (d)
Modified Randle equivalent circuit. Working and counter electrodes: PGAC. Electrolyte: 1 mol L

NBCL oottt b et e bt ettt r e b et et e R e b et e re e b e et et ebeebe b eneebeete s eneere e 28
Figure 2.4 GCD profiles obtained at 0.1 A g. Electrolyte: 1 mol L2 NaCl.........c.cccccoeveevevrirnenene, 29
Figure 2.5 Contact angles before (a) and after (b) desalination at 1.2 V........ccccccoevviiieiciicieenne 30
Figure 2.6 Specific capacitance determined from EIS (Csgis) as a function of frequency.
LYo ge] Y7 Tl A 1T I el N TR 30

Figure 2.7. (a) Normalized capacitance, according to electrode potential, for the PGAC anode
electrode. (b) R-value, according to vertex potential, in the anodic regime. Egq: equilibrium

[010] £=] 01 - 1 PSRRI 32
Figure 2.8. Cyclic voltammograms recorded at 5 mV s? in the anodic regime for the PGAC
electrode. Electrolyte: 1 mol L™ NaCl. Eeo: equilibrium potential. ..........cccccocoeeveveiveceeecrcecenae. 33

Figure 2.9. SAC and charge efficiency for the symmetric (a), MCDI (c), and C-MCDI (d)
configurations. Electrode potential profiles over the cycles for the symmetric configuration (b). E
and E™ indicate the potential in the cathode and anode, respectively. Ey is the short-circuit potential.
Epw" is the anodic potential stability limit (standard deviation of 5%). Schematic representation of
co-ion repulsion and counterion adsorption for symmetric (e) and asymmetric (f) configurations. .34
Figure 2.10. Epzc values for the cathode before and after the desalination process using the
symmetric configuration With PGAC €leCtrOUES. ..........cccoiiiiiiiiiieee e 36
Figure 2.11. Epzc values for the electrodes PGAC and PGAC treated with nitric acid (N-PGAC). 37
Figure 2.12. SAC and Qe (a), and electrode potential profiles over the desalination cycles (b), using
the asymmetric configuration. Epzc values for the anode (c) and the cathode (d), before and after the
desalination process using the asymmetric CONfIQUIatioN...........cccovveiiriieniieninie e 38
Figure 2.13. Epzc values for the anode (a) and cathode (b), before and after desalination using the
V(@B I eTo] o] 10 VT =11 o] o P TUSTOURTUPRRN 39



Xiv

Figure 2.14. Electrode potential profiles over the desalination cycles using the C-MCDI
configuration (a); Epzc values for the anode (b) and cathode (c), before and after the desalination
process using the C-MCDI CONFIQUIALION. ......cc.oiieiieieiie e 40
Figure 2.15. (a) SAC and Qe for the PGAC* electrode (symmetric), and (b) electrode potential
profile over the desalination cycles using the PGAC* electrode. Epzc values for the anode (c) and

cathode (d), before and after the desalination process using PGAC* electrodes. ...........cccccvevverunnnee. 41
Figure 3.1. Schematic illustrations of the CDI cells and their components: (a) FTC, (b) FBC, and
(O 2= OO 52

Figure 3.2. (a) TG and (b) DTG profiles for PGAC and HF-PGAC, obtained under an air
atmosphere; (c) galvanostatic charge-discharge (GCD) profiles, recorded at 0.1 A g* (NaCl 1.0 mol
L); (d) contact angles 0f the IECIIOUES. .........c.c.cvvereiveeeeieieeeeeeetee et se sttt en e 55
Figure 3.3. Specific capacitance from cyclic voltammograms recorded at (a) 10 mV s and (b) 1
mV s for all the electrodes evaluated, and their respective total specific capacitance. Electrolyte: 1
MOL L INACH oottt ettt sttt ettt a bbb n ettt s s 56
Figure 3.4. Batch desalination performance for different cell architectures: (a) £ =387 um and (b) ¢
=562 pum. Dso = 34.2 um, 600 mg L™ NaCl, 1.2 V (electrosorption), and 0.0 V (desorption)......... 58
Figure 3.5. (a-f) EIS spectra and modified Randle equivalent circuit fitting for each electrode and
cell design; (g) modified Randle equivalent circuit. Electrolyte: 1 mol LY NaCl. .........c.cccvvevnnnen. 60
Figure 3.6. Epzc values for anode and cathode after the desalination process for the FTC(C-A) and
FTC(A-C) configurations with & =387 um (a and b) and & = 562 um (c and d). Electrolyte: 600 mg
L L INAC .ottt ettt et a ettt ettt n ettt 61
Figure 3.7. Specific capacitance from cyclic voltammograms related to potential and Ccy recorded
at (@) 10 mV st and (b) 1 mV s?; (c) Galvanostatic charge-discharge (GCD) profiles obtained at 0.1

A g7 (electrolyte: 1 MmOl L NACH). ...t 62
Figure 3.8. Contact angles for PGAC95 electrodes with different thicknesses. ...........ccccocvviviene. 64
Figure 3.9. Particle size distributions of PGAC (Dso = 34.2 um) and milled PGAC (Dso = 8.84 um).
............................................................................................................................................................ 64

Figure 3.10. (a) Effect of particle diameter on electrode performance using the FBC and the
FTC(A-C). Conditions: Batch desalination, 600 mg L™ NaCl. Schematic representations of (b) the
electrode void and interstitial porosity, (c) the effect of flow velocity on the diffusion layer

thickness, and (d) the EDL overlap inside Narrow MIiCrOPOrES..........cccueiueieeieeriesieseeseeeesree e 65
Figure 3.11. Nitrogen adsorption-desorption isotherms (a), and pore size distributions (inset:
cumulative pore volumes) (b) of PGAC and milled PGAC. ...t 67

Figure 3.12. (a) Schematic representation of the electrolyte flow and electric field directions in the
PFC. (b) Comparison of the best desalination performances for the FBC, FTC(A-C), and PFC
architectures. Conditions: batch desalination, 600 mg L™ NaCl, and Dso = 34.2 um. .......ccceveveeee. 68
Figure 3.13. (a) Normalized concentration plotted against time for the potentiostatic and
galvanostatic desalination processes, where the solid and dashed lines represent the electrosorption
and desorption steps, respectively. The inset shows the effect of current density. (b) Desalination
performance applying different current densities. Conditions: 1000 mg L™ NaCl; flow rate of 10 mL
mint; Ecc of 1.2 V and 0.0 V for electrosorption and desorption, respectively. The electrosorption
and desorption current densities had the same values, but 0pposite Sign. ........cccccvevvereriieceeie s, 69
Figure 3.14. Plots of (a) normalized concentration against time, and (b) desalination performance,
for different volumetric flow rates. The solid and dashed lines represent the electrosorption and
desorption steps, respectively. Conditions: 1000 mg L™ NaCl; electrosorption and desorption



Xv

current densities of 1.0 and -1.0 mA cm, respectively; Ec of 1.2 V and 0.0 V for electrosorption

and desorption, FESPECLIVEIY . .......couiiiii it 72
Figure 7.1. Detailed photos of the flow-by Cell (FBC). .......ccooiieiiiiiiieeeecee e 94
Figure 7.2. Detailed photos of the flow-through cell (FTC). ....c.ccooiiiiiiiieeece e 95
Figure 7.3. Detailed photos of the Percolation flow cell (PFC).......c.ccccooviiiiiiiiicece e 96

Figure 7.4. Photos of the electrodes prepared by (a) blade-casting (BC) and (b) free-standing (FS)
ProCedures, FESPECTIVEIY. ..o 97



Ao
Acs
Co

Ct
Cint
Ceis
Chin
Cecp
Cev

Cs,CV

CsEeis
E1

E2
Ecc
Ecenl
Eco
Dso
dso
Ecc
Eo
Eput

Epzc

In/lc

I Rdrop

Ke
Kd

NOMENCLATURE

Admittance

Cross-sectional area available for the electrolyte flow

Initial salt concentration

Salt concentration

Capacitance at the electrolyte/electrode interface

Capacitance inside the micropores

Lowest observed capacitance

Average capacitance obtained from charge-discharge

Total specific capacitance

Specific capacitance
EIS specific capacitance

Lower value of the potential window
Upper value of the potential window
Cutting cell potential

Cell potential

Equilibrium potential

Median particle diameter

Average pore diameter

Cutting cell potential

Sort-circuit potential

Anodic potential limit

Potential of zero charge

Faraday constant

Current

Raman peak intensity ratio
Ohmic drop

Discharge current

Imaginary number

Pseudo-first order kinetic constant for electrosorption

Pseudo-first order kinetic constant for and desorption

XVi

[S S1/2 Cm-Z]



Mnaci
Me

Mrem

Na
Ncycles
OSR

QO

Qneg
Qpos

R-Value
Rpos

Rer

Ro

SAC
SSA
SSAgeT

te—opt
td

Vmes

Vmic

Vr

Ya
Yc
Yp
Y1

Mass of activated carbon in the working electrode
Molecular weight of NaCl

Total mass of the active material in both electrodes
Mass of ions removed from the solution

Ideality factor

Avogadro constant

Number of cycles

Optimized salt removal

Non-ideal capacitance

Charge efficiency

Accumulated charge during the discharging scan
Accumulated charge during the charging scan
Faradaic Fraction

R-value calculed by Faradaic Fraction

R-Value for anodic window

Charge-transfer resistance

Ohmic resistance

salt adsorption capacity

Specific surface area

SSA calculated by the Brunauer-Emmett-Teller equation
Optimized electrosorption time

Desorption time

Flow velocity

Electrolyte volume

Mesopore volume
Micropore volume
Total pore volume

Warburg element

Polyglycerol activation yield
Polyglycerol carbonization yield
Polyglycerol polymerization yield
PGAC treatment with HF yield

XVii

[d]

[mg mol™]
[d]

[mg]

[mol™]

[mg g™ day™]
[Ss"]

[%]

[C]

[C]

[€]

[€]

[mg g™]
[m2g]
[m2g]
[s]

[s]
[ms]
[L]

[cm? ']
[cm? ']
[cm? ']

[Q s-l/Z]

[%]
[%]
[%]
[%]



XViii

Yo Overall yield [%0]

zZ" Imaginary part of the impedance spectrum -

z lon valence -

%0Vmes Percentage of mesopores [%0]
SYMBOLS

n Energy consumption [V mg]

" Scan rates [mV s

) Angular frequency [rad s7']

. Conductivity [uS cm]

e Interparticle porosity [-]

& Electrode thicknesses [um]

0 Contact angle [°]

) Diffusion film thickness layer [um]



XiX

ABBREVIATIONS

AC Activated carbon

BC Blade-casting

CB Carbon-black

CDI Capacitive deionization

C-MCDI CDI using solely cation exchange membrane
CPE Constant phase element

Ccv Cyclic voltammetry

DTG Derivative thermogravimetric analysis
FS Free-standing

GCV Galvanostatic charge-discharge

EDL Electric double layer

EIS Electrochemical impedance spectroscopy
FBC Flow-by cell

FTC Flow-through cell

HF-PGAC PGAC treated with aqueous HF solution
HF-PGAC90 90 wt% of HF-PGAC
HF-PGAC85CB10 85 wt% of HF-PGAC and 10% of CB
IEMs lon exchange membranes

MCDI Membrane capacitive deionization
NMP N-methyl-pyrrolidone

N-PGAC PGAC from chemical surface treatment using HNO3
PFC Percolation flow cell

PG Polyglycerol

PGC Carbonized polyglycerol

PGAC Polyglycerol activated carbon

PGACE PGAC electrode

PGAC* PGAC from analytical grade glycerol
PGAC95 95 wt% of PGAC

PGAC90 90 wt% of PGAC

PSD Pore size distribution

PSW Potential stability window

PVDF Polyvinylidene fluoride

PTFE Polytetrafluoroethylene

SOG Surface oxygen groups

TG Thermogravimetric analysis



1 CHAPTER
INTRODUCTION

1.1 Broad context

Water insufficiency worldwide is expected to occur in the coming decades, and it is already
a world-critical issue since the availability of affordable clean water is unavailable to one out of
seven people worldwide [1,2]. The increase in substantial consumption, population growth, climate
change, industrial development, and widespread water pollution contribute to water scarcity issue.
In this regard, the development of new technologies has received significant attention for reclaiming

this valuable life-sustaining resource.

Seawater contains approximately 35,000 mg L™ of dissolved salts, while brackish water
contains 1000 mg L™ [3]. For water to be considered appropriate for consumption, the concentration
of salts must be below or equal to 500 mg L* of total dissolved solids [4]. In relation to quantity,
brackish water represents 1% of the overall water in the world, while freshwater accounts only for
0.8%, and the general part is seawater with 96.5% [5]. Brackish water is mainly found in Saudi
Arabia, Egypt, Turkey, Northwestern China, and the western part of the United States [5]. Even in
Brazil, where a large volume of superficial water is available, issues related to this resource have
also become relevant because such water is poorly distributed in the national territory and some
microregions have endemic drought spells [6]. The remote communities of Brazilian semiarid
regions have brackish groundwater available and its desalination can be a viable alternative to
produce clean water for isolated communities with scarce freshwater resources [7]. In addition, the
desalination of water from the Guarani Aquifer, which in some regions is brackish, could supply

water to the population of the southern region, where droughts have been far more frequent [6].

From this perspective, desalination technologies are important to help overcome the demand
for freshwater. Therefore, saltwater desalination is considered a key strategic solution to mitigate

the problem of freshwater shortage and sustain future generations across the globe.



1.2 Desalination technologies

In order to obtain potable water, desalination technologies can use different separation
methods, such as the use of membranes and thermal or chemical processes. The conventional
technologies used for water desalination are multi-stage flash distillation, reverse osmosis, and

electrodialysis.

Distillation is a thermal process that uses heat exchange to evaporate water, which
condenses and consequently separates from the salts. This method can also be used to separate other
impurities contained in water such as other dissolved solids, such as iron, manganese, and
magnesium. The multiple-stage flash distillation (Figure 1.1(a)) is widely used because of its
reliability and simplicity [8,9]. In this process, salt water is evaporated by reducing pressure and
increasing temperature. In this technique, it is possible to reduce energy consumption because the
water to be desalinated is preheated when passing through the closed pipes also used as a heat
exchange to condense the evaporated water. Then the temperature of the saltwater fed into the
process increases, reducing the amount of energy required to evaporate it. Separation by distillation
is limited as the removal of volatile organic compounds, solvents, and pesticides with boiling points
close to or lower than water are vaporized along with the water inside the column, thus another
process is necessary to perform the separation of these. Another disadvantage of this process is high
energy consumption in the range from 15 to 58 kW h m [10], which makes its application on an

industrial scale unfeasible.

Reverse osmosis (Figure 1.1(b)) is one of the most used processes for desalination, in which
it performs the separation through the use of membranes and high pressure. The porous membrane
used allows the passage of water molecules and prevents the passage of undesirable components,
using pressure as a driving force [11]. In reverse osmosis a high pressure, higher than the osmotic
pressure, is applied which reverses the flow and saline solution moves across the membrane, and
salts are retained in the membrane, resulting in brine and purified water streams [11]. The energy
required to desalinate water by this process is around 2.9 and 3.7 kWh m[3]. Furthermore, the use
of membranes is a drawback due to membrane fouling problems and because their replacement is
expensive. Commercial interest in RO technology is increasing globally due to the continuous

advances in membrane materials, process design, feed pre-treatment, and energy recovery [12].
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Figure 1.1. Desalination technologies: Multi-stage flash distillation (a); Reverse osmosis (b); and
Electrodialysis (c) [13].

Electrodialysis also uses a membrane to carry out the separation process, but unlike reverse
osmosis, a high voltage is applied as a driving force. The process uses parallel electrodes separated
by membranes forming individual units called pairs of cells, these units may vary depending on the
process need. In electrodialysis (Figure 1.1(c)), the pressure applied to the process is lower than that
applied in reverse osmosis and membranes are selective, allowing the cations migration through the
cationic membrane and anions through anionic membrane [3]. After applying a potential to the cell,
ion hydroxyl (OH") formation occurs on the cathode and ion hydronium (H*) at the anode due to
electrolysis of water. In this way, the chloride crosses the anion exchange membrane to the anode



chamber, while sodium moves through the cation exchange membrane to the cathode chamber.
These ions' movement to compartments results in compartments with a brine stream and another
with a diluted stream. To carry out the regeneration of encrusted membranes reversing the polarity
is applied causing inversion between the cathode and anode. This technology is limited compared to
other technologies, being economically competitive for concentrations up to 6000 mg L™ due to

energy cost [3].

1.3  Capacitive deionization (CDI)

Capacitive deionization (CDI) has emerged as a promising technology to desalinate brackish
water, with high energy efficiency and cost-effectiveness potential for brackish water desalination
compared to conventional desalination technologies, and also an environmentally friendly
chemical-free process. The principle of the CDI process relies on a low electrical potential
difference applied between two porous electrodes to remove salt ions from brackish water. The
applied potential difference generates an unbalance of charges that induces the transport of
electrically charged species (ions) to oppositely charged electrodes due to electrostatic attraction.
Thus, cations and anions will be removed from the aqueous phase and immobilized in the electric
double layer (EDL) formed at the negatively and positively polarized electrodes, respectively, as

shown in Figure 1.2(a).

o°ee°ogee egc

Figure 1.2. Scheme of capacitive deionization device (a) electrosorption and (b) desorption [14].

The CDI mechanism consists of a two-step process, as shown in Figure 1.2. The first step is
electrosorption, where the ions are immobilized in the EDL, and as a result, the desalinated water



stream is produced (Figure 1.2.(a)). After some time, the accessible pore volume is completely
saturated with electrosorbed ions, and the maximum storage capacity of the electrodes is reached.
Short-circuiting or reversing electric potential is applied for electrode regeneration, and ions are
released back into the bulk solution. This step is called desorption, which produces a waste brine
stream (Figure 1.2.(b)). Thus, desalination through CDI operates usually in a non-continuous mode
with alternate electrosorption and desorption steps that complete an operational cycle. When

irreversible reactions are avoidable, high-capacity retention over CDI cycles can be achieved.

For low salt concentration, the CDI offers significant advantages as low energy requirements
due to the relatively low voltage required to operate the system, but mainly, due to the possibility of
recovering part of the energy used for the electrosorption of ions through electrode regeneration,
which reduces the energy cost [15,16]. These two advantages make CDI an attractive energy-efficient
option for brackish water desalination. Additionally, the CDI process has other advantages, such as
the absence of hydraulic pressure, which allows a simple equipment structure and operation, and low
environmental impact due to no hazardous substances generation [17-19]. Therefore, CDI technology
has a strong potential to become a competitor with other desalination technologies, especially for
small desalination devices or plants.

1.4 CDI overview

The historical background of CDI shows the pioneering work of water desalination started in
1960s when the first study was performed by Blair and Murphy [20]; at that time the concept of
water desalination was called “electrochemical demineralization of water”. In the 1970s, the
Electric Double Layer (EDL) theory was identified as the mechanism of ions removal by Johnson
and co-workers [21], and after, the study by Johnson and Newman (1971) [22] indicated that the ion
capacity of the electrode depends on the available surface area and applied cell voltage. After 2009,
academic interest in CDI increased exponentially, as shown in Figure 1.3(a). The first studies aimed
to use the CDI process for water desalination and softening, especially for brackish water
desalination to obtain drinking water [3]. More recently, CDI has also been applied to the removal

of toxic metal ions from wastewater, which could even enable the reuse of water [23,24].
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Figure 1.3. (a) Evolution of the number of publications regarding capacitive deionization since
2000 (Web of Science; keyword: “capacitive deionization”). (b) Schematic structure of electrical

double layer according to the Gouy-Chapman-Stern theory for single planar EDL [25].

The Gouy-Chapman-Stern theory can be applied to describe the structure and interfacial
properties between an electronic conductor and an aqueous electrolyte in capacitive deionization.
The electrical capacity of the interface can be expressed by the sum of two capacitors in series, one
being the capacitance of the compact layer, and the other being the capacitance of the diffuse layer.
The EDL formed within micropores inside CDI electrodes, refers to the two layers next to the
electrode-solution interface where ions are compactly and diffusively distributed (Figure 1.3(b))
[26]. Considering these aspects, many of the variables that affect the EDL and its ability to store
ions (capacitance) also apply to CDI, such as the properties of the electroactive material and the

effective electric potential applied in counterions electrosorption.

In this regard, many CDI studies aiming to optimize CDI performance focus on
understanding the electrochemical and textural properties of the electrode, such as pore volume,
specific surface area (SSA), pore size distribution, electronic conductivity, and electrochemical
stability [2]. The electrode structure is highly important since micropores describe the pore space
inside carbon particles, then microporous materials with high SSA and high electronic conductivity
have shown to be the most promising. Moreover, mesopores could offer pathways for ion transport,
so large mesoporous structures could be an effective strategy for faster ion diffusion and enhance

accessible electron-transfer pathways [27,28].



Another important aspect of the CDI mechanism concerns the presence of different
functional groups on the carbon electrode surface, which will determine its ability to remove ions
from the solution. For instance, positive surface groups may enhance the desalination performance
of the positive electrode and lower the performance if the material is applied as the negative
electrode [29,30]. In this sense, different approaches were performed to modify the surface
chemistry of carbon materials by different carbonization and activation methods, oxidation
reactions, and electrochemical/physical/chemical treatments [28,31]. The material produced is
expected to have a lower or higher amount of carboxylic, phenolic, carbonyl, anhydride, and lactone
groups, among others, depending on the reactions provoked by carbonization and activating
methods. These functional groups, besides improving the electrode surface wettability, also
influence the electrochemical activity and textural properties [27,31,32]. Recent studies showed that
surface chemistry can change the potential of zero charge of the electrodes, affecting the co-ion

repulsion effect and, consequently, the performance of electrodes used for CDI [29,33].

The quantity of ions adsorbed on the carbon electrode is proportional to the applied cell
potential. Thus, to increase the electrosorption, the highest potential within a range in which
Faradaic reactions do not occur should be applied. Application of potentials out of the electrode
stability window will cause parasitic reactions, such as water splitting, oxygen reduction at the
cathode, and electrooxidation at the anode, which can modify the electrode surface [34-37]. Except
when used to create pseudo capacitance, the Faradaic reactions are detrimental to CDI performance,
decreasing the electrode lifespan, increasing energy consumption, and reducing the desalination
efficiency since part of some charges are deviated to faradaic reactions instead of electrosorption
[34]. Usually, the cell potential (Ecen) of 1.2 V is applied in the CDI cell to avoid faradaic reactions,
but the presence of other resistive elements, such as membranes, leads to additional ohmic drop, and
this value of Ecen could be revised. In summary, the electrode potential control is important to

ensure electrode stability, allowing a high number of charge/discharge cycles in the CDI process.

In addition to the studies regarding the electrode materials, efforts have been devoted to
developing new CDI cell configurations, such as the membrane CDI (MCDI). In MCDI, ion
exchange membranes are placed in front of each electrode, specifically, a cation exchange
membrane is placed adjacent to the cathode, and an anion exchange membrane is placed adjacent to
the anode. The use of MCDI is one strategy to avoid co-ion repulsion and, consequently, enhance

salt adsorption capacity and the charge efficiency of the process. The co-ions repulsion effect



occurs when an electric potential is applied and the co-ions inside the pores of carbon are expelled
and end up in the spacer channel electrode, this effect causes a reduction in desalination efficiency
[26,38]. Using a membrane cell, the co-ions are expelled and prevented from leaving the spacer
channel, then remain stored in the macropores of the electrode. In order to maintain
electroneutrality, they could serve as an extra storage space for counterions, improving salt
adsorption and charge efficiency [19,39,40].

Other operational strategies to optimize CDI desalination performance include the use of the
asymmetric configuration, which can be assessed by using electrodes with different thicknesses,
sizes, masses, materials, and surface charges [41,42]. The main reasons for the desalination
improvements observed using asymmetric configuration are (i) the adequate position of the point of
zero charge (Epzc) of the electrode, which maximizes the effective electrode potential, minimizing
the co-ion repulsion, and (ii) the introduction of additional attractive forces that act to remove the

counterions from the electrolyte solution [43-45].

1.5 CDiI electrode materials

Electrode material development is fundamental for achieving high desalination capacity and
removal efficiency. A suitable CDI electrode material, based on electric double layer formation,
should have a high specific surface area available for electrosorption, proper pore size distribution,
high electronic conductivity, fast response of the entire surface area to electrosorption/desorption
cycles, good wettability (or hydrophilicity), and low-cost [46]. Considering these aspects, usually,

CDiI electrodes are made of porous carbon materials, especially activated carbons.

Significant efforts have been made to develop high adsorption capacity electrodes for CDI
by fabricating different carbon-based materials, such as graphene [47], nitrogen-doped graphene
[48], nanotubes [49], aerogel [50], and carbide-derived carbon [42]. Some of these materials
presented promising capacitive performance, but most of them are laborious to produce and
expensive, imposing restrictions on large-scale cells [32,51,52]. Recent studies have been devoted
to the production of low-cost CDI electrodes. In this sense, the use of wastes and biowastes as
precursors to produce novel activated carbons has been encouraged, such as watermelon peel [53],

waste coffee grounds [54], sugarcane bagasse fly ash [28], rice husk [55,56], and lignin [33].



In the literature, the value of the salt adsorption capacity (SAC) by CDI desalination varies
using activated carbon electrodes produced from biomass precursors. For example, when jackfruit
peels [57] and palm shells [58] were used as precursors of activated carbon, low SAC values of 5.74
mg g and 3.3 mg g were obtained, respectively. However, when using watermelon peel as the
precursor, a high SAC of 17.38 mg g* was achieved [53]. These results reveal that the CDI
performance can vary significantly depending on textural and electrochemical properties resulting

from the type of precursor material used in electrode preparation.

1.6 Crude glycerol

The environmental concerns and the economic dependence on fossil fuel reserves have
stimulated the search for alternative fuels, produced from renewable feedstocks. In this context,
biodiesel has gained great attention [59,60]. As a by-product of the biodiesel production process, large
volumes of crude glycerol are produced, leading to an increasing oversupply in the glycerol market
due to the expansion of biodiesel plants worldwide [61]. As a product of the transesterification
process depicted in Figure 1.4, glycerol is formed from the chemical reaction between vegetal oils or
animal fat and alcohol, in the presence of a homogeneous catalyst [62]. Approximately 10-20% of the
total volume of biodiesel produced is made up of crude glycerol, which, in turn, contains between 75—
80% of glycerol and impurities such as methanol, soap, fatty acid methyl esters, and alkaline catalyst
residues [62]. In order to be used in different applications and industrial processes, glycerol needs
expensive purification processes, such as vacuum distillation, ion exchange, and/or nanofiltration
[63].

Vegetal oil or animal fat Transesterification
H,C ~0~COR; st H2C ~OH
HC -0 -COR, + 3ROH HC ~OH
H2C~O~COR3 H2C~OH
R4, Ra, R3 = long-chain hydrocarbons Glycerol

R =-CHj (methanol) or -CH,CHj3 (ethanol)

Figure 1.4. Biodiesel production: transesterification reaction [64]

Glycerol polymerization is an etherification process resulting in polyglycerol, which is applied
in the production of polyurethanes, polyesters, epoxy resins, biodegradable surfactants, lubricants, and
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cosmetics [65-68]. Moreover, polyglycerol is used as feed material for the production of
polyglycerol esters, a nonionic surfactant commonly applied as an emulsifier in food products [69].
Polyglycerol is usually synthesized by polymerization using a base catalyst, but due to the presence of
residual base catalyst and soap in the crude glycerol, it can be directly polymerized without catalyst
addition [70].

Studies showed the polymerization of glycerol to produce polyglycerol can be performed
using different types of catalysts, such as zeolites [71,72], acids [73], and oxides [74,75]. A study
investigated the polymerization process of glycerol by applying basic and acidic catalysts. The
polyglycerol obtained when sulfuric acid was used presented high molecular weight, and the NMR
spectroscopy revealed that branched polymers were formed [76]. Other studies investigated the
polymerization of crude glycerol by microwave irradiation to eliminate the use of catalysts [69] and
heterogeneous catalysts to easier the separation process [77,78].

The use of glycerol as raw material for activated carbons was investigated by Gongalves et
al. [63], which used crude glycerol and H>SO4 as catalyst to obtain the polyglycerol, which was
chemically activated using HsPO4 or ZnCl as activating agents. The material produced showed
morphology with large and irregular aggregates of smooth-surface, presence of micro and
mesopores, and chemical mapping indicated the presence of C, O and, the one activated with
H3PO4, also presented residual P. The results showed that the glycerin-activated carbons
demonstrated potential application as supercapacitors and for the adsorption of organic
contaminants from water, such as paracetamol and methylene blue dye. Medeiros et al. [79] also
produced an activated carbon from glycerol to methylene blue dye adsorption application. The
activated carbon adsorbent was elaborated by polymerization, carbonization, and activation of
glycerol. The polymerization was performed with glycerol and sulfuric acid as catalyst, and the
concentration of the catalyst was investigated. The resulting activated carbons had a specific area of

1630 m?g™!, being essentially microporous, with a small amount of mesopores.

Cui and Atkinson [80] produced a tailored activated carbon from glycerol, which was
applied to remove volatile organic compounds from a gas stream and Cr(VI) from an aqueous
solution. The activated carbon was prepared via sulfuric or phosphoric acid-mediated
polymerization and carbonization of glycerol followed by steam or CO: activation. The results
showed the activated carbon prepared with H3zPOj4 is consistently more mesoporous than samples

prepared with H>SO4, because of rudimentary pores generated in P-chars. Moreover, the activation
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with steam produced an activated carbon more hydrophobic than the one activated with CO». The
activated carbons prepared with sulfuric acid dehydration stand out for VOC adsorption, because of
hydrophobicity and high micropore volume, but for aqueous adsorption, the activated carbons
prepared with phosphoric acid dehydration are preferred, because of oxygen functionalities and

high mesopore volume.

1.7 CDiI cell architectures

In CDI, many studies mainly focused on the development of electrode materials, CDI
applications, and energy efficiency understating, whereas a smaller fraction was dedicated to a

better understanding of the influence of CDI architecture on desalination performance.

The most conventional design for CDI desalination cells is the flow-by cell (FBC)
configuration, also called flow-between, where the electrolyte flows between the parallel electrodes.
Basically, two electrodes are placed parallel to each other, in such a way that a small spacer channel
is left in between, where the electrolyte flows, as shown in Figure 1.5(a). In this cell design, the
electric field is perpendicular to the electrolyte flow. This classical architecture suffers from some
limitations, such as insufficient utilization of the adsorption capacity of the electrode, infeasible for

hydrophobic electrodes, and long spacer-to-electrode diffusion times [34].

(a) Flow-by cell b) Flow-through cell
(FBC) ®) (FTC)

Current colector

Electric < A A
Field 5<
RS > A A
>
DS - Spacer ¢

Electric

Electrode film Field

Electrolyte flow Electrolyte flow

Figure 1.5. CDI cell architectures: Flow-by cell (a), and flow-through (b) cells.
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Another architecture is the flow-through cell (FTC), in which the electrolyte flows straight
through the electrode’s pores, from one electrode to another. This cell design is a promising
approach because the enhanced mass transfer rate and the flow condition allows a faster system
response than FBC, which needs time for the ion to diffuse from the spacer channel into the pores
[2]. In this case, the electrolyte flows parallel to the applied electric field direction (Figure 1.5(b)).
One advantage of this cell architecture is the possibility to eliminate the need for a separator layer
that serves as the feed flow channel, thus the separator thickness to avoid short circuits may be
minimized allowing more compact cells. Besides capacitive desalination, the flow-through
technology has also been applied in other water treatments process as electrochemical membrane
filtration, electrochemical disinfection, and energy production using microbial fuel cells [34].

Recent studies also evaluated a different CDI cell architecture, called flow-electrode
capacitive desalination (FCDI) (Figure 1.6(a)), where instead of using static electrodes, a carbon
slurry suspension is applied as the electrode in the CDI cell [81,82]. Generally, these suspensions
are composed of active materials, conductive additives, and an aqueous electrolyte. High
desalination efficiency and the possibility of continuous ion removal are the advantages of this
architecture [83,84]. The high efficiency occurs due to the infinite uncharged carbon particles that
are continuously introduced into the charging cell [19]. Some drawbacks related to FCDI are the
energy cost for the electrode flow and the inefficient charge transfer between the current collectors

and flowing particles [19].

®) © " @ ©
) ] Feed | Feed ., Feed )
) o

o F=3 o o el o o 2 =

5 g 3 £ Nat ol £ Nat B 3 =

g o s T 3 9 R 3
3 - 2 = 5 5 3 5O

Y [} - ) d ¥ 2 9

8 g g = = g CF g g ]

2 g £ g c- Vi S G 2 g

= 3 9 £ g £ £ g 5

bl £ o o @ @ ] o

< £ S
<
Fresh Fresh Fresh Fresh e
Flow-electrode CDI Inverted CDI Hybrid CDI Desalination battery Cation intercalation

desalination

Figure 1.6. CDI cell architectures and cell configurations: (a) flow-electrode CDI, (b) inverted

CDl, (c) hybrid CDI, (d) desalination battery, and (e) cation intercalation desalination [19].



13

Inverted capacitive deionization (i-CDI), shown in Figure 1.6(b), has same architecture of
FBC, but with a different cell configuration, in which the anode with net negative surface charge
and cathode with net positive surface charge are applied [30]. Basically, it is an inverted adsorption-
desorption mechanism of the conventional CDI, whereby cell charging causes ion desorption and
cell discharging results in ion electrosorption [85]. The application of i-CDI showed to be efficient
to increase the electrode lifetime [43]. Hybrid capacitive deionization (HCDI) [86] and desalination
battery [87] are other cell configurations present in literature, which have more complex
mechanisms for ion removal since they involve Faradaic reactions involving reversible redox
couples [19]. In the HCDI (Figure 1.6(c)), a capacitive electrode is used for anion adsorption and a
battery electrode is used for cation uptake. In the battery electrode, the ions are not just adsorbed on
the surface, but also intercalated into the crystal lattice structure via chemical bonds, providing
higher specific capacity [88,89]. Unlike HCDI cell, the desalination battery cell shown in Figure
1.6(d) is formed by two different battery electrodes, in other words, Na* is intercalated in one
electrode which is paired with a different electrode for ClI™ intercalation [90,91].

The cation intercalation desalination [92] is other cell architecture presented in literature,
illustrated in Figure 1.6(e), also involve Faradaic reactions in the desalination mechanism. Since
few materials are available for CI" intercalation, in the cation intercalation desalination, cation
intercalation materials are employed as positive and negative, separated by an anion exchange

membrane, in an architecture called “rocking-chair cell” [92,93].

Over the past decade, different CDI cell architectures, such as the ones described in this
section, have been developed aiming to optimize electrosorption performance. However, a deep
understanding of mass transfer in CDI cell architectures is still a remaining challenge to enhance

desalination performance.

1.8 Objectives

CDI is a dynamic and complex process that depends on flow patterns and electric field
direction in the CDI cell. Despite the significant progress achieved to date in the CDI area, the
understanding of the fundamentals involved concerning these aspects is of paramount importance
not only for the design of the electrochemical cell but also for process optimization. Moreover, the

development of a low-cost effective electrode with electrode performance and stability over cycles
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of electrosorption/desorption has been little explored in detail in the literature, which is still a
challenge to overcome in order to make CDI feasible for large-scale applications.

The current thesis intends to fill these aforementioned gaps, so the main objective of this
thesis was to optimize the CDI desalination by developing a cost-effective electrode, optimizing the
operational conditions, improving the electrode stability, and developing a cell architecture to
maximize the desalination and minimize the energy consumption. In order to achieve the main

objective, the following specific objectives were established:

e obtain an activated carbon using polyglycerol synthesized with crude glycerol from the
biodiesel production process, in order to apply this material to produce a sustainable low-
cost electrode for CDI;

e understand the effects of cell potential and asymmetry on the electrode performance aiming
for stable electrochemical desalination over desalination cycles;

e apply different electrode configurations (symmetric, asymmetric, MCDI, C-MCDI),
operational conditions (potentiostatic, galvanostatic, batch mode, quasi single-pass mode),
and cell architectures (FBC, FTC, PFC) aiming to optimize desalination performance in a
CDI desalination process;

e understand the effects of mass transfer phenomena on the CDI performance and kinetics for
different cell architectures in order to maximize the OSR;

e comprehend the influence of electrode thickness and the particle diameter used on electrode
preparation on the CDI performance, correlating them to mass transfer phenomena.

1.9 Thesis Outline

In this thesis, activated carbons produced with polyglycerol from crude glycerol were
employed as electrode material for capacitive deionization desalination. The main purposes of this
work were to develop a sustainable low-cost activated carbon and understand the electrochemical
and mass transfer phenomena affecting the capacitive deionization in order to improve the
desalination performance to achieve electrode stability, fast kinetics, and high salt electrosorption

capacity.

The results are presented in two chapters. Since crude glycerol is produced in large volumes

in biodiesel plants, new applications for this by-product are attractive for sustainability purposes.
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Considering this, in Chapter 2 is reported the development of a new activated carbon using as
precursor the polymerized glycerol from biodiesel production without any purification process. The
crude glycerol was firstly polymerized and the resulting polyglycerol was carbonized, activated,
characterized and then employed as electrode for electrochemical desalination of brackish water.
Additionally, the electrodes were tested regarding their stability and evaluated considering the shift
of the potential of zero charge after 50 cycles of electrosorption/desorption. The effects of cell
potential and cell configuration were investigated aiming to optimize the electrode performance and
also considering the long-term stability. In order to further improve the desalination system,
membrane CDI was tested using the polyglycerol activated carbon as positive and negative
electrodes.

In Chapter 3, firstly, the electrode prepared using polymerized crude glycerol from biodiesel
plants was optimized considering the technical and practical aspects from the engineering point of
view. Therefore, a comparison between different cell architectures (flow-by and flow-through cells)
and a proposed cell, called percolation flow cell (PFC), was carried out. To evaluate the CDI
performance between the cell architectures the parameter optimized salt removal (OSR) was used,
which consider simultaneously the effects of kinetics and adsorption capacity on the desalination
process. The studied cell architectures considered hydrodynamics and electrochemical aspects in
order to investigate the influence of the relative direction between flow velocity and electric fields
(parallel or perpendicular) on the SAC, charge efficiency, and specific energy consumption. From
the results using the flow-by and flow-through cells, the percolation cell was proposed and further
investigated under more realistic conditions (single pass and galvanostatic modes). It is also worth
mentioning that in this chapter it was investigated the influence of the electrode particle diameter
and electrode thickness on the process performance, correlating them to the mass transfer
phenomenon.

In Chapter 4, an overall conclusion about the main results obtained in this thesis is

presented, along with suggestions for future works.
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2 CHAPTER
USING CRUDE RESIDUAL GLYCEROL AS PRECURSOR OF SUSTAINABLE
ACTIVATED CARBON ELECTRODES FOR CAPACITIVE DEIONIZATION
DESALINATION

Capacitive deionization (CDI) is a promising electrochemical technology for water
desalination that can contribute to reducing water scarcity. At the same time, appropriate routes for
the disposal or reuse of liquid wastes are also a major current concern. Based on the water-waste
nexus concept, this work demonstrates that crude glycerol from biodiesel plants can be successfully
used to obtain a new sustainable activated carbon. After polymerization, the crude glycerol was
carbonized and activated to obtain polyglycerol activated carbon (PGAC), which was employed as
an electrode for CDI desalination of brackish water. Evaluation was made of the electrode
performance and stability over cycles of electrosorption/desorption, using different cell
configurations (symmetric, asymmetric, and membrane CDI) and cell voltages (Ecen). It was
observed that maintaining the potential of zero charge of the negative and positive electrodes
outside their working domains during the cycles enabled minimization of that part of the applied
potential deviated to co-ion repulsion, consequently improving the salt adsorption capacity (SAC)
and charge efficiency (Qg). Furthermore, maintaining the potential of the positive electrode below
the oxidation potential by controlling the applied Ecen could ensure electrode stability. The best
desalination performance using the PGAC electrode was achieved using the membrane CDI
configuration (at 1.6 V), resulting in stable SAC (~27.1 mg g-1) and Qe (~100%) over 50 cycles.
The low cost and high SAC and Qe values suggested that the PGAC electrode could be considered a

potential candidate for use in CDI desalination.

2.1 Introduction

The demand for freshwater has increased over the years, in order to meet the needs of
agriculture, industry, and human consumption. Water insufficiency worldwide is expected to occur
in the coming decades [1]. However, severe water scarcity is already a problem faced year-round by
half a billion people [94]. For instance, water crises are suffered by populations in arid and semi-
arid regions, where only brackish groundwater is usually available [7,95]. In this case, a strategy to
provide freshwater is the development of new technologies for brackish water desalination, such as
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capacitive deionization (CDI). This is a promising technology in which charged species are
adsorbed in the electric double layer (EDL) formed when a pair of electrodes are polarized by
applying an electric field. The mechanism is based on charging (electrosorption)/discharging (ion
desorption) cycles. Once electrode saturation has been reached, a regeneration step consisting of
short-circuiting or reversing the electric field is performed, in order to restore the ion sorption
capacity.

Investigations of CDI performance have mainly used carbon-based electrodes, due to their
suitable electrochemical and textural properties, since carbon materials have relatively high electric
conductivity, high specific surface area, and tunable pore structure [96]. Carbon materials such as
nitrogen-doped graphene [48], nanotubes [49], aerogel [50], and carbide-derived carbon [42] have
been investigated as candidates for efficient CDI electrodes. Although these carbons are able to
provide high electrosorption capacity, most of them are expensive or involve laborious syntheses,

which imposes restrictions for large-scale applications [32,51,52].

The search for low-cost carbons for CDI electrodes should not only consider their
effectiveness, but must also take sustainability aspects into account. These requirements can be met
by preparing activated carbons from biowastes used as carbon precursors. Efforts have been made
to obtain activated carbons from watermelon peel [53], jackfruit peel [57], waste coffee grounds
[54], sugarcane bagasse fly ash [28], rice husk [55,56], lignin [33], and palm shell [58]. Overall,
these electrodes have salt adsorption capacities (SAC) ranging from 3.3 to 22.8 mg g™, depending
on the operational conditions. However, little attention has been paid to evaluating electrode
performance and stability over cycles of electrosorption/desorption. In order to ensure robust
desalination operation, it is essential to understand the stability of electrodes used for long-term
desalination, as well as to develop new strategies to avoid carbon degradation and improve the SAC.
Redox reactions occurring at the positive electrode can shift the potential of zero charge (Epzc) to
more positive potentials, due to modification of the functional groups on the carbon surface
[29,43,45]. As a consequence, the carbon particles become more negatively charged and co-ion
repulsion is increased, which negatively affects the charge efficiency and decreases the SAC over
the cycles [33,97].

The present work demonstrates that a new sustainable activated carbon (AC) can be
obtained from crude glycerol, a residual viscous liquid produced in large amounts as a byproduct of

the biodiesel process. It is estimated that the production of 10 kg of biodiesel generates 1.0 kg of
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glycerol [98]. The present search for renewable energy sources is expanding biodiesel production,
so an oversupply of crude glycerol is expected [61]. For most industrial applications, the glycerol
must be purified, since it contains impurities such as methanol, water, and fatty acids [61,70].
Double-vacuum distillation is usually employed for glycerol purification, but this process imposes
high operational and capital costs. In this situation, a sine qua non condition to produce cost-
competitive AC electrodes for CDI is the direct use of crude glycerol to obtain solid polyglycerol,
which is then converted to the corresponding AC by carbonization and activation. The aim of this
work was to develop a polyglycerol activated carbon (PGAC), using crude glycerol collected in
biodiesel plants as the precursor. The as-synthesized PGACs were characterized and used to obtain
electrodes for capacitive deionization. After electrochemical characterization, the electrodes were
applied for brackish water desalination, using different cell configurations in order to achieve
stability and high performance. The effect of the cell potential on process efficacy was evaluated
using symmetric, asymmetric, and membrane (MCDI) setups, in order to maximize electrosorption
capacity and avoid electrode oxidation. The desalination performance was evaluated in terms of
electrosorption capacity, charge efficiency (Qg), energy consumption (), electrosorption/desorption
rates, and stability during sequential cycles. This research shows the potential of polyglycerol
activated carbon as a low-cost material for CDI electrodes applied for water desalination, besides
providing a novel application for the crude glycerol.

2.2 Experimental
2.2.1 Materials

Crude glycerol (80% glycerol) was obtained from a glycerin bi-distillation plant located in
Brotas, Brazil. Sulfuric acid (Sigma-Aldrich) was used as the catalyst for glycerol polymerization.
KOH pellets (Sigma-Aldrich) were used for chemical activation to obtain the activated carbon from
polyglycerol. HNO3 (65%, Sigma-Aldrich) was used for the chemical modification of PGAC.
Polyvinylidene fluoride (PVDF, Sigma-Aldrich) and n-methyl-pyrrolidone (99.5% NMP, Synth)
were used for electrode preparation. NaCl (Synth) was used to prepare the electrolytes employed in
the electrochemical characterization and desalination experiments. Deionized water was used to

prepare all solutions.
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2.2.2 Glycerol polymerization, PGAC synthesis, and electrode preparation

The polyglycerol was prepared according to an adaptation of the methodology reported by
Medeiros and Lago [99]. The optimized synthesis conditions were established based on preliminary
tests. Briefly, 20 mL of H2SO4 aqueous solution (5 mol%) were slowly added into a beaker
containing the crude glycerol (100 g). The reaction was carried out under stirring for 7.5 h in a
glycerin bath at 150 °C, forming a viscous solution, which was then dried for 12 h at 150 °C in a
conventional oven. The as-obtained polymer was labeled as PG. For comparison, another sample of
polyglycerol was synthesized using analytical grade glycerol (Synth), following the same

procedure, but conducting the polymerization reaction for 1 h and drying for 3 h.

The PG samples were carbonized at 600 °C for 1 h, under an atmosphere of N2 (300 mL
min™1), in a tubular furnace (Lindberg Blue M, Thermo Scientific), applying a heating rate of 10 °C
mint. The carbonized sample, labeled as PGC, was then activated by mixing it with KOH pellets in
a ratio of 1:4 wt/wt (carbon:KOH) and leaving for 24 h. After this time, the sample was introduced
into the tubular furnace and activated at 850 °C for 1.5 h, under an atmosphere of N2 (150 mL min
1y, applying the same heating rate used in the carbonization step. The carbonized and activated
conditions were based on the optimized conditions previously studied [27]. Subsequently, the
sample was washed with 0.5 mol Lt HCI and distilled water (60 °C), until constant pH, and finally
dried at 105 °C for 24 h. The as-synthesized polyglycerol activated carbon was labeled PGAC. The
activated carbon from analytical grade glycerol, obtained following the same procedure was labeled
as PGAC".

For some samples, a chemical surface treatment using HNO3 was performed with the aim of
increasing the negative charge on the PGAC surface by introducing oxygen surface groups, in order

to shift the Epzc to more positive values [31]. This material was labeled as N-PGAC.

The electrodes were prepared by mixing 90 wt% of PGAC and 10 wt% of PVDF (binder) in
NMP solvent. The slurry obtained was then spread onto a graphite foil substrate using a doctor
blade machine and left to dry at 80 °C, for 12 h, in a conventional oven. The thickness of the

electroactive carbon film was ~400 pm.
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2.2.3 Material and electrode characterization

Thermogravimetric analysis (TG) was performed using a TGA Q500 system (TA
Instruments). The measurements were carried out by placing the sample in a platinum pan and
heating to 900 °C, at 10 °C min, under a flow of air (60 mL min™). The derivative TG (DTG) was
calculated for identification of the combustion characteristics of the PG, PGC, and PGAC. Raman
spectra were recorded using a Renishaw inVia microscope with a Nd-YAG laser (wavelength: 532
nm; grate: 600 x 50). The textural properties of the PGC, PGAC and PGAC electrode (PGACE)
were characterized by N2 adsorption-desorption, using an ASAP 2420 instrument (Micromeritics).
The specific surface area was calculated from N isotherms, using the Brunauer-Emmett-Teller
equation (SSAget), considering relative pressure (P/Po) between 0.05 and 0.20 (isotherm linear
region). The pore size distribution (PSD) and total pore volume (V1) were calculated by the 2D-
NLDFT heterogeneous surface model, using SAIEUS software. The micropore volume (Vmic) was
the volume of N2 adsorbed by pores <2 nm, while the mesopore volume (Vmes) Was calculated by
the difference between Vt and Vmic. The average pore diameter (dso) was determined considering the

pore diameter for which the volume adsorbed was half of V.

The electrode wettability (hydrophobicity/hydrophilicity) was determined by contact angle
measurement, according to the sessile drop method, in which a water droplet was deposited onto the
surface of the carbon electrode. After 20 s, the angle between the line tangent to the liquid interface

of the drop and the baseline was measured.

2.2.4 Electrochemical characterization

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were performed using an electrochemical workstation (Multi
Autolab/M204) and a three-electrode cell filled with 1.0 mol L NaCl. Ag/AgCl (saturated KCI)
was used as the reference electrode. The PGAC electrodes were used as both working and counter

electrodes.

The voltammograms were recorded with scanning of the potential between 0.1 and 0.6 V
(vs. Ag/AgCl), at different scan rates (v): 1, 5, 10, 25, 50, 100, and 200 mV s. The specific
capacitance (Cscv) and total specific capacitance (Ccv), expressed in F per gram of the electroactive
carbon film, were calculated using Egs. (2.1) and (2.2), respectively. In these equations, 1 is the

current (A), m is the mass of activated carbon in the working electrode (g), and E: (V) and E2 (V)
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are the lower and upper values of the potential window. GCD profiles were recorded at 0.1 A g™ to
evaluate the potential profile and the ohmic drop (IRdrop), considering the cut-off potentials of 0.6

and 0.1 V (vs. Ag/AgCl) for charging and discharging, respectively.

1

CS,CV = vm (2-1)
B [g21av

The EIS measurements were carried out applying frequencies ranging from 1 mHz to 100
kHz, 0.0 V vs. Ag/AgCl, and an alternating current amplitude of 10 mV. The EIS specific
capacitance, Cs,eis, was calculated using Eq. (2.3), where  is the angular frequency and Z” is the

imaginary part of the impedance spectrum.

CS,EIS =1 (2-3)

The EIS measurements were also used to calculate the ohmic resistance (Re), the charge-
transfer resistance (Rct), the admittance (Ao), the capacitance at the electrolyte/electrode interface
(Cint), and the capacitance inside the micropores (Cgis). For estimation of these variables, the
Nyquist plots were fitted to a modified Randles equivalent circuit. A constant phase element (CPE)
was used to adjust the non-ideality of the semicircles, commonly assigned to surface roughness,
surface inhomogeneities, and complexity of the double-layer structure present in this type of
electrode. As shown in Eq. (2.4), the CPE impedance is related to the non-ideal capacitance (Q°),
the ideality factor (N) that ranges from 0 to 1, the imaginary number (j), and the angular frequency

(w) [100]. These variables were used to calculate the Cint using Eq. (2.5).

1

CPE = GaNao (2.4)
(Q°)¥ (Rer) W
Q°)N(Rcr) N

Cinr = % (2.5)

The potential of zero charge (Epzc) was determined using the EIS technique, but in this case,
the spectra were recorded in 600 mg L™ NaCl, at 10 mHz and 30 mV amplitude. A step potential
(100 mV) was applied in a pre-established range of electrode potential. The capacitance at each
potential was calculated using Eq. (2.3), with the values being normalized considering the lowest
observed capacitance (Cmin). The Epzc was the potential that obtained the lowest capacitance (C/Cmin
=1).
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The anodic potential stability window (PSW) was determined by the method based on the
Faradaic Fraction (R), proposed by Xu et al. [101]. Accordingly, cyclic voltammograms were
recorded at 5 mV s, in 1.0 mol L NaCl, increasing the vertex by 50 mV. The scans started at 0.1
V (vs. Ag/AgCl), which was the equilibrium potential (Eeq) determined previously, and finished at
1.2 V (vs. Ag/AgCl). The R-value was calculated by Eq. (2.6) for the anodic window (Rpos), Where
Qpos and Qneg correspond to the accumulated charge during the charging and discharging scans,

respectively.

Q oS
Rpos = 42— 1 (2.6)

2.2.5 Electrosorption experiments

The electrosorption experiments were performed in a recirculating batch mode, using a
desalination cell described elsewhere [102]. Briefly, the cell was composed of two acrylic plates
attached to graphite current collectors. The PGAC, N-PGAC, or PGAC* electrode (2.5 cm x 2.5
cm) was positioned contacting the graphite and separated by two plastic meshes, which provided
the gap necessary to avoid short circuit and allow the electrolyte flow. The cell was assembled
using nuts and bolts, with rubber gaskets providing tight sealing.

For the desalination assays, 25 mL of 600 mg L™ NaCl solution was recirculated through the
CDI cell and electrolyte reservoir at a constant flow rate (26 mL min™), using a peristaltic pump
(Masterflex L/S, Cole-Parmer). A potentiostat (PGStat 204, Autolab) was used to apply constant
cell potentials during the electrosorption (1.1, 1.2, 1.4, or 1.6 V) and desorption (0.0 V) steps. The
desalination was carried out over 50 electrosorption/desorption cycles, with half-cycles of 15 min,
to ensure the steady-state condition and to enable evaluation of electrode stability. The conductivity,
pH, and temperature were continuously monitored in the outlet stream of the CDI cell (Seven
Excellence instrument, Mettler-Toledo). The conductivity value was corrected considering the pH
and temperature fluctuations during the experiment, according to the methodology described by Lee
etal. [103].

Firstly, the positive and negative electrodes were arranged in a symmetric configuration,
using the PGAC carbon (so the two electrodes had the same Epzc, mass of carbon, and thickness).

In order to investigate the effect of co-ion repulsion, the asymmetric configuration was further
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explored by using electrodes with different Epzc values. Accordingly, based on the Epzc determined
previously, the PGAC and N-PGAC were used as the positive and negative electrodes, respectively.

With the aim of improving the removal capacity and charge efficiency, the desalination was
also investigated using a membrane cell (MCDI). Accordingly, cationic (CMI-7000S) and anionic
(AMI-7001S) membranes (Membranes International Inc.) were placed adjacent to the negative and
positive electrodes, respectively. An additional experiment was carried out using solely the cation
exchange membrane (C-MCDI), in order to determine whether it was sufficient to avoid co-ion

repulsion at the negative electrode.

The desalination performance was evaluated in terms of salt adsorption capacity (SAC),
charge efficiency (Qg, no leakage current discount), and specific energy consumption (7), calculated
using Egs. (2.7), (2.8), and (2.9), respectively. In these equations, Co is the initial salt concentration
(mg L), Cq is the salt concentration (mg L) at time t (s), V is the electrolyte volume (L), me is the
total mass of the active material in both electrodes (g), z is the ion valence, F is the Faraday
constant (96,485 C mol™), I is the current (A), Mnaci is the molecular weight of NaCl (58,440 mg
mol™), Ecen is the cell potential in the electrosorption step (V), and Mrem is the mass of ions removed

from the solution (mg).

sac = o=V 2.7)
mg
B ZFV.(Co— Cp)
Qp =100 Myact [ 1dt 28)

Mrem

In order to evaluate the overall performance and effectively compare the different electrode
configurations, the optimized salt removal (OSR) approach proposed by Zornitta and Ruotolo [41]
was also applied. This performance metric allows a simultaneous analysis of the electrosorption
capacity and adsorption/desorption kinetics. Such analysis is crucial for electrode evaluation, since
the electrosorption and desorption times affect the number of cycles performed in a given
operational time, thus influencing water productivity. The OSR value represents the amount of salt

removed per gram of electrode material in a specified operational time (mg g* day™).
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2.3 Results and discussion

The polymerization yield of polyglycerol was 52.5%, after elimination of the volatile
compounds and impurities commonly found in the crude glycerol. After carbonization, the yield
dropped to 16.4% of carbon, due to the release of volatile compounds from the polyglycerol at
temperatures up to 600 °C. After activation of the carbonized sample, the yield was 20.9%, which
was similar to the yields observed for other materials carbonized at similar temperatures [27,56].
Considering the overall yield, it was possible to produce 34 mg of PGAC per g of PG. These results

are summarized in Table 2.1.

Table 2.1 Mass yields: polymerization (Yp), carbonization (Yc), activation (Ya), and overall (Yo).

Ye (%) Yc (%) Ya (%) Yo (%)¢

525+1.2 164+26 209+2.0 3.4+03

Note: 2 (g PG/g crude glycerol)*100; ° (g PGC/g PG)*100; ¢ (g PGCA/g PGC)*100; 4 (g PGCA/g PG)*100.

2.3.1 Material characterization

The TG and DTG profiles of PG, PGC, and PGAC are shown in Figures 2.1(a) and 2.1(b),
respectively. The PG mass loss (~3.8%) from room temperature to 120 °C, represented by the
shallow peak in the DTG, was attributed to physically adsorbed water. As the temperature
increased, substantial mass loss occurred between 180 and 550 °C, which was similar to the profile
observed by Zhao et al. [104]. For PG, the mass loss occurred in three thermal events (Figure
2.1(b)): 1) at 262 °C, decomposition of carboxylic groups, probably originated from the free fatty
acid impurities present in crude glycerol [70,105]; 2) at 416 °C, thermal decomposition of
unconverted glycerides, which are also impurities present in crude glycerol [61,106]; and 3) at 511
°C, release of hydroxyls from the carbonized polyglycerol chains and carbon decomposition
involving breaking of C—-C bonds [107]. It is noteworthy that the thermogram of the carbonized
sample (PGC) only presented mass loss between 400 and 600 °C, providing further evidence that

the mass loss in this temperature range was due to carbon decomposition.

For PGAC, a slight mass loss was observed above 210 °C (Figure 2.1(a)), which could be
attributed to the decomposition of surface oxygen groups (SOG) generated during the activation
step with KOH [32]. In contrast, PGC showed no mass loss up to 400 °C, indicating the absence of
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SOG, since this material underwent a carbonization step at 600 °C, under a nitrogen atmosphere,
which caused SOG decomposition [105,108]. Finally, the TG results showed sharp mass losses in
the ranges 400-600 °C and 500-700 °C for PGC and PGAC, respectively, which were assigned to
carbon combustion reactions involving breaking of C—C bonds [109,110]. The mass remaining after
700 °C corresponded to the fraction of ash in the samples, with values of 10.6, 41.6, and 44.9% for
PG, PGC, and PGAC, respectively.
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Figure 2.1. (a) TG and (b) DTG curves for PG, PGC, and PGAC, obtained under an air
atmosphere; (c) Raman spectrum for PGAC.

The Raman spectrum of the PGAC is presented in Figure 2.1(c). The D mode at 1349 cm™
indicated a disordered carbon structure, while the G mode at 1580 cm™ was related to the presence
of sp-hybridized C=C in the graphitic layers. The Raman peak intensity ratio (Io/Ig) is commonly
used to estimate the degree of defects in graphitic materials [111,112]. The Ip/lc value for PGAC

was ~0.85, revealing that the carbon layer was primarily composed of graphitic structures that favor
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electronic conductivity [113]. The disorder could be ascribed to the oxygen surface groups
produced by the activation reactions of KOH with carbon, as well as the turbostratic structure

promoted by carbonization at temperatures <600 °C [27].

The N2 adsorption-desorption isotherms were used to determine the textural properties of
PGC, PGAC, and PGAC electrode (PGACE) (Figure 2.2(a), Table 2.2.) According to the IUPAC
classification, PGC, PGAC, and PGACE presented type Il isotherms with H4-type hysteresis loop,
indicating the existence of mesopores, typical of micro/mesoporous carbons [27,114]. As expected,
the isotherms showed that the volume adsorbed by PGC was low and increased significantly after
activation. Likewise, the specific surface area (SSA) was improved from 116 to 1684 m? g7,
confirming the effectiveness of the activation step to increase SSA and pore volume. The pore size
distribution (Figure 2.2(b)) revealed that the polyglycerol precursor led to carbons composed of
micropores and a large percentage of mesopores (Table 2.2). A high percentage of mesopores is
desirable, since they facilitate the access of ions to the micropores, consequently improving the
kinetics. It is important to highlight that after the electrode preparation step, the SSA of the PGACE
decreased by ~20%, due to pore clogging by the binder [102].
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Figure 2.2 (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions (inset:
cumulative pore volumes) for PGC, PGAC, and the PGAC electrode.
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Table 2.2 Textural properties of polyglycerol after carbonization, activation, and electrode
preparation.

SSAgeT (M2 g?) Vr (cm3g?l) Vmic (cm® g1) Vimes (cm?® g71) %V mes dso (NmM)

PGC 116 0.06 0.03 0.03 50.2 1.98
PGAC 1684 0.95 0.45 0.50 52.7 2.02
PGACE 1355 0.76 0.35 0.40 53.4 2.07

PGACE: polyglycerol activated carbon electrode; SSAger: specific surface area; Vr: total volume of pores; Vmic: volume

of micropores; Vmes: Volume of mesopores; %Vmes: percentage of mesopores; dso: average pore size.

2.3.2 Electrochemical characterizations

Cyclic voltammetry characterization at different scan rates was carried out to investigate the
electrode capacitance, resistivity, and mass transfer effects. As shown in Figure 2.3(a), the
voltammograms for the PGAC electrode presented a quasi-rectangular shape at 1 mV s, indicating
its capacitive and conductive behavior. When the scan rate was increased to 5 and 10 mV s, the
voltammograms showed a leaf-shaped curve, related to increased resistivity. The total specific
capacitance decreased by ~52% when the scan rate was increased from 1 to 10 mV s. The same
trend can be seen in Figure 2.3(b), which compares the Ccv decay of the electrode before and after
50 cycles of electrosorption (1.2 V)/desorption (0.0 V). As the scan rate decreased, the capacitance
increased, indicating that at slow scan rates, the time was sufficient to allow the migration of ions
into the inner pores, favoring complete charging of the EDL [115]. Contrary to the observations of
Lado et al. [28], although the PGAC electrode presented a remarkable quantity of mesopores
(53.4%), facilitating ion migration, this condition was not sufficient to prevent a rapid capacitance
decrease (Figure 2.3(b)). Similar capacitance decay was observed for the electrode after use in
desalination, except at 1 mV s (Table 2.3). These features suggested that rather than mass transfer,
charging resistance was the main factor affecting the performance of the PGAC electrode, which

was further investigated using EIS analysis (discussed further).
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Figure 2.3 (a) Specific capacitance from cyclic voltammograms recorded at different scan rates,

before desalination; (b) Total specific capacitance, as a function of scan rate, before and after
desalination applying 1.2 V; (c) Nyquist plots before and after desalination applying 1.2 V; (d)
Modified Randle equivalent circuit. Working and counter electrodes: PGAC. Electrolyte: 1 mol L*
NaCl.
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Table 2.3 Capacitance determined using the CV and EIS parameters obtained from fitting the

Nyquist plots with a modified Randle equivalent circuit, for the PGAC electrode.

Before desalination

After desalination (1.2 V)

Ccv(Fgh) ™ 96.7
Ces(Fg?) 117
Cint (MF @) 0.44
Ro (Q) 1.00
Rer () 2.40
Ao (S s¥2) 2.38

84.3
114
0.70
0.99
3.79
2.47

*At a scan rate of 1 mV s

Additional characterization of the electrochemical behavior of the PGAC electrode was

performed using galvanostatic charge-discharge (Figure 2.4). The GCD curves presented an almost

symmetric triangular shape, reinforcing the reversibility and capacitive behavior of the electrode. In

addition, the GCD profiles showed an increase of IRqrop after desalination. This ohmic drop was a

combination of resistances in series, including solution resistance, contact resistance, and ion

diffusion resistance. The IRdrop enhancement could be ascribed to the emergence of resistive SOG

on the positive electrode. It is well known that the presence of polar groups can improve electrode

wettability. Hence, the decrease of the contact angle (Figure 2.5) from 76° to Q° after desalination

also suggested that the electrode became more hydrophilic, due to the increase of SOG generated

during the desalination cycles [32,52].
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Figure 2.4 GCD profiles obtained at 0.1 A g*. Electrolyte: 1 mol L™ NaCl.
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Figure 2.5 Contact angles before (a) and after (b) desalination at 1.2 V.
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Figure 2.6 Specific capacitance determined from EIS (Csgeis) as a function of frequency.
Electrolyte: 1 mol L NaCl.

EIS was performed to investigate the capacitance and series resistances of the PGAC
electrodes. The Nyquist plots (Figure 2.3(c)) were typical of electrochemical supercapacitors, with
the semi-circle at high frequencies representing the charge-transfer region, while the linear region at
low frequencies was related to the mass-transfer region [57,116]. In addition, the plot of Csgis as a
function of frequency (Figure 2.6) showed that high capacitance was obtained at low frequencies,
since this condition increased the time available for the ions to migrate to the micropores and be
stored in the EDL. It is also noteworthy that the EIS analysis showed similar Csgis values before

and after desalination, independent of the frequency.

The modified Randle equivalent circuit (Figure 2.3(d)) effectively fitted the Nyquist plots,
enabling determination of the values of the resistances (Re and Rct), admittance (Ao), and
capacitances (Cint and Cegis), shown in Table 2.4. Considering that Ro is related to the contact

(current collector) and electrolyte resistances, it can be concluded that the desalination process did
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not affect Re during the cycles. On the other hand, Rcr is affected by the intrinsic properties of the
carbon electrode, such as surface chemistry and polarization resistance. The Rct of PGAC was high,
compared to the values reported for other electrodes used for CDI (Table 2.4), which reinforced that
the sharp capacitance decrease observed in Figure 2.3(b) was not related to mesoporosity, but rather
to charging resistances that could be ascribed to SOG. These, in turn, affected the electrode
polarization, as demonstrated by Lado et al. [117].

Table 2.4 Values of Rct and Ao reported in the CDI literature.

Electrode Rer () Ao (S s¥2cm™?) Reference
AC600 0.37 - Silvaetal. [56]
AWCG700 0.83 - Qianetal. [54]
SPAC/PTS 0.66 0.74 Barcelos et al. [45]
MMM-3DG 0.34 - Kang et al. [118]
PCT175-N 2.42 0.23 Zhao etal. [119]
PCTws-N 5.10 0.18 Zhao etal. [119]
PGAC 2.40 0.38 This work

Note: AC600: rice husk activated carbon carbonized at 600 °C; AWCG700: waste coffee grounds activated at 700 °C;
SPAC/PTS: activated carbon derived from p-toluenesulfonate chemically modified by silanization; MMM-3DG: micro-
meso-macroporous three-dimensional graphene; PCT1.75-N: nitrogen-doped porous carbon tubes composite with 1.75:1
mass ratio of Zn(Ac).-2H,0 to polyacrylonitrile; PCT1s-N: nitrogen-doped porous carbon tubes composite with 1.5:1

mass ratio of Zn(Ac)2-2H20 to polyacrylonitrile.

After desalination, Rct increased by ~58% (Table 2.3), suggesting that carbon oxidation
occurred during the desalination, generating more SOG. Confirmation of this hypothesis employed
analysis of Epzc. As shown in Figure 2.7(a), there was a shift of Epzc to positive potentials after
desalination, indicating that the surface became more negative, attributed to the presence of more
SOG, as reported elsewhere [29,120]. These results indicated that further efforts are required to

decrease the Rct of the PGAC electrodes, in order to achieve faster electrosorption Kinetics.

The admittance, which is the inverse of the Warburg element, describes the effect of ion

diffusion in the inner pores. There was only a slight increase of Ag after desalination, indicating that
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the textural properties of the electrode affecting the mass transfer did not change over the cycles.
The PGAC electrode presented Ao values similar to those for other electrodes reported in the
literature (Table 2.4).
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Figure 2.7. (a) Normalized capacitance, according to electrode potential, for the PGAC anode
electrode. (b) R-value, according to vertex potential, in the anodic regime. Egq: equilibrium

potential.

In order to ensure an energy-efficient process, CDI desalination is usually performed under
potentiostatic conditions, typically applying 1.2 V to avoid water electrolysis [121]. However, even
at lower cell potentials, unexpected electrode degradation can occur [33,120], since each carbon
electrode has its own electrochemical stability potential limit. Therefore, determination of the
electrochemical potential stability window (PSW) is essential for elucidation of the optimum
working potential at which the electrode presents reversible behavior, avoiding electrode
degradation and ensuring its stable performance during desalination. Hence, the PSW for the PGAC
electrode was investigated considering the anodic regime, which is responsible for the main
reactions affecting Epzc and stability [45]. Firstly, cyclic voltammograms were recorded, at 5 mV s
1 from the equilibrium potential (0.1 V vs. Ag/AgCI) up to different vertex potentials (Figure 2.8).
The R-values were then calculated for each potential (Figure 2.7(b)). The anodic potential limit
(Epw™) adopted for the PGAC electrode was 0.6 V vs. Ag/AgCl, considering an R-value of 0.025 as
a stability criterion, based on preliminary tests. In order to avoid degradation reactions caused by
carbon electrode oxidation and other parasitic Faradaic reactions, the positive electrode potential

should not exceed the Epw* value [120].
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Figure 2.8. Cyclic voltammograms recorded at 5 mV s* in the anodic regime for the PGAC

electrode. Electrolyte: 1 mol Lt NaCl. Eeq: equilibrium potential.

2.3.3 Desalination performance

The effects of different Ecen values and cell configurations on the electrochemical
desalination performance of the PGAC electrode were investigated in desalination experiments
applying different cell potentials and cell configurations. Figures 2.9(a), 2.9(c), and 2.9(d) show the
desalination performance in terms of SAC and charge efficiency over 50 cycles. For the symmetric
configuration (Figure 2.9(a)), the PGAC electrode presented stable desalination performance,
maintaining the average SAC values constant throughout the cycles at 1.1 V (~10.8 mg g*) and 1.2
V (~14.2 mg g1). The higher SAC value obtained at 1.2 V could be attributed to greater electrostatic
interaction, which enhanced the electrosorption of counterions. It is also notable that higher stability
was obtained using the symmetric PGAC configuration, compared to the other electrodes that did
not remain stable at 1.2 V [28,33]. Nevertheless, although SAC increased by ~31% when Ecen was
increased from 1.1 V to 1.2 V, the specific energy consumption also increased by ~11% (Table 2.5).
At 1.4 V, the SAC dropped by ~45% over the 50 cycles, resulting in the highest value of #, which
could be ascribed to parasitic reactions [29,45]. In order to investigate this outcome, the electrode

potentials were measured during the cycles.
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Figure 2.9. SAC and charge efficiency for the symmetric (a), MCDI (c), and C-MCDI (d)

configurations. Electrode potential profiles over the cycles for the symmetric configuration (b). E

and E™ indicate the potential in the cathode and anode, respectively. Ep is the short-circuit potential.

Epw" is the anodic potential stability limit (standard deviation of 5%). Schematic representation of

co-ion repulsion and counterion adsorption for symmetric (e) and asymmetric (f) configurations.
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Table 2.5 Average values of the salt adsorption capacity (SAC), charge efficiency (Qe), and specific

energy consumption (») for the desalination processes.

Electrode
configurations Ecen (V) SAC (mg g™ Qe (%) n (I mg™)
Symmetric 1.1 10.8+0.8 65.4 +4.3 2.8+£0.2
Symmetric 1.2 142 +0.8 62.9+ 3.6 31+£0.2
Symmetric 1.4 13.7x21 51.2+4.4 46+04
Asymmetric 1.2 115+05 88.4+6.9 22+0.2
MCDI 1.2 176+21 979+84 20+0.2
MCDI 1.4 234+18" 102.9 £ 7.2 23+0.2"
MCDI 1.6 27.1+1.0 102.2 +3.4" 26+0.1"
C-MCDI 1.2 16.8 £ 0.7 98.9+27 20+0.1
C-MCDI 1.4 108+1.1 81.6+55 28+0.2

*Average value considering the steady state.

The electrode potential profiles for the three different values of Ecen investigated for the
symmetric configuration are displayed in Figure 2.9(b). The analysis of these profiles, considering
the previously determined anodic stability window, revealed that at 1.4 V, the symmetric PGAC
electrodes operated at potentials above the stability limit (E* > Epw™). It is known that potentials
beyond the stability window can result in oxidation of the carbon surface, forming surface oxygen
groups with negative charge that can shift Epzc to more positive values [120,121]. In order to
address this issue, the Epzc values were measured before and after the 50 desalination cycles. As
shown in Table 2.6, at 1.4 V there was an Epzc shift of 0.3 V vs. Ag/AgClI (from 0.1 to 0.4 V vs.
Ag/AgCl) for the anode, confirming that the surface charge of the PGAC became more negative. As
a consequence, as shown in Figure 2.7(a), the Epzc moved from the cathode to the anode domain in
which part of the applied potential was diverted for co-ion repulsion [29,33], causing the SAC to
decrease. Accordingly, the worst values of Qe and #» were observed at 1.4 V (Table 2.5), due to the

deviation of part of the applied potential intended for electrosorption to (i) oxidation reactions and
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(i) co-ion repulsion. In contrast, applying 1.1 or 1.2 V, the potential shift was not sufficient to
displace the Epzc to the anode domain, so the SAC remained stable. It is also notable that for the
negative electrode, no Epzc displacement was observed (Figure 2.10), so its value remained in the

cathode domain. Hence, the stability of the PGAC was dictated by the positive electrode behavior.

Table 2.6 Potential of zero charge (Epzc) and Epzc shifts obtained for the PGAC anode electrodes

before and after the desalination cycles.

Electrode Ecen (V) Epzco Epzc s0c Epzc shift
. . 1
configurations * (V vs. Ag/AgCl)? (V vs. Ag/AgCI)® (V vs. Ag/AgCl)
Symmetric 1.1 0.1 0.2 0.1
Symmetric 1.2 0.1 0.2 0.1
Symmetric 1.4 0.1 0.4 0.3
Asymmetric 1.2 0.1 0.2 0.1
MCDI 1.6 0.1 0.1 0.0
C-MCDI 14 0.1 0.3 0.2
3 Epzco: Epzc of the pristine electrodes;  Epzcsoc: Epzc after 50 electrosorption/desorption cycles; Eo ~0.2 V vs.
Ag/AgCI.
PGAC cathode
1.3 | —m— Before desalination
—e@— After desalination at 1.1 V
| —e— After desalinationat 1.2V ™
B —e— After desalination at 1.4 V/
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C/C

Figure 2.10. Epzc values for the cathode before and after the desalination process using the
symmetric configuration with PGAC electrodes.

In an attempt to increase the charge efficiency of the CDI system, an asymmetric

configuration was proposed, based on the Epzc values, in order to obtain a better arrangement where
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the electrodes could operate in their respective working domains, avoiding co-ion repulsion, as
shown in Figs. 2.9(e) and 2.9(f) [29,33]. The electrodes with Epzc values outside their working
domains corresponded to the best configuration, due to the minimization of co-ion repulsion and
improvement of the charge efficiency. Since the Epzc of PGAC was 0.1 V vs. Ag/AgCl, this
electrode was in the cathode working domain (Figure 2.7(a)), given that Eo was ~0.2 V vs.
Ag/AgCI. In the symmetric configuration, even at 1.1 or 1.2 V, co-ion repulsion was expected at the
negative electrode (Figure 2.9(e)), which was confirmed by the low values of Qe (Table 2.5).
Therefore, for the asymmetric configuration, PGAC was chosen as the positive electrode. In order
to avoid co-ion repulsion at the cathode, by creating negative surface charges, the PGAC was
submitted to a surface treatment using HNOs, with the aim of shifting the Epzc outside the cathode
domain. Accordingly, the Epzc of this electrode, labeled as N-PGAC, was 0.3 V vs. Ag/AgCI
(Figure 2.11), demonstrating the effectiveness of this chemical treatment for shifting the Epzc to a
more positive value, due to the introduction of negative oxygen functional groups [29,121].
Therefore, the PGAC and N-PGAC electrodes were used as anode and cathode, respectively, so
both values of Epzc were outside their respective electrode domains (Figure 2.11), enabling the
applied potential to be mostly used for counterion electrosorption, according to the scheme shown
in Figure 2.9(f).
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Figure 2.11. Epzc values for the electrodes PGAC and PGAC treated with nitric acid (N-PGAC).

When the asymmetric configuration (Figure 2.12(a)) was used in the desalination cycles,
there was a substantial increase of Qe from 62.9 to 88.4%, together with a decrease of # (29%),
compared to the symmetric configuration at 1.2 V (Table 2.5). This confirmed the effectiveness of
using asymmetry to minimize the co-ion repulsion and increase the portion of the potential

effectively applied for counterion adsorption. However, the SAC decreased by 19%, compared to
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the symmetric configuration, which could be explained by reduction of the specific surface area
after the HNOg treatment, as reported previously by Wu et al. [122]. The asymmetric electrodes
presented stability over the cycles, with the E™ values remaining below Epw™ (Figure 2.12(b)). The
anode presented an Epzc shift of 0.1 V vs. Ag/AgCI (Figure 2.12(c)), but the Epzc was not displaced
to the anode domain, while the Epzc of the N-PGAC cathode remained constant (Figure 2.12(d)).
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Figure 2.12. SAC and Qe (a), and electrode potential profiles over the desalination cycles (b), using
the asymmetric configuration. Epzc values for the anode (c) and the cathode (d), before and after the

desalination process using the asymmetric configuration.

Another strategy to improve the electrosorption performance was using MCDI. The use of
ion exchange membranes (IEMs) clearly increased SAC and charge efficiency (Figure 2.9(c)). For
instance, at 1.2 V, SAC and Qe increased by 24 and 56%, respectively (Table 2.5). This
improvement could be mainly attributed to the presence of co-ions that were repelled from the
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micropores and remained in the macropores, providing an additional driving force for the
electrosorption of counterions, since electroneutrality must be maintained [26,40,45].

Considering that membranes introduce an additional electric resistance, the desalination
experiments were also carried out applying 1.4 and 1.6 V, leading to SAC enhancements to 23.4 and
27.1 mg g%, respectively, while maintaining the charge efficiency close to 100%. In both cases,
steady-state was achieved after ~25 cycles, but no decay of SAC was observed over the cycles. In
order to determine whether any significant changes occurred in the electrodes, Epzc was measured
at the end of 50 cycles, for the process carried out at 1.6 V (Figure 2.13). It was found that Epzc
remained constant, suggesting that part of the voltage was used to overcome the ohmic drop

associated with the membranes [29,123].
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Figure 2.13. Epzc values for the anode (a) and cathode (b), before and after desalination using the
MCDI configuration.

One of the drawbacks of the use of IEMs is their high cost, which constitutes the main
contribution to the total cost of a CDI plant [124]. Therefore, considering that PGAC could be used
directly as the positive electrode (since its Epzc was in the cathode working domain), it was decided
to perform MCDI using only the cationic exchange membrane (C-MCDI), in order to prevent co-
ion repulsion at the PGAC cathode, given that the electrode Epzc (0.1 V vs. Ag/AgCl) was within
the cathode domain (Epzc < Eop). Increases of 18% and 57% were observed for SAC and Qg,
respectively, while # decreased by 35%, compared to the symmetric configuration (1.2 V, Figure
2.9(d)). These values were also very close to those observed using both cationic and anionic
membranes (1.2 V, Table 2.5), indicating that the strategy of using only the cationic exchange

membrane was effective for avoiding co-ion repulsion at the cathode.
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Increasing the voltage to 1.4 V resulted in decreases of Qe and SAC, although E* remained
below Epw* (Figure 2.14(a)). As shown in Figure 2.9(d), at the beginning of the process, SAC was
similar to that observed for the symmetric configuration, but the values diminished consistently up
to the 15" cycle, reaching a constant value of 10.8 mg g up until the 50 cycle. In order to
investigate this pattern, the anode Epzc was measured after the 50 cycles (Figure 2.14(b)), revealing
a shift of 0.2 V vs. Ag/AgCl (Table 2.6), shifting the electrode operation to the anode working
domain, so the SAC decrease could be explained by the co-ion repulsion effect. No change of Epzc
was detected for the cathode (Figure 2.14(c)).
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Figure 2.14. Electrode potential profiles over the desalination cycles using the C-MCDI
configuration (a); Epzc values for the anode (b) and cathode (c), before and after the desalination
process using the C-MCDI configuration.

For comparison, electrosorption was also performed using the PGAC electrodes prepared
from analytical grade glycerol (PGAC¥*), applying 1.2 V and using the symmetric configuration
(Figure 2.15). Although higher Qe (82.8%) and lower 5 (2.4 J mg™) were achieved (compared to
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62.9% and 3.1 J mg?, respectively), the desalination using the PGAC* electrodes resulted in
slightly lower SAC (12.8 mg g), compared to the PGAC electrodes. In terms of stability, the
performances of the electrodes over the cycles were similar. In conclusion, the use of PGAC* as an
electrode did not seem to be feasible, since the use of purified glycerol as AC precursor would incur
additional cost, without any significant advantage in terms of desalination performance. The
findings confirmed that crude residual glycerol is an attractive option for use as an inexpensive and

sustainable source of carbon for the preparation of electrodes employed in CDI.
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Figure 2.15. (a) SAC and Qe for the PGAC* electrode (symmetric), and (b) electrode potential
profile over the desalination cycles using the PGAC* electrode. Epzc values for the anode (c) and
cathode (d), before and after the desalination process using PGAC* electrodes.

For evaluation of the electrosorption and desorption kinetics, the experimental data were

successfully fitted using a pseudo-first order model (R? >0.98). The pseudo-first order constants
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(Table 2.7) depended on the configuration and the applied voltage. Desorption was faster than
electrosorption and both were affected by the presence of the membrane, which made the overall
process slow, since the membrane acted as a physical barrier for ion diffusion. Using the OSR
methodology proposed by Zornitta and Ruotolo [41], simultaneous analyses of the electrosorption
capacity and the adsorption/desorption Kkinetics were performed, in order to identify the best
electrode setup.

Table 2.7 Values obtained for the optimized salt removal (OSR).

El_ectroo!e B KeX 100 kax10®  teopt tg Mo SAC OSR
configurations (V) (sY) (sY) (s) (s) (mggl) (mgglday?)

Symmetric 11 3.2 4.6 556 994 56 10.8 502
Symmetric 1.2 3.4 4.8 533 961 58 14.2 685
Asymmetric 1.2 4.4 4.8 444 951 62 115 613
MCDI 1.2 3.2 4.0 591 1145 50 17.6 741
MCDI 14 2.8 4.1 630 1131 49 23.4 957
MCDI 1.6 2.8 3.9 643 1192 47 27.1 1070
C-MCDI 1.2 3.0 3.7 628 1245 46 16.8 659

ke and kg are the pseudo-first order kinetic constants for electrosorption and desorption,
respectively; te-opt and tq are the optimized electrosorption and desorption times, respectively; Neycles
is the number of cycles.

The results are presented in Table 2.7. The optimized electrosorption (te-opt) and desorption
times were determined, based on maximizing the amount of salt removed and considering 99%
desorption, respectively. The number of cycles was determined assuming an operation time of 24 h.
Despite the slow kinetics, the best result in terms of OSR (1070 mg g* day™) was obtained for
MCDI at 1.6 V, indicating that the highest SAC observed for this condition was the most relevant
parameter. On the other hand, the simpler use of symmetric CDI also led to an attractive OSR value
at 1.2 V (685 mg g day?), although account should be taken of the higher specific energy
consumption (3.1 J mg™?). In conclusion, there was a tradeoff between the operational (energy) and
capital (membrane) costs in determining the best CDI configuration. For example, for a small-scale
desalination plant, the simplicity and low cost of the symmetric CDI would probably be the best
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choice, while for a large-scale system, the operational cost could indicate the use of membranes to
minimize the energy consumption. Despite the attempt to reduce the membrane cost using C-
MCDI, the OSR was similar to that obtained using the symmetric CDI configuration, although it
was notable that the lowest specific energy consumption (2.0 J mg™) was achieved using the C-
MCDI configuration at 1.2 V.

Finally, comparison was made of the highest SAC values obtained using the PGAC
electrodes in symmetric and MCDI configurations with those observed using activated carbon
electrodes from other biowastes (Table 2.8). The value obtained for PGAC/CDI was higher than
reported for most of the carbon electrodes derived from biomasses such as jackfruit peels, palm
shells, peanut shells, waste coffee grounds, wheat straw, and woody biomass. In the case of MCDI,
the SAC achieved using PGAC (27.1 mg g*) was higher than obtained using rice husk or sugarcane
fly ash precursors.

Table 2.8 SAC values reported in the literature for activated carbons derived from industrial wastes
or byproducts and used as electrodes for CDI.

Precur_sor conc’:r?t?;tion Configuration Sl SAC Reference

material (mg L) (V) (mgg?)

Citrus peel 500 Symmetric 1.5 16.2 Xie et al. [116]
Jackfruit peel 500 Symmetric 2.0 5.74 Elisadiki et al. [57]
Waste coffee 292 Symmetric 1.2 12.5 Qian etal. [54]

grounds

Watermelon peel 500 Symmetric 1.2 17.4 Zhao et al. [53]

Wheat straw 30 Symmetric - 2.67 Quanetal. [125]
Woody biomass 500 Symmetric 1.2 5.39 Dehkhoda et al. [126]

Palm shell 1000 Symmetric 1.2 3.3 Chenetal. [58]
Peanut shell 20 Symmetric 1.2 1.96 Quan et al. [127]
Lignin 585 Asymmetric 1.2 15.3 Zornitta et al. [33]

Rice husk 100 MCDI 15  8.09 Kim et al. [55]

Sugarcane fly ash 600 MCDI 1.2 22.8 Lado et al. [28]

Crude glycerol 600 Symmetric 1.2 14.2 This work

Crude glycerol 600 MCDI 1.6 27.1 This work
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2.4 Conclusions

Maintaining electrode stability over the electrosorption/desorption cycles is essential for
ensuring robust CDI operation. In this work, a new sustainable low-cost activated carbon was
obtained using crude glycerol from biodiesel production. After polymerization, carbonization, and
activation, the polyglycerol activated carbon was successfully employed in electrodes for the
desalination of brackish water. The electrodes remained stable over 50 desalination/regeneration
cycles applying potentials lower than 1.2 V, ensuring that the anode potential was below the anodic
stability limit. It was also shown how the displacement of Epzc over the cycles could influence SAC,
due to the effect of co-ion repulsion. In order to minimize co-ion repulsion, PGAC was used as the
positive electrode, while the negative electrode was the modified N-PGAC (Epzc > Eo). This
strategy succeeded in improving Qe to 100%, but no improvement of SAC was observed. In an
attempt to further improve the CDI performance, MCDI was used to increase SAC, Qg, and OSR. A
substantial improvement was observed, mainly due to charge balance in the macropores. The best
cell configuration should be selected considering the tradeoff between the operational (energy) and
capital (membrane) costs, depending on the scale of the desalination plant. In addition to developing
an innovative application for crude glycerol, the findings also help in understanding the role of Epzc
and cell configurations in obtaining stable and optimized operational conditions using the PGAC

electrodes.
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3 CHAPTER
ROLES OF MASS TRANSFER AND CELL ARCHITECTURE IN
ELECTROCHEMICAL DESALINATION PERFORMANCE USING
POLYGLYCEROL ACTIVATED CARBON ELECTRODES

Capacitive deionization (CDI) has emerged as a viable alternative for brackish water
desalination. Despite the remarkable advances in salt adsorption capacity (SAC) and charge
efficiency (Qg), improvements in cell architectures regarding the mass transfer aspects are still
needed to boost electrode performance. In this work, we report a comprehensive study of flow-by
(FBC), flow-through (FTC), and a percolation flow (PFC) cell architectures for brackish water
desalination. It was observed that the electrode thickness was a crucial parameter influencing the
desalination performance using the FBC, since the concentration gradient decreased towards the
substrate interface, due to mass transfer limitations in the interstitial pores, so thin electrodes were
recommended. Although the mass transfer and electrode thickness did not impose restrictions for
the FTC, the short residence time limited the SAC, which also dramatically decreased after milling
the PGAC particles, due to changes in the textural properties of the electrode, despite the fast
desalination rates promoted by the mass transfer rate enhancement. Taking advantage of the
beneficial aspects of the FBC and FTC designs, the desalination carried out using the PFC was
enhanced by 170%. With the flow direction perpendicular to the electric field, together with
electrolyte percolation, the substantial improvement of the desalination rate provided by the PFC
was also observed under more realistic conditions (single-pass and galvanostatic mode). Compared
to batch potentiostatic operation, the PFC presented a remarkable desalination rate of 1661 mg g
day?® at 1.0 mA cm? and 7.0 mL min. These findings enable a better understanding of the mass
transfer aspects involved in CDI desalination, revealing the paramount importance of optimization

not only of operational parameters, but also of the cell design.

3.1 Introduction

The global demand for fresh water is continuously increasing, due to population growth,
since water is an indispensable resource for living organisms and industry. This demand has
encouraged the treatment, maintenance, and conservation of water resources, as well as the

development of new technologies for desalination of brackish and saline water. For this purpose,
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capacitive deionization (CDI) has emerged as an environment-friendly technology that is a viable
option for supplying water for consumption, since it enables the removal of ions from aqueous
media [2,3,128]. The interest of the scientific community in the development of this technology has
grown exponentially, due to the advantages of CDI including low energy consumption, low
pressure, ease of operation and maintenance, and the possibility of energy recovery [17,129].

CDI is based on the removal of ions by electrostatic attraction and their storage in the
electrical double layer (EDL) formed when two electrodes are polarized. The voltage applied across
a pair of electrodes in parallel promotes formation of the EDL on the surface of an electroactive
material, with the imbalance of charges driving the migration of ions to the oppositely charged
electrode. Accordingly, cations and anions are captured by the negatively and positively polarized
electrodes, respectively. Once saturated, the electrodes can easily be regenerated for use in another
electrosorption cycle by applying a reverse potential or short-circuit. Therefore, the desalination
process includes two sequential steps, namely electrosorption and desorption.

CDl is a dynamic and complex process that depends on the textural properties (specific surface
area and pore size distribution) of the electroactive material, as well as its surface chemistry.
Furthermore, the architecture and flow patterns inside the CDI cell can also influence operational
parameters, such as the kinetics and salt removal capacity, that are important in determining the process
performance. The most studied CDI cell architecture is the flow-by cell, also known as the flow-
between cell, which consists of a pair of oppositely charged electrodes, separated by a gap through
which the electrolyte flows. In this configuration, the electric field is perpendicular to the flow direction.
Another cell architecture is the flow-through cell, in which the electrolyte flows in parallel to the electric
field and permeates the pores of the electroactive film, with beneficial advantages in terms of mass
transfer. Few studies have compared cell architectures and their effects on electrode performance,
especially regarding mass transfer aspects [34,130-133]. A good understanding of the mass transfer
fundamentals involved is essential not only for suitable design of an electrochemical cell, but also for
process optimization.

A promising opportunity for a new low-cost sustainable activated carbon for CDI was
recently identified in our previous study [134]. This activated carbon was prepared using crude
glycerol from the biodiesel production process. Tons of this residual viscous liquid are produced
every day, so a current challenge is to search for new products that can be obtained from it [61]. For
industrial use, crude glycerol often needs purification (vacuum distillation, ion exchange, and

nanofiltration), which is an expensive process [59,64]. Therefore, we have developed a simple and
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low-cost procedure to prepare polyglycerol activated carbon (PGAC) using crude glycerol, without
any requirement for purification or pretreatment. The application of PGAC in CDI has already been
successfully tested, providing promising results in terms of electrosorption capacity, especially
when compared with carbon materials with similar salt adsorption capacity and that involve the use
of expensive precursors or laborious syntheses [32,51,135]. Therefore, given the potential of PGAC
for CDI, together with the concept of water-waste-energy nexus, environmental concerns, and
economic appeal, PGAC electrodes were employed in this study.

The aim of the present work was to understand how hydrodynamic aspects influence the
mass transfer phenomena and kinetics of the desalination process, considering the CDI cell
architecture. Therefore, the flow-by (FBC) and flow-through (FTC) cell architectures were
compared in terms of electrosorption performance and kinetics. Evaluation was made of the effects
of the PGAC thickness and particle diameter on the electrode properties and the desalination
process. Considering the results obtained for the FBC and FTC, a new cell architecture called the
percolation flow cell (PFC) was proposed, combining the beneficial aspects of each cell regarding
the electrochemical and mass transfer aspects. Desalination using the PFC was investigated
considering the operational conditions that would be found in a real CDI process, employing the

galvanostatic mode and single-pass flow.

3.2 Experimental
3.2.1 Materials

Crude glycerol (~80% glycerol) was obtained from a glycerol purification plant located in
Brotas, Sdo Paulo State, Brazil. For glycerol polymerization, sulfuric acid (Sigma-Aldrich) was
used as catalyst. Potassium hydroxide pellets (Sigma-Aldrich) were used for chemical activation,
hydrochloric acid (37%, Neon) was the neutralization reagent in the washing step, and hydrofluoric
acid (40%, Nuclear) was used in the leaching process. The electrodes were prepared using
polyvinylidene fluoride (PVDF, Sigma-Aldrich) and polytetrafluoroethylene (PTFE, 60 wt%,
Sigma-Aldrich) as binders, and n-methyl-pyrrolidone (NMP, 99.5%, Synth) and ethyl alcohol
(99.8%, Neon) as solvents. Carbon black (CB) (VXC72, Cabot, Brazil) was tested to improve the
electrode conductivity. All the solutions were prepared using deionized water. Sodium chloride

(Synth) was used to prepare the electrolytes for the characterization and desalination experiments.

3.2.2 Glycerol polymerization and preparation of the activated carbon and electrode
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The glycerol polymerization procedure was adapted from Medeiros and Lago [99]. Briefly,
100 g of crude glycerol was added to a beaker and stirred and heated in a glycerin bath at 150 °C.
Then, 20 mL of H>SO4 aqueous solution (5% mol) was slowly added to the beaker to start the
polymerization. The reaction was left for 7.5 h, after which the viscous solution formed was dried
for 12 h in an oven at 150 °C, to obtain the polyglycerol (PG). The material was carbonized and
activated in a tubular furnace (Lindberg Blue M, Thermo Scientific), in an N2 atmosphere,
according to the optimized conditions described previously [27]. The carbonization was carried out
for 1 h at 600 °C, with heating at a rate of 10 °C min™!, under a 300 mL min* flow of N2. The
carbonized samples were mixed with KOH pellets (1:4 wt/wt carbon:KOH) and left for 24 h. After
this, they were activated for 1.5 h at 850 °C, with heating at 10 °C min™!, under a 150 mL min* flow
of No. The carbon was washed with HCI (0.5 mol L) and copious distilled water until reaching a
constant pH. Finally, the polyglycerol activated carbon (PGAC) was dried at 105 °C, during 24 h,
prior to electrode preparation.

The electrodes were prepared following two procedures: blade-casting (BC) and free-
standing (FS). The BC electrodes were prepared using different percentages of binder (10 wt% or 5
wt%) and carbon black. Firstly, the PGAC was crushed and the particles passing through a 325-
mesh sieve (diameter lower than 43 pum) were collected to prepare the electrode. The PVDF
dissolved in NMP was then added to the PGAC (90 wt% or 95 wt%) to form a slurry, which was
poured onto a graphite sheet substrate and spread out using a doctor-blade machine to obtain carbon
films with a thickness of 477 um. These electrodes were labeled as PGAC95 and PGAC90. Aiming
to remove residual inorganics present in the PGAC, such as silicon, a further treatment was tested
by leaching it with an aqueous HF solution (40%), for 12 h [55]. The sample was washed with
distilled water until constant pH, followed by drying for 24 h in an oven at 105 °C. This sample was
labeled HF-PGAC and the electrode was denoted HF-PGAC90. Another electrode was also
prepared, adding CB in an attempt to improve the conductivity and increase the electrosorption
capacity. This electrode was composed of 85 wt% PGAC, 5 wt% PVDF, and 10 wt% CB, and was
labeled as HF-PGAC85CB10.

In the second part of this work, focused on comparison of the FBC and FTC, FS electrodes
were prepared for use in the flow-through configuration. In this case, the crushed PGAC particles
(<43 um) and 5 wt% PTFE binder were used to prepare the electrodes. The type and amount of
binder were previously optimized considering the mechanical stability of the electrode. The

activated carbon was mixed with ethanol to obtain a homogeneous slurry. Subsequently, PTFE was
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added and the mixture was kneaded and then rolled out using a rolling machine (Atlas 150,
Marcato), to obtain free-standing electrodes with different thicknesses (¢, 387 um and 562 um), in
order to investigate the influence of this parameter on the desalination performance. The electrodes
were dried for 24 h in an oven at 120 °C. Another parameter evaluated was the particle size. In this
case, the PGAC was crushed in a ball mill (SL 38, Solab) for 40 min, in order to obtain smaller
particles. The FS electrode was prepared following the same procedure described above, but with a
thickness of 344 pum.

3.2.3 Material characterization

Thermogravimetric (TG) analyses of the PGAC and HF-PGAC were performed using a
TGA Q500 analyzer (TA Instruments). The sample was heated in a platinum pan from room
temperature to 900 °C, under an air atmosphere (60 mL min™t), applying a heating rate of 10 °C min"
1 In order to evaluate the efficacy of particle milling, the PGAC particles were suspended in
distilled water and analyzed using a laser diffraction particle size analyzer (Mastersizer Micro Plus,
Malvern Instruments). The particle size distributions showed that after milling, the median particle
diameter (Dso) decreased from 34.2 um to 8.84 pum. Nitrogen physisorption measurements were
carried out using a Micromeritics ASAP 2420 instrument. Before the measurements, the samples
were first degassed at 90 °C (1 h) and then at 150 °C (12 h). The specific surface area was
calculated from N isotherms using the Brunauer-Emmett-Teller equation (SSAget), considering the
relative pressure (P/Po) interval 0.05-0.20 (linear isotherm region). The pore size distribution (PSD)
and total pore volume (Vr) were calculated using the 2D-NLDFT heterogeneous surface model,
performed with SAIEUS software. The micropore volume (Vmic) was the volume of N2 adsorbed for
pores <2 nm, while the mesopore volume (Vmes) Was calculated as the difference between Vr and
Vmic. The average pore diameter (dso) was determined considering the pore diameter at which the
volume adsorbed was half of Vr. The electrode wettability (hydrophobicity/hydrophilicity) was
determined from contact angle measurements, according to the sessile drop method. Briefly, a water
droplet was deposited onto the surface of the electrode; after 20 s, the angle between the line
tangent to the drop liquid interface and the baseline was measured.

3.2.4 Electrochemical characterizations

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical

impedance spectroscopy (EIS) measurements were performed using a three-electrode Swagelok
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cell, a potentiostat (PGSTAT204, Autolab), and Ag/AgCl (saturated KCI) as the reference
electrode. The same electrodes were used as both working and counter electrodes. All the
characterizations were performed in 1.0 mol L NaCl solution, except for EIS analyses for
determination of the potential of zero charge (Epzc), which used the same concentration employed
in the electrosorption experiments (600 mg L™1).

The CV was carried out at two different scan-rates (v), 1 mV s and 10 mV s, in a potential
window between 0.1 V and 0.6 V vs. Ag/AgCI, as determined previously [134]. The specific
capacitance (Cscv) and total specific capacitance (Ccv), expressed in F per gram of electroactive
carbon, were calculated using Egs. (3.1) and (3.2), respectively, where 1 is the current (A), m is the
mass of the working electrode (g), and E: and E: are the lower and upper values of the potential

window, respectively.

I

CS,CV = vm (3-1)
B [521av

For GCD, a current density of 0.1 A g was applied, considering cut-off potentials of 0.6
and 0.1 V (vs. Ag/AgCl) for charging and discharging, respectively. The GCD specific capacitance
(Cs.ccp) was calculated from the slope of the discharging curve, using Eqg. (3.3), in which Iq is the
discharging current (A), 4¢ is the discharging time (s), and 4E is the potential drop observed during
the discharge (V vs. Ag/AgCl), subtracting the ohmic drop (IRgdrop).

Iq At
CS,GCD = h (3-3)

The EIS was also performed using the CDI cell to investigate the electric elements
associated with the different cell architectures. In this case, a potential of 0.0 V vs. Ag/AgCI was
applied, with an amplitude of 10 mV, from 1 mHz to 100 kHz. The specific capacitance obtained
from the EIS (Cseis) was calculated using Eq. (3.4), in which w is the angular frequency and Z” is

the imaginary component of the impedance spectrum.

CS,EIS = (3-4)

In order to determine the ohmic resistance (Re), charge-transfer resistance (Rct), admittance
(Ao), capacitance at the electrolyte/electrode interface (Cint), and the capacitance inside the
micropores (Ceis), the EIS Nyquist plots were fitted to a modified Randle equivalent circuit, using
Metrohm Autolab NOVA software. A constant phase element (CPE) was used to adjust the
nonideality of the semicircles, commonly assigned to surface roughness, surface inhomogeneities,



51

and complexity of the double-layer structure present in this type of electrode. As shown in Eq. (3.5),
the CPE impedance is related to the non-ideal capacitance (Q°), the ideality factor (N), which ranges
from 0 to 1, the imaginary number (j), and the angular frequency () [100]. These variables were

used to estimate Cint using Eq. (3.6).

1
CPE = oy as (3.5
1 1-N
ON(R-7) N
Cinr = (@) Rer) ¥ (mCT) (3.6)

For Epzc determination, fixed frequency, amplitude, and potential step (10 mHz, 30 mV, and
100 mV, respectively) were applied. At each potential, Csgis was calculated using Eq. (3.4) and the
values were normalized considering the lowest capacitance value (Cmin). The Epzc value

corresponded to the potential at C/Cmin = 1.

3.2.5 Electrosorption experiments

The preliminary electrosorption experiments were performed in a recirculating bath mode,
using three desalination cell architectures: flow-by (FBC), flow-through (FTC), and percolation
flow (PFC), shown schematically in Figure 3.1. The cells consisted of two acrylic plates attached to
current collectors. In the FBC and PFC configurations, the pair of electrodes were 2.5 x 2.5 cm?,
with graphite plates used as electric contactors, while the electrodes in the FTC configuration had a
diameter of 2.82 cm, ensuring a similar electrode area (6.25 cm?), for comparison purposes, with a
titanium mesh used as electric contactor. In the FBC and FTC, the gap between the electrodes (2.0
mm) was filled with a plastic mesh to promote hydrodynamic turbulence and also to avoid short
circuit. Differently, the electrodes in the PFC were separated by a piece of filter paper. The cells
were assembled using nuts and bolts, with rubber gaskets providing tight sealing.

For the desalination assays, the NaCl electrolyte (600 mg L) was pumped at a constant flow
rate (26 mL mint) from a 25 mL reservoir to the recirculating bath system, using a peristaltic pump
(Masterflex L/S, Cole-Parmer). A potentiostat (PGSTAT204, Autolab) provided constant cell potentials
of 1.2 V and 0.0 V during the electrosorption and desorption steps, respectively. The desalination was
carried out up to electrode saturation, with 15 electrosorption/desorption cycles to ensure the steady-
state condition. The solution conductivity and pH were measured at the exit of the cell using a Seven

Excellence instrument (Mettler Toledo). The conductivity value was corrected considering the pH and
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temperature fluctuations during the experiment, according to the methodology described by Lee et al.
[103].

The desalination performance of the electrode was evaluated considering the salt adsorption
capacity (SAC), charge efficiency (Qg, no leakage current discount), and specific energy consumption
(), calculated using Egs. (3.7), (3.8), and (3.9), respectively. In these equations, Co is the initial salt
concentration (mg L), Cq is the salt concentration (mg L) at time t (s), V is the electrolyte volume
(L), me is the mass of active material in both electrodes (g), z is the ion valence, F is the Faraday
constant (96,485 C mol™?), Mnaci is the molecular weight of NaCl (58,440 mg mol™), 1 is the total
current applied to the cell (A), Ecen is the cell potential in the electrosorption step (V), Mrem is the
quantity of ions removed from the solution (mg), and t: and t> are the times at which the

electrosorption step started and finished, respectively.
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Figure 3.1. Schematic illustrations of the CDI cells and their components: (a) FTC, (b) FBC, and
(c) PFC.

SAC = (Co—C V (3.7)

mg



53

Z Fmg SAC
T
Myact ;] 1dt

Qp = 100 (3.8)

f2p nldt
n = ftl u (39)

Myem

The overall performance was investigated with simultaneous analysis of the electrosorption
capacity and the adsorption/desorption kinetics, according to the optimized salt removal (OSR)
approach proposed by Zornitta and Ruotolo [41]. The OSR value represents the amount of salt
removed per gram of electrode material in a pre-determined operational time (mg g day™). Since
the SAC and the kinetics influence the number of cycles and, consequently, the capacity for
removing salt, a separate analysis of these parameters can lead to incorrect conclusions concerning
the best electrode and operational conditions.

Finally, for the electrode and cell architecture displaying the best desalination performance,
the desalination was carried out in single-pass mode and applying a constant current, which are
conditions that reproduce a real desalination operation. In these experiments, the NaCl electrolyte
(1000 mg L) was pumped by the peristaltic pump from a reservoir (2 L) to the reactor, at a
constant flow rate (7, 10, or 13 mL min™!). For comparison, a potentiostatic desalination was
performed applying 1.2 V and 0.0 V during the electrosorption and desorption steps, respectively.
In the galvanostatic desalination, a constant current density (0.5, 1.0, or 1.5 mA cm) was applied
during the electrosorption, up to the cutting cell potential (Ecc) of 1.2 V, with electrode regeneration
performed by inversing the electrode polarization (-0.5, -1.0, or -1.5 mA cm), until reaching Ecc of
0.0 V. The galvanostatic mode was investigated because it has been identified as being the most
energy-efficient for CDI [136]. In this case, the SAC was calculated according to Eq. (3.10), where

V is the volumetric flow rate (L min™).

v jttlz c(t) dt

SAC (3.10)

mg

3.3 Results and discussion

In a previous work, we developed a new sustainable activated carbon (AC) electrode using
crude residual glycerol as raw material. After full carbon and electrode characterizations, the best
cell configuration to obtain fast kinetics and high electrosorption capacity was established as being
the symmetric one, operating at 1.2 V. Although the focus of the present work was to investigate
different cell configurations, considering the flow and electric field directions, it was evident that
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some aspects regarding electrode preparation should be first addressed, in order to further improve
the desalination capacity and kinetics of the electrodes. Therefore, as an attempt to remove the
inorganics remaining in the AC after activation (12.5%), a leaching with aqueous HF was tested. In
addition, the amount of binder used to confer mechanical stability to the carbon film was
minimized, since it affected the electrical resistance, and CB was added to improve the electrode
conductivity.

The overall yield (g AC / g polyglycerol) for HF-PGAC was lower than that observed for
PGAC (Table 3.1), indicating that the inorganics had been successfully leached from the carbon
samples. This was confirmed by the TG analysis (Figure 3.2(a)), which demonstrated the
effectiveness of the inorganics leaching, since the ash (the mass remaining at temperatures higher than
700 °C) in the activated carbon was reduced by 56% after HF treatment, leaving only 5.7% of
inorganics that were not solubilized. The DTG results (Figure 3.2(b)) showed similar profiles for
PGAC and HF-PGAC, with high thermal stability up to 500 °C, followed by substantial weight loss as
the temperature increased further, due to the release of volatiles not eliminated during the
carbonization step. Two thermal events were observed in the DTG curves, with the first attributed to
the release of oxygen functional groups, while the second was related to carbon decomposition

reactions involving the breaking of C—C bonds [109,110].

Table 3.1. Mass yields: polyglycerol polymerization (Yp), carbonization (Yc), activation (Ya),
treatment with HF (Yr), and overall (Yo).

Yp (%) Ye (%)° Ya (%)° Y1 (%) Yo (%)
PGAC 475+1.8 202+1.3 32.2+3.6 - 6.5+0.7¢
HF-PGAC 475+1.8 202+1.3 32.2+3.6 79.6 £0.0 52 +0.0f

a g glycerol/g polyglycerol; ® g PGC/g polyglycerol; ¢ g PGAC/g PGC; ¢ g HF-PGAC/g PGAC; ¢ g PGAC/g
polyglycerol; f g HF-PGAC/g polyglycerol.
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Figure 3.2. (a) TG and (b) DTG profiles for PGAC and HF-PGAC, obtained under an air
atmosphere; (c) galvanostatic charge-discharge (GCD) profiles, recorded at 0.1 A g** (NaCl 1.0 mol
L™); (d) contact angles of the electrodes.

The electrodes were electrochemically characterized using cyclic voltammetry (Figure 3.3),
which revealed the quasi-rectangular shape typical of electrochemical double layer capacitive
behavior. The capacitance values observed from the CV (Ccv) and GCD (Cepc, Figure 3.2(c))
analyses indicated the same trend in the charge storage capacity: HF-PGAC90 =~ HF-
PGAC85CB10 > PGAC95 > PGAC90. This same trend was observed for the SAC values,
summarized in Table 3.2, revealing the effects of the HF treatment, binder, and CB addition on the

electrode performance.
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Figure 3.3. Specific capacitance from cyclic voltammograms recorded at (a) 10 mV s and (b) 1
mV s for all the electrodes evaluated, and their respective total specific capacitance. Electrolyte: 1
mol L NaCl.

Table 3.2 Desalination results (SAC, Qg, and #) obtained using the different electrodes.

Electrode SAC (mg g}) Qe (%) n (3 mg)
PGAC90 10.0+0.3 585+24 34+£0.1
PGAC95 124+ 0.6 58.7+2.8 34+£0.1
HF-PGAC90 13.5+0.9 61.7 £ 2.4 32+0.1
HF-PGACS5CB10 13.5+0.9 56.9 + 3.7 3.2+0.2

*Note: Batch desalination using 600 mg L* NaCl.

Comparing the PGAC90 and HF-PGAC90 electrodes, a 35% improvement of SAC was
observed after HF treatment. This enhancement could be attributed to the higher carbon content in
HF-PGAC, resulting from the removal of inorganics, making this electrode more effective for
electrosorption. With the aim of improving the electrode conductivity, while ensuring mechanical
stability, the amount of binder was reduced to 5% in the PGAC95 electrode. Although the impact
on IRdrop Was negligible (Figure 3.2(c)), a 24% increase of SAC was observed, which could be
explained by higher SSA available for electrosorption, due to reduced pore clogging by the binder

[134,137], as well as the higher hydrophilicity (lower contact angle) of PGAC95 (Figure 3.2(d)),
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which improved the access of aqueous electrolytes to the pores, favoring electrosorption and the
kinetics of the process [96,138].

Considering the beneficial effects of HF leaching and binder reduction, the HF-
PGAC85CB10 electrode was prepared in an attempt to further improve the electrode conductivity
and SAC. As shown in Figure 3.2(c), CB addition led to a negligible decrease of IR4rop and no SAC
enhancement, compared to HF-PGAC90. Similar results were found elsewhere [14]. Interestingly,
the removal of the inorganics from the PGAC samples had a greater effect than CB on decreasing
IRarop, Since the carbon matrix had a higher content of heteroatoms that could act as electron
barriers in microcrystalline units [139].

Finally, from an engineering point of view, although the HF treatment increased the SAC by
8.9%, the overall yield (Yo) decreased by 20% (Table 3.1), so for a practical application, the
increase of the electrode preparation cost would be unattractive. Furthermore, there were no
substantial differences for Qe and # (Table 3.2). In view of all these aspects, the PGAC95 electrode
was selected for use in the study of the cell configurations.

3.3.1 Cell architectures and electrode configurations

Considering that the relative directions of the flow velocity and the electric fields can
influence the electrosorption process, investigation was made of the electrochemical desalination
performance using three CDI cell architectures: flow-by (FBC), flow-through (FTC), and
percolation flow cell (PFC). In the FBC and PFC, the flow velocity and electric field directions are
perpendicular to each other, while they are parallel in the FTC. Furthermore, in the FBC
configuration, the electrolyte flows tangentially to the outer surface of the electrode, while in the
FTC and PFC, the electrolyte is forced to permeate through the interstitial pores of the electrode.
Firstly, the FBC and FTC architectures were investigated and, in both cases, the mass transfer and
electrode charging led to significant differences in desalination performance in terms of SAC, Qe,
and », as shown in Figure 3.4, for two electrode thicknesses. The thinner electrode in the FBC
configuration (Figure 3.4(a)) displayed superior electrosorption performance, with the highest SAC
and Qe. This could be attributed to the lower Rcr and higher Ao (Table 3.3), which facilitated
electrode charging and mass transfer diffusion in the micropores, respectively. This same trend has
been observed elsewhere in comparison of the FBC and FTC for desalination [131], where poor
performance of the FTC was attributed to faradaic side reactions, in agreement with the lower Qg

values displayed in Figure 3.4(a). Interestingly, the high external particle mass transfer promoted by
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using the FTC configuration was not sufficient to improve its performance, probably due to the

short residence time, compared to the FBC architecture.
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Figure 3.4. Batch desalination performance for different cell architectures: (a) £ =387 um and (b) ¢
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Table 3.3 Capacitance and EIS parameters obtained from fitting the Nyquist plots with a modified
Randle equivalent circuit (Fitting results in Figure 3.5)

Cell E(um) Dso(um) Re(Q) Rer(®) Cint(MFg?Y) Ao (Ss?) Ceis (Fg?)
FBC 387 34.2 0.57 0.95 231 11 138
FBC 562 34.2 0.26 0.83 109 49 119
FBC 344 8.84 0.13 1.40 141 14 97
FTC 387 34.2 0.06 36.7 5 2 126
FTC 562 34.2 0.06 6.58 2 5 127
FTC 344 8.84 0.49 15.8 1 3 159
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Figure 3.5. (a-f) EIS spectra and modified Randle equivalent circuit fitting for each electrode and
cell design; (g) modified Randle equivalent circuit. Electrolyte: 1 mol L NaCl.

In the FTC, the electrolyte can flow from the anode to the cathode (A-C), or contrariwise
(C-A). As shown in Figure 3.4, the different arrangements presented differences in desalination
performance. The FTC(C-A) showed lower SAC than the FTC(A-C), irrespective of electrode
thickness. In order to investigate this outcome, the Epzc was measured before and after the
desalination cycles (Figure 3.6). The pristine electrode had Epzc of 0.1 V vs. Ag/AgCl and, unlike
the cathode, Epzc shifts were observed for the anode after desalination. The highest Epzc anode shift
was 0.2 V vs. AgCl for FTC(C-A), indicating that in this configuration, the anode was more
susceptible to oxidation of the carbon surface, since oxygen functional groups have negative
charges, causing the Epzc to shift to more positive values [120,121]. The Epzc displacement can
directly affect electrosorption performance. Considering that the short-circuit potential (Eo) for the
FTC was 0.16 V vs. Ag/AgClI, the Epzc of the anode was displaced from the cathode to the anode
domain (Figure 3.6(a and c)). Consequently, part of the applied potential was deviated to co-ion
repulsion  [134], explaining the lower Qe values observed for FTC(C-A) and the poor

electrosorption performance.



61

(a) £= 387 um —u-nnote | (b 1.2 4&=387 um —m— Aot
1 2 | FTC(C-A) —Mm= Cathode ( ) FTC(A-C) hod
E | AN . Eoiql .
Q 11. " / Q .
<\ 5 /
] y n ./. ] /.
1.0_ _____ x/_:_ 4 _______ 1.0“———‘.; —————————————
T T I- T -I T T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6
Potential vs. Ag/AgClI (V) Potential vs. Ag/AgClI (V)
(C) _§= 562 um ::: éntc:]ded (d) 'gz 562 pum :::/C_\Ztl')ize
L3 FTC(C-A) o 1.151{FTC(A-C)

c | : . =1.10-
£ 1.2 I/ e

ol g ——

02 00 02 04 06 02 00 02 04 06
Potential vs. Ag/AgCI (V) Potential vs. Ag/AgClI (V)

cl
/

\'.\
.
cl
)
N
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FTC(A-C) configurations with & =387 um (a and b) and & = 562 um (c and d). Electrolyte: 600 mg
L NaCl.

Investigation of the effect of thickness (Figure 3.4(a)-(b)) showed that for the FBC, increase
of the thickness had a substantial impact, with a 34% decrease of SAC, while the electrodes in the
FTC were less susceptible to thickness variations. The CV and GCD patterns of the electrodes
(Figure 3.7) did not show any clear evidence that thickness influenced the capacitance (Ccv) or the
ohmic drop (IRdrop), indicating that the main phenomenon affecting the electrode performance,
related to electrode thickness, was mass transfer limitation from the outer surface of the electrodes
to the particles close to the current collector. In the FBC cell, the electrode particles close to the
electrolyte flow channel experience a high concentration gradient, while the gradient close to the
substrate depends on ion migration in the interstitial pores of the electrode, involving slow diffusive

transport. The filled pores accumulating ions in the carbon film can act as an ion barrier to the
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deepest pores close to the substrate [34], making them less accessible, or even inaccessible, for ion
electrosorption; consequently, the SAC decreases as the thickness increases [14]. In contrast, in the
FTC cell, the electrode is less liable to mass transfer limitations, since the ions in the interstitial
pores are constantly renewed by convective mass transfer promoted by forcing the electrolyte to
flow through the pores. In summary, in the case of the FTC architecture, it was possible to
overcome the mass transfer limitations observed for thick electrodes in the FBC.
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Figure 3.7. Specific capacitance from cyclic voltammograms related to potential and Ccy recorded

at (@) 10 mV st and (b) 1 mV s?; (c) Galvanostatic charge-discharge (GCD) profiles obtained at 0.1

A gt (electrolyte: 1 mol L NaCl).

The cell architecture and electrode thickness also influenced the electrosorption kinetics, as
shown in Table 3.4. Comparing the cell architectures for the electrodes with the same thickness, ke
and kq were higher for the FTC than for the FBC, regardless of the anode and cathode positions.
This outcome could be attributed to the lower mass transfer resistance in the FTC. Using the FBC,
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the electrosorption on the thicker electrode was slower, due to the concentration gradient decrease
in the inner interstitial pores. An unexpected trend was the slow kinetics observed for the FTC with
the thicker electrode, which was ascribed to its lower wettability, since the contact angle (6 = 57°,
Figure 3.8) was 87% higher than observed for the thin electrode (8 = 31°). This trend, which was
also observed by Barcelos et al. [102], confirmed that the thickness of the electroactive carbon film
could also influence the electrode wettability. Furthermore, in the FBC, the electrode
hydrophobicity could contribute to slow kinetics by hindering electrolyte percolation and access
into the interstitial pores. In conclusion, although the FTC configuration could promote faster
kinetics, as in the case of FTC(C-A) (387 um), the lower SAC led to poor performance in terms of
OSR, when compared with the FBC (421 mg g day™), as shown in Table 3.4.

Table 3.4 Optimized salt removal (OSR) for the FBC, FTC(A-C), and FTC(C-A) architectures and
different electrode thicknesses. Conditions: batch mode, 600 mg L™ NaCl, Dso = 34.2 pm.

Cell € kex10® kgx 103  leopt ta SAC OSR
configuration (ym) (%) R (s) s) Noytes (Mmggd)  (mggtday?)
FBC 387 2.68 2.64 762 1742 35 14.0 421
FBC 562 1.90 2.15 1025 2145 27 9.3 218
FTC (A-C) 387 2.72 4.29 636 1074 51 94 391
FTC (A-C) 562 2.01 3.43 836 1341 40 9.9 320
FTC (C-A) 387 3.10 4.02 600 1146 50 7.3 305
FTC (C-A) 562 2.03 2.88 885 1597 35 7.5 218

ke and kg are the pseudo-first order kinetic constants for electrosorption and desorption, respectively; teop: and tq are the

optimized electrosorption and desorption times, respectively; Neycles iS the number of cycles.
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Figure 3.8. Contact angles for PGAC95 electrodes with different thicknesses.

The thin electrodes (¢ = 387 um) presented higher OSR, mainly due to their faster kinetics,
except for the FBC, for which the SAC value was of crucial importance for achieving the highest
OSR among all the electrodes and configurations. Considering the substantial influence of mass
transfer inside the interstitial pores on the desalination performance, the effect of the diameter of the
particles composing the PGAC electrode was investigated, with the aim of improving the mass
transfer and, consequently, the electrosorption rate.

The particle size distributions (Figure 3.9) showed that after milling, the median particle

diameter (Dso) decreased from 34.2 um to 8.84 um.
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Figure 3.9. Particle size distributions of PGAC (Dso = 34.2 um) and milled PGAC (Dso = 8.84 um).
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Figure 3.10(a) shows the performance of the electrodes prepared using different median
particle diameters (Dso). It can be seen that the particle size affected the desalination performance,

with a significant decrease of the SAC when the thin particles were used in the FBC and FTC.
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Figure 3.10. (a) Effect of particle diameter on electrode performance using the FBC and the
FTC(A-C). Conditions: Batch desalination, 600 mg L NaCl. Schematic representations of (b) the
electrode void and interstitial porosity, (c) the effect of flow velocity on the diffusion layer

thickness, and (d) the EDL overlap inside narrow micropores.

As shown in Table 3.5, the use of thin particles (Dso = 8.84 um) in the FBC and FTC
configurations increased the values of ke and kq, accelerating the electrosorption and desorption. The
smaller particles provided better compaction, decreasing the electrode voids and the interstitial

porosity [102]. Consequently, the cross-sectional area available for the electrolyte flow (Acs)
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decreased (Figure 3.10(b)), increasing the flow velocity (u) in the interstitial pores and enhancing
the inertial forces, promoting turbulence that contributed to improving the external particle mass
transfer. Hence, the kinetic improvement could be explained by reduced thickness (o) of the
diffusion film layer [140] in the macropores, shown schematically in Figure 3.10(c), which
facilitated mass transfer from the bulk to the mouths of the pores, increasing the concentration
gradient at the particle interface, which also enhanced diffusion in the meso- and micropores of the
PGAC.

Table 3.5 Effect of particle diameter on desalination kinetics and OSR.

Dso Cell ke X103 KgX10% teopt td SAC OSR
@m) configuration (s s (9 (9 O (mogd (mgg?day?
34.2 FBC 2.68 2.64 762 1742 35 14.0 421
8.84 FBC 3.23 4.01 584 1148 50 2.9 123
34.2 FTC (A-C) 2.72 4.29 636 1074 51 94 391
8.84 FTC (A-C) 5.80 5.72 352 805 75 3.0 195

Note: ke and kg are the pseudo-first order kinetic constants for electrosorption and desorption, respectively; te.opt and tq

are the optimized electrosorption and desorption times, respectively; Neycies IS the number of cycles.

Despite the faster kinetics using smaller particles, the SAC was dramatically reduced by 74%
and 68% for the FBC and FTC, respectively, in agreement with the electrochemical
characterizations (Figure 3.7) showing their lower capacitance (Ccv) and the distinct behavior of
these electrodes regarding the ohmic drop (higher IRqrop). In order to obtain an explanation for these
results, nitrogen physisorption analysis was carried out to investigate whether the milling affected
the textural properties of the PGAC (Table 3.6). The adsorption/desorption isotherms (Figure
3.11(a)) showed that the volume adsorbed by the PGAC decreased by 38% after milling;
accordingly, the SSA was reduced from 1684 to 1465 m? g (13%). There was also a significant
change of the pore size distribution (Figure 3.11(b)), with the percentage of mesopores decreasing
from 52.7% to 31.7% after milling (Table 3.6), indicating that the activated carbon became more
microporous, which was confirmed by the dso reduction of 23%, from 2.02 nm to 1.55 nm. Hence,
besides the SSA reduction, the considerable decrease of SAC observed using smaller particles could

be attributed to both steric hindrance of access of the hydrated ions to subnanometric micropores
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and the effect of the electrical double layer overlapping, with the electrostatic layers inside the pores
overlapping and losing their electrical capacities [141-143], as illustrated in Figure 3.10(d). In
summary, it could be understood from these results that there was an optimum particle diameter that
balanced the positive effects of improving the mass transfer rates in the interstitial pores and the
negative effects on the textural aspects of the particles, particularly in order to avoid narrow
micropores. In this work, the coarse PGAC particles (34.2 um) were found to be more suitable for

preparing the electrodes used for electrosorption.

Table 3.6 Textural properties of PGAC with different median particle diameter (Dso).

D SSA 9 1 VT Vmic Vmes Y, d
50 (um) geT (M= Q™) (cm? ) (cm? ) (cm? ) 0V mes s0 (NM)
34.2 1684 0.95 0.45 0.50 52.7 2.02
8.84 1465 0.69 0.47 0.22 31.7 1.55

SSAget: specific surface area; Vr: total volume of pores; Vmic: volume of micropores; Vmes: volume of mesopores; %
Vmes: percentage of mesopores; dso: average pore diameter.
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Figure 3.11. Nitrogen adsorption-desorption isotherms (a), and pore size distributions (inset:
cumulative pore volumes) (b) of PGAC and milled PGAC.

Considering the high SAC and Qe and low # obtained using the FBC, and the fast kinetics
provided by the FTC, the investigation of a new cell architecture was proposed, denoted the
percolation flow cell (PFC), with the aim of combining the beneficial aspects of the two cell
architectures studied previously. Similar to the FBC, in the PFC the flow direction is perpendicular

to the electric field, but the electrolyte is forced to percolate through the carbon film, similarly to
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the FTC, but with a longer contact time with the electrode, as shown in Figure 3.12(a). The results
obtained using the PFC are displayed in Figure 3.12(b), together with the performance obtained
using the FBC and FTC, for comparison. Use of the PFC resulted in an increase of the SAC, while
Qe and # remained similar to the values observed for the FBC and FTC, respectively. Together with
the SAC enhancement, the greatest improvement was observed for the OSR (1135 mg g* day™),
which could be attributed to the faster mass transfer promoted by the permeation of the electrolyte

through the carbon film, which mainly enhanced the desorption kinetics (Table 3.7).
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Figure 3.12. (a) Schematic representation of the electrolyte flow and electric field directions in the
PFC. (b) Comparison of the best desalination performances for the FBC, FTC(A-C), and PFC
architectures. Conditions: batch desalination, 600 mg L™ NaCl, and Dso = 34.2 um.

Table 3.7 optimized salt removal (OSR) for the different cell configurations. Conditions: batch
desalination, 600 mg L NaCl, and Dso = 34.2 pm.

Cell ¢ Kkex10® kax10° teop td SAC OSR
configuration  (um) s Y 9 O (mogh  (mgg* day?
FBC 387 2.68 2.64 762 1742 35 14.0 421
FTC(A-C) 562 2.01 3.43 836 1341 40 9.9 320
PFC 562 2.61 10.9 457 421 98 16.6 1135

ke and kg are the pseudo-first order kinetic constants for electrosorption and desorption, respectively; teop: and tq are the

optimized electrosorption and desorption times, respectively; Neycies iS the number of cycles.
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3.3.2 Percolation cell: single-pass desalination under galvanostatic conditions

In order to investigate the PFC under more realistic conditions, in single-pass and
galvanostatic mode, the desalination was performed using the best electrode configuration found
previously (¢ = 562 um, Dsp = 34.2 pum). As shown in Figure 3.13(a), under the single-pass
condition, the performance obtained for potentiostatic operation of the PFC greatly exceeded that
achieved under batch conditions, exhibiting SAC of 27.8 mg g* and Qe of 74.0%, at 1.2 V, which
were approximately 70% and 25% higher, respectively, than observed for batch operation (Figure
3.12(b)). Besides the increases of the concentration gradient and the mass transfer rate achieved
with the PFC configuration, the high SAC obtained could be attributed to the increase of Qg due to
the slow volumetric flow rate, leading to a longer retention time and sufficient time for the diffusion
of ions into the micropores, consequently improving the electrosorption. This was evidenced by the
longer time of 900 s required for desorption, compared to the desorption time of only 421 s in the

batch mode, suggesting that the micropores had been filled.

(@) 110" L oy | (D) EECay) ERo B
o5 i en i R I
- :"'~-'--:. 80 %/l/ //
aase 1 B
0 0.90- o Q 10 / % 7,
I " I B
080 i T o %% %%// %
0 20 40 60 80 100 0.5 1.0 15
Time (min) Current density (mA cm?)

Figure 3.13. (a) Normalized concentration plotted against time for the potentiostatic and
galvanostatic desalination processes, where the solid and dashed lines represent the electrosorption
and desorption steps, respectively. The inset shows the effect of current density. (b) Desalination
performance applying different current densities. Conditions: 1000 mg L NaCl; flow rate of 10 mL
mint; Ecc of 1.2 V and 0.0 V for electrosorption and desorption, respectively. The electrosorption

and desorption current densities had the same values, but opposite sign.

The galvanostatic mode has been identified as being most energy-efficient for
electrochemical desalination, although with lower SAC than observed for potentiostatic operation
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[136,144,145]. As shown in Figure 3.13(b), except for 0.5 mA cm, the values of SAC and 7 were
lower than obtained under the potentiostatic condition (16.6 mg g, 3.4 J mg™), which could be
explained by the lower cell voltage and reduced energy dissipation through the resistive
components of the cell [136,145]. The typical potentiostatic operational profile obtained (Figure
3.13(a)) showed an initial rapid concentration depletion, followed by slow uptake until electrode
saturation. When the polarization was reversed in the desorption step, fast release of the ions was
observed. On the other hand, use of the galvanostatic mode enabled a constant outlet concentration
to be maintained up to the Ec, which would be an advantage in the continuous production of
desalinated water.

The effect of current density on the electrosorption/desorption profile is detailed in the inset
of Figure 3.13(a). Due to the strong electrostatic force, a higher current density is associated with
faster electrosorption and desorption rates. The Ecc is also reached more rapidly, due to the fast EDL
charging, leading to short desalination cycles, which could in principle be attractive in terms of
OSR. However, for galvanostatic operation (Table 3.8), consideration should be given to the
tradeoff between Neycie and SAC, as in the case of the desalination at 1.5 mA cm2, where despite the
343 cycles, the SAC was only 2.64 mg g and, consequently, the OSR was 906 mg g* day™. The
lower SAC obtained at high current densities could be explained by the slow kinetics of mass
transfer in the micropores, which hindered the electrosorption because Ecc was reached rapidly,
leading to poor charging efficiency and, consequently, high values of # (Figure 3.13(b)). In contrast,
the use of low current densities would lead to slow charging of the EDL and higher SAC would be
expected. Accordingly, the application of 0.5 mA cm resulted in Qe of 93.5% and achievement of
high SAC (29.8 mg g*). However, the cycle time was greatly extended and Neycle Was significantly
reduced, resulting in the lowest observed OSR (507 mg g* day™). This reinforces the importance of
simultaneous analysis of the kinetics and the electrosorption/desorption capacity, in order to
establish not only the best material for CDI [45,56], but also the best condition for operation of the
CDI device. In the present case, 1.0 mA cm was the best current density for operation of the PFC,
since 100% charging efficiency and the lowest value of # (1.1 J mg™) were achieved, despite the
fact that the SAC (15.2 mg g!) was not the highest observed.
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Table 3.8 Optimized salt removal (OSR) for desalination using potentiostatic and galvanostatic

modes.

(MA cm?) (mL mint)  (min) (min) (mg g?) day™)
Potentiostatic 1.2 10 19.2* 12.3* 46 27.8 1279
Galvanostatic 0.5 10 50.2 329 17 29.8 507
Galvanostatic 1.0 10 790 6.78 98 15.2 1490
Galvanostatic 15 10 220 2.00 343 2.64 906
Galvanostatic 1.0 7 111 9.04 71 234 1661
Galvanostatic 1.0 13 580 480 136 9.6 1306

*Time required to achieve C/Cy of 0.99 (electrosorption) or 1.01 (desorption).

In order to further improve the SAC and provide a longer residence time for electrosorption,
the effect of flow rate was investigated. The results (Figure 3.14(a)) showed the effect of the flow
rate on the concentration depletion and the operational time. A faster flow rate shortened the cycle
time, but the quantity of ions removed decreased, due to mass transfer restrictions, especially
regarding the access of the ions to the micropores. On the other hand, a low flow rate could be a
good strategy for improving the desalination performance. As shown in Figure 3.14(b), the SAC
increased from 15.2 mg g at 10 mL min? to 23.4 mg g* at 7.0 mL min?, with a simultaneous
decrease of #, which are remarkable outcomes for a membrane-less cell. It is also worth noting that
in all cases, the charging efficiency at 1.0 mA cm was 100%, so the SAC enhancement could not
be attributed to the EDL charging improvements, but solely to the more effective access of the ions
into the micropores, due to the longer retention times. Despite the remarkable SAC, the use of slow
flow rates had a major impact on the cycle time, so in order to establish the best operational
condition, the electrosorption and desorption times (Table 3.8) must be taken into account in the

analysis.
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Figure 3.14. Plots of (a) normalized concentration against time, and (b) desalination performance,
for different volumetric flow rates. The solid and dashed lines represent the electrosorption and
desorption steps, respectively. Conditions: 1000 mg L™ NaCl; electrosorption and desorption
current densities of 1.0 and -1.0 mA cm, respectively; E¢ of 1.2 V and 0.0 V for electrosorption

and desorption, respectively.

The OSR values (Table 3.8), calculated considering the time required to reach Ecc of 1.2 V
and 0.0 V during the electrosorption (te”) and desorption (tq’), respectively, revealed that the best
desalination rate was 1661 mg g day, achieved applying 1.0 mA cm?and 7 mL min™. In this
case, the lower Neycie Obtained at 7 mL min* was compensated by the higher SAC. This highlighted
that although desalination is faster using high current density and flow rate, such conditions would
not be recommended for obtaining high productivity of desalinated water. In summary, the
optimum operational condition must be established by simultaneous analysis of both SAC and cycle
time.

Regarding the flow conditions, a high pressure drop of 0.12 bar cm™ (at 7 mL min™) was
measured along the flow path in the PFC, which would be a challenge in scale-up of this cell
configuration.

Finally, a comparison of OSR using the PGAC electrodes in the PFC with other activated
carbon electrodes operating under similar conditions is presented in Table 3.9. The value obtained
for PGAC/CDI (1661 mg g day™) was higher than reported for most of the carbon electrodes,
except for the value obtained by Choi and Yoon [18] (2072 mg g day™) using MCDI, for which

the use of membranes imposes an additional investment cost.
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Table 3.9 OSR for CDI desalination using carbon electrodes.

Electrode NaCl C(:j:rr];?tr;t Flowrate ~ SAC (;)SR_ L Reference
material (mg LY (MA cm?) (mL minY)  (mgg?) q a%/'%)
Activated carbons Lado et al.
(GF-AC) 2045 0.67 70 1.8 37.8 [146]
Activated carbons Lado et al.
(GF-AC) 2045 0.67 130 2.2 41.8 [146]
Activated carbons Lado et al.
(GF-AC) 2045 0.67 200 4.2 50.4 [146]
Activated carbon Chen et al.
fiber+PVDE 585 0.375 10 3.45 100 [147]
Activated carbon 1000 1.43 30 15.7 2072% Choi and Yoon
powder [18]
K tal.
MSP20 carbon 585 25 10 11.2 1401 a{ﬁ:] a
PGAC 1000 1.0 7 23.4 1661 This study

Note: Galvanostatic and single pass operation. *MCDI.

3.4 Conclusions

The CDI cell architecture and flow pattern can influence operational parameters that are
crucial in determining desalination performance. The hydrodynamics influences the mass transfer
phenomena and the kinetics of the desalination process, depending on the cell architecture regarding
the flow and electric field directions. For thin electrodes, the FBC outperforms the FTC, due to the
lower Rct and higher Ao. On the other hand, use of the FTC is an effective strategy for overcoming
the mass transfer limitations observed in the FBC, especially for thicker electrodes that impose
sharp concentration gradients within the porous PGAC film, due to the slow mass transfer rates.
Despite the fast kinetics, the desalination performance observed for the FTC did not exceed that of
the FBC. The findings of this study also provide insights into the role of electrode particle size.
Although small particles improve the desalination rate by promoting faster mass transfer in the pore
interstices, due to increased interstitial flow velocity and turbulence, a substantial reduction of the
SAC occurs as a consequence of the changes in the textural properties of the PGAC (reductions of

SSA, %Vmes, and dso). The pore shrinkage leads to steric hindrance of the transfer of hydrated ions to
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sub-nanometric micropores, as well as electrical double layer overlapping, resulting in poor
electrosorption capacity.

In an attempt to improve CDI performance, a new PFC architecture was investigated under batch
conditions, resulting in an OSR (1135 mg g day™) approximately 170% superior to that obtained
with the FBC (421 mg g* day™?), which was mainly a consequence of the higher mass transfer rates
related to the hydrodynamics of this cell. Given this promising outcome, the PFC was also
investigated using single-pass mode, which provided a further increase of the OSR (1279 mg g™
day), since single-pass operation led to longer retention times, allowing sufficient time for the ions
to diffuse and fill the inner micropores.

In order to evaluate the desalination process under more realistic conditions, investigation
was made of single-pass and galvanostatic operation. It was found that the optimum current density
should be selected considering the tradeoff between the SAC and the cycle time. The results also
evidenced that although high current density and flow rate make desalination faster, such conditions
would not be recommended for obtaining high productivity of desalinated water. The best
desalination rate was 1661 mg g day™, achieved applying 1.0 mA cm™ and 7.0 mL min™. Despite
all the beneficial features of the PFC, the pressure drop in this cell design remains an important

challenge to be addressed in future work.
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4 CHAPTER
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS

This study showed that is possible to prepare activated carbon electrodes using the polymer
from residual glycerol as a precursor. This material showed to be a promising low-cost sustainable
material for CDI, since high value of SAC and stable performance over 50
electrosorption/desorption cycles were obtained. Long-term stability is a paramount parameter for
the effective application of activated carbons in CDI. The control of Ecei to avoid anode surpassing
the oxidation potential limit revealed to be crucial for stable desalination performance over long-
term desalination. Moreover, maintaining the potential of zero charge of the negative and positive
electrodes outside their working domains during the cycles demonstrated to be an efficient strategy
to minimize the deleterious effect of co-ion repulsion, resulting in enhanced desalination
performance. The PGAC use with symmetrical configuration (1.2 V) and MCDI (1.6 V), which
provided SAC values of 14.2 and 27.1 mg g%, respectively, could enable a low-cost water treatment
system using the CDI technology.

The importance of cell architecture and flow patterns to improve the mass transfer, and
consequently, OSR value was also evidenced. Regarding the thinner electrode, the lower Rer and
higher Ao of FBC boosted the electrosorption performance compared to FTC. However, for the
thicker electrode, the FTC avoids the SAC decrease observed for FBC since the convective flow in
the interstitial pores can minimize the external mass transfer resistance, thus promoting faster
electrosorption kinetics. The particle size showed to be crucial for electrochemical desalination. The
small particles obtained after milling enhance the electrode mass transfer and, consequently, the
desalination kinetics, in agreement with the mass transfer film theory, the lower SSA and the
presence of narrow micropores reduced dramatically the SAC, probably due to the steric hindrance
of the hydrated ions to the subnanometric micropores and the effect of electrical double-layer
overlapping. Therefore, an optimum particle diameter must be taken into account to achieve faster
kinetics and high SAC values. The results encouraged the investigation of a new cell, the PFC,
which demonstrated a remarkable improvement of the OSR value, an outcome attributed to the
combination of enhanced mass transfer, promoted by the permeation of the electrolyte through the
electrode, and longer contact time between electrolyte and electrode. Under more realistic
conditions (quasi single-pass and galvanostatic mode) the PFC was applied, and the results showed
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the importance of the tradeoff between the SAC and the cycle time since the higher current density
and flow rate obtained fast kinetics but decreased the cycle time, which diminish the OSR. The
results showed the optimum conditions to obtain high productivity of desalinated water is 1.0 mA
cm? and 7.0 mL min, conditions where it was possible to achieve the higher value of OSR (1661
mg g* day?) than the values reported in CDI literature. This study revealed the effects of the cell
design on mass transfer phenomena, bringing insights into the role of particle size, electrode

thickness, and operational conditions.

4.1 Suggestions for future works

Novel low-cost PGAC and the effects of the cell design on mass transfer phenomena were
investigated in this study, and new insights on the electrode stability, role of particle size, electrode
thickness, and operational conditions have been achieved in this thesis. However, other studies must
be carried out to further improve and optimize the CDI technology, especially for large-scale
applications. In this regard, the following suggestions are proposed for future works:

e Explore other applications for PGAC electrodes, such as water softening, heavy metal
removal, and nutrient recovery;

e A systematic study to identify the optimized particle size of activated carbon to be
applied in the electrode preparation considering the effects of mass transfer rates in the
interstitial pores and the effects on the textural aspects;

e Development of a larger scale percolation flow cell aiming for high production of
brackish water;

e Study of the effects of pressure drop for a larger scale percolation flow cell;

e Better understanding of how ions competition influences water softening and
desalination processes considering a multi-component solution;

e Investigation of techniques to optimize water-recovery;

e Technical-economic feasibility study of PGAC application in CDI desalination;
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7 APPENDIX
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Figure 7.1. Detailed photos of the flow-by cell (FBC).



Figure 7.2. Detailed photos of the flow-through cell (FTC).
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Figure 7.3. Detailed photos of the Percolation flow cell (PFC).
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(@)

(b)

Figure 7.4. Photos of the electrodes prepared by (a) blade-casting (BC) and (b) free-standing (FS)

procedures, respectively.




