ABSTRACT

HOSSEN, ELVIN. Removal of Organic lons Using Capacitive Deionization: An Experimental
and Modeling Approach to Understand Adsorption Mechanisms (Under the direction of Dr.
Douglas Call).

Application of advanced separation technologies in water and wastewater industry has always
been a critical challenge for stakeholders to ensure more sustainable process of contaminant
removal or species recovery. An increasing pressure for environmental protection as well as
resource demand resulted in the elevated interests of exploring a wide range of separation
techniques to maximize process efficiency and prioritize circular green economy concept.
Presence of organic contaminants in water or wastewater is one of the focal points for advanced

separation methods given the potential for the recovery of valuable organic species.

Capacitive deionization (CDI), an electrochemical method for desalination, has primarily been
studied and developed for the removal of small inorganic ions (e.g., Na*, CI"). However, our
fundamental understanding of organic ion electrosorption lags behind that of inorganic ions,
which prevents the informed design and operation of CDI cells that can selectively remove
organics. Many organic ions have properties that vary significantly from model inorganic ions
particularly pertaining to their ability to be physically and/or chemically adsorbed to activated
carbon (AC)-based electrodes. It is challenging, if not impossible, to extrapolate experimental
and modeling efforts from inorganic to organic ions, especially those with dramatically different
properties. This dissertation provides insights into organic ion removal in CDI by conducting
three projects: 1) studying the removal of short-chain carboxylate ions in CDI, 2) elucidating the

contribution of different adsorption processes of organic ions and their impacts on electrode



properties and performances of CDI, and 3) establishing kinetic and thermodynamic models to

predict the performance of short-chain carboxylate ions in CDI.

The first project (Chapter 2) shows how CDI with AC cloth electrodes can remove short-
chain carboxylate ions from water at different capacity depending on the ionic mobility and size
of organic ions, providing the first answer towards understanding the adsorption of organic ions

in CDI.

The second project (Chapter 3) investigated the dynamics of different adsorption
mechanisms in CDI treating carboxylate ions, highlighting the role of non-electrosorption of

organic ions in changing the ability of carbon electrodes to electrosorb charged species.

The third project (Chapter 4) delved into the kinetic and thermodynamic modeling
development and verification in order to better estimate the performance of CDI treating
carboxylate ions. Both experimental and modeling approaches, as well as computational analysis
were performed in this dissertation to understand the adsorption mechanisms of organic ions

onto carbon electrodes in CDI.
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Chapter 1. Introduction

Capacitive Deionization (CDI) is an emerging technology that removes ions from
brackish water [1]. When porous carbon-based electrodes in CDI are charged with an electrical
potential, counterions (oppositely charged ions) are transported from the bulk solution and
accumulate into the electrical double layer (EDL) formed on the surface of the electrodes, i.e.,
electrosorbed, resulting in lower salinity water in the effluent (See Figure 1.1). Different types
of electrode materials have been investigated, but high electrical conductivity and high surface
are the two most common properties that are sought after for CDI electrodes [2]. The
electrosorption process in CDI is reversible, meaning that when the application of electrical
potential on the electrode stops, the previously stored ions will be released back into the solution,
renewing the electrode for additional electrosorption cycles. Compared with other technologies
(e.g., ion exchange, evaporation, and reverse osmosis), CDI provides several advantages
including reversibility, no use of chemicals, low maintenance costs (approximately a third of the
maintenance costs for reverse osmosis (RO)), long-term cyclability of electrode materials, and
wide range of application [2-6]. That said, current advancement of CDI still leaves big room for
improvement, as there are still several factor which prevent CDI technology to be scaled-up. As
a desalination technology, current CDI still cannot compete with RO on the basis of energy
consumption, water recovery, salinity range, or capital cost [7]; CDI requires specific energy
consumption of 0.85 kWh/m3 to treat brackish water (2000 mg/L salt concentration), 8 times

higher than RO (~0.09 kWh/m3) [7].
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Figure 1.1. Schematic diagram on how capacitive deionization (CDI) works

Applications of CDI have expanded beyond brackish water desalination to inorganic ion
removal in a variety of matrices. Examples include removing ions that cause water hardness ([7—
11], remediation of wastewater to remove hazardous contaminants such as heavy metals, dyes,
antibiotics, or organic contaminants [12-19] , and selective valuable ion recovery [20-26].
Various types of ions have now been investigated, including Na*, K*, NHs*, Mg?*, Ca?*, CI,
NO3", SO4%, POs*, or heavy metal ions such as Cr?*, Pb?*, Cd?*, Fe* from water or wastewater
[14,27-38] but CDI still faces many challenges before widespread commercial adoption can
occur [39]. When compared to conventional treatment such as reverse osmosis (RO), current
advancement of CDI still resulted in significantly less energy-efficient for brackish water
desalination as well as more capital cost [40-43]. On the other hand, organic fouling and low
efficiency for contaminant removal rendered CDI not competitive against common chemical- or
physicochemical-based technology such with precipitation or coagulation for wastewater
treatment [44-46]. For selective ion recovery, CDI is still lacking selectivity (e.g., for lithium)
when compared to the use of conventional adsorbent such as hydrogenated manganese oxide

(HMO) [20,24].

One area that has received little attention is the removal of organic ions. Organic ions in

aqueous environmental matrices can vary significantly in size, shape, structure, composition,



mobility, charge, etc. [47]. As such, we cannot rely on our knowledge of small inorganic ions
such as Na* and CI" to understand and predict removal of all organic ions in CDI. Some organic
ions may be persistent pollutants such as dioxins, surfactants, organochloride pesticides,
perfluorinated compounds among others [48,49]. Removing them from water and wastewater
could reduce human and environmental risk. Other organic ions such as the short-chain
carboxylates acetate, butyrate, and caproate, are present in natural and engineered systems as
byproducts of microbial metabolisms. If recovered those ions could be highly valuable inputs to
many commercial products. The carboxylates generated during the anaerobic digestion of wastes
are one such resource where these ions are present. Utilizing CDI technology to separate and

recover those ions would be advantageous from a commercial standpoint.

Several exploratory studies have showed that large organic ions can be removed in CDI,
but fundamental mechanistic insight into how they are removed is missing [2,50-53]. In many
cases, organic ions have been studied in the context of organic fouling of electrodes and/or
membranes, with little attention given to the processes involved in ion sorption onto electrodes.
Most importantly, for organic ions that can physically and/or chemically adsorb to porous carbon
materials, there is no information about how those mechanisms influence their electrosorption
and electrodesorption. Granular activated carbon (GAC), for example, showed a promising
ability to adsorb hexanoate with affinity two times higher than pentanoate and more than six
times higher than formate-butyrate, as measured by its adsorption capacity term; indicating that
in the absence of an applied potential, carboxylate ions can be removed from bulk solution
[54,55]. The model inorganic ion, CI°, on the other hand, exhibits little to no physical or chemical

adsorption [56]. It is critically important to understand how inherent ion affinity for porous



carbon influences removals in CDI so that models can be created or refined, and new materials

or operational strategies implemented to selectively remove those ions.

To address this knowledge gap, we conducted systematic research investigation of
organic ion removal in CDI using a series of short-chain carboxylic acids (formate, acetate,
butyrate, and hexanoate) as model ions. These ions are present in many biological systems,
including anaerobic digesters, and if recovered would serve as valuable precursors to a variety of
industrial usage such as in pharmaceutical, food, chemical industries [47]. In Chapter 2, we
focused on the first research question, can CDI remove the carboxylate ions from water and if so,
how well? We tested the electrosorption of organic ions using a flow-through CDI cell. We
compared several metrics, including ions adsorption capacity against CI” as a benchmark for a
model inorganic ion. Our results showed that non-electrical adsorption of organic ions, which
typically is not a primary mechanism of removal of small inorganic ions, is an important
property that needs to be taken into consideration when understanding electrosorption of organic
ions. Moreover, this dissertation further discussed about the dynamic contribution of different
adsorption mechanisms when CDI used to remove organic ions (Chapter 3). The goal of this
objective was to identify the contribution of physical/chemical adsorption and its impact on the
overall performance of CDI. Several electrode pretreatments were investigated to highlight the
change in adsorption mechanism favorability due to electrolyte-electrode interactions. We also
propose further research to better understand the mechanisms and impact of physical and
chemical adsorption of organic ions during CDI operation. Lastly, this dissertation also provided
a foundation for kinetic and modelling approaches to predict the performance of CDI treating

organic ions in Chapter 4.
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Chapter 2: Removal of short-chain carboxylate ions in

capacitive deionization (CDI)

2.1. Abstract

Capacitive deionization (CDI), an electrochemical method for desalination, has primarily been
studied and developed for the removal of small inorganic ions (e.g., Na*, CI). However, our
fundamental understanding of organic ion electrosorption lags behind that of inorganic ions,
which prevents the informed design and operation of CDI cells that can selectively remove
organics. Many organic ions have properties that vary significantly from model inorganic ions. It
is challenging, if not impossible, to extrapolate experimental and modeling efforts from
inorganic to organic ions, especially those with dramatically different properties. To address this
knowledge gap, we conducted a systematic research investigation of organic ion adsorption onto
activated carbon cloth (ACC) electrode using model short-chain carboxylate ions in CDI cell.
We first tested the specific capacitance of ACC in carboxylate-containing solutions to investigate
the prospective of ACC as CDI electrode for organic ions removal. We determined the ion
adsorption capacity (IAC) of CDI in treating formate (HCOO3"), acetate (CH3COQ"), butyrate
(CsH7C0O0"), and hexanoate (CsH1:COO") as well as CI for inorganic benchmark. The
contribution of physical and chemical adsorption on the overall removal of the organic ions in
CDI was studied by comparing the total ions removed during charging (physical, chemical, plus
electrosorption) to those recovered after the discharging step (i.e., only the electrosorbed ions).
Our results showed that the ACC electrodes possess a large microporosity and stable

electrochemical performance in short-chain carboxylate-containing solution with specific
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capacitances of 77.6 — 119 F/g. We observed that total-IAC for the largest carboxylate,
hexanoate, was the lowest among all tested carboxylates (115.5 + 18.6 umol/g-C), while it was
the highest for formate (199.3 + 25.0 umol/g-C). The decrease in adsorption capacity as the
carboxylate size increased was likely due to (1) higher solution resistance, (2) a decrease in the
anode potential (which decreased the driving force for anion adsorption), and (3)
physical/chemisorption which may have negatively impacted electrosorption due to the
introduction of carboxyl groups from the carboxlyates onto the electrode surface. We also found
that CDI in hexanoate solution showed a higher proportion of ion adsorbed due to non-
electrostatic force, compared to smaller carboxylate ions. Energetic assessment for CDI for
organic solutions showed that charge efficiency and energy-normalized adsorbed ions (ENAI)
decreases as the carboxylate ion getting larger. These results should lay the groundwork towards

understanding the adsorption of organic ions into carbon electrode in CDI.

2.2. Significance

This work is the first systematic investigation of organic ion electrosorption in CDI. The results
improve our understanding of adsorption mechanisms of organic ions and lay the foundation for

modeling and optimizing electrodes that remove organic ions from aqueous environments.

2.3.Introduction

Capacitive Deionization (CDI) is an emerging technology that removes ions from brackish water
[1]. When porous carbon-based electrodes in CDI are charged with an electrical potential,

counterions (oppositely charged ions) are transported from the bulk solution and accumulate into
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the electrical double layer (EDL) formed on the surface of the electrodes, i.e., electrosorbed,
resulting in lower salinity water in the effluent. Different types of electrode materials have been
investigated, but high electrical conductivity and high surface are the two most common
properties that are sought after for CDI electrodes [2]. The electrosorption process in CDI is
reversible, meaning that when the application of electrical potential on the electrode stops, the
previously stored ions will be released back into the solution, renewing the electrode for
additional electrosorption cycles. Compared with other technologies (e.g., ion exchange,
evaporation, and reverse osmosis), CDI provides several advantages including reversibility, no
use of chemicals, , low maintenance costs, approximately a third of the maintenance costs for
reverse osmosis (RO), long-term cyclability of electrode materials, and wide range of application

[2-6].

Applications of CDI have expanded beyond brackish water desalination to inorganic ion removal
in a variety of matrices. Examples include removing ions that cause water hardness ([7-11],
remediation of wastewater to remove hazardous contaminants such as heavy metals, dyes,
antibiotics, or organic contaminants [12-19] , and selective valuable ion recovery [20-26].
Various types of ions have now been investigated, including Na*, K*, NH4*, Mg?*, Ca?*, CI,
NO3", SO4%, POs*, or heavy metal ions such as Cr?*, Pb?*, Cd?*, Fe* from water or wastewater
[14,27-38] but CDI still faces many challenges before widespread commercial adoption can
occur [39]. When compared to conventional treatment such as reverse osmosis (RO), current
advancement of CDI still resulted in significantly less energy-efficient for brackish water
desalination and requires larger capital cost [40—43]. On the other hand, organic fouling and low
efficiency for contaminant removal rendered CDI not competitive against common chemical- or

physicochemical-based technology such as precipitation or coagulation for wastewater treatment
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[44-46]. For selective ion recovery, CDI is still lacking selectivity (e.g., for lithium) when
compared to the use of conventional adsorbent such as hydrogenated manganese oxide (HMO)

[20,24].

One area that has received little attention is the removal of organic ions. Organic ions in agueous
environmental matrices can vary significantly in size, shape, structure, composition, mobility,
charge, etc. [47]. As such, we cannot rely on our knowledge of small inorganic ions such as Na*
and CI" to understand and predict removal of organic ions in CDI. Some organic ions may be
persistent pollutants such as dioxins, surfactants, organochloride pesticides, perfluorinated
compounds among others [48,49]. Removing them from water and wastewater could reduce
human and environmental risk. Other organic ions such as the short-chain carboxylates acetate,
butyrate, and caproate, are present in natural and engineered systems as byproducts of microbial
metabolisms. If recovered those ions could be highly valuable inputs to many commercial
products. The carboxylates generated during the anaerobic digestion of wastes are one such
resource where these ions are present. Utilizing CDI technology to separate and recover those

ions would be advantageous from a commercial standpoint.

Several exploratory studies have showed that large organic ions can be removed in CDI, but
fundamental mechanistic insight into how they are removed is missing [2,50-53]. In many cases,
organic ions have been studied in the context of organic fouling of electrodes and/or membranes,
with little attention given to the processes involved in ion sorption onto electrodes. Most
importantly, for organic ions that can physically and/or chemically adsorb to porous carbon
materials, there is no information about how those mechanisms influence their electrosorption
and electrodesorption. Granular activated carbon (GAC), for example, exhibits a high adsorption

capacity for hexanoate with affinity 2 times higher than pentanoate and >6 times higher than
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formate-butyrate, as measured by its adsorption capacity term; indicating that in the absence of
an applied potential, that carboxylate ions can be removed from bulk solution [54,55]. The model
inorganic ion, Cl-, on the other hand, exhibits little to no physical or chemical adsorption [56]. It
is critically important to understand how inherent ion affinity for porous carbon influences
removals in CDI so that models can be created or refined, and new materials or operational

strategies implemented to selectively remove those ions.

To address this knowledge gap, we conducted a systematic research investigation of organic ion
removal in CDI using a series of short-chain carboxylic acids (formate, acetate, butyrate, and
hexanoate) as model ions. These ions are present in many biological systems, including
anaerobic digesters, and if recovered would serve as valuable precursors to a variety of industrial
usage such as in pharmaceutical, food, chemical industries [47]. We used a flow-through CDI
cell and monitored the change in conductivity of each ion during charging and quantified effluent
concentrations using ion chromatography. We compared several metrics, including ions
adsorption capacity against Cl- as a benchmark for inorganic ion. Our results show that that non-
electrical adsorption of organic ions, which typically is not a primary mechanism of removal of
small inorganic ions, is an important property that needs to be taken into consideration when
understanding electrosorption of organic ions. In this chapter we also propose further works to
better understand the mechanism and impact of physical and chemical adsorption of organic ions

during CDI operation.
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2.4. Experimental Section
2.4.1. Materials and Experimental Setup

Four short-chain carboxylate ions were used in this study: formate (CHO"), acetate
(C2H30y2), butyrate (C4H70), and hexanoate (CeH11027), with Cl- included as a model inorganic
ion for comparison and benchmarking purposes. Each anion-containing solution was made from
their respective sodium salt dissolved in deionized water (18.2 uQ) to achieve 5 mM
concentration. All chemicals used in this work were analytical reagent grade (>99% purity)

purchased from Sigma Aldrich (USA) and used without further treatment and purification.

The CDI cell consisted of two outer plates of polycarbonate plastic, 5 cm x 5 cm, and 0.5
cm thickness, two interior polycarbonate plates with a 3 cm diameter reservoir, and two graphite
plates with dimensions of 5 cm x 5 cm x 0.32 cm as current collectors (with 3 cm hole extruded).
The electrodes used in this study were commercially available activated carbon cloth (ACC-
5092-20, Kynol Europa GmBH, Germany), which are well characterized in several previous CDI
studies [58,59]. Using N2 adsorption in a Quantachrome Autosorb iQ system, we recorded a
surface area of 1658.08 + 21.74 m?/g and pore volume of 0.80 + 0.02 mL/gr for a pristine ACC.
The pore size distribution (PSD) was calculated assuming slit-like pores in the density functional
theory (DFT) method with a NLDFT equilibrium calculation model provided by ASIQwin
software from Quantachrome. Prior to N2 adsorption, the ACC samples were first degassed

under backfill condition approximately for 5.2 hours with a final outgas temperature of 300°C.

For the CDI experiments, two ACC electrodes (one for anode and one for cathode) were
first cut in circular shape to a size of 3.81 cm diameter. Prior to use, the electrodes were rinsed

with deionized water and dried in air at 80°C overnight, and then weighed to obtain a mass of
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188.3 + 2.4 mg each and stored in desiccator. In the CDI cell, the anode and cathode were
separated by a 25 um thick, porous polypropylene spacer (3501, Celgard, USA) to prevent
electrical short-circuiting. Neoprene rubber gaskets with identical dimensions (thickness 0.38
mm and 0.78 mm) were laser cut and inserted between the polycarbonate and graphite plates to
tightly seal the cell and avoid liquid leakage. Versilon 2001 tubing (L/S 16) was used to direct
the flow from the peristaltic pump (Masterflex, Cole-Palmer, USA) to the CDI cell. On the
effluent line, a flow through conductivity electrode (eDAQ Pty, Australia) and pH micro
electrode (eDaq Pty, Australia) were installed to continuously monitor the conductivity and pH
changes, respectively, while a flow cell was used whenever dissolved oxygen (DO) monitoring
using a NEOFOX DO probe (OceanOptics, USA) was necessary. A potentiostat (VMP3,
BioLogic, France) was used to monitor open circuit voltage (OCV) and apply an electrical
potential (Eapr) to the CDI cell during charging (Ecen = 1.2 V) and discharging (Ecen = 0 V), the
positioning of alligator clips on the current collector established the upstream-cathode,
downstream-anode CDI configuration. Two low-profile Ag/AgCl reference electrodes (PINE,
USA)) were each placed in the reservoirs upstream and downstream of the current collectors and
were used to measure the anode and cathode half-cell potentials during the experiments. A

schematic diagram showing the CDI setup is presented in Figure 2.1.
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Figure 2.1. Schematic diagram of the CDI system used in this study for the electrosorption of
carboxylate ions. The CDI cell was operated with upstream-cathode/downstream-anode
configuration in single-pass continuous-flow mode during the electrode conditioning and
electrosorption steps. The inset of CDI cell shows the positioning of reference electrodes (blue
drawing), current collectors, ACC electrodes, and the spacer in the middle of cell.

2.4.2. Electrochemical Characterization of ACC

Several different electrochemical techniques were used to characterize the ACC. To

determine the specific capacitance and resistance profiles, cyclic voltammetry (CV) and

electrochemical impedance spectroscopy (EIS) were conducted in a separate 3-electrode setup of
cube cell with titanium ring connected to titanium wire as the current collector, ACC as the
working electrode (dry mass = 45.9 + 1.5 mg) and counter electrode (dry mass = 188.3 + 2.4
mg), and Ag/AgCl as the reference electrode (BASi, USA) in an aqueous solution of 0.5 M
NaHCOO, NaCHsCOO, NaCzH7COO, NaCsH1:COO, and NaCl. This relatively high
concentration was selected to minimize diffusional and transport-related limitations and to avoid
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ion starvation during CV [59,60]. The cell configuration is described by the following steps:
ACC were employed as both working electrode (WE) and counter electrode (CE), with surface
area of the CE to be much larger than WE to ensure no hindrance of the electron flow and more
accurate current measurements. The cell was built from polycarbonate block cut cylindrically to
have a working volume of 5 mL. On both ends of the polycarbonate plate, plastic barbed fittings
were installed to let the flow of solutions can flow in and out of the cell. During the CV
operation, the solution inside the cell is recirculated to ensure good mixing and limit diffusion
limitation. The voltammograms from CV were used to confirm the electrosorptive characteristic
and reversible behavior of the ACC, and the stability of carboxylate ions during multiple cycles
of polarization. For each solution, CV with a scan rate of 5 mV/s was done in 10 cycles, with
voltage window of -0.8 V to +0.8 V. The specific capacitance was calculated using the following

equation [61]:

_ Jr1av
ST ymav

(2.1)

Where Cs (F.g™?) is the specific capacitance, 1dV is the integrated area under the CV curve, v
(mV.s?) is the scan rate, m (g) is the mass of working electrode, and AV (V) is the potential

window.

2.4.3. CDI Operation

For all tests, single salts were continuously flushed through the CDI cell. A target
concentration of 5 mM was used for all salts. The salts were NaHCOO, NaCH3COO,
NaC3zH7COO, NaCsH1:COO,, or NaCl. The solution was continuously purged with ultra-high

purity (UHP) nitrogen gas in a 4 L glass reservoir to keep the DO levels low (2-3 ppm recorded
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using a DO probe) before being pumped (Masterflex, Cole-Parmer, USA) into the CDI cell at
volumetric flow rate of 3 mL/min. The N2 purging was done to minimize the impact of parasitic
Faradaic reactions (e.g., O2 reduction, carbon oxidation) on ion electrosorption and CDI
performance. A pulse dampener in the form polyethylene body (Cole-Parmer, USA) was placed
between the pump head and the cell in order to minimize the pulsation effect from the pump on
the solution flow and to stabilize the conductivity readings. In this study, CDI experiment was
defined as 3-hr 1.2 V charging followed by 3-hr 0 V discharging. Prior to CDI experiment, the
cell was being prepared in three phases. Phase 1: the cell was continuously flushed with DI water
for one hour to remove impurities from the ACC. In Phase 2, we flushed the cell with respective
feed solution for 12-hr at open circuit with the goal to fully saturate the electrode with the
solution. For phase 3, the cell was conditioned by performing a 12-cycle of 30-min charging (Eapi
= 1.2 V) and 30-min discharging (Eapi = 0 V). Effluent conductivity, current response, and
electrode potential were continuously monitored during this conditioning. After conditioning,
single-pass cell charging was carried out again at a constant voltage of 1.2 V for 180 minutes
only and was followed by 0 V discharging step for another 180-minute. For each step, effluent
samples were accumulated in a container (for a total of 540 mL sample) for subsequent analysis.
The 180 min charging period was selected based on preliminary tests which showed after 3
hours, the current reading for CDI were already stagnating, indicating the electrosorption process
reached equilibrium. During this CDI experiment, conductivity and pH data were acquired for
monitoring purposes, and effluent anion concentrations were determined using ion
chromatography (ICS-5000", Thermo Fisher, USA) while sodium concentrations were

determined using a sodium ion selective electrode (Orion 8611BNWP, Thermo Scientific, USA).
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In this study, we measured ion adsorption capacity (IAC) using two different methods.
First, we calculated the number of ions removed during the charging step normalized to the

electrode mass using Eq.2.2, later we defined this adsorption capacity as total-1AC:

total —IAC = WO ||| 2.2)

Where v (mL) is the volume of effluent accumulated from the charging step, Ciand Cec
(mmol/L) are the influent and effluent ion concentration after charging, and m (g) is the total
mass of electrodes. This approach is consistent with prior studies. However, since some of the
organic ions in this study are known to physically or chemically adsorb, we also used a second
method to quantify IAC due to electrosorption only, i.e., electrosorption-1AC. We referred this
method to previous studies which found that calculating electrosorption capacity from
discharging step give more accurate value since charging the electrodes at ~1 V can result in the
deviation of effluent pH from the influent which impacts the solution conductivity and
complicate the analysis [62—-64]. This issue can be a result of resistive dissipation, parasitic side
reactions, and/or redistribution of accumulated charge within the electrodes [65]. On the other
hand, it is well-characterized that physical and chemical adsorption are mostly irreversible
processes where adsorbate tends to stick onto the carbon surface unless external force is being
applied or the drawing solution is being replaced. In the case of discharging step at 0 V following
the charging, most electrosorbed ions would be released back into the bulk solution due to the
dissipation of electrical double layer, indicating that the ions recovered during the discharging
step were only the ions being previously electrosorbed, hence the actual electrosorption capacity

(electrosorption-1AC). Figure 2.2 shows the graphical representation of this proposed methods.
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n, 4 = total-IAC

Figure 2.2. Graphical representation of the proposed sampling and calculation strategy for the
adsorption capacity in the case of capacitive deionization (CDI) treating organic-containing
solution. lons removed during the charging step contributes to the total adsorption capacity
(total-1AC), and ions recovered during the discharging step is equal to electrosorption capacity
(elec.-IAC)

We calculated the number of ions recovered during the discharging step normalized to the
electrode mass using the following Eq.2.3, which we defined as electrosorption-1AC or elec-

IAC:

elec — IAC = HCedzCl) 2.
m

Where v (mL) is the volume of effluent accumulated from discharging step, Ciand Ce,q (mmol/L)

are ion concentration of the influent and accumulated effluent after discharging respectively, and

m (g) is the total mass of electrodes.
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We also used other metrics to report CDI performance: charge efficiency (A) and energy-
normalized adsorbed ion (ENAI). Charge efficiency is the ratio of ions removed over charge

transferred in CDI cell, and is calculated as:

— F.l'glec.
[1(t)dt

Where F is the Faraday constant (96,485 C/mol), eiec. [= V(Ci-Ce)] is the total ions adsorbed

(mol), and I(t) is the current (A) at time t (sec).

Energy-normalized adsorbed ions (ENAI, or ENAS for salts, J/mol) represents the adsorbed ions
normalized to the energy loss due to resistive loss (linearly proportional to current) and parasitic
reactions on the carbon surface [65]. Higher ENAI indicates that the CDI cell is more effective

to remove ions with less energy wastage, and can be calculate as:

ENAL = — e e (2.5)

Where Ein (J) is the energy input to the cell during charging, and Eout (J) is the energy recovered

during discharging. Both Ein and Eout can be calculated using the following equation:

E = AVigp [T(E)AE. ..o (2.6)

Where AVcap (V) is the maximum range of applied voltage between charge and discharge.

negatively charged).

2.4.4. Analytical Method

During the experiments, conductivity, pH, and dissolved oxygen (DO) were continuously

monitored using a flow-thru conductivity electrode (eDaq, Australia), a pH micro electrode
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(eDaq, Australia), and a DO probe (NEOFOX-KIT-Probe, OceanOptics, USA), respectively. To
measure carboxylate ion concentrations, we used ion chromatography for anions (ICS-50007,
Thermo Fisher, USA), which was calibrated using standards for each of the targeted anions
(primary and secondary standards for formate, acetate, butyrate, hexanoate, and chloride were
purchased from Inorganic Ventures (USA) Absolute standards (USA)). The IC was also
validated for its smallest detectable changes among our samples using quality controls prepared
from secondary standards obtained from another source (Environmental Express, USA) to ensure
that changes in carboxylate ions were detectable and not within the percent error of the ICs (+

3%).

2.4.5. Data Visualization and Statistical Methods

All figures generated in this study were created using Origin v2022 (OriginLab
Corporation), including any statistical works performed. A p-value less than 0.05 was considered
statistically significant. Standard deviations were determined from three replicates of experiments

(n=3)

2.5.Results and Discussion
2.5.1. Electrochemical Characterization of ACC electrodes

We first characterized two electrochemical properties of the ACC electrodes in the
presence of each salt: capacitance and resistance. For capacitance, we performed a series of CVs
for each of NaHCOO, NaCH3COO, NaCzH;COO, NaCsH1:COO (with NaCl as benchmark) at

0.5 M according to the procedure described in Section 2.4.2. The resulting voltammograms for
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each ion are presented in Figure 2.3(A). All CV curves exhibit leaf-like quasi-rectangular shapes
without obvious redox peaks within the range of applied voltage, demonstrating typical
capacitive behavior of CDI electrodes application [66] and stability of carboxylate ions during
voltage [67]. The less pronounced rectangular shape of the voltammograms shows there is a

resistive behavior involved in the 3-electrode cell setups.
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Figure 2.3(A) Cyclic Voltammetry (CV) curves of activated carbon cloth (ACC, Kynol 5092-
20) at 5 mV/s scan rate in 0.5 M of different sodium carboxylate solutions and NaCl; (B)
Comparison of specific capacitance (F/gr) of ACC in different sodium carboxylate solutions and
NaCl.

Integration of the CV curves indicated that the ACC electrodes have a specific
capacitance (Cs) of 119.0, 106.2, 88.8, and 77.6 F/g in 0.5 M NaHCOO, NaCHsCOQOO,
NaC3zH7COO, and NaCsH11:COO, all of which are smaller than Cs ACC in NaCl at the same
concentration (Figure 2.2(B)). It is well-characterized that capacitance proportionally correlates
to the ion mobility of the electrolyte, and here in this results, the specific capacitance of ACC

follows the trend of solution conductivity (knacl> KNaHCOO > KNaC3H7C00 > KNaC3H7CO0 >

KNacsH11c00), Since higher ionic conductivity would lead to a less resistive behavior in the
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capacitive setup [68]. Strong correlation was observed between specific capacitance and solution

conductivity (See Appendix A.2) In the case of ACC in 0.5 M NacCl, the specific capacitance

was observed to be 131.8 F/g which is consistent with previous study using the same electrode

material (Kynol ACC 5092-20) [59].
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Figure 2.4. The Nyquist impedance plot of ACC Kynol 5092-20 in different organic solution, as

measured in a 3-electrode setup

We used electrochemical impedance spectroscopy (EIS) to study the resistance of the ACC in

different organic electrolytes. Figure 2.4 shows the EIS spectra of the ACC in the form of

Nyquist plots for each solution. The intercept to the x-axis represents the setup resistance which

includes ionic resistance of the solution, electrical resistance of current collectors, and resistance

of any wires [69]. Previous studies investigating many aspects of CDI cell resistances found that
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typically the electrode ionic resistances were the main contributor to the Ohmic power
dissipation of the cell [70,71]. Our results indicated that CDI with NaHCOO has the lowest setup
resistance (5.31 Ohm) while NaCsH1:COO the highest among organic solutions (7.69 Ohm),
directly correlates to the difference in conductivity. The semi-circle portion attributed to the
double layer capacitance between electrode matrix and electrolyte, and in parallel with the
internal resistance [69,72—74]. The size of semi-circle indicated the smaller charge transfer
resistance, of which NaHCOO has the smallest resistance among all four carboxylates. Charge
transfer resistance (RCT) is the main parameter that characterizes the electrochemical process at
electrode-electrolyte interface [75], and our results showed that larger resistive force would be

expected in a CDI working with longer carboxylate solutions.

2.5.2. Electrosorption of carboxylate ions under polarization

To investigate the electrosorption of carboxylate ions in a CDI experiment, anodic
polarization (positive) was applied to the ACC using constant voltage of 1.2 V for 180 min
during charging process with another 180 min for 0 V discharging step. During the charging
phase for electrode conditioning, we observed the removal of carboxylate ions from bulk
solution onto the ACC electrode, as indicated by the change in the effluent conductivity (Figure
2.5(A)). Different trend in conductivity profile is observed among the four carboxylate ions, with
NaHCOO and NaCH3COO showed the lowest relative effluent conductivity (normalized with
the influent conductivity) at t ~7 min. The 2 smallest carboxylates (together with chloride)
showed no significant difference (p-value > 0.05) with regard to the lowest concentrated effluent,
especially when compared to butyrate and hexanoate. At the same time, effluent conductivity

larger than the influent was observed for CDI treating NaCl, NaCHzCOO, and NaCsH1:COO,
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specifically closer to the end of this charging cycle, indicating more ions were introduced into
the effluent. This increase of conductivity could be a result of several events, one of which is
parasitic faradaic reaction in the form of hydroxide/proton generation or carbon oxidation due to
overpotential which could introduce more ions to the bulk solution [76]. However, relying on
conductivity data only may not be the best strategy to understand the occurrence in the system or
to calculate adsorption capacity of a complex system such as CDI with organic solution.
Therefore, for the calculation of adsorption capacity in this study, we used a more consistent IC
measurement to determine ion concentration of the effluent and influent and used these values to
calculate more accurate values for the capacity. Another key observation from Figure 2.5(A) is
the inverse peak observed during the initial charging period, which indicates that there is a
sudden increase in number of ions in the system after voltage application. This phenomenon, the
release of ions at the beginning of charging process, was also consistently observed in prior
studies [76—78] and attributed to the co-ion repulsion from each electrode. The inversion peak is
observed to be highest with hexanoate and lowest with formate (and chloride). We argued that,
in addition to the co-ion repulsion, this may be attributed to the release of non-electrically
(physically or chemically) adsorbed organic ions from the electrode surface due to the change in
energy after voltage application, breaking down the bond between ions and surface functional

groups. Further studies are needed to confirm this argument.
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Figure 2.5. (A) Profile of effluent conductivity normalized to the influent conductivity during
the three hours charging (Eapi = 1.2 V) and three hours discharging (Eap = 0 V) steps for each
sodium carboxylate solutions (and sodium chloride) in CDI cell; (B) lon adsorption capacity for
all anions showing contribution from both electrosorption and non-electrostatic interactions.
Inset on Figure 2.5(A) shows the inverse peak observed during the first 2 mins of charging
process. Gray line at 180 min indicates the switch time between charging and discharging steps.
Error bars represent a triplicate experiment (n = 3)

The calculated IAC using the Eqg. 2.2. for different carboxylate ions are presented in
Figure 2.5(A), showing both adsorption capacity due to electrostatic force as well as non-
electrostatic interaction (e.g., physical or chemical adsorption). At a voltage application of 1.2 V,
the total IAC values for ACC treating organic solutions were 199.3 + 25.0 umol/g-C for formate,
174.1 + 16.1 umol/g-C for acetate, 141.9 + 6.8 umol/g-C for butyrate, and 115.5 + 18.6 umol/g-
C for hexanoate, indicating the larger carboxylates (butyrate, hexanoate) were being adsorbed
more in total than smaller carboxylate (formate, acetate) after 180 min charging. As for
electrosorption-1AC, the values were 188.9 + 3.9 umol/g-C for formate, 163.6 + 15.1 umol/g-C
for acetate, 112.1 + 8.8 umol/g-C for butyrate, and 80.3 + 16.3 umol/g-C for hexanoate,

corresponding to electrosorption-1AC/total-1AC ratio of 94.8%, 93.9%, 78.9%, and 69.6% for
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formate, acetate, butyrate, hexanoate respectively. These results showed consistent trend as
observed from the specific capacitance test from section 2.3.1. Theoretically, specific
capacitance of an electrode represents the strength of electrostatic force to attract counterions and
form the electrical double layer (EDL), as a result, higher specific capacitance means more ions
removed from the bulk. Specific capacitance directly correlates to the active surface area of the
electrode to electrosorb ions [59]. At the same time, recent experiments have found that carbon-
based CDI electrodes showed preference by electrosorbing smaller ions than bigger in the case of
equal-valence ions [79], here predicting that among the four carboxylate ions, formate should

have been removed the most.

Discussing our adsorption results furthermore, we tried to look deeper into what made the
charged ACC electrosorbed less amount of butyrate/hexanoate than smaller carboxylates and
chloride proportionally to the overall adsorption capacity (Figure 2.5(B)). It is well-
characterized that unlike other small, monovalent, inorganic ions (i.e., CI, F-, NOz3’), organic ions
such as carboxylates also possess additional traits due to its non-polar acyl group on top of the
anionic properties from its polar carboxyl end, which more pronounce as the carboxylate chain
gets longer. We argued that during the charging process, 3 sorption process simultaneously
occurred and together resulted in the removal of organic ions from bulk onto ACC electrodes: 1)
electrosorption, of charged species onto electrode’s EDL, 2) physical adsorption (i.e.,
microporosity effect, presence of hydrogen bonds), and 3) chemisorption (i.e., acid-base
reactions) [80]. From the study by Lopez-Velandia et al., it can be concluded that the adsorption
of carboxylic acid such as acetic and butyric acid from bulk solution would depend on pore
structure and the surface chemistry of activated carbon. Specifically, for butyrate (and to a lesser

extent, acetate), the presence of longer -R chain resulted in stronger interactions with the surface
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functional groups of the ACC electrodes, indicating larger physical adsorption and
chemisorption, as observed in the results showed on Figure 2.5(B). Nevertheless, it is still
unclear whether it is actually physical adsorption or chemisorption which played a bigger role in
butyrate or hexanoate removal, and our knowledge on evaluating each sorption individually from
a complex process like adsorption in charged environment such as CDI is still limited. For now,
we combined both physical adsorption and chemisorption into a single term, non-electrosorption.
In this study, non-electrosorption shall include any other types of sorption that would remove

ions from bulk solutions without any electrical assistance.

2.5.3. Cell Voltage Distribution and Electrode Potentials

During the CDI experiments, half-cell electrode potentials over charging and discharging steps
were recorded. Ideally, when voltage is applied to the cell (1.2 V) with symmetrical electrodes, it
will be distributed almost equally between cathode and anode [81]. During the charging step in
this study, the applied voltage was evenly distributed between anode (0.51 + 0.01 V) and cathode
(0.58 £ 0.11 V) in CDI with NaCl, an observation which is consistent with previous works
[81,82]. On the other hand, with other larger carboxylate ions (i.e., butyrate and hexanoate), the
applied voltage was unevenly distributed, with most of the voltage went to cathode. After 3
hours of 1.2 voltage being applied, the anode potential for hexanoate was steady at around 0.35
V, while cathode reached -0.88 V, which theoretically should favor the occurrence of cathodic
Faradaic reactions such as oxygen reduction while minimizing anodic faradaic reactions (i.e.,
carbon oxidation) [83,84]. This uneven distribution with larger carboxylate only (and not with
formate or chloride) highlighted the influence of physically/chemically adsorbed organic ions
onto the surface of electrodes (i.e., anode and cathode). The long exposure of ACC as electrodes
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to the butyrate and hexanoate solutions means enough ions attached to the surface of carbon
materials and modified its properties, particularly its electronegativity, prior to the CDI
experiment. Physically/chemically adsorbed organics, known for its negative charged ends,
resulted in the ACC surface to be more negatively charged, consequently creating opposite
impact on the electrode potentials when the cell is being applied with voltage , i.e., ‘accidental’
asymmetrical electrodes [58,85-88]. A more negative anode would resist positive voltage, while
more negative cathode encourages more voltage distribution. If the ion did not have the
properties to let physical or chemical interaction with electrode surface to occur, anode and

cathode would not deviate from each other, and the electrodes would have stayed symmetrical.
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Figure 2.6. Profile of (A) anode half-cell potential and (B) cathode half-cell potential for each of
solutions during the charging and discharging steps.

Interestingly, the asymmetrical distribution of electrode potentials in CDI with larger
carboxylates means that the uneven adsorption capacity per molar basis between cation (i.e.,
Sodium) and anion (i.e., carboxylate ions or chloride) shall also be expected. A more negative

cathode potential should enhance the cation adsorption while a less positive anode would reduce
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the anion adsorption capacity since it is well-characterized that there is a linear positive
correlation between electrode potential with the logarithm of the electrosorption capacity [89].
Our results on sodium adsorption capacity versus butyrate/hexanoate adsorption confirmed that
per molar basis, sodium was electrosorbed at a higher capacity than butyrate or hexanoate (See

Appendix A.4).

2.5.4. Charge Efficiency and Energy-normalized Adsorbed lons

Charge efficiency is one of the functional metrics that can be used to evaluate the efficiency of
CDI system to remove ions. As previously mentioned, in this study we defined the charge
efficiency as the ratio between the number of ions electrosorbed to the electric charge and
estimated using ions and charge recovered from the discharging process. The average charge
efficiency of the CDI in different carboxylate solutions is shown in Figure 2.7(A). Results
showed that among the four carboxylate ions, CDI in formate had the highest charge efficiency
(90.15 + 3.7%) while hexanoate the lowest (31.35 + 0.5%). The low charge efficiency on
hexanoate indicates most of the charge did not go towards adsorbing the hexanoate via
electrostatic force, and likely used to adsorb a smaller anion such as OH as shown by the pH
drop during charging process (See Figure A.4 pH profile). Overall, the charge efficiency of both
butyrate and hexanoate were significantly lower than that of formate or acetate (p<0.05). Given
the difference in ionic mobility of larger carboxylates, the result is to be expected as charge
efficiency is dependent on many factors, one of which is the mobility of charged species in bulk
solution, i.e., adsorbing larger ion would be less efficient than small ions. The efficiency would
even go lower if we considered the total charge being introduced to the cell during the charging

period, as most of it went toward faradaic reactions or was dissipated due to resistive force
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instead of ion adsorption (See Appendix A.3 for ratio of component charge). Another possible
explanation for the difference in charge efficiency between larger versus smaller carboxylates is
the lower anode potential reached when the electrode being charged. The less positive anode
potential for butyrate and hexanoate resulted in weaker driving force for the anion adsorption,

ultimately reducing the anode charge density [81].
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Figure 2.7(A) Charge Efficiency (A) and (B) Energy-normalized adsorbed ion (ENAI) of the
CDiI treating different carboxylate ions and chloride. Error bars represent a triplicate experiment
(n=3)

In previous studies, charge efficiency could also be used for energetic evaluation as it relates to
the energy consumption [90]. However, to assess the energy performance of CDI in this work,
we proposed using energy-normalized adsorbed ion (ENAI) which is a better indicator of
energetic performance as it quantifies the capacity of carboxylate electrosorption per energy
losses [41,65]. From our results (Figure 2.7(B)), the ENAI for different carboxylates generally
followed the same trend as charge efficiency, except for ENAI of acetate being the largest among

carboxylates, instead of formate. This result indicates that there were more energy losses per
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molar of formate being adsorbed compared to acetate. However, this discrepancy between is not

statistically significant (p>0.05) and may be a result of cell setup.

2.6.Conclusion

In this study, we examined the performance of capacitive deionization (CDI) cell in treating a
range of organic-containing solutions (formate, acetate, butyrate, and hexanoate) and how it
behaves differently than typical inorganic ion. To do this, we used a flow-through CDI cell for
the adsorption experiment and employed a different strategy to better determine the performance
metric when different adsorption mechanisms occurred simultaneously. The strategy was based
on the difference in reversibility trait of adsorption processes (i.e., physical, chemical, and

electrosorption). Our major conclusions are as follows:

- Activated Carbon Cloth (ACC, Kynol 5092-20) possess a large microporosity and stable
electrochemical performance in short-chain carboxylate-containing solution with specific
capacitance of 77.6 — 119 F/g.

- In CDI experiment, total ion adsorption capacity for the largest carboxylate, hexanoate, is
the lowest among all carboxylate (115.5 + 18.6 umol/g-C) while formate is the highest
(199.3 £ 25.0 umol/g-C) with both acetate and butyrate in-between. Possible reasons for
the decreased capacity of the carboxylates include higher solution resistance due to lower
solution conductivity of equimolar solutions, decrease in anode potential (which
decreased the driving force for anion adsorption), and physical/chemisorption which may

have negatively impacted electrosorption due to carboxyl group’s introduction.
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CDI in hexanoate solution showed a higher proportion of ion adsorbed due to non-
electrostatic force, compared to smaller carboxylate ions. The decrease electrosorption-
IAC/total-1AC ratio with large carboxylate showed that during the charging step, bigger
carboxylate ions were simultaneously interacted with the surface of ACC by means of
physical/chemical interaction, in addition to electrosorption. Meanwhile for CDI in
smaller carboxylate and inorganic ion (NaCl) solution, electrosorption capacity
contributed to the majority (~90%) of total adsorption capacity

Energetic assessment for CDI for organic solutions showed that charge efficiency
decreases as the carboxylate ion getting longer. The energy-normalized adsorbed ions
(ENAI) generally followed the same trend as larger carboxylate requires more energy per

molar ion adsorbed as it tends to be less efficient in utilizing the energy being applied.
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Chapter 3: Elucidating the Contribution of Different
Adsorption Processes of Organic lons and Their Impacts on
Electrode Properties and Performances of Capacitive
Deionization (CDI) Cell

3.1. Abstract

Capacitive deionization (CDI) is an electrochemical method of removing ions from aqueous
solutions. The primary application of CDI is desalination of brackish water. As a result, most
research has focused on removing inorganic ions, namely Na* and CI". CDI may also be useful to
remove organic ions, including pollutants (e.g., per- and polyfluoroalkyl substances) and high-
value chemicals [e.g., volatile fatty acids (VFAS)]. Removal of many organic ions is not as
straightforward as small, inorganic ions, especially when activated carbon (AC) electrodes are
used. Some organic ions can physically and/or chemically adsorb to the AC in the absence of an
applied potential. Under voltage application, the process becomes more complex with the role of
electrical double layer (EDL) capacitance. Toward understanding the complex interplay of
different adsorptive processes occurring simultaneously and fundamental factors controlling
organic ion removal, we investigated four organic ions that varied only by carbon chain length in
flow-through CDI cells using AC cloth (ACC) electrodes. Formate, acetate, butyrate, and
hexanoate (common VFAS generated in many anaerobic microbial processes) were selected as
representative monovalent organics and chloride as an inorganic ion. We used three different
operational conditions to elucidate the contributions of electro- and non-electro-sorptive

processes: electrosorption onto a pristine electrode (PR-E), electrosorption onto electrodes
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saturated with ions (ST-E), and electrosorption onto electrodes pre-conditioned through multiple
CDI cycles (CD-E). From these tests, we propose a new approach to calculate adsorption
capacity due to electrosorption or non-electrosorption processes. We found that CDI with PR-E
held under a constant 1.2 V adsorbed hexanoate the most, with total ion adsorption capacity
(1IAC) of 0.89 + 0.06 mmol/g-C, 86.8% of which is due to physical/chemisorption. Meanwhile
formate-CDI with PR-E removed the ion with total IAC of 0.49 + 0.07 mmol/g-C, with
physisorption/chemisorption contributed slightly more than electrosorption (58% vs 42%). In
contrast, for the electrodes which were first conditioned through multiple charge/discharge
cycles (CD-E), total IAC decreased for all ions with electrosorption now becoming the
predominant mechanism of adsorption. No significant difference in IAC was observed between
formate (0.19 + 0.03 mmol/g-C), acetate (0.17 + 0.02 mmol/g-C), and chloride ions (0.18 + 0.00
mmol/g-C); of which >90% was due to electrosorption. Moreover, in CDI treating bigger
carboxylate (butyrate and hexanoate), physical/chemisorption still contributed 20-30% of total
IAC. For CDI with ST-E, the majority of formate, acetate, and chloride adsorbed through
electrosorption (71-81%), while butyrate and hexanote, both electrosorption and non-
electrosorption interaction contribute relatively equal to total IAC. In this study, we also tested
the impact of ACC interaction with different organic ions on electrode structural, chemical, and
electrical properties. We investigated the change in pores volume (vmi), chemical charge
concentration (ochem), as Well as potential of zero charg (Epzc). We found that saturating ACC
electrodes with hexanoate ions affected electrosorption capacity by reducing available
micropores volume for adsorption sites resulting in lower adsorption capacity. Meanwhile, no
significant change in pores volume and surface area were observed for ACC saturated with

formate or chloride. We also found that physical/chemisorption of hexanoate ions onto ACC
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surface modified the ochem Significantly, resulting in a more negatively charged surface. We did
not find a strong correlation between types of carboxylates with Ep;c as it was not enough to shift
Epzc without potential-driven or chemically induced surface oxidation. These results highlighted
that the physical and chemical adsorptive behavior of organic ions can have a strong influence on
the electrosorption of ions in CDI relative to the electrode structural, chemical, and electrical
properties. Our finding also revealed certain dynamic of different adsorption mechanisms for

organic ions occurring in CDI relevant to different electrode conditions.

3.2. Significance

This work will provide insights on the contribution of different adsorption mechanisms in CDI
treating organic ions and how its occurrence impacts the electrode properties and overall

performance of CDI

3.3. Introduction

Capacitive deionization (CDI) has been receiving great attention for its potential for broad
application in water and wastewater treatment. It is an emerging technology that utilizes the
principle of electrosorption of ions onto porous carbon-based electrodes that is already proven to
be a promising option for brackish water desalination [1,2], but also has the potential to be an

alternative technology for water softening and selective ion recovery [3].

With the goal to realize CDI as a commercially available technology for water industry, notable
efforts have been made in recent years to expand the use of electrochemically mediated

separation not only for contaminant removal process but also for the recovery of valued charged
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chemicals in food, biotechnology, or textile industries [4-8]. Organic ions, such as carboxylates
(-COO0-), sulfonates (-SO3-), are also typically present in wastewater as contaminants of concern
for agricultural intake or drinking water sources, thus removing these ions from water is another

challenge that must be addressed from environmental perspective.

Previous studies on the use of electrosorptive process to recover valuable organic ions from
water typically focused on finding the best strategy to selectively remove or improve the
adsorption capacity by selecting different electrode materials, modifying carbon
functionalization, employing asymmetric faradaic electrodes, or using organic-selective
membrane [5,9-11]. However, little is known about dynamic of adsorption processes in CDI
treating complex organic ions, which behave differently than of inorganic ions, especially on the

commonly used and low-cost activated carbon-based electrodes.

Non-electrochemical-based adsorption of organic ions onto the surface of activated carbon is
widely used process and has been extensively investigated for many years due to its highly
efficient process because of AC’s high specific area, surface reactivity, porous structure, as well
as versatile pore size distribution [12-15]. Organic species in aqueous phase adsorb easily onto
the surface of activated carbon by means of both electrostatic and non-electrostatic interactions,
which is mainly controlled by the structural integrity and the presence of oxygen-containing
surface functional groups, both basic and acidic (Belhachemi, 2021). Overall, physical and
chemical interactions are the main factors for AC’s ability to adsorb a large number of organic

species.

Activated carbon is also commonly used electrode materials for capacitive deionization due to its
high capacitive properties from its abundant micropores for electrical double layer (EDL)

formation, relatively low cost, and flexibility for surface modification [16]. Several studies have
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looked into the use of activated carbon electrodes to remove organic species from water using

CDI cell [5,10,11].

Previous studies have shown that there are several known adsorption mechanisms of ion removal
that occur during CDI experiments: (1) physical adsorption due to affinity between ion and ACC
surface (e.g., van der Waals force, H-bonding, etc), which is reversible only using external force
[17], (2) chemical adsorption (chemisorption) which is accompanied with chemical reactions and
irreversible, and (3) electrosorption due to electrical double layer (EDL) capacitance [18-20].
However, knowledge gaps still exist with regard to the adsorption of organic species onto the
surface of carbon electrodes in CDI. Physical and chemical adsorption of organic ion onto ACs
are well-characterized in a potential-free environment, while electrosorptive ability of AC
electrode in CDI is extensively studied. However, the contribution of physical, chemical, and
electrosorption of organic ions onto the surface of carbon electrode is not yet well-understood.
Non-electrosorptive interaction has been investigated in several studies: Ryoo & Seo (2003)
noted the occurrence of physical adsorption of NaCl in CDI with AC electrode and developed a
strategy to minimize its impact by modifying the ACC with titania, while Liu et al., (2016) tried
to quantify the individual amount of physical adsorption and electrosorption of organic species
by running the CDI at open circuit voltage [18]. A study by Ge et al., (2017) differentiated the
physical adsorption from electrosrption by soaking the electrodes into feed solution thus
saturating carbon materials of physical adsorption before voltage application commenced [21].
Most CDI studies that acknowledged the contribution of physical adsorption typically quantify
the capacity under no voltage condition, independent from electrosorption capacity. However, it
is not well understood the dynamic of the contribution from different adsorption mechanisms

occurring simultaneously during charging of the CDI.
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In this study, we looked at the contribution of different adsorption mechanisms when they
simultaneously take place under voltage applications and how they behaved differently across
different carboxylate (and chloride) ions, as well as different electrode conditions. We proposed
new approach to quantify physical/chemisorption and electrosorption capacity by measuring how
much ions being removed from the bulk during voltage application (charging) versus how much
ions can be recovered back in the bulk after the voltage application stops (discharging). In ideal
scenario, quantifying each physical and chemisorption separately would provide a clearer answer
to the objective. However, in this study we combined these two terms into single category: non-
electrosorption. We selected four different monovalent carboxylates: formate (HCOQ"), acetate
(CH3COO), butyrate (C3H7COO"), and hexanoate (CsH1:COQ") to systematically investigate the
adsorption mechanisms and how it varies across different ion within the same group, as well as
chloride as inorganic benchmark. All carboxylate-containing solutions were made from their
respective sodium salts, ensuring identical cations thus minimizing uncertainty so the focus of
study remains on different anions of interest. In addition to the charged species, adsorption
capacity of ACs in CDI also depend on the electrode conditions. Therefore, we investigated the
impact of electrode conditions on the overall adsorption process. We selected three different
electrode conditions based on their pre-treatment: pristine electrode (PR-E), previously saturated
electrode (ST-E), and previously conditioned electrode (CD-E). These three different electrode
conditions highlighted the markedly variation in physical and chemical properties of electrodes
and how they may impact the overall performance of CDI. We tested these electrodes in typical
charging-discharging sequence of CDI and measure the change in contribution from each of the
adsorption mechanisms as well as the overall performance. To further explained the anticipated

difference in CDI performance across carboxylates with different electrode conditions, we
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looked at the impact of the electrode pre-treatment on the structural, chemical, and electrical

properties of the electrodes and used the information to make correlation.

3.4. Experimental Section
3.4.1. CDI Operation

This study focused on the dynamics of organic ion adsorption processes in a CDI cell when a
voltage is applied. Different electrode pretreatments were included to understand how the ions
removed when an electrode was pristine, saturated with the target ion, and conditioned under

typical CDI operational cycles. The three different pretreatments were (Figure 3.1):

1) Pristine electrodes (PR-E): Pretreatment of the ACC by flowing deionized water through
pristine ACC for 1 hour at 3 mL/min flow rate to remove impurities

2) Saturated electrodes (ST-E): First, the electrodes were treated identical to the PR-E
pretreatment. Then the target ion was continuously flushed through the electrodes (3
mL/min for 12 hours) without an applied voltage in order to saturate the electrodes with
the ion.

3) Conditioned electrodes (CD-E): First, the electrodes were treated identical to the ST-E
pretreatment. Then the electrodes were subjected to 12 cycles of 1.2 VV-charging / 0V-

discharging cycles prior to the extended charge/discharge cycle.
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Figure 3.1. Schematic representation of the three electrode conditions tested for CDI
experiments in this study

All experiments were performed using the same CDI cell setup and feed solution. The salt was
the only variable (four carboxylates and NaCl). A target concentration of 0.05 M was used in all
tests. CDI experiments were performed on each of three different electrode conditions and were
carried out with the same sequences: 1.2 V charging for 3 hours, followed by 0 V discharging for
3 hours. Effluent samples were each collected for both charging and discharging to measure the

ion concentrations.

To investigate the impact of our pretreatments, we focused on three different parameters of
electrodes which are commonly investigated as contributing factors to CDI performance:
structural, chemical, and electrical properties. In this study, the structural property was assessed
by calculating the pores volume (vmi) and pore size distribution, chemical property was
represented by chemical charge concentration (ochem), and electrical properties was represented

by potential of zero-charge (Epzc).

We reported several parameters as performance metrics. We calculated ion adsorption

capacity (IAC) using two different methods. First, we calculated the number of ions removed
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during the charging step normalized to the electrode mass using Eq.3.1, later we defined this

adsorption capacity as total-1AC:

E0tal LAC = = (3.1)
m

Where v (mL) is the volume of effluent accumulated from the charging step, Ciand Ce.
(mmol/L) are the influent and effluent ion concentration after charging, and m (g) is the total

mass of electrodes.

We calculated the number of ions recovered during the discharging step normalized to the

electrode mass using the following Eq.3.2, which we defined as electrosorption IAC or elec-1AC:

electrosorption IAC = W ..................................................................... (3.2)

Where v (mL) is the volume of effluent accumulated from discharging step, Ciand Cec (mmol/L)
are ion concentration of the influent and accumulated effluent after discharging respectively, and

m (g) is the total mass of electrodes.
We reported the percentage contribution of ions adsorbed due to electrosorption (electrosorption-
IAC) from overall adsorption capacity, using the following calculation:

electrosorption IAC
total IAC

electrosorption contribution (%) = X 1000 c..ceviiiiiieiiiie e (3.3)

3.4.2. Physical Characterization of ACC electrode

The ACC structural properties were characterized by nitrogen adsorption carried out in liquid
nitrogen at -196°C temperature and the relative pressure of nitrogen which was increased from

107 to 1 bar in 85 steps (adsorption and desorption) using Quantachrome Autosorb iQ system.
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The pore size distributions (PSD) (assuming slit-like pores) were calculated by the density
functional theory (DFT) method with a NLDFT equilibrium calculation model provided by
ASIQwin software from Quantachrome. Prior to N2 adsorption, the ACC samples were extracted
from the CDI cell, dried overnight at 80°C, and cooled down to room temperature in a desiccator.
The ACC samples were then cut into small pieces, weighed at ~0.1 g, and then transferred into
the Autosorbed column. The samples were degassed under backflip condition approximately for

5.2 hours with final outgas temperature of 300°C.

3.4.3. Chemical Characterization of ACC Electrode

To determine the chemical properties of the electrodes, we used the Boehm titration. This
method is commonly used to quantify the concentration of chemical charge on the electrode [22—
24]. In this study, we focused on the acidic functional groups due to their relevance to the
carboxylate ions used. However, instead of using the direct titration method, we selected the
indirect titration method as previously described [25,26]. When compared to the direct method,
the indirect Boehm titration has the advantage of eliminating the need for constant degassing or
heating because by using Na>,COs as the titrant, CO2 has no influence on titration [25]. We
focused on two sources of chemical charges: carboxyl groups and total acidic groups. Two
different bases at a concentration of 0.01 N were used as reactants: 1) NaOH, which reacts with
all surface acidic groups (carboxyl, lactones, and phenols), to determine total functional group
concentration and 2) NaHCOg, which primarily deprotonates carboxyl, to determine carboxyl

group concentration.

To prepare the electrodes for the Boehm titration, we ground the samples and weighed around

100 mg of ACC each to be transferred into two 100 mL polycarbonate vessels. Then, we poured
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50 mL of base (NaOH or NaHCO3) into each vessel to react with the ground ACC. Another 50
mL of each reaction base was also added into 100-mL vessel without ACC and served as
reference to determine the equivalent point for the titration. We then sealed the vessels and
placed in a mini shaker and let them sit while shaken at 500 rpm for 3 days to give enough time
for the bases to react with the functional groups. Afterwards we filtered out the aliquots from the
ACCs using 0.45 um syringe filter (VWR, USA) and stored in another sealed container to be

used within 1-hour to avoid further contamination.

We carried out the dynamic Boehm titration using Autotitrator T910 (ThermoFisher, USA) with
a double-junction pH electrode (Orion 9110DJWP, ThermoFisher) for continuous pH
measurement and automatic stirrer probe for constant mixing during titration. For all titrations,
we used the same titrant, 0.01 N Na2COs, to make sure constant titer within all series (titer = 1).
The following titration setting was used: AE = 3 mV per addition, tmin = 1S, tmax = 45 s. Into 100
mL plastic beaker, we transferred 10 mL of aliquot sample and mixed with 20 mL of 0.01 N

HCI.

The quantification of functional groups was performed using the following equations:

mmol ((Vsample,NaHC03_Vreferemce,NaHCO3) X titer Xc)titrator base
Ncarboxyl groups ] = 3.4)

: 1
gacc weightacc X :

1% -V X titer xc)
mmol] _ (( sample,NaOH referemce.NaOH) titrator base (3 5)

Ntotal acidic groups

. 1
gacc weight pcc X T

Where ¢ (mol/L) is the concentration of titrant (i.e. 0.01 N Na2COs3), V'reference,reaction base (ML)
represents the volume of titrant use to titrate the control (i.e., no ACC) until it reached the
equivalence point while Vsampie,reaction base (ML) represents the volume of titrant used to reach the

equivalence point of the titration for the base + ACC, weightacc is the total mass of ACC
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reacting with base, and titer = 1. The factor of 1/5 is used here representing the 1/5 of reaction

base (only 10 mL of aliquot is used for titration from 50 mL generated).

3.4.3. Epzc characterization of ACC electrode

The potential of zero charge (Epzc) of the electrodes is defined as a transition potential region
where the overall charge on the surface is equal to zero, resulting in the least adsorption capacity
(Zhang et al., 2019). Ep,c was tested through differential capacitance minimum measurements at
room temperature in a three-electrode system consisting of ACC for both working (WE) and
counter electrodes (CE), and Ag/AgCl electrode as the reference electrode, and 5 mM of each
target ion (four carboxylates and NaCl) in 100 mM of Na>SOj as the background electrolyte. As
Epzc IS an electrode property which also depends on the solution, we conducted each Epzc
measurement for electrodes relevant to their feed solutions, e.g., the Epc of the hexanoate-
saturated electrode was determined in a Na2SO4+NaCeH1102 solution. Given the possibility of
physical/chemical adsorption of larger carboxylates if a pristine electrode was soaked in the
solution, we avoided using highly concentrated feeding solution as electrolyte for Epzc
measurements, and instead used a “neutral” solution as background electrolyte which does not
contain any anions of interests (chloride, formate, acetate, butyrate, or hexanoate); Na.SO4 was

selected due to its common use as supporting electrolyte in electrochemical system [27-30].

ACCs for WE were cut into circular shape with 1 diameter while ACC for CE was cut into a
larger size (d = 3”) to prevent CE to be a limiting factor. The electrochemical impedance spectra
were measured at a frequency of 0.2 Hz with a sinusoidal voltage perturbation of 10 mV and a

potential increment of 100 mV.
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The value of Ep;c was determined from the minimum values of the specific capacitance (C),

which was calculated using the following equation [31-35]:

1
wz'

-

Where o (Hz) is the angular frequency and Z” (Ohm) is the imaginary impedance spectra.

3.4.4. Analytical Method

Similar to CDI experiments in Chapter 2, in this study, we performed continuous
measurement of conductivity and pH using a flow-thru conductivity electrode and pH micro
electrode (eDaq, Australia) respectively, while DO was occasionally checked using a DO probe
(NEOFOX-KIT, OceanOptics) to ensure DO remained below 2 ppm. We used ion
chromatography (ICS-5000+, ThermoFisher) and a sodium ISE probe (Orion, ThermoFisher) to

measure anions (all carboxylates and chloride ion) and sodium concentrations, respectively.

3.4.5. Data Visualization and Statistical Methods

All figures generated in this study were created using Origin v2017 (OriginLab
Corporation), including any statistical works performed. A p-value less than 0.05 was considered

statistically significant. Error bars shown in any graphs represent triplicate experiments (n = 3).
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3.5. Results and Discussion
3.5.1. lon Adsorption Capacity

We first measured the ion adsorption capacity (IAC) of the electrodes as a function of the three
different pretreatments. Across all ions tested (carboxylates and CI°), the PR-E pretreated
electrodes consistently removed the most ions of all the pretreatments (Figure 3.2). IAC then
decreased for the ST-E and CD-E pretreatments. For example, with hexanoate (Figure 3.2 (F)),
the IAC decreased from 0.89 + 0.06 mmol/g-C (PR-E) to 0.21 + 0.00 mmol/g-C (ST-E; ~76%
decrease) and 0.11 + 0.02 mmol/g-C (CD-E; ~87.2% decrease). For the smallest carboxylate
formate (Figure 3.2(B)), the drop in adsorption capacity was smaller but still followed a similar
trend: IAC decreased from 0.49 + 0.07 mmol/g-C (PR-E) to 0.26 + 0.02 mmol/g-C (ST-E;
~46.9% decrease) and 0.19 + 0.03 mmol/g-C (CD-E; ~59.9% decrease) respectively. As
comparison, for CDI treating chloride ions (Figure 3.2(A)), the IAC dropped from 0.46 + 0.02
mmol/g-C for PR-E to 0.27 + 0.00 mmol/g-C (ST-E, ~41.7% decrease) and 0.18 + 0.00 mmol/g-
C (CD-E, ~60.1% decrease); not a significant difference compared to CDI with formate (p >
0.05), which can be attributed to the similarity between the shape/size of chloride and formate

ions.

Among different carboxylate ions and different electrode conditions, CDI with PR-E treating
hexanoate resulted in the most IAC per molar basis (= 0.89 + 0.06 mmol/g-C). For CDI using
PR-E, total IACs from the largest to smallest were: hexanoate, butyrate (0.64 + 0.05 mmol/g-C),
acetate (0.52 + 0.00 mmol/g-C), formate (0.49 + 0.07 mmol/g-C), and chloride (0.46 + 0.02

mmol/g-C). Total IAC of PR-E for hexanoate was calculated to be ~180% larger than for

formate (statistically significant, p<0.05), indicating stronger overall interactions between the
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hexanoate and ACC surface under voltage application than the smaller carboxylates. There is
also a strongly positive linear correlation between carbon number of straight-chain carboxylate
with the adsorption capacity of CDI with PR-E (R? = 0.95, p < 0.05) (See Appendix B.1). On the
other hand, for CDI using ST-E, total IACs among different anions varied differently than of PR-
E. Per molar basis, total IACs for all anions ranged between 0.21 + 0.00 mmol/g-C (for
hexanoate) to 0.26 + 0.02 mmol/g-C (for formate), revealing the difference across anions to be
statistically insignificant (p>0.05) though carbon number versus total IAC showed negative,
strong correlation (R? = 0.99). An opposite trend for total IAC was observed for CDI using CD-
E, with formate had the largest value of IAC among all carboxylate with 0.17 + 0.02 mmol/g-C.

The trend flipped from PR-E, in which the larger carboxylate had smaller 1ACs.

From our capacity results, we observed that pristine electrodes (i.e., PR-E) had greater adsorptive
ability for all anions than previously saturated electrodes (ST-E), and consequently ST-E > CD-
E. This is consistent with previous studies in which ST-E and CD-E contained less adsorption
sites on its surface for the ions to attach. Adsorptive sites for saturated electrodes were expected
to be reduced after physical/chemical adsorption of charged species occupied the previously free
sites [19,20,36]. Meanwhile, for conditioned electrodes, in addition to physical/chemical
adsorption, previous study has found that available adsorption sites were further diminished by
the collapse of structural integrity of electrodes which resulted in the decrease of pores
volume/area [37]. To prove this assumption, we tested our electrodes to measure its pores

volume and area; we further explained the findings in Section 3.5.2.
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Figure 3.2. lon Adsorption Capacity (IAC) of Capacitive Deionization (CDI) cell treating (A)
chloride, (B) formate, (C) acetate, (D) butyrate, (E) hexanoate-containing solution using
Activated Carbon Cloth (ACC) electrodes at three different conditions: pristine electrode (PR-E),
previously saturated (ST-E), and previously conditioned (CD-E). The patterned portion of each
bar graph represents the IAC due to non-electrosorption interactions and the block portion
represents electrosorption capacity. Error bars represent triplicate experiments (n = 3)
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We argued that this discrepancy was rooted in the more pronounced negative impact of
physical/chemical adsorption form larger carboxylate on the availability of adsorption sites for
CDI experiment. Moreover, previous studies for organic ion adsorption found that
physical/chemical adsorption would also change the chemical properties of a carbon surface, of
which may impact the overall ability of CD-E of hexanoate to adsorb more anions under voltage
applications, when compared to CD-E of formate. Performing linear regression on carbon

number of carboxylates with IACs of CD-E resulted in strong negative correlation.

Electrosorption versus Physical-Chemical Adsorption

In this study, we looked at the contribution of these adsorption mechanisms when they
simultaneously take place under voltage applications and how they behaved differently across
different carboxylate (and chloride) ions, as well as different electrode conditions. We calculated
the percentage contribution of electrosorption IAC to the total IAC using Eq.3.3 and as shown in

Figure 3.3.
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Figure 3.3. Percent contribution of ion adsorption capacity (IAC) due to electrosorption over
total IAC for CDI using electrodes at three different conditions treating carboxylate-containing
solutions.

Looking at Figure 3.3, we observed that for CDI using CD-E, the majority of total IAC came
from electrosorptive interactions, particularly for smaller carboxylates such as formate and
acetate, with the electrosorption contribution ratio to be >90%. For CDI treating hexanoate,
however, 30.45% of total IAC came from the non-electrosorption interactions between ion and
ACC electrode, while for butyrate, ~21.04% of total IAC. Conditioning the electrodes was
typically performed to equilibrate the electrodes with numerous charging-discharging sequence
to make sure that the electrode reached its limit cycle and full electrosorption capacity [38,39].

Given the total of 24 hours exposure of feed solution (12-hr saturation and 12-hr conditioning),
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we were expecting that the electrosorption contribution for all anions to be closer to ~100%.
However, our results suggested that for larger carboxylate (butyrate and hexanoate), there were
still physical/chemical electrosorption occurring for CDI using CD-E. We argued that, in
addition to physical/chemical adsorption processes, carboxylate ions could still be retained
through complexation or entrapment even after the electrodes have gone through multiple cycles,
thus facilitating the ion removal by means of non-electrosorptive forces [40]. The electrode
needed to be conditioned for more than 12 cycles would also be a possible explanation. Typically
for CDI with NaCl solution, 5 cycles of 30 min charging — 30 min discharging was enough to
condition the ACC electrodes [39]. However, given that we were dealing with a more complex
ionic species, a prolonged conditioning cycles might have eliminated the non-electrosorption
contribution to overall ion removal. Further research to investigate the effectiveness of electrode

conditioning would be needed to answer this question.

For CDI using PR-E, the majority of ion adsorbed was attributed to the non-electrosorption, with
only 13.16% of hexanoate’s total IAC came from electrosorption, the lowest among all
carboxylate ions (and chloride). At this stage of electrode condition, most of adsorption sites
were still available while the chemical properties of carbon surface were relatively uniform for
all CDIs. The difference in IACs comes from the fact that every anion has different affinity
towards the ACC surface, which in turn affects surface’s adsorptive properties [41]. Polar or
hydrophobic groups on ACC functioned as adsorption sites for physical adsorption which, and
hydrophobicity of larger carboxylate ions played major role in pushing them towards the ACC
more so than inorganic or smaller carboxylate ions. There is also possibility of the impact of pH
on the magnitude of physical adsorption, as different protonated forms of organic acid play a

dominating role in the physical adsorption process [5]. However, given that all the carboxylate
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ions used in this study relatively have the same pKa values for its acid forms (~4 — 5), we

assumed its impact to be negligible.

As for CDI with ST-E, the electrosorption contribution ratios for all ions fall between that of
CDI with PR-E and CD-E. For saturated conditions, most adsorption sites might have been
occupied by physically adsorbed carboxylates, reducing available micropores for EDL
formation. Though total IACs of all anions in CDI with ST-E were significantly indifferent, we
started to notice there was a shift in overall trend regarding the ratio of electrosorption
contribution, in which for CDI treating formate, acetate, and butyrate, electrosorption was more
predominant than non-electrosorption (77.42%, 71.02%, 55.90%). By contrast, hexanoate was

mostly (52.64%) adsorbed by non-electrosorption interaction.

3.5.2. Electrode Properties Characterizations
3.3.1.1.Surface Chemical Charge Concentration (othem)

Figure 3.4.(A-E) shows the micropore chemical charge concentration (ochem) for all electrode
pretreatments and ions used in this study. We report ochem as a total concentration of acidic
groups on the electrode surface as well as the fraction of ochem that is attributed to carboxylic
groups. As can be seen from the Figure 3.4.(A-E), the chemical charge concentration for PR-E
was 1.7 + 6.9 umol/g-ACC for carboxyl and 42.1 + 17.2 umol/g-ACC for total acidic groups.
The concentration of carboxyl groups on PR-E was almost negligible (~4.02 %). The other
acidic functional groups were likely lactones and phenols. For ST-E, we observed that saturation
with butyrate and hexanoate increased the chemical charge concentration to 86.2 + 5.0 umol/g-

ACC for butyrate and 278.4 + 3.7 umol/g-ACC for hexanoate. These values were 2-times and 7-
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times larger than PR-E, respectively. These results showed that the physically/chemically
adsorbed butyrate and hexanoate modified the surface properties of ACC and raised its overall
chemical charge concentration by the end of saturation process. Given that carboxylic groups are
negatively charged, the saturation would result in the ACC surface to be more negative, thus
improving the attractive force for counterions. On the other hand, exposing the ACC to smaller
carboxylate such as acetate did not increase ochem Of carboxyl groups significantly (6.9 £ 0.7
umol/g-ACC) (p-value > 0.05), while the total acidic groups remained relatively unchanged
(41.2 +£ 3.5 umol/g-ACC). Furthermore, in the case of formate, we observed a different trend in
that total acidic groups decreased sharply by almost ~85% to 6.4 + 0.7 umol/g-ACC. As
comparison, we also tested the chemical charge concentration on ACC that went through an acid
treatment process (HNOs, 70%). Treating ACC material with concentrated HNO3 was found to
be effective to affix negatively charged carboxyl groups onto its surface [39]. We found that the
total acidic groups and carboxylic groups of the treated ACC to be 596.2 + 3.0 umol/g-ACC and
234.6 £ 3.5 umol/g-ACC respectively. This finding shows that saturating an ACC with
hexanoate-containing solution could achieve the same objective, albeit smaller in magnitude, as
acid treatment to introduce more chemical charge concentration to carbon surface. We argued
that the ability of butyrate/hexanoate to modify the surface charge concentration of ACC surface
is proportional to the length of hydrocarbon portion of carboxylate ions which defined its
hydrophobic nature. Unlike larger carboxylates, smaller species such as formate and acetate are
not hydrophobic enough to adsorb onto the ACC surface thus increasing the chemical charge
concentration. It is well established that the longer the hydrocarbon chain of carboxylate, the
more hydrophobic the species is, though previous studies have found that there is a limit to the

hydrophobicity of the alkyl chain dissolved in solvent [42]. With regard to the adsorptive ability
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of ACC, the increased concentration of acidic groups on ACC surface could be beneficial for the
removal of cations from bulk solution due to its increased affinity. In the case of removing anion,
however, acidic groups on ACC would reduce the uptake of negatively charged species, ended

up resulting in the decrease of anion adsorption capacity [13].

Figure 3.4. also highlights the difference in chemical charge concentrations of conditioned
electrodes (CD-E) not only versus PR-E but also ST-E. Conditioning the electrode is different
than saturation in which it resulted in the establishment of anode and cathode under voltage
application. Based on our results for butyrate-CDI and hexanoate-CDI, for CD-E, two different
trends were observed with regard to the chemical charge concentration of CD-E, each for anode
and cathode. For CD-anode, ochem Was further increased by conditioning when compared to ST-
E, confirming that the physical/adsorption of carboxylate still took place even after electrode was
saturated. In contrast, for CD-cathode, the ochem dropped back to the level of pristine electrode,
which can be attributed to the repulsion of co-ion of previously adsorbed carboxylate. The
further increase of ochem 0N CD-anode for butyrate and hexanoate worked against the anode in its
ability to remove more anions. Presence of acidic functional groups shifted the anode potential
even less positive and the increase electronegativity on the ACC surface would repel the anion

more.

Another key finding from our measurements of ACC chemical charge concentrations is how we
ended up with negative values of ochem. As explained in Section 2, for an indirect BT method, we
calculated the ochem by using reference samples which excluded sources of error such as the titer
of the reaction bases and HCI solution [25]. Using Equation 3.4-3.5, positive value from the
calculation means that our aliquot samples contained less reaction base due to its reaction with

acidic functional groups from ACC, compared to reference sample (reference = only reaction
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base, no ACC sample). On the other hand, a negative ochem Value from calculation indicated that
our aliguot now contained more basic species than the reference sample. Furthermore, these
added base in the aliquot seemed to be present only in ACC samples saturated or conditioned by
formate and chloride, but not butyrate and hexanoate. Although, looking at pKa for carboxylic
acids, pKa for for formic acid is 3.76, lower than the other three carboxylates (pKa for acetic =

4.72, butyric = 4.82, and hexanoic acid = 4.8).
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Figure 3.4 Surface chemical charge concentration (omin) 0f ACC electrodes used in CDI treating
(A) chloride, (B) formate, (C) acetate, (D) butyrate, (E) hexanoate-containing solution. ACC
electrodes tested were pristine electrode (PR-E), previously saturated (ST-E), and previously
conditioned cathode/anode (CD-Cath, CD-An). The patterned portion of each bar graph
represents concentration of carboxyl groups while the color-block portion represents total acidic
groups on ACC electrodes. Error bars represent the standard deviation of triplicate experiments
(n=3)
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Given that we did not determine the basic functional groups of the ACC, it is rather difficult to
accurately determine what happened to the carbon sample which caused it to contain more bases
than references. However, previous study by Bernal et al., (2018) showed that activated carbon
materials typically have higher total basicity than acidity [43]. When our ACC materials were
flushed with DI water, an increase of pH in the effluent was observed. Such increase was
attributed to the theory that basal planes of carbon (Cx) behaved as a Lewis base against
molecules of H,O, generated hydroxide ions and -C-H3zO" surface groups, thus resulting in

positively charged sites on electrode surface [44,45]. The reaction is shown below:

-Cr(surface) + 2H20 — CraH30" (surface) + OH"

For carboxylate ions with strong affinity towards the surface of ACC such as hexanoate and
butyrate, the positively charged sites from ACC — water interaction were simultaneously
encountered by negatively charged groups introduced by the physical / chemisorption of these
ions. Given that both chloride and formate do not have similar affinity, the saturation of ACC
electrodes with this solution would only increase basicity of the carbon surface, ultimately

resulting in the negative value of chemical charge concentration from Boehm titration.

3.3.1.2.Ep:c Measurement

Since grafting the carbon surface with carboxylic groups is known to positively shift the Ep;c of
carbon electrodes [33,46-48], we determined if adsorption of carboxylates onto our electrodes
was associated with a shift in Epzc. A positive shift of Epzc would decrease of voltage window in
the anode thus resulting in less adsorption of anion [44]. We measured the Ep;c for the PR-E, ST-

E, and CD-E pretreatments using the differential capacitance approach (see Section 3.4.4) in
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electrolytes specific for each ion (e.g., electrode saturated with hexanoate). Our findings are

shown in Figure 3.5(A-B) below.
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Figure 3.5. (A) Potential of Zero Charge (Epzc) of ACC electrodes at different conditions treating
four carboxylate and chloride-containing solutions, and (B) Change in Epzc (AEpc;) of saturated
and conditioned electrodes from its pristine condition. Error bars represent the standard deviation
of triplicate experiments (n = 3)

Figure 3.5(A) showed the Ep;c of each electrode used in this study. For PR-E and ST-E, the Epc
can be categorized into two groups: formate and acetate with Ep,c =-0.1 V, and butyrate and
hexanoate with Epzc = 0 V. However, for CD-E (anode or cathode), all electrodes showed the
same Epzc values, which indicates that once the electrodes were conditioned the Ep;c was
independent to the type of carboxylate ion. The first shift of Ep,c occurred after the electrode was
saturated with carboxylate (increased by +0.1 V, See Figure 3.5(B), however the same trend was
observed for all electrodes, indicating that the shift may not be due to the physical/chemical
adsorption of carboxylate. The shift for CD-Anode for all electrodes, on the other hand, may
indicate the impact of carbon oxidation [46,48] during voltage application. However, the anode

potential reading gave indication that the faradaic reaction of carbon oxidation during charging
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might be limited since the potential distribution for anode (See Figure 3.7) did not result in
overpotential that could theoretically promote carbon oxidation (E° = 0.7 — 0.9 V vs SHE) [49].
pH monitoring (See Appendix B.2) and the fact that the CDI cell was continuously purged with

N2 support the argument that carbon oxidation should be limited.

Previous studies showed that the change in Epzc was typically achieved by significant change in
structural and chemical properties of the ACC [31], and we argued that from our results, the Epzc
shift due to electrode saturation or oxygen-minimized charging process was not signicant and

independent to the types of ions adsorbed on the ACC surface.

3.3.1.3.Pores volume and Pores distribution

Figure 3.6.(A-C) show the pores volume and specific surface area ACC electrodes for CDI. We
investigated the change in total volume and area for CDI treating formate versus hexanoate, with
chloride as inorganic comparison. We determined that pristine ACC 5092-20 used in this study
has large surface areas (DFT-SSA 1658.1 + 21.7 m2/g) and pore volumes (0.80 + 0.02 mL/qg)
with average pore sizes of 0.72; these values are comparable to previous CDI works using the
same electrode materials [50]. Across different anions: both formate and chloride did not show
any significant changes (p > 0.05) in both pores volume and surface area for different electrode
conditions (PR-E, ST-E, and CD-E), indicating that these ions did not physically modify the
structural integrity of ACC electrodes. This result is consistent with previous study which
observed that treatment of activated carbon fibers with acetic acid or 60 min at room temperature
did not change its surface area and micropore volumes [51,52]. In CDI studies, pores volume is
directly proportional to the adsorption capacity of CDI, and given that electrode’s pores for CDI

treating formate and chloride did not significantly change throughout different condition, we can
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infer that any discrepancy between IAC for fomate and chloride might not be due to structural

properties of the ACC.
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Figure 3.6. Pores volume and Specific Surface Area of ACC electrodes at different conditions
used for CDI treating (A) chloride, (B) formate, and (c) hexanoate-containing solution. Bar
charts refer to pores volume, while scattered plots refer to surface area. Error bars represent the
standard deviation of triplicate experiments (n = 3)

On the other hand, our results showed that saturation of ACC with hexanoate significantly

reduced the pores volume as well as surface area, indicated by a 18.5% decrease for pores

volume and 12.3% of surface area in ST-E compared to PR-E. The further decrease was

observed for CD-Anode, which now has 27.4% less pores volume and 20.7% less surface area

—~

Surface Area (m?/gr
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than PR-E. Meanwhile, no significant decrease (p > 0.05) in structural property of CD-Cathode
from ST-E, meaning the saturation of ACC was minimal on CD-Cathode. We argued that this
was a result of co-ion repulsion which blocked the further adsorption of hexanoate onto
negatively charged cathode while the voltage is being applied. In contrast, voltage application

resulted in a positively charged Anode, further attracting hexanoate ion onto its surface.

Previous studies have well-characterized that a decrease in available pores volume would lead to
a lower adsorption capacity [16,33], so we expect CDI treating hexanoate to have a lower

electrosorption-IAC compared to smaller carboxylate ions.

Using the information provided by Autosorb instrument, we further explored the structural
properties of ACC exposed to hexanoate ions. The current established theory for CDI relied on
modified Donnan (mD) potential model to describe the EDL formation on the surface of carbon
materials, in which inorganic ions were assumed to be represented by the spherical shape of its
hydrated form [22,53,54]. However, little is known about larger, more complex species such as
organic ions. In the case of straight-chain aliphatic carboxylate ion like hexanoate in bulk
solution, it has two edges with different properties: one is the charged deprotonated end, and the
other is alkyl hydrocarbon whose hydrophobicity gets more significant as the chain becomes
longer. There is still limited information on the impact of size and shape of the organic ions,
particularly regarding their affinity towards the carbon surface and how exactly they are attached
to the carbon surface. Looking at the information on pore-size distribution of electrode saturated
and conditioned with hexanoate, we observed that the decrease in overall micropores volume
were particularly noticeable for pores with half-pore width of 0.51 — 1.1 nm, meaning the
hexanoate ions predominantly occupied carbon pores on the “larger” size of micropores., and in

turn limiting access for ions to reach the EDL. Given that any pores < 2 nm in width are
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considered micropores and important factor to the formation of EDL [55], presence of hexanoate
on ACC surface decreased the electrosorption capacity. Further studies are needed to confirm
this, but this result could give an educated guess of the size and shape of organic ions like

hexanoate in relation to its interaction with electrode surface.
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Figure 3.7. Histogram of pore size distribution for ACC electrodes at different conditions
treating hexanoate-containing solution.

3.3.2. Applied Voltage Distribution and Electrode Potentials

To further investigate the possible sources of discrepancy in CDI performance treating
carboxylate ions, we measured electrode half-cell potentials by putting in-place Ag/AgCI
reference electrodes in the reservoirs adjacent to anode and cathode. We recorded electrode
potential during the 3-hr charging and 3-hr discharging of CDI experiment for 3 different
electrode conditions, PR-E, ST-E, and CD-E, and presented in Figure 3.8. From all the curves
shown in Figure 3.8, we observed relatively symmetric distributions of applied potential for CDI
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treating formate and acetate (and chloride), but not for butyrate and hexanoate. For PR-E, anode
and cathode potentials were around ~0.06 — 0.12 V prior to CDI experiment for all CDIs.
However, after the 3-hr of cell charging at 1.2 V, the anode potentials of CDI treating different
anions followed a trend, where formate CDI reached a potential of ~0.41 V while butyrate and
hexanoate-CDI hovered around ~0.31 V. Overall, the trend for anode potential is as follows:
chloride-CDI > formate-CDI > acetate-CDI > butyrate-CDI > hexanoate-CDI. This trend is
consistent with the IAC due to electrosorption (Figure 3.2), in which CDI adsorbed formate
(0.21 + 0.00 mmol/g-C) more than hexanoate (0.12 + 0.04 mmol/g-C). The stark differences
were even noticeable for their cathodes, in which the potential for butyrate and hexanoate-CDI
dropped to -0.81 V at the end of charging, significantly more negative than CDI with smaller
ions). It is known that more negative cathode potential would lead to better removal of cation by
the cathode, i.e., higher IAC. However, our results for sodium removal (See Appendix B.3) did
not confirm this argument, as we did not see significant difference between sodium adsorption
for formate-CDI versus hexanoate-CDI (p > 0.05). A possible explanation for this, we argued
that instead of sodium ion, the lower cathode potential in hexanoate-CDI preferably adsorbed H,
and this assumption was supported by the pH reading (See Appendix B.2) which shows that
effluent pH increased to the values larger than 7, indicating the proton adsorption and the release
of OH- ion. We did not observe this pH increase for formate-CDI during charging which is

consistent with previous study [49].
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It is interesting to note such imbalance potential distribution between anode and cathode of
hexanoate-CDI could be traced to the exposure of hexanoate onto the surface of ACC by means
of physical/chemical interaction. Bouhadana et al., (2011) assumed that the asymmetric
distribution of voltage on CDI may indicate possible leakage current due to faradaic side reaction
of electrode oxidation which would primarily occur with minimum O level [56]. However, we
argued that in the case of CDI treating organic ions such as hexanoate, the imbalance might be
the result of the asymmetric conditioning of cathode and anode. Prior to CDI experiment, we
started with pristine electrodes for both electrodes where the electrode potential was identical,
but once the voltage being applied establishing the opposite charge of anode versus cathode, a
negatively charge hexanoate with its affinity towards carbon surface would be
physically/chemically adsorbed onto anode but repulsed by the cathode, resulting in hexanoate-
exposed anode and hexanoate-free cathode. We argued that the presence of carboxylate ions on
anode surface resulted in the applied voltage favoring the cathode because of its less resistance.
Previous study showed that the sorption of oxygen-containing groups such as carboxylic acid can
lead to the increase in electrical resistivity of activated carbon, which can be attributed to the
changes in electron mobility, introduction/removal of electron traps which restricts electron
movement across planar surface, or change in activation energy [57,58]. Consequently, unequal
surface electric fields or different charge density due to asymmetric configurations would induce
the imbalance of potential distribution between the electrodes [31,59]. When the voltage
application stopped and the cells were maintained at OV for discharging step, all electrode
potentials returned to their initial potential, except for hexanoate-CDI where potential for both
electrodes at the end of discharging were lower than prior the charging step, indicating exposure

to hexanoate affected the potential state of the electrode.
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In CDI using ST-E and CD-E, the electrode potentials followed similar trend as in CDI with PR-
E except for several observations. During charging step, anode potential for formate-CDI (using
ST-E and CD-E) reached ~0.40 — 0.43 V while hexanoate-CDI decrease to ~0.21 V for ST-E but
reached similar anode potential of 0.36 V for CD-E as PR-E. Anode potential for hexanoate-CDI
using ST-E was notably lower by 36% when compared to hexanoate-CDI using PR-E. On the
other hand, the cathode potential slightly decreased from -0.81 to -0.88 V. The significant
difference between CDI treating larger carboxylates (i.e., butyrate and hexanoate) versus formate
and acetate was observed from its asymmetric potential distribution which seemed to be
consistent throughout the experiment. One observation regarding the distribution of applied
voltage is how for several CDI system, the summation of measured anode and cathode potential
did not result in 1.2 V. We argued that this voltage drop is typical in CDI setup as previously
observed in several studies. The voltage drop could be associated with the overall cell resistance

which resulted in voltage dissipation [31].

3.6. Conclusion

In this study, we investigated the contribution of electrosorption and non-electrosorption process
of organic species represented by four carboxylate ions, formate (HCOQ), acetate (CH3COQ"),
butyrate (C3H;COO"), and hexanoate (CsH1:COQ"), onto an activated carbon cloth (ACC)
electrodes using electrodes at three different conditions based on their pretreatment process
(pristine electrode (PR-E), saturated electrode (ST-E), and conditioned electrode (CD-E)). We
quantify the ion adsorption capacity (IAC) due to electrosorption and non-electrosorption and

how each component contributed overall. The following points summarize our major findings:
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We found that when PR-E used in CDI experiment, physical/chemical adsorption was the
dominant adsorption mechanism. lons with high affinity towards carbon surface from
physical/chemical attraction standpoint such butyrate and hexanoate relied heavily on
non-electrosorptive force when the adsorption sites were abundant. In contrast, the
percent contribution of electrosorption on total adsorption ion followed the opposite trend
where formate-CDI had the highest ratio (42.3%) among carboxylates and hexanoate was

the lowest (13.16%).

Total-1AC dropped from PR-E to ST-E, and now the difference across different ions were
not significantly different, with values ranging between 0.21 — 0.27 mmol/g-C. However,
there was a dynamic shift in the percent contribution of electrosorption on total-IAC with
CDI using ST-E. ST-E for each ion now had different chemical/physical properties, since
for hexanoate, most adsorption sites were now occupied resulting in the decrease of free
micropores thus limiting the EDL formation. With ST-E, contribution of electrosorption
became more predominant (>50%) for smaller ions since very limited physical/chemical

adsorption occurred (ratio for electrosorption/total IAC = 69.5%).

For CDI with CD-E, the majority of ion removal further shifted towards electrosorption,
with electrosorption capacity contributes more than 90% of total IAC in CDI treating
formate, acetate, and chloride. Physical/chemical adsorption were mostly non-existent for
all ions. Electrosorption capacity is independent to chemical charge concentration, free

micropores, and electrode potential distribution.

Saturating ACC with butyrate and hexanoate ions increased the surface charge
concentration of the ACC electrode in the form of acidic groups by 2-times and 7-times

larger, confirming our assumptions that physical/chemisorption of organic ions may alter
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ACC’s surface chemical properties. The change in charge concentration did not improve

the removal of anion due to co-ion repulsion. .

Epzc measurement for showed that in our CDI types of ions did not significantly impact
the Ep,c shift. Saturating and conditioning the electrodes for all ions resulted in minimum
change in Ep, indicating more impactful treatment such as surface oxidation or acid

treatment is needed to significantly affect Ep;c.

Electrode saturation with hexanoate solution affected the structural properties of ACC,
decreasing the availability of micropores volumes as well as specific surface are by
18.5% and 12.3% respectively. Further decrease was observed for conditioned anode in
which the electrode had 27.4% and 20.7% less pores volume and surface area.
Investigating the change in pore size distribution revealed that physically/chemically
adsorbed hexanoate predominantly filled up the micropores with 0.7 — 1.1 nm half-width

size.
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Chapter 4: Kinetic and thermodynamic modeling of short-chain
carboxylate ions removals in flow-through capacitive deionization
(CDI)

4.1. Abstract

Capacitive deionization (CDI) is an emerging water treatment technology for brackish water
desalination. Applications of CDI have broadened and include contaminant removal and resource
recovery. The previous chapters demonstrated that organic ions (i.e., longer chain carboxylates)
are removed in CDI through electrosorption and non-electrosorption mechanisms when activated
carbon cloth (ACC) electrodes are used. Modeling their removal is challenging because there are
two mechanisms involved. Traditional CDI models have focused on inorganic ion removals that
exhibit little to no non-electrosorption. Those models may therefore not accurately describe ions
removed through non-electrosorptive mechanisms. In this chapter, we looked at two theoretical
approaches to develop a model for the organic ions studied in the prior chapters: (1) Dynamic
Langmuir (DL) for kinetic modeling, and (2) modified Donnan (mD) with fused hard-sphere
equation of state (mD-FHS) for thermodynamic. For DL, we followed an open-source, grey-box
model previously developed to fit our basic experimental parameters and find constants that
translated into ion adsorption capacity (IAC). For mD-FHS, we modified previous mD
mathematical models to incorporate the effect of size and shape from non-spherical charged
species like carboxylates. We verified both models with experimental data obtained from
previous chapters of this dissertation. Our results show that the DL model can estimate
experimental effluent concentration profiles with ~70% fit estimation. Integrating a FHS

component into the mD model resulted in accurate prediction of the electrosorption capacity of
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formate across different electrode conditions. However, the mD-FHS model overestimated the
IAC of hexanoate, the largest of the carboxylates studied. This overestimation was likely due to
using an alkane-based, fused-hard sphere assumption, instead of carboxylate ions, which
eliminated the impact of carboxyl functional groups into the equation. We argued, however,
given the limited information on geometrical shapes of carboxylates as reference, using alkane
substitutes to represents carboxylate ions still provide valuable groundwork for the model
development of CDI treating organic ions. Both models require further validation with
performance data from other studies. The work described here provides a foundation for

modeling ions that exhibit both electrosorptive and non-electrosorptive processes in CDI.

4.2. Significance

This chapter provides a foundation for modeling the removal of organic ions that exhibit both
electrosorptive and non-electrosorptive behavior in CDI. Virtually all prior modeling efforts in
CDI have focused on small, inorganic ions. Many organic ions do not behave the same as
inorganic ions during adsorption processes. Using short-chain carboxylates as model ions, we

developed models that incorporate their unique shapes, sizes, and non-electrosorptive behaviors.

4.3. Introduction
Theoretical simulation of ion adsorption is a powerful tool to understand the process

occurring inside a CDI cell. Previous CDI models have been developed to guide optimal
configurations, operating conditions, and electrode design. Almost all models developed to date

have focused on the removal of small, inorganic ions. Those models have been used to explore
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voltage windows approach, kinetic adsorption isotherms, extended Randal circuits, as well as

electrical double layer (EDL) theory for CDI electrode-electrolyte interfaces [1-10].
Charge storage EDL theory with the modified Donnan model based on Donnan

potential theory was found to accurately predict how many ions can be electrosorbed into
electrode micropores [11-21]. On a microscopic level, the mD model can incorporate variables
that predict electrosorption performance of porous carbon materials (as well as its selectivity)
based on ion valence and size. Suss et al. [22] recently improved the predictive capability of the
mD model by including ion volume exclusion interactions in the description of micropore which
explained the selectivity between counterions as well as co-ion. Guyes et al. (2019) [23]
incorporated chemical charge concentration in their mD model which led to an enhanced size-

based selectivity.

Kinetic transport models including Langmuir adsorption isotherms and pseudo-first order
kinetics have been used to fit experimental data and explain the adsorption / desorption of
different ions. The Langmuir isotherm was found to describe the experimental data better than
Freundlich isotherm with regards to electrosorption processes [8], even when the model was used
to study the selective adsorption of ions with different charges in solution [24]. A disadvantage
of the Langmuir isotherm model is that it does not include system properties, such as charge
storage, that can affect adsorption sites on an electrode’s surface [2]. Nordstrand et al. [3,8]
established an extended version of the Langmuir isotherm called the dynamic Langmuir (DL),
which introduces electrode charge into the classical Langmuir model. Through validation with
previous experimental CDI performance data, the DL was found to accurately predict CDI
performance over a range of relevant parameters while taking into account the effects of co-ion

repulsion, asymmetric electrodes, and/or voltage dependence [25]. Similar to the mD model
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described above, the DL model has focused on small, inorganic ions. It is unclear if removal of
ions that exhibit both electrosorptive and non-electrosorptive behavior in CDI can be accurately

captured in the DL model.

Our objective was to explore how well existing thermodynamic and kinetic models
describe the removal of organic ions that exhibit both electrosorptive and non-electrosorptive
behaviors. For thermodynamics, we used the mD model, and for kinetics, we used the DL. For
mD, we started with a proven model used in previous studies to understand the electrosorption
process of organic ions. We used an open-source, previously developed DL model and verified it
with our organic ion removal data. Since the majority of EDL models for CDI were developed
for typical small, inorganic ions that have an assumed spherical shape, we updated the mD model
to account for the unique physical properties of our model carboxylates by including a shape
factor. We tested both models by experimental verification from data obtained in previous

chapters and validated them with data from other experiments.

4.4. Theory
4.4.1. Kinetic Modeling: Dynamic Langmuir (DL)

Dynamic Langmuir is the extended version of Langmuir isotherm which was developed
by Nordstrand & Dutta [2,3] for CDI removing small inorganic ions. It utilizes the theory that
adsorption is dependent on the number of available sites on the electrode surface as well as its
tendency to facilitate simultaneous adsorption and desorption process due to electrostatic
interaction between charged surface and counterions as well as co-ion repulsions, which in turn

determines the equilibrium [2].
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Langmuir adsorption Kinetics describes the adsorption process for charged species onto
the surface of carbon electrodes with the concentration control equation and the boundary

conditions of solid-liquid interfaces as follows [3,8,26]:

d
d—‘z = RygsCGm = @) = Kaos Qe e e (4.1)

Where q (mol) is the amount of ion adsorbed at time t, gm (mol) is the amount adsorbed at

equilibrium, Kads (1/M.s) and Kqes (1/s) are the adsorption and desorption rate constants

respectively, and C (mol/L) is the bulk concentration of the ion in solution.

In a system involving charged species like CDI, q is replaced with the concentration of
only the charged species in solution (o) leading to the following expression for the

adsorption/desorption process:

doggs

dt = kadSO'(S - Gads) - kdesaads .................................................................. (42)

o (mol/L) is defined as the product of ion concentration in the bulk, C (mol/L), times the ion
valence (z; e.g., 1 for CI). The number of voltage-induced electrosorptive sites, S (unitless),
which represent stored electronic charge, are introduced into the equation and assumed to be
proportional to the applied voltage. When a voltage is applied, opposite charges between the
electrode surface and counter-ions results in attraction while co-ions are repulsed. The DL model
assumes two key mechanisms which lead to co-ion repulsion: 1) presence of co-ions too close to
the electrode surface reduces the available sites for counter-ion adsorption, which contributes to
the blockage proportional to the initial concentration in bulk (defined as B1Co, where By is a
constant), and 2) the presence of charged functional groups on the electrode surface reduces the
charge storage capacity since they will be neutralized by ions in the solutions even without

voltage application (defined as Bo, a constant, and equal to the chemical charge concentration of
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the electrode surface, i.e., ocnem). Including these repulsion terms into Eq. 4.2 and that o= C.z
with z =1 (i.e., monovalent ions) yields equation 4.3:

dCads

T = kadsC(S - ﬁO - ﬁlCo - Cads) - kdesCads .............................................. (43)

Assuming the variation in concentration inside the cell during CDI operation is negligible (i.e., C

= influent concentration = C,), Eq.4.3 becomes:

dCads
d—td = (kads(s - ,BO)CO - kadsﬁlcoz) - (kadscoz + kdes)Cads = Ka - Kbcads ------------ (4-4)

Where Ka (M/s) and -Kp (1/s) are the two fitting parameters for the DL model representing the

intercept (c) and slope (m) from y = mx + ¢, where y = dCags/dt and X = Cags. .

Using equation 4.4, we can then determine the effluent concentration of a CDI cell at any given

time using the following mass balance equation (Nordstrand et al., 2019):

dCeff _ dCqgs Q
dc dt + Veell (CO C)

Where Q (mL/min) is the volumetric flow rate and vcen (mL) is the working volume inside the
CDiI cell. In this study, both Ka and Ky, were obtained by fitting experimental data using Eq. 4.4
and Eq. 4.5 together. Fitting was done using the experimentally obtained effluent concentration
profiles for each organic ion and was assisted by a publically available program run on

MATLAB (the open-source codes are included in the Appendix C.1).

At equilibrium when no more ions are being adsorbed, dCags/dt = 0, we can calculate the
concentration of ions adsorbed as Cads = Ka/Kp. Using this value, we can calculate ion adsoption
capacity (IAC) using the following equation:

VeelMW

TAC (Mmool /g — €) = — e (4.6)
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Where veen (L) is the working volume of the cell, MW (g/mol) is the molecular weight of the salt,

and me (Q) is the total mass of electrodes used.

4.4.2. Thermodynamic Modeling: modified Donnan (mD)

There are several models in the literature focused on electrosorption in micropores with
overlapped EDLs. We selected the modified Donnan (mD) model because it has been shown to
accurately predict the electrosorption performance of inorganic ions in CDI. We only focused on
formate and hexanoate because we wanted two ions that exhibit dramatic differences in non-
electrosorptive behavior. Based on our experimental results in Chapter 3, hexanoate showed
greater non-electrosorptive removal than formate. All parameters needed to predict CDI
performance using the mD model come from Chapter 3. We assumed the CDI cell and electrode
design were identical to our experimental cell in Chapter 3. In all cases, a 1:1 salt solution with
counterions of equal but opposite valence [i.e., one cation (Na*) and one anion (carboxylates)]
was used. Monovalent salt solutions were selected so we can focus primarily on the effect of ion

size.

According to the mD model, at equilibrium the relationship between ion concentration in

the micropores and macropores of the electrodes can be described as [22,23]:

I A i A DS = 0. 4.7

i
Cma,i,j d

Where cmi,ij (Mol/L) is the concentration of ion i in the micropores of electrode j, while Cmajij IS
the concentration of ion i in the macropores of electrode j (assumed to be equal to the ion
concentration in bulk solution), z; is the valence of ion i (zc = —za = 1), A¢p,j is the
nondimensional Donnan drop between micropores and micropores, and Az ™ (mM) is the
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excess chemical potential (i.e., the difference in concentration) of ion i between micropores and
macropores of electrode j. Subscript i = cation (c) or anion (a), and subscript j = cathode (C) or

anode (A).

In this study we will employ a new approach to calculate Az ;. Previous studies have
used the Boublik-Mansoori-Carnahan-Starling-Leland (BMCSL) equation-of-state (EoS) to
determine the excess chemical potential based on ion size and volume. Instead of treating the ion
as a hard sphere, which is valid for small, inorganic ions like CI", we treated the organic ions as

fused-hard spheres (FHS) EoS, which resemble dumbbell-like structures (Figure 4.1).

» o

Chloride

4

Methane

5

Hexane

Figure 4.1. 3D structures of methane and hexane represent formate and hexanoate shape and size
for mD model in this study. A spherical chloride ion is included and sized accordingly for
comparison.

This assumption better represents the actual 3D structure of the carboxylate ions in water. The

FHS equation is given by [27]:

Apg*
kT

(pV;+rS;+sR;) [TSVi"'(SZRiZ"'ZqSSz)(%_%)] n qs%(8-y)Vv; (4 8)

=—In(1-y)+ (1-y) 9(1-y)2 27(1-y)3

Where Az is the excess chemical potential, k is the Boltzmann constant (J.K1), T is the

3
temperature (K), y is the packing fraction (y = %, where d is particle diameter), R;, Si, Vi are
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the geometric functionals (mean radius, surface area, and volume) of ion i, p is the number

density, r,s,q,v are functionals of a mixture defined as:

T D X R e 4.9)
G = D Y X Ry L (4.10)
S D X Sttt 4.11)
U = D X Ve (4.12)

Where X is the concentration of ion i (mol/L). Regarding the geometric functionals of the
carboxylates, an extensive investigation of molecular physics would be necessary and is better
suited for a separate study. For our study, we used published information relating to the equation
of state of alkanes, which are similar chained hydrocarbon molecules as the carboxylates tested
in this study. For simplification, we assumed the geometric functionals of both formate and
hexanoate of our carboxylates could be represented by methane and hexane respectively. One
limitation of this assumption is that it disregards the presence of the carboxyl group of the ions.
The information for the geometric functionals of alkanes were obtain from a study by Jirsak &

Boublik (2004) [28].

The final parameter from Eq.4.6. that needs to be defined is Agp,j. According to Donnan
theory, the potential drop between electrode and bulk solution is equal to the sum of the Donnan

and Stern potentials of the surface EDL, as given by:
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Where ¢ is the electrode potential, which is determined by the applied voltage. ¢naj is the
potential of the macropore and assumed to be zero [22]. Agst,j is the potential drop across the

Stern layer, and is given by [23]:
F
Ad)st,j = - m (O-l'onic,j + O-Chem,j) ................................................................. (414)

Where Cst is the Stern layer capacitance, F is the Faraday constant, and Vr is thermal voltage
(i.e., the voltage due to the action of temperature, defined as Vr = RT/F, where T is the

temperature and R is the ideal gas constant).

We define a balance between different types of charge concentration (mM) in the

electrode micropores according to the following equation [22,23]:

Gelec,j + Uionic,j + Gchem,j 0 (415)

Where celecj IS the electric charge concentration at electrode j, which is defined based on the total

system charge according to:
mAvmi,AO-eleC'A + mcvmilco-elec,c = 0 ................................................................ (416)

Where ma and mc (g) are the mass of anode and cathode respectively, vmi,a and vmic (mL) are the

total micropores volume of anode and cathode.
oionic,j 1S the ionic charge concentration at electrode j and is given by:

Uionic,j = Cmi,c - le"a .................................................................................. (417)

Where cmia and cmic are the total ion concentrations inside the micropores of anode and cathode

respectively.
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Lastly, ochemj IS the chemical charge concentration at electrode j, which is defined as the
net charge concentration of every charge group (both positive and negative) in the electrode
surface. ochemj depends on the local pH of the electrode surface. It changes dynamically during
voltage application. To simplify the model and focus on the size and shape of ions, we assumed

that ochem,j IS CcONstant over time.

In a two-electrode system, the applied voltage ¢ is distributed between the two electrodes
via:
¢_¢A+¢C:0 ....................................................................................... (418)

Egs. 4.6 — 4.17 can be solved simultaneously for the equilibrium ion micropore concentrations of
at the anode and cathode at given applied potential (See Appendix C.2 for its MATLAB source
code). lon adsorption capacity (IAC) for single-pass charging was calculated from the following

equation [23]:

1

IAC = gvmim(cgu',i,c - er:li,i,c + Cmiia — ¢l ; (4.19)
4.5. Results and Discussions

4.5.1. Dynamic Langmuir (DL) model

4.5.1.1. Model Fitting

We first fitted the DL model with experimental data on NaCl removal in our CDI cell
from Chapter 3 (Figure 4.2). We did this first because the DL model was originally developed
for small, inorganic ions such as Na* and CI" that exhibit little to no non-electrosorptive

behavior. three different conditions: pristine (PR-E), saturated (ST-E), and conditioned (CD-E).
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Figure 4.2. Dynamic Langmuir (DL) model fitting to concentration profiles during charging and
discharging step of CDI experiment using NaCl at three different conditions: (A) pristine (PR-E),
(B) saturated (ST-E), and (C) conditioned (CD-E).

Overall, the DL model agreed well with the NaCl effluent concentration profiles. The fit
to estimation values ranged from 53.6 to 70.6% (fit to estimation data represents the measure of
how well the response of the model fits the estimation data as calculated from simulation,
calculated as percentage = 100*[1-NRMSE], where NRMSE = Normalized Root Mean Squared
Error). The lowest effluent concentration reached during the charging step from the fitting agreed
well with experimental data. On the other hand, the peak concentrations at the discharging step
did not align well, indicating the model slightly overestimated the desorption of NaCl in PR-E
while underestimated it in ST-E and CD-E. These disagreements can be traced back to the

109



development of the DL model. The model follows reversible adsorption-desorption cycles, in
which all ions being adsorbed during adsorption will be released during desorption. Based on the
DL model fitting, we obtained values for Ka and Ky which represent the fitting parameters and
can be later used to calculate equilibrium adsorption capacity (Eq. 4.6). Ka for NaCl was 0.140
mM/s for PR-E, 0.008 mM/s for ST-E, and 0.006 mM/s for CD-E. This decrease was likely due
to differences in availability of pores resulting from the pretreatments. PR-E likely had the
highest volume of available pores for adsorption during the CDI phase of the tests when
compared to ST-E and CD-E since most of its micropores were still unaffected by electrode-
electrolyte interaction or voltage application, which were confirmed by results in Chapter 3. On

the other hand, Kb for CDI with NaCl is 0.026/s for PR-E, and 0.001/s for both ST-E and CD-E.

Results from the modeling with dynamic Langmuir also showed good agreement with
experimental data for CDI treating carboxylate-containing solution. From Figure 4.3 and Figure
4.4, we observed similar effectiveness of the fit to model the effluent concentration of CDI
treating NaHCOO and NaCH3COO solutions compared to CDI with NaCl. The fit to estimation
data ranged from 40.1 to 70.9% formate and 37.1 — 73.7% for acetate, with CDI using PR-E as
the lowest fit to estimation data for both solutions. We observed this low fitness for PR-E to be
consistent across different carboxylate ions (and chloride), hinting the possibility of DL model
might not be consistent to represent any breakthrough-type of adsorption experiments. The fitted
desorption peak for ST-E and CD-E underestimated the experimental data but overestimated the
CDI using PR-E, a similarly observed in CDI with NaCl. Still, there is an overall good
agreement visually between the model and experiment. We also obtained the values for K for
CDI treating NaHCOO: 0.068 mM/s for PR-E, 0.005 mM/s for ST-E, and 0.008 mM/s for CD-E,

for for NaCH3COO: 0.054 mM/s PR-E, 0.005 mM/s ST-E, and 0.006 mM/s for CD-E.
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Meanwhile, Ky for NaHCOO is 0.011/s for PR-E, and 0.001/s for both ST-E and CD-E, while Ky

for NaCH3COO was 0.008/s for PR-E, and 0.001/s for both ST-E and CD-E.
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Figure 4.3. Dynamic Langmuir (DL) models were fitted to concentration profile during charging
and discharging step of CDI experiment treating NaHCOO using electrodes at three different
conditions: (A) pristine (PR-E), (B) saturated (ST-E), and (C) conditioned (CD-E).
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Figure 4.4. Dynamic Langmuir (DL) models were fitted to concentration profile during charging
and discharging step of CDI experiment treating NaCH3COO using electrodes at three different
conditions: (A) pristine (PR-E), (B) saturated (ST-E), and (C) conditioned (CD-E).
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Figure 4.5. Dynamic Langmuir (DL) models were fitted to concentration profile during charging
and discharging step of CDI experiment treating NaCsH7COO using electrodes at three different
conditions: (A) pristine (PR-E), (B) saturated (ST-E), and (C) conditioned (CD-E).

Lastly, Figure 4.5 and Figure 4.6 showed the fitting results for CDI treating butyrate-
and hexanoate-containing solutions. Once again, DL model closely predicted the effluent
concentration profile for the CDI using ST-E and CD-E electrodes for both larger carboxylates.
For CDI using PR-E however, the model fit to estimation data is only 32% for NaCsH1:COO and
35% for NaC3H-;COO. Still, there is an overall relatively good agreement visually between the
model and experiment, even for larger carboxylates. We obtained the values for K, for CDI
treating NaCzH;COO: 0.088 mM/s for PR-E, 0.007 mM/s for ST-E, and 0.008 mM/s for CD-E;
while for NaCsH1:COO: 0.047 mM/s for PR-E, 0.005 mM/s for ST-E, 0.003 for CD-E. For
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desorption parameters, Ky for CDI treating butyrate ranged from 0.002/s for CD-E to 0.018/s for
PR-E; and Ky for CDI with hexanoate solution ranged from 0.001/s for CD-E and ST-E to

0.008/s for PR-E.
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Figure 4.6. Dynamic Langmuir (DL) models were fitted to concentration profile during charging
and discharging step of CDI experiment treating NaCsH1:COO using electrodes at three different
conditions: (A) pristine (PR-E), (B) saturated (ST-E), and (C) conditioned (CD-E).

4.5.1.2.1on Adsorption Capacity (IAC)

With the adsorption parameters from fitting the DL model to our experimental data (i.e.,

Ka and Ky as shown in Table 4.1) we could then calculate equilibrium IACs using Eq. 4.6.
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Table 4.1. Fitting parameters of the Dynamic Langmuir model obtained using experimental data

from Chapter 3

Next, we compared the IAC values calculated from the fitting parameters with the

experimental 1ACs using a parity plot (Figure 4.7), first with total-1ACs. As previously

Treatment Feed Solution Ka (mM/s) Kb (1/s)
NaCl 0.1403 0.0258
.. NaHCOO 0.0676 0.0106
Pristine NaCH3COO 0.0538 0.0084

Electrode a ' '
NaCsH;COO 0.0884 0.0185
NaCsH11COO 0.0472 0.0076
NaCl 0.0080 0.0009
Saturated NaHCOO 0.0053 0.0008
NaCH3COO 0.0046 0.0006

Electrode

NaC3H;COO 0.0069 0.0017
NaCsH11COO 0.0046 0.0009
NaCl 0.0063 0.0009
Conditioned NaHCOO 0.0081 0.0012
Electrode NaCH3COO 0.0060 0.0010
NaC3H;COO 0.0078 0.0016
NaCsH11COO 0.0032 0.0008

mentioned in Chapter 3, total-1AC consists of all adsorption mechanisms that removed ions from

bulk solutions during CDI charging step. Based on parity plot of modeled IAC with total-IAC

(Figure 4.7A), modeled IACs underestimated the experimental total IACs, particularly for the

PR-E, and to lesser extent, ST-E. For the PR-E pretreatment, the experimental IACs were almost

three times larger than the model-fitted 1ACs, indicating our model failed to accurately estimate

the actual CDI performance using pristine electrodes, regardless of the types of ions. This
difference was one and a half times for the ST-E pretreatment. Only CD-E showed a 1:1 ratio
between experimental IACs and modeled IACs. The coefficients of determination (R?) from

linear regression of the ST-E and CD-E pretreatments were both around 0.99 and significant
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(p<0.05), indicating strong linear relationships between experimental total-1AC and the modeled

IACs. For PR-E, R2 was 0.02, showing that there was no linear relationship. We can infer from

this plot that DL model does not work in predicting the performance of CDI using PR-E in

treating carboxylate and chloride ions and will require further modification.

Next, we compared the modeled 1ACs to the experimental elec-1AC values (Figure

4.7B). Elec-1AC is ion adsorption capacity due to electrosorption only. As shown in the parity

plot, the points aligned much better with the 1:1 ratio line, indicating that the modeled values

agreed well with the experimental values for elec-1IAC. The R? value for ions across all

pretreatments showed a strong and significant correlation (R? = 0.967, p<0.05), indicating that

the fitted parameters from DL model accurately predicts the actual electrosorbed fraction of ions.
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Figure 4.7. Parity plot between modeled and observed ion adsorption capacity (IAC) for all
scenarios from experimental data where (A) is for total IAC and (B) for electrosorption IAC. The
different shades of green indicate different electrode conditions (PR-E, ST-E, CD-E). The dashed
gray line represents a 1:1 relationship while the dashed red line shows the linear regression

betwee

n the experimental and model data.
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Looking at our results comparing calculated IAC from model to total-IAC and elec-1AC,
we can infer that the DL model can be used to accurately describe the electrosorbed fraction of
ions but not necessarily capture the non-electrosorptive ion removal mechanisms. Although the
DL model incorporates charge-induced adsorption and that the fitting is generated from
experimental data, we argue that there are underlying assumptions in the model which limited its
ability to accurately predict total-1AC.

Particularly for how significant the difference between total-IAC to modeled IAC in the
case of CDI with PR-E, we first tried to look more into how we calculate total-IAC. One
argument is that total-1AC calculated might also consist of non-sorptive interactions which
technically removed ions from its bulk phase but not necessarily by sorption mechanisms; we
argued there could be a contribution of pore filling by the ions included in the total-IAC values.
To confirm this, we revisited Chapter 3 and calculated how much ions that could be filling the
pores of electrode but not necessarily being adsorbed. From Chapter 3 results, we know that the
pristine ACC electrode has an average of pores volume of 0.80 + 0.02 mL/g. Taking chloride ion
as an example, we calculated the volume of hydrated chloride using radius of 0.32 nm to be
0.151 nm? (or 1.51x1022 mL). This means one pristine electrode could be filled by 8.83 mmol of
Cl/g-electrode mass, further showing that the non-electrosorption result for chloride could be a
result of pore-filling and not a sorptive interaction.

Another source of explanation for the discrepancy in modeled-1AC and experimental
total-1AC for PR-E may be associated with how the simulation being run with the model. In the
current DL model, multi-iterations were done to find the optimum fitting parameters (i.e., Ka and
Kb) applicable to all steps, meaning one value of Ka and K, for both charging and discharging.

This assumption would work fine for a system where reversible adsorption-desorption is
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observed, such as that of CDI with CDI-E. However, in the case of PR-E, our results showed that
ions removed during charging were actually larger in quantities than the ions being released back
during the discharging, meaning Ka and Ky, values will be compromised to satisfy both steps. A
new strategy to find fitting parameters separately for charging and discharging would be an
option to develop a more accurate DL model.

In a previous study, Nordtstrand & Dutta [2] has stated that the DL model they have
developed is best suited for initial ion concentrations in the middle of the 8.5 — 170 mM range.
Outside of that range, impacts such as diffusion limitation for low influent concentration and ion
volume exclusion effects in the case of high influent concentrations could cause ion removal to
deviate from DL model assumptions. It is possible that the ion concentrations of 5 mM that we
used in this study may be out of range to be accurately modeled by the DL model. Tests at higher
concentrations and within the range reported are needed to validate this hypothesis. Another
possible explanation is DL model does not consider chemical reactions and faradaic effects [3].
Meanwhile from our results, parasitic reactions indeed occurred, as shown by the leakage current
during the charging process (See Chapter 3 results). We believe further modification to the
model is needed to improve the accuracy of DL in verifying the actual performance of CDI

treating organics, where multiple adsorption mechanisms could occur simultaneously.

4.5.1.3.Ka and Kb
As previously defined above, Ka and Ky are the fitting parameters obtained when we fit
the experimental data of concentrations profile using two equations: Eq. 4.4 and Eq. 4.5. These

two fitting parameters are defined with the following equations:

Ky = Kaas(S = Bo)Co = KaasBiCoZ e e, (4.20)



Kb = kadSCOZ + kdes .................................................................................. (421)

According to Eq.4.4, when the system at equilibrium (meaning no ions being adsorbed and
desorbed any further, dCags/dt = 0), we can use the values of K, and Ky, to calculate the

concentration of ions adsorbed (Cags) with the equation:

From the above relationship we know that adsorption of ion at equilibrium, Cags, is determined
by Ka and Ky values. In this study, we focused on K, and what parameters could influence its

values according to Eg. 4.20:
1. Voltage-induced electrosorptive sites, S

Voltage application (E) is a critical operational parameter for CDI process since it is the
driving force for carbon electrode to form EDL and electrosorb ions. In DL model, how much
voltage being applied onto CDI determines the number of voltage-induced sites, S, which in turn
determines the ion adsorption capacity [3]. This assumption, however, is applicable when charge
efficiency is high enough to ensure proportionality relationship between voltage (E) and voltage-
induced sites (S). Looking at the DL model development, if we assumed that E ~ Sand S ~ K,
any increase or decrease in E would be proportional to Ka. Consequently, assuming Ky is

constant, higher Ka would result in higher Cags.

Knowing that Ka depends on the voltage application (E), we can develop prediction for
CDI performances over varying potentials to provide preliminary guidance of how our CDI
treating carboxylate-solution would perform. Here we chose 3 different applied voltages: 0.8,
1.2, and 1.6 V. Using K, obtained from experiment for E = 1.2V, we can calculate K, for E = 0.8
V and 1.6 V using the following equation:
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_E

Kaz = 52 Katreveoreie (4.23)

The summary of K, for each carboxylate ions at different voltage values are presented in the
table below:

Table 4.2. K, values for predicted CDI treating different organic ions at different voltage
applications (E)

Ka (MMY/s)
E (V)
NaHCOO NaCHsCOO NaC3H;COO NaCsH11COO
0.8 0.0054 0.0040 0.0052 0.0021
1.2 0.0081 0.0060 0.0078 0.0032
1.6 0.0108 0.0080 0.0104 0.0043

We can use the above K, values (together with Ky, assumed to be constant across
different voltages) as fitting parameters to simulate the effluent concentration profile and
estimate Cags Of CDI at different voltage applications. Figure 4.8(A-D) showed the variability of
the dynamic effluent concentration over time during charging-discharging steps in CDI treating
carboxylate-containing solutions at different K, values as determined by voltage application. The
predicted IACs were inserted into respective figures to show the expected performance of CDI

over variation in potential.
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Figure 4.8. Predicted effluent concentration dynamic over time during charging — discharging
step of CDI experiment treating: (A) NaHCOO, (B) NaCH3COO, (C) NaCzH;COO, (D)
NaCsH1:COO, using conditioned electrodes (CD-E) at different voltage application. Fitting
parameters include Ky obtained from experiment and K, calculated based on proportionality

2. Blockage sites due to presence of charged functional group, f

In CDI, chemical charge concentration, ochem, ON an electrode is directly associated with
the charged functional groups in the micropores [23]. Depending on the objective of CDI,
presence of charged functional groups on the electrode surface can be a positive or negative
contributor to the overall performance of ion adsorption. In the case of anode to remove anions,
presence of negatively charged functional groups would result in anion repulsion, eventually

decrease adsorption capacity, while positively charged functional groups would enhance the
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anion adsorption. For typical AC electrodes, the net micropore chemical charge is assumed to be
zero, meaning the charge is balanced between positively and negatively charged functional

groups.

In DL model specifically, f is associated with the presence of charged functional groups
that could be neutralized by the ions from solution when there is no voltage, resulting in
“blocked” sites for supposedly electrosorption once the voltage being applied (fo ~ ochem). This
means the more charged functional groups presence, the less voltage-induced adsorptive sites, S,

will be available for electrosorption, ultimately decreasing Ka.

Knowing that the Ka is affected by charged functional groups, we can make prediction
for CDI performances over varying chemical charge concentrations. Here we chose 3 different
chemical charge concentrations of electrode (ochem): 0, -0.25, and 0.50 mmol to simulate.
Negative values for ochem indicating the predominant presence of negatively charged functional
groups (e.g., carboxyls, phenols, etc) which would lead to anion (i.e., carboxylates) repulsion.
Now, to calculate the magnitude of impact from negatively charged functional group, we
proposed the following approach: assuming that for electrode without surface charge functional
group (e.g., typical untreated electrodes), the voltage-induced sorptive sites, S, would be 100%
available. For electrode with certain chemical charge concentration, we can calculate its impact
on S by assuming that the mass of surface functional groups would cover some sorptive sites thus

reducing the number of S:

Sechem = So (1 - M) ........................................................................ (4.24)

Melec

SO’C em
Ko ochem = S’; K 0 e, (4.25)
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Where Sp is the voltage-induced sorptive sites at 100% (i.e., neutral net surface
charge), Sochem IS the voltage-induced sorptive sites of electrode with negative net surface
charge, MWcoo (gr/mol) is the molecular weight of carboxyl functional groups, and mejec
(9) is the mass of 1 electrode (here equal to 0.1 g). Summary of K, for each carboxylate

ions at different chemical charge concentration of the electrode are presented below:

Table 4.3. K, values for predicted CDI treating different organic ions from different chemical
charge concentration (ochem) Of the electrode

Othem Ka (MM/s)

(mM) NaHCOO NaCHsCOO NaCsH7;COO NaCsHuCOO
0 0.0081 0.0060 0.0078 0.0032

-0.25 0.0072 0.0053 0.0069 0.0028

-0.50  0.0063 0.0047 0.0061 0.0025

We then use the above Ka values as fitting parameter to simulate the effluent concentration
profile and estimate Cags of CDI at different ochem of electrode, resulting in Figures 4.9(A-D)

below.
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Figure 4.9. Predicted effluent concentration dynamic over time during charging — discharging
step of CDI experiment treating: (A) NaHCOO, (B) NaCH3sCOO, (C) NaCzH;COO, (D)
NaCsH1:COQ, using conditioned electrodes (CD-E) at different chemical charge concentration
(oehem) Of the electrode. Prediction curves were generated using the Ka and Ky parameters
obtained from model fitting of experimental data at 1.2 V.

3. Blockage due to the presence of co-ions, £1Co

Another mechanism that leads to the decrease of voltage induced adsorptive sites
according to DL model is co-ion expulsion by the electrode surface [2,29]. Nordstrand argued
that the presence of co-ions close to the electrode wall might work against the objective of CDI
in adsorbing targeted counter-ions since the adsorptive sites now being occupied to repel the co-
ions, instead of attracting counter-ions into its pore. The presence of co-ions will contribute to
the blockage of sites and are proportional to the initial concentration of ions, Co. The more co-
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ions presence in the bulk initially, the more blockages are expected to occur, eventually leading
to the decrease of voltage induced electrosorptive sites, S. Therefore, in order to maximize the

ion adsorption, we would want to choose a lower concentration of ions in the bulk.

However, it is rather difficult to evaluate the performance of overall CDI and make a
predictive output just by looking what initial ion concentration would do to Ka. Based on DL
model, increase in Co would reduce the Ka by means of increasing co-ion repulsion. However,
from operational CDI standpoint, increasing Co solution concentration would also improve the
solution conductivity thus minimizing parasitic reactions. We argued there are contradicting
impact of Co onto the overall performance of CDI and making performance prediction would
need to consider more factors than just proportionality of the fitting parameter Ka. Further study

pertaining to this discussion would be needed.

4.5.1.4.Dynamic Langmuir model validation

The next step towards the development of DL model for CDI treating organic ions is the
model validation using different sets of experimental data. Unfortunately, reports on CDI system
treating carboxylate ions are very limited and irrelevant for the use to validate the DL model.
Therefore, in this chapter, we used data from our own previous experiments for CDI treating 3
different carboxylate-solutions: NaHCOO, NaCH3zCOO, and NaC3H7COO. These experiments
were conducted using the same setup for our CDI with CD-E in this study with notable
differences: 1) each charging and discharging step were done in 30 minutes period instead of 3
hours, 2) C, for solution was 10 mM instead of 5 mM, and 3) flow rate used was 2 mL/min
instead of 3 mL/min. We only input these relevant parameters into our model and did not

consider other operational parameters. We fitted the data using the same DL model approach and
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generate the concentration profile for each CDI system in Figure 4.10(A-C), highlighting the

results from experiment and fitted curve.
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Figure 4.10. DL model validation using dataset from different experiment setup of CDI treating
carboxylate ions showed good agreement between the model and actual observation of the
effluent concentration profile over charging and discharging steps. Prediction curves were
generated using the Ka and Ky, parameters obtained from model fitting of experimental data at 1.2

V.

As Figure 4.10(A-C) shows, DL model can estimate the performance of another CDI

system treating carboxylate ions well with fit to estimation data falls within 65-75% range. These

results showed that DL model can accurately model the actual performance of CDI with

carboxylate ions, assuming CD-E is used as the electrode condition. Using fitting parameters (Ka

and Ky) obtained from the simulation, we can also calculate the expected IAC for the datasets:
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43.3 umol/g-C for formate, 32.2 umol/g-C for acetate, and 23.1 umol/g-C for butyrate. The
model predicted the IAC to be within ~15% of that actual IAC for all three carboxylates,

indicating a good agreement between model and experiment.

4.5.1.5. Proposed modification to Dynamic Langmuir model simulation approach

Using current DL model as developed by Nordstrand & Dutta [2,4-6], we found that
though DL model can fit the experimental results of CDI using CD-E well, but it still has
limitations when dealing with PR-E and to a lesser extent, ST-E electrode conditions,
particularly in estimating the performance of CDI, i.e., the adsorption capacity. We argued that
with CDI using PR-E and ST-E, multiple adsorption processes occur simultaneously: reversible
electrosorption and irreversible non-electrosorption. Previously non-electrosorbed ions were
assumed to remain in the electrode even after the cell was short-circuited, resulting in
asymmetrical adsorption-desorption cycle. MATLAB simulation using DL model, on the other
hand, was executed to find the Ka and Ky which best fit both adsorption and desorption, resulted
in parameter values as shown in Table 4.1. This approach would did not work, given that in CDI
system using PR-E, where irreversible non-electrosorption happened predominantly, the
assumption of symmetrical adsorption-desorption would result in biased Ka and Ky values
applicable for both steps. This is further confirmed by how well the DL model fitted CD-E data,
given at this electrode condition, reversible electrosorption was the only sorption mechanism.
Given original DL model developed by Nordstrand [1] assuming that all previously adsorbed
ions during charging process will eventually desorb during discharging process (i.e.,

electrosorption only), we argued that working on asymmetrical adsorption-desorption system,
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current DL model should fit the adsorption-desorption curves separately, obtaining Ka and Ky

optimized for adsorption, and K,- and Ky for desorption cycle.

This approach resulted in 2-part simulation, in which the fitting separately applied to adsorption

during charging and desorption during discharging:
During charging, the fitting equations are:

d Cads

dt = Ky — KpCaqs
dCeff dCads Q
= - Co—C
dt dt + Veell ( 0 )

At the beginning of charging, no adsorption occurred, i.e., Cags = 0. At equilibrium (dCags/dt = 0),

Cads reached its maximum, and can be calculated with the following equation:

Ka

Cads - K_b

While during discharging, the fitting equations are:

_ dCadsr
dt

= Ka’ — K/ Caas

dCeff dCyys Q
= c—C
dt dt + Veell ( 0)

Unlike Cags which constitutes total adsorbed ion concentration, Cags represents only
electrosorbed ions onto the electrode. The negative value on dC.qs/dt represents the net negative
change in ion concentration on the electrode surface during desorption. K. and Ky represent

fitting parameters applicable only to the discharging only.
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At the beginning of discharging, C.4s IS at the highest concentration (due to previous adsorption),

and can be derived by integrating the above equation:

dCoasr = (_Kal + KbrCadsr)dt

dCuysr = | dt
f _Kal + Kb/Cadsl ads f

1
ln(—Ka, + Kblcadsl) =t

Ky,
etk
Cadsl = K—bl
Att=0,
1+K,,
ads =~
Ky,

On the other hand, at equilibrium (dCaqs/dt = 0) of discharging step, all previously electrosorbed

ions assumed to be released back onto the bulk, i.e., Cags = 0.

Using this new approach, we could then perform the simulation on each charging and
discharging effluent concentration profile using MATLAB to obtain Ka, Kb, Ka, Ky, Future work

can focus on proving this concept and verifying its accuracy.

4.5.2. Modified Donnan with Fused Hard Sphere (FHS) Equation-of-State (E0S)

Figure 4.11 displays the calculated values of IAC from mD model with FHS EoS
assumption, compared to the actual performance from experiments. After we calculated Az ;™

using the EoS equation (Eq.4.7), we solved for the concentration of ion in micropores (Cmi,i) by
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solving multiple equations simultaneously. This cmi,i value was then used to calculate the IAC

using Eq.4.14 relevant for single-pass continuous CDI operation mode.

From Figure 4.11(A-B), we observed that the calculated IACs from mD-FSH are in good
agreement with the electrosorption capacity for CDI treating NaCl or NaHCOO. Across different
electrode conditions, IAC for PR-E was calculated slightly higher than ST-E, and ST-E higher
than CD-E, although not significant (p>0.05). If we looked at the chemical and structural
properties of PR-E, ST-E, and CD-E, for electrode pretreated with NaCl or NaHCOO, the change
in pores volume (vmi) and surface charge functional group (ochem) across different electrode
conditions (but same solution) were not significant (p>0.05). Given that for mD-FSH we input
the parameter values into the mathematical model, we expect relatively similar IAC output as a
result. Between NaCl and NaHCOO, we did not see significant difference in terms performance,
an observation we attributed to the size of the two ions to be similar with indifferent ionic
mobility. During CDI experiments, we also monitored the change in anode/cathode potential,
and our reading showed that the potential windows for electrosorption between NaCl and
NaHCOO and across different electrode conditions are not significantly different. We noticed
one key observation pertaining the calculated IAC and experimental IAC comparison, in that our
mD model did not factor in ions being adsorbed due to physical/chemical adsorption, especially
when physical/chemical adsorption significantly contributed to the overall total IAC. This can be
seen by total IAC obtained from experiment of CDI with PR-E being 1.83x larger than calculated
IAC for NaCl, and 1.90x larger for NaHCOO respectively. It was previously discussed in mD
model development that the excess chemical potential difference (Awi ;) consists of attractive
forces between ion and the uncharged part of microporous carbons [30] which should explain the

physical/chemical adsorption contribution. However, our results indicated that using relevant
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excess potential value did not closely approach the actual total IAC, leaving a portion of IAC
unexplained. Further study to investigate the integration of physical/chemical adsorption into mD

model is needed to answer this question.

From Figure 4.11(C), we observed a different trend in terms of calculated IAC for CDI
treating hexanoate-containing solution, in which IAC values decreases across different electrode
conditions. Calculated IACs for CDI treating hexanoate are 0.182 mmol/g-C for PR-E, 0.169
mmol/g-C for ST-E, and 0.146 mmol/g-C for CD-E. This observation actually supports our
expectation in which 1AC for PR-E should be the highest among three electrode conditions as
PR-E has the largest pores volume and its surface was not yet affected by introduction of
carboxyl groups by means of physical/chemical adsorption from hexanoate. Previous finding
showed that physically/chemically adsorbed modified the surface charge concentration of the
electrode to be more negative, which would be contra-productive to adsorbing more hexanoate
ions. From the Figure 4.11(C) we also observed that generally the calculated IAC values are
slightly higher than the electrosorption-1AC from the experiment, a different observation than
NaCl and NaHCOO, in which the calculated IACs closely matched experimental electrosorption
IAC. We argued that this discrepancy may be due to two possible reasons: 1) the use of alkanes
geometrical function as opposed to carboxylate ion, since given the lack of carboxyl groups in
alkanes, the shape and size of hexanoate might not be accurately represented by hexane, resulting
in an overestimation with regard to electrosorption capacity, and 2) acid-base dissociation of the
chemical surface groups, where this reaction is found to affect the performance of CDI and
resulting in the mD model to overestimate the predicted performance [31]. Future study would

be needed to improve the model and to validate with more experimental data points.
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Figure 4.11. Estimated IAC obtained from modified Donnan (mD) model with fused hard-
sphere (FSH) equation-of-state (EoS) assumption to calculate excess chemical potential
difference between micro and macropores (Ax). The estimated values from model are
calculated using relevant parameters for each ion at different electrode conditions and are
compared with the experimental results to verify its accuracy.

4.6. Conclusions

Our overall objective was to develop a mathematical modeling of modified Donnan with
fused hard-sphere (FHS) equation-of-state (EoS) as well as proposed grey-box model of dynamic
Langmuir (DL) to predict from thermodynamic and kinetic approach the ion adsorption capacity
of capacitive deionization (CDI) treating carboxylate-containing solution using carbon electrode

at different pretreating condition. The following points summarize our findings:
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1. Dynamic Langmuir (DL) was able to model the effluent concentration profile of CDI
treating carboxylate-containing solutions using conditioned electrode (CD-E) with good
fit and agreement. The DL model was also able to estimate the ion adsorption capacity
(IAC) within 5% of the electrosorption capacity from the experiment. Specifically for
CDI using CD-E, DL model was validated with other experimental data, showing it can
be used to predict CDI performance treating carboxylate-containing solution.

2. Dynamic Langmuir (DL) model could not explain the adsorption capacity due to non-
electrosorption interaction. We found that DL has still limitations in explaining the
discrepancy in performance of CDI using electrodes at different state of conditions prior
to CDI operations (especially for pristine electrode, PR-E). However, we argue that since
most CDI operation uses conditioned electrode and not pristine, DL model is still a
valuable predictive tool of CDI performances.

3. Modified Donnan (mD-FHS) model developed to predict ion adsorption capacity (IAC)
overestimated the electrosorption IAC from experiment but could not explain the
contribution of non-electrosorptive interactions likely because of the general assumption
made in mD model that interactions between ions and electrode are driven by
electrostatic force only, neglecting any physical or chemical attraction which are
commonly observed with more complex organic ions.

4. Incorporating physical/chemical adsorption factor into DL model may improve the model
ability to predict the total IAC with multiple adsorption mechanisms. We also proposed
to modify the simulation approach with the fitting for effluent concentration profile, in
which curve fitting should be separately performed for charging and discharging step. On

the other hand, further adjustment is needed to improve the overall credibility of mD-
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FHS model in predicting the performance of CDI treating organic ions, one of which is to
use a more representative structural sizes and shapes of carboxylate ions in order to
accurately estimate the performance of CDI using mD model. Strategy to combine
physical adsorption isotherm into modified Donnan theory shall be explored for future

outlook.
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APPENDIX A. Supplementary information for Chapter 2

A.l. Linear Correlation between ionic conductivity and specific capacitance from CV

measurement using 3-electrode setup
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Figure A.1. Correlation between ionic conductivity and specific capacitance calculated from CV
curve using 3-electrode setup
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A.2. Component resistance for every solution measured with EIS in 3-electrode setup
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Figure A.2. Component resistance for solutions measured with EIS in 3-electrode cell setup. Rs
represents the setup resistance which includes ionic solution and wire resistances. Rct represents
the charge transfer resistance between the electrolyte and electrode. Error bars represent the
standard deviation of triplicate experiments (n = 3)

142



A.3. Capacitive and parasitic charge of CDI during charging and discharging
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Figure A.3 Parasitic and capacitive charge during CDI experiment for different feed solution.

The % values represent the percentage of each component charge from the total. Error bars
represent the standard deviation of triplicate experiments (n = 3)
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A.4. Sodium electrosorption capacity compared to its anion counterparts
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Figure A.4 lon adsorption capacity of anions and its sodium counterpart. Parasitic and capacitive
charge during CDI experiment for different feed solution. The % values represent the percentage
of each component charge from the total. Error bars represent the standard deviation of triplicate
experiments (n = 3)
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A.5. Effluent pH reading during charging and discharging of CDI experiment
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Figure A.5. Effluent pH reading during charging and discharging of CDI experiment. Solid gray

line refers to the switch time between charging and discharging
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APPENDIX B. Supplementary information for Chapter 3

B.1. Relationship between the C-number of carboxylate ions used in CDI study with total

IAC
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Figure B.1. Correlation between Total IAC and carbon number of carboxylate ions used in this
CDI study. Red dashed lines represent the linear regression line. Error bars represent the standard
deviation of triplicate experiments (n = 3)
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B.2. Profile of effluent pH during charging and discharging of CDI using electrodes at

different conditions
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Figure B.2. Profile of effluent pH during charging and discharging of CDI treating organic
solutions using: (A) pristine electrodes (PR-E), (B) saturated electrodes (ST-E), and (C)
conditioned electrodes (CD-E)
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B.3. Profile of effluent pH during charging and discharging of CDI using electrodes at

different conditions
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Figure B.3. Sodium adsorption capacity of CDI treating organic solutions using: (A) pristine
electrodes (PR-E), (B) saturated electrodes (ST-E), and (C) conditioned electrodes (CD-E). Error
bars represent the standard deviation of triplicate experiments (n = 3)
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APPENDIX C. Supplementary information for Chapter 4

C.1. Source code for the fitting of dynamic Langmuir (DL) model

Configuration file

function Config = config()

ConFiguredataFileName = "D:\Dynamic Langmuir model\Data\chloride_a.txt";

ConFigurebatch = false;
ConFigureflow = 3/11.02/60;
ConFigureco = 5;
ConFigurepredict = false;

ConFigureKaStart

0.1;

ConFigurekbStart = 0.0075;
ConFigureon = [0 10800];
ConFigurerepeatedCycles = false;

ConFiguretSample = 12;

ConFiguredatalLabel = "ST-E for NaCl";

end

Equation file

function [dx,y] = equation(t,x,u,Ka,Kb,flow,c0,onMatrix, repeat,batch,...

nDataSet = length(flow);

y zeros(nDataSet,1);

dx

zeros(nDataSet*2,0);
isOn = isonfunction(onMatrix,repeat,nDataSet,t);

for i=1:nDataSet

varargin)
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index = 2*i-1;

dc = -Ka*isOn{i} + Kb*x(index+1) - flow(i)*(x(index)-c0(i));
dc_ads = Ka*isOn{i} - Kb*x(index+1l);
dx(index:index+1) = [dc;dc_ads];
if batch
y(i) = -x(index+1)+cO;
else
y(i) = x(index);
end

end
function isOn = isonfunction(onMatrix,repeat,nDataSet,t)
for n = 1:nDataSet
ind = 2*n-1;
if repeat
isOn{n} = mod(t,sum(onMatrix(ind:ind+1))) < onMatrix(ind);
else
if min(size(onMatrix)) == 1

isOn{n}

(t>onMatrix(ind)) && (t<onMatrix(ind+1));
else

isOn{n}

0;

for j = 1:size(onMatrix,1

ison{n} = isOn{n} || (t>onMatrix(j,ind)) && ...
(t<onMatrix(j,ind+1));
end
end
end

end

end
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end

Main file

function out = main()

Config = config();

yData = load(ConFiguredataFileName);

if ConFigurebatch

yData yData.*ConFigurecd./yData(l);

else

yData yData.*ConFigurecd./yData(1800);

end

nDataSet = size(yData,2);

parameters = {ConFigureKaStart,ConFigureKbStart,ConFigureflow,

ConFigureco,ConFigureon,ConFigurerepeatedCycles*1,ConFigurebatch*1};

data = iddata(yData,[],ConFiguretSample, 'Name', 'Salt");
order = [1 @ 2]*nDataSet;
Ts = 0;
tmp = [ConFigurec®;zeros(1l,length(ConFigurec®))];
initial_states = tmp(:);
fileName = 'equation’;
model = idnlgrey(fileName, order, parameters, initial_states, Ts,...
"Name', 'Salt');
if ConFigurepredict
setpar(model, 'Fixed', {true,true,true,true,true,true,true});
else
setpar(model, 'Fixed', {false,false,true,true,true,true,true});
end

opt = nlgreyestOptions('Display', 'Full');
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opt.Regularization.Lambda = 0;

opt.SearchOptions.Advanced.MaxIter=100;

FinalModel = nlgreyest(data,model,opt);

out.KaEst

FinalModel.Parameters(1).Value;

out.KbEst FinalModel.Parameters(2).Value;

[y,~,~] = compare(data,FinalModel);

Tmin = 1; Tmax = size(yData,1);
for i=1:nDataSet
Figure;
plot((Tmin:Tmax)*ConFiguretSample,yData(Tmin:Tmax,1i),...
(Tmin:Tmax)*ConFiguretSample,y.OutputData(Tmin:Tmax,1i), 'LineWidth',2);
xlabel('Elapsed Time (sec)')
ylabel('Ce (mM)")
if ConFigurepredict
legend('Experiment', 'Model predicted")
else
legend( 'Experiment', 'Model fitted')
end
if isfield(Config, 'datalabel")
title(ConFiguredatalabel(i))
end
end

end
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C.2. Source code for solving multivariate multi equations for modified Donnan

(mD)

syms cmilC cmalC cmi2C cma2C cmilA cmalA cmi2A cma2A miulC miu2C miulA miu2A z1 z2 mC

mA vmiC vmiA PhiDC PhiDA sigmaelecC sigmaelecA sigmaionC sigmaionA sigmachemC
sigmachemA PhiC PhiA PhimaC PhimaA PhiSC PhiSA F VT Cs

cmalC = 0.005;

cma2C = 0.005;

cmalA = 0.005;

cma2A = 0.005;

miulC = ©.000578668;
miu2C = 0.000461497;
miulA = ©.000578668;
miu2A = 0.000461497;
z1l = 1;

z2 = -1;

mC = 0.1848;

mA = 0.1848;

vmiC = 0.000774;
vmiA = 0.000774;
PhimaC = 0;

PhimaA = 0;

Vapp = 1.2;

VT = 0.02568;

Phi = Vapp / VT;

F = 96485;

Cs = 135000;
sigmachemC = 0;
sigmachemA = 0;

eqnl = log(cmilC) - log(cmalC) + miulC + (z1 * PhiDC) == 0;
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egqn2 = log(cmi2C) - log(cma2C) + miu2C + (z2 * PhiDC) == 0;

eqn3 = log(cmilA)

log(cmalA) + miulA + (z1 * PhiDA) == 0;

eqn4 = log(cmi2A) log(cma2A) + miu2A + (z2 * PhiDA) == 0;

egqn5 = sigmaelecC + sigmaionC + sigmachemC == 0;
eqné = sigmaelecA + sigmaionA + sigmachemA == 0;
eqn7 = sigmaionC - cmilC + cmi2C == 0;
egqn8 = sigmaionA - cmilA + cmi2A == 0;

egn9 = PhiC - PhimaC - PhiDC - PhiSC == 0;

eqnl® = PhiA - PhimaA - PhiDA - PhiSA == 0;

eqgnll

PhisC + ((F / (VT * Cs)) * (sigmaionC + sigmachemC)) == 0;

eqnl2 = PhiSA +((F / (VT * Cs)) * (sigmaionA + sigmachemA)) == 0;

eqni3 (mC * vmiC * sigmaelecC) + (mA * vmiA * sigmaelecA) == 0;

egnl4 = Phi - PhiA + PhiC == 0;

sol = vpasolve(eqnl, eqn2, eqn3, eqn4, eqn5, eqn6, eqn7, eqn8, eqn9, eqnlO, eqnll,
eqnl2, eqgnl3, eqnl4, cmilC, cmi2C, cmilA, cmi2A, PhiDC, PhiDA, sigmaelecC,
sigmaelecA, sigmaionC, sigmaionA, PhiC, PhiA, PhiSC, PhiSA);

xsol = sol.cmilC
ysol = sol.cmi2C
wsol = sol.cmilA

zsol = sol.cmi2A
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Abstract

Global estimates of electricity generation from coastal salinity gradient energy resources rely on
the underlying assumption that these gradients are spatially and temporally stable. Refining these
estimates requires a better understanding of coastal variations in water properties and their
impact on power production. This study investigated power output in reverse electrodialysis

(RED) cells by coupling seawater samples collected from three different sites along coastal
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North Carolina at five different sampling dates between 2016 and 2017 with wastewater effluent
from a wastewater treatment facility as the dilute solution. We found that power density did not
vary substantially across the sampling dates except for one notable drop in power for a sample
collected during an approaching hurricane. For all sites, power output peaked during the summer
season. Using our experimental results, we developed a semi-empirical predictive model of RED
power output as a function of temperature and conductivity. The model was able to predict
power density within approximately 20% of the experimental power densities for the seawater
samples used in this study and others in the literature. Combining our modeling approach with
temporal conductivity and temperature data may help identify promising sites for coastal salinity

gradient energy installations.

Keywords: salinity gradient energy, reverse electrodialysis, temporal variation, predictive model

1. Introduction

Electricity can be generated from the controlled mixing of coastal salinity gradient energy
(SGE) resources [1-3]. Estimates of electricity production from mixing seawater and river water
range from 0.23 to 3.13 TW [4-7], which is equivalent to 64% of global electricity consumption
in 2017 [8]. These estimates are typically based on average ocean and freshwater salinities and
freshwater flowrates (e.g., river flow) that are assumed to remain constant over time [3,9]. The
maximum theoretical energy recovery of 1.4 MJ.m is often applied as well (i.e., when 1 m?
each of seawater and freshwater are mixed) [9—-11]. Some estimates have been refined by
considering technical limitations relevant to actual energy conversion of SGE (e.g., efficiency

losses) [3,12].
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The accessibility and variability of SGE resources are important to consider when making
energy recovery predictions. Alvarez-Silva et al. [13] developed global estimates of recoverable
SGE resources at river mouths by taking into account variability in water quality, river discharge
rates, and limitations imposed by potential environmental impacts of the technology. The
constraints they considered resulted in a significantly lower estimate of electricity recovery
potential, reaching only 3% of global electricity consumption [13]. In a separate study, Alvarez-
Silva et al. [14] showed that strong tidal fluctuations can change the spatiotemporal variability of
salinity gradients at river mouths, reducing SGE power predictions to 0.2% of the theoretical
potential. A study by Reyes-Mendoza et al. [15] analyzed the seasonal climatology and
thermohaline structure of tropical coastal lagoon over the course of one year and showed that the
theoretical SGE potential from mixing energy was affected by the variability of atmospheric
environmental forces and the seasonality of the region.

Experimentally determining power output from real SGE resources can help refine
predictions because they capture natural water quality variations that affect SGE conversion to
electricity. In an SGE technology such as reverse electrodialysis (RED), variations in the
magnitude of the salinity gradient, water temperature, natural organic matter (NOM), and ionic
composition, can impact ion exchange membrane performance, and in turn, power output [16—
18]. These water quality properties may change as a result of natural and anthropogenic drivers
[19]. Storm events and tidal changes may affect salinity gradient strength and composition,
atmospheric factors such as wind speed, air pressure and temperatures always depend on annual
cycles of geophysical phenomenon, water temperatures can vary across the seasons, and
biological growth and/or accumulation of NOM can fluctuate as a result of temperature and

nutrient discharges from point and non-point sources [15,19-21].
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Many SGE studies extrapolated power predictions from one-time samples [16,17,22] or
short (1-2 month) [23-27] operational periods, which limits their ability to capture temporal
variations. Using a real water collected from a one-time sampling event, Pawlowski et al. [28]
developed a mechanistic model to predict RED power output by taking into account operating
parameters, such as flow rate, and water properties, including conductivity and temperature.
Such models are a starting point for power predictions, but efforts to capture natural temporal
variations in water quality properties are needed to advance these models. Additionally, models
that can use readily obtainable inputs, such as conductivity and temperature, to approximate
power output without full characterization of water quality (e.g., inorganic and organic
constituents) could help with the selection of promising SGE recovery installations.

The objective of this study was to build upon prior efforts to predict power output from
SGE resources by taking into consideration temporal changes in field-measurable properties of
coastal seawater, specifically conductivity and temperature. Using RED as a representative SGE
technology, we tested seawater samples collected from three different sites along coastal North
Carolina (NC) on five different dates between 2016 and 2017. We coupled these waters with a
low-salinity water [i.e., treated wastewater effluent from a coastal wastewater treatment plant
(WWTP)] as the dilute solution and focused on how seawater temperature and conductivity
influenced power production. We used these two metrics, which can be readily measured in the
field with low-cost equipment, to develop a semi-empirical predictive model and validated it
using data from previous studies that used real waters. Our findings show that power output was
generally stable across the sampling dates, except during warmer months when power increased
and after excessive rainfall from a hurricane that led to a drop in power at one site. Additionally,

the model was able to predict power output for real waters within ~20% of experimental values,
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suggesting that temperature and conductivity data from coastal zones may be useful for refining

global electricity estimates from SGE resources.

2. Materials and Methods

2.1  Water sources

Seawater samples were collected from three different sites on the NC coast. The sites
were located in the southeastern part of the coast at Bogue Sound (BS) near Indian Beach,
Nelson Bay (NB), and Taylor’s Creek (TC) (Figurel). Seawater from each site was collected on
five different dates in 2016 (July 27-29, September 21-22, November 13-14) and 2017 (February
3, April 26-27). Treated wastewater (WW) effluent, which served as the dilute water for all tests,
was obtained from a one-time collection (April 26, 2017) at the Beaufort WWTP in Beaufort,
NC. Using a single dilute water allowed us to focus on how variation in seawater properties
affected RED performance. Since the same dilute solution (domestic WW effluent) was paired
with each seawater sample, we report the seawater sample site abbreviation (e.g., BS) to reduce
redundancy, rather than the seawater/wastewater pair (e.g., BS/WW) that is conventionally used
in the literature.

During collection, the seawater samples were analyzed for temperature and conductivity
(YSI model 6560 Conductivity/Temperature probe, YSI Inc., Yellow Springs, OH), and pH (YSI
model 6565 pH probe, YSI Inc., Yellow Springs, OH) (Table S1). The properties of the WW
were measured after the sample arrived at the lab. In the lab, all samples were filtered through 10
pm polypropylene felt filters (McMaster Carr, Atlanta, GA) to remove suspended particles and
then transferred to headspace-free plastic containers. Samples were stored at 4°C until needed for

the RED tests. Prior to each test, the seawater samples were adjusted to the temperature that was
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recorded in the field using a temperature-controlled water bath (Model G76D, New Brunswick
Scientific, Enfield, CT), and the conductivity was again measured to represent the temperature-
corrected values. The WW sample was adjusted to the same temperature as the seawater to

eliminate temperature gradients within the membrane stack.

Nelson Bay
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Beaufort WWTP

Morehead City B fort

Bogue Soundiute * ay10r's Creek
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Esri (Thailand], NGCC, ® OpenStreethap contributars, and the
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Figure 1. Map of North Carolina showing the location of the three seawater sampling sites at
Nelson Bay, Bogue Sound, and Taylor’s Creek. The dilute water sample that was used in all tests
was obtained from the Beaufort wastewater treatment plant (WWTP) in April 2017.

2.2 Reverse electrodialysis cell design and operation

A commercially available electrodialysis cell (model 64002; PCCell GmbH, Germany)

was used for the RED tests (Figure S1). The membrane stack consisted of five pairs of cation
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exchange membranes (CEMs; PC-SA, PCA GmbH, Germany) and anion exchange membranes
(AEMs; PC-SK, PCA GmbH, Germany) with a projected area of 64 cm?, each separated by
rubber gaskets and spacers (0.45 mm in thickness, 60% porosity). At both ends of the membrane
stack, reference electrodes (Ag/AgCl; BaSi, Inc. RE-5B, West Lafayette, IN) were installed to
measure the voltage across the membrane stack. The anode and cathode electrodes, located at
opposite ends of the stack, were Pt/Ir-coated titanium and V4A steel, respectively. A solution of
NaCl (30 g.L ) was continuously recirculated through the compartments containing the
reference electrodes and anode/cathode. The interior membrane stack was shielded from Cl> and
H> gases (generated at the anode and cathode, respectively) by an additional CEM placed
adjacent to the electrode compartment [16,29,30].

During RED operation, both the seawater and WW were continuously pumped through
the membrane stack at a constant flow rate (107 mL.min™), which corresponded to a crossflow
velocity of 0.99 cm.s™ (calculated as v = Q/(Ni.A), where Q is the flow rate, N; is the total
number of concentrated or dilute solution compartment, and A is the cross sectional area of each
compartment). We selected this value because previous studies reported that velocities between
0.5 and 1.0 cm/s provided a good balance between maximizing power output and minimizing
pumping losses [31-33] . Prior to testing a new water sample, the membrane stack and electrode
compartments were cleaned by flushing first with deionized water, then 10% HCI for 15 min,
then1% NaOH for 15 min, and finally with deionized water. After this cleaning procedure,
approximately 250 mL each of the seawater and WW samples were flushed and recirculated for
15 minutes in their respective compartments. Afterwards, the recirculated seawater and WW
were replaced, and the recirculation mode was switched to single-pass using counter-current
flow at a rate of 107 mL.mint. We chose counter-current flow mode due to its advantage over

co-current mode in improving the energy efficiency of RED [34]. For each water pair, the
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electrochemical performance was first measured at zero current (i.e., open circuit conditions) for
one minute and then at seven constant-current steps that spanned a range over which the
maximum power density for each sample occurred. Each current step was held for 45 s using a
potentiostat (VMP3, Bio-Logic Science Instruments, France). This experimental procedure was
performed twice for each seawater sample without disassembling the cell between the first and
second cycle. The temperature, conductivity (Oakton Con 11 conductivity meter, Oakton
Instruments, Vernon Hills, IL), and pH (Thermo Fisher Orion Star with Orion ROSS pH triode,
Thermo Fisher Scientific, Waltham, MA) of the influent and effluent were measured at regular

intervals during the electrochemical tests.

2.3 Statistical Methods

When statistical significance was assessed, the fitting and its corresponding R-squared
were determined using Origin v2017 (OriginLab Corporation). The student t-tests, one-way
analysis of variance (ANOVAS), and random effect tests were performed using RStudio v1.1.383
(Rstudio, Inc.). A p-value less than 0.05 was considered statistically significant. For all statistical
analyses, the data from Nelson Bay in September 2016 was omitted because it was determined to

be an outlier based on the Dixon’s Q-test (95% confidence).

3. Theory
3.1  Open Circuit Voltage

The open circuit voltage (OCV, V) is the voltage difference created by the salinity

gradient across the membrane stack when no current is flowing [24]. We estimated the ideal
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OCV using a previously validated modification of the Nernst equation, wherein the ion activity
ratio is replaced by the influent conductivity ratio of the water pair [16]:

OCVeong = Nepat o In =< (1)

*D
where Nm (dimensionless) is the total number of ion exchange membranes (IEMs), T (K) is the
solution temperature, F (96485 C.mol™) is the Faraday constant, z is the charge of the ions in
solution, « (dimensionless) is the average membrane permselectivity of an AEM/CEM pair, R
(8.314 J.molt.K) is the universal gas constant, and xc and &b (S.cm™) are the conductivity of
concentrated and dilute solutions respectively. The experimental OCV of the stack was obtained

by measuring the stack potential under zero-current.

3.2  Stack Resistance

The resistance of an RED cell is the total resistance of all the components, including
electrodes, concentrated/dilute solutions, membranes, spacers, and the diffusion boundary layer
[35]. Total resistance (Riot, £2) is defined as the sum of ohmic and non-ohmic resistances:

Rtot = Rohmic T Rnon—ohmic (2)

Ohmic resistance (Ronmic, £2), which follows Ohm’s law, is the sum of the dilute (Rp) and
concentrated solution resistances (Rc), membrane resistance (Rm), and the resistance due to the
spacer shadow effect (Rss) [16] as given by:

Rohmic = Rp + R¢ + Ry + Rss (3)

Nih
Ag2kg '

Rp and Rc were calculated from

in which Ni i=c p) (dimensionless) is the total number of

concentrated or dilute solution compartments, h (m) is the thickness of the flow channels
between the membranes (i.e., the spacer thickness), A (m?) is the cross-sectional area of a single

membrane, ¢ (dimensionless) is the porosity of the spacer, and s is the solution conductivity
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with s=C,D. Rwm represents the combined resistance to ion transport of the cation and anion
exchange membranes used and was experimentally determined from chronopotentiometry
technique (this method to calculate Rwm is consistent with other RED studies [1,16,36]). Rss

represents the resistance of the portion of membrane area that is masked by the spacer and is
directly proportional to membrane resistance by % [1,16], where g (dimensionless) is the

spacer shadow factor. The spacer shadow factor represents the area of the membrane which is
covered by the spacer, calculated as = 1 - ¢ where ¢is the spacer porosity (dimensionless)
[16]. Non-ohmic resistance (Rnon-ohmic, €2) was calculated as [22,37]:

Ryon-ohmic = Rac + RpL 4)
where Rac is the resistance due to bulk concentration changes caused by ion transport across the

membrane, and RgL is the boundary layer resistance. Rac () can be estimated from [37,38]:

RT Adilute
RAC = Nmarln (L) (5)

Aconcentrated

where j (A.m) is the current density and Agilute and Aconcentrated r€present the concentration at the

outflow of the dilute and concentrated chambers respectively, and were calculated as [37]:

jtres
A =14+——" °
dilute FehCgilute ( )
and
jtres
concentrated FehCconcentrated ( )

In Egs. 6 and 7, tres (S) is the solution residence time in the membrane stack, h (m) is the
intermembrane distance, and C (mol.I") is the total salt concentration in the dilute (Caiute) and
concentrated (Cconcentrated) SOlUtions. The boundary layer resistance (ReL, 2) depends on the
change in concentration over time at both the middle of a compartment and at the membrane-

solution interface [37,39]. According to Vermaas et al.[37], ReL can be determined as:
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Ror, = "2 (0.62¢,¢5 7 + 0.05) (8)
where L (m) is the cell length (i.e., the path length of the feed water in the compartment).

Experimentally, Rwt (Q) at the maximum power density can be obtained using

chronopotentiometry (See Section 2.2) according to [36]:

0CV—Vmax

(9)

Rior = I
max

where Vimax (V) and Imax (A) are the voltage and current recorded at maximum power density.

Values of R, Rp, Re, Rm, Rss, Rac, ReL reported below were multiplied by Ni (where A (cm?) is
cp

the cross-sectional area of a single membrane and N¢p (dimensionless) is the number of cell pairs

in the stack) to obtain units of (Q.cm?.cell pair?).

3.3  Power Density
Power density is the power generated per unit of total membrane area. Theoretically, the
maximum obtainable power density (PDmax teor, MW.m) can be calculated using the ideal OCV

(Eq. 1) divided by Rt (Eq. 2) and normalized to the total membrane area, yielding [22,37]:

ocv?
4NmARtot

PDmaX,theor = (10)

where A (m?) is the cross-sectional area of a single membrane.
Experimentally, maximum power density (PDmax, MW.m) was obtained by applying
several constant-current steps. The applied current [I (A)] and voltage [E (V)] to maintain the

constant current were recorded and used to calculate power density according to [40]:

pp ==L (11)

T NpA

The value at which | and E give the maximum observed PD according to Eq. 11 is defined as

PDmax,obs- This notation is used to differentiate it from PDmax.theor (EQ. 10).
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4. Model Development

Improving our ability to predict power output fluctuations of real waters is important for
refining power production estimates from natural salinity gradients. In this study, we explored
the possibility of using easily measured variables to estimate the power output from real waters.
We evaluated how well we could predict PDmax,obs by only knowing two field-measurable water
properties: temperature and conductivity. To do this, we combined our experimental data with
established relationships that describe RED performance according to known parameters (e.g.,
OCV, PDmax, R, etc), empirical data, and statistical tools.

The model included three dependent variables representing RED performance: OCV, Riot,
and PDmax. Predicted OCV was calculated from the ideal OCV relationship derived from the
conductivity rule proposed previously [16], corrected for membrane permselectivity (Eq. 2). The
total stack resistance, Rit, was calculated as the summation of Ronmic and Rnon-ohmic (EQ. 3), with
each component of resistance derived from either established relationships (solution resistances:
Rc & Rp [16]; concentration gradient resistance: Rac [5] [6]) or previously reported empirical
relationship (boundary layer resistance, ReL [37]). Since membrane and spacer-shadow
resistances with real waters have not been described mathematically, we first developed
relationships for Rm and Rss as functions of our two independent variables: T and x. We then fit
our experimental data using non-linear regression analysis. The assumptions made for this
empirical relationship were:

(1) T and x are independent of each other (validated using linear regression analysis as shown in

Figure 3);
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(2) The locations where we obtained seawater did not have a significant impact on our dependent
variables (assessed using a random effect test based on a linear model in which sampling
location was treated as a variable). This analysis focused on variability of the seawater
location and did not consider the distance between each location and the WWTP;

(3) The relationship between membrane resistance and temperature is described by an
exponential function as described in Ref [41];

(4) The membrane resistance is primarily controlled by the dilute solution [29].

5. Results and Discussion

5.1  Seawater Temperature and Conductivity

We first examined seawater temperature and conductivity across the sampling dates and
sites (Figure 2). The lowest temperatures were recorded in February and November and ranged
from 11-12°C and 14-16°C, respectively, across the sites. The highest temperatures occurred in
July (30-33°C) and September (27-29°C) (Figure 2A). The samples collected in April fell within
a range of 22-23°C.

Seawater conductivity depended on the site and sampling date. Conductivity was
relatively constant across the sampling dates at sites BS and TC, averaging 47.06 + 3.36 mS.cm™
(Figure 2B). At site NB, conductivity was dependent on the sampling date, varying from a low
of 8.33 mS.cm™ (September) to a high of 47.50 mS.cm™ (February). This variability was likely
due to two factors. First, NB is more strongly influenced by freshwater inputs (i.e., rivers) than
the other two locations (Figure 1). Second, ahead of Hurricane Matthew [43] that made landfall

near the sampling sites in early October 2016, extensive precipitation drained into rivers that
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emptied along the coast. This surge of freshwater explains the low conductivity reading at NB in

September.
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Figure 2. (A) Temperature and (B) conductivity of the seawater (SW) samples collected from
three different sites along coastal North Carolina between July 2016 and April 2017. The values
were recorded at the same time the samples were collected. Error bars are not included because
only one measurement was taken per sampling date at each of the sites. The sample at Nelson
Bay in September 2016 impacted by the hurricane is marked with an asterisk (*).

In salt solutions with a constant ionic composition, conductivity is known to increase
with temperature [44]; however we did not find a significant association between conductivity
and temperature in the waters we sampled (Figure 3). In natural waters, the ionic composition
and concentration vary throughout the year independently from temperature, such that changes in
conductivity cannot be solely attributed to temperature variations. For the waters in our study, we
confirmed that conductivity and temperature were statistically independent from each other (R? =
0.09, p < 0.05). This is an assumption we used to develop our model (sections 4 and 5.4).

Additionally, during the samples collection, we also measured the pH of the real waters.

Our findings (Table S1) suggest that the variation in pH of the seawater was relatively small

(8.28+0.21). Given that measured pH indicates the presence of charged species [H*] or [OHT],
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which directly impacts the ionic strength of a solution, any significant change in pH would be

reflected in our conductivity measurements.
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Figure 3. Linear correlation (p < 0.05) between seawater (SW) conductivity and temperature for
all seawater samples collected from three different sites along coastal North Carolina from July
2016 to April 2017. The sample at Nelson Bay in September 2016 impacted by the hurricane is
marked with an asterisk (*).
52  RED Power Production

We tested each seawater sample in the RED cells to determine how temperature and
conductivity variations affected power output. Maximum experimental power densities
(PDmax,obs) With the BS seawater ranged from 94.4+0.1 mW.m (November) to 247.5+10.9
mW.m2 (July) (Figure 4). For the NB seawater, 8 PDmax,obs Of 137.9+6.2 mW.m2 was obtained
from the July sample, but dropped by 93% to 10.4+1.8 mW.m2 with the September sample. This

drop was likely due to the substantially lower conductivity of the September NB water caused by

the heavy rainfall of Hurricane Matthew diluting the water prior to the sampling date. The
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PDmax,obs With the TC seawater ranged from 119.3+10.1 mW.m (November) to 203.4+11.6
mW.m2 (July). For all samples, the largest PDmax,0bs Was obtained from the July samples, when
temperatures were the highest. For the BS and TC seawater, the lowest PDmax,obs Values were
obtained from the November samples which had the second lowest temperatures across all

sampling dates.
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Figure 4. Maximum power densities (PDmax,0bs) Obtained from seawater samples collected at
three different sites in North Carolina between June 2016 and April 2017. For all tests, the
effluent from a domestic wastewater treatment facility located on the coast was used as the dilute
solution. Error bars represent the standard error of duplicate experiments (n = 2). The sample at
Nelson Bay in September 2016 impacted by the hurricane is marked with an asterisk (*).

To investigate the impact of temperature and conductivity on PDmaxobs, We examined
statistical correlations between these variables and PDmax.obs. WWe selected linear correlations
because previous studies using synthetic solutions showed that this function described well the

relationship between PDmax,obs and temperature [22,33,45,46], and PDmax,obs and concentration

ratio [22,47]. To determine the combined effect of temperature and conductivity, we conducted a
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multiple linear regression (Table S2). The combined impact of these two variables on PDmax,obs
was found to be significant (R = 0.73, p<0.05), with conductivity having a stronger influence
than temperature (based on regression coefficients of 4.29 and 3.53 for conductivity and
temperature, respectively). Treated separately, neither temperature nor conductivity alone could
explain PDmaxobs at each site. This conclusion is based on the moderate correlations between
temperature and PDmax obs for all sites (BS, R?>=0.53, p > 0.05; NB, R?>=0.46, p > 0.05; TC, R?=
0.45, p > 0.05) (Figure S2) and lack of correlation between conductivity and PDmax,obs fOr sites
NB (R?=0.05, p > 0.05) and TC (R?=0.17, p > 0.05) (Figure S3B-C). Only conductivity at site
BS could explain well PDmaxobs (R? = 0.74, p < 0.05) (Figure S3A). This analysis shows that
including both temperature and conductivity can better explain the PDmax.obs data than using
either variable alone. It is important to note, however, that this finding is based on a relatively
small sample size (five sampling dates at three sites). More continuous sampling and testing are
needed to better refine actual month-to-month PDmaxobs Variations and the influence of
temperature and conductivity.
5.3  Open Circuit Voltage and Resistance

Since PDmaxtheor IS @ function of OCV and Ryt (Eq. 10), we examined whether variations
in these two parameters could be explained by changes in temperature or conductivity. The
OCVs were relatively stable across all sampling sites and dates, except for the September NB
sample impacted by the excessive rainfall (Figure S4A). Excluding that outlier, the OCV
averaged 0.545 V and varied by £0.028 V. Relative to the other sites, the NB OCV values were
generally the lowest (except the November sample), but the difference across sites was not
significant (p > 0.05).

In contrast to OCV, there were substantial variations in Rt across sampling sites and dates.

For all sites, the lowest Riot occurred in July and averaged 74.9+5.1 Q.cm? (Figure S4B). The
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highest Rt for a given site depended on the sampling date. For BS and TC, maximum Ryt of
121.4+2.6 Q.cm? from the BS samples and 107.4+0.8 Q.cm? from the TC samples were recorded
with the November sample. The maximum Ryt (177.8£17.3 Q.cm?) from the NB sample (and the

highest Ryt recorded across all sampling sites) was obtained from the September sample.
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Figure 5. Linear correlations (p < 0.05) between (A) open circuit voltage (OCV) and seawater

(SW) temperature, and (B) OCV and natural log of salinity gradient [In(xc/xp)] for all SW
samples. The sample at Nelson Bay in September 2016 impacted by the hurricane is marked with

an asterisk (*).

We next determined how well temperature and conductivity variations could explain
changes in the OCV and Ryt values. The modified Nernst equation (Eg. 1) indicates that OCV is
proportional to temperature and conductivity ratio of the concentrated and dilute solutions.
Regression analysis of OCV versus temperature and natural log of ratio between seawater and
wastewater effluent conductivities [In(xc/xp)] showed that OCV strongly correlated with
In(xc/xp) (R?=0.812; Figure 5B) but not with temperature (R?=0.028; Figure 5A).
Theoretically, the electromotive force should increase as temperature and conductivity increase
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[37]. However, as shown in Figure 5B, changes in temperature did not substantially impact the
OCV. Conversely, changes in seawater conductivity affected OCV significantly (p < 0.05),
which is consistent with prior studies where OCV was proportional to the salinity gradient, as
expected from the Nernst equation [16,22,31]. Given that the dilute solution composition in this
study was constant across experiments, the strength of the salinity gradient was driven by

changes in seawater conductivity only.
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Figure 6. Linear correlations (p < 0.05) between (A) total stack resistance (Rit) and seawater
(SW) temperature, and (B) Rt and SW conductivity for all SW samples. The sample at Nelson
Bay in September 2016 impacted by the storm is marked with an asterisk (*).

While there is a clear relationship between temperature and conductivity and OCV (Eg.
1), there is no obvious scaling relationship between these two variables and resistance (Egs. 2-9).
As a result, we examined linear relationships for our analyses. Temperature was more strongly
correlated with Riet than conductivity, albeit only moderately (R? = 0.47) (Figure 6A). In
general, low stack resistance was associated with samples that had the highest temperature (33°C

for the BS and NB samples, and 30°C for the TC samples) (Figure S6A). Membrane resistance

was the dominant component of total resistance in most cases, except for samples with the

174



highest temperatures, of which resistance from the dilute water compartment was the largest
component. These findings are consistent with a previous study using synthetic waters where
membrane resistance, solution resistance, and non-ohmic resistance decreased as the temperature
of the water pair increased [41]. Theoretically, seawater conductivity should affect RED stack
resistance by means of solution resistance [22]. However, as shown in Figure 6B, changes in
seawater conductivity did not significantly impact the total resistance, meaning that it was
masked by the large resistance of the dilute solution. Compared to the dilute solution, the
average solution resistance of all seawater samples was 90.7% lower (Figure S7). As a result,
the impact of variation in seawater conductivity on overall stack resistance was not significant
(p>0.05). Changes in seawater conductivity also had minimal impact on the membrane
resistance, which is consistent with prior studies showing that when a membrane separates a
gradient, the dilute solution conductivity impacts membrane resistance most significantly [48]
[42]. In summary, for the waters tested, we found that the two main parameters that describe
PDmax,0bs (OCV, Rtot) Were affected differently by temperature and conductivity. Temperature
could better explain variations in Rwt Whereas conductivity was a larger driver of the OCV
variability. These results support our conclusions from above that both temperature and

conductivity are needed to improve the accuracy of PDmaxobs predictions.

5.4. Predictive Model of RED Performance using Real Waters

For our predictive model of power output, we first developed a correlation between the
Rwm and Rss data obtained from our experiments against the variation in temperature (T, K) from
all the seawater samples to generate an empirical relationship for Rm. Non-linear fitting for Rm as
function of temperature resulted in the following equation:

Ry = 8123.3™0-019T (12)
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The spacer-shadow resistance was defined as %RM, in which £ (dimensionless) is the spacer

shadow factor (40% for the spacers used in this study). This yielded:
Rgs = 3249.3¢70-019T (13)
By combining our empirically determined relationships (Rm, Rss) with those established
in the literature (Rc, Rp, ReL, Rac) to get Rt and OCVeond as a function of T and x, we then
calculated PDmax,theor Values (Eg. 10) using the seawater temperature and conductivity values
measured in the field. These PDmaxtheor Values were then validated using our PDmax,obs.

Regression analysis (Figure 7) from the PDmax,obs VErsus PDmaxtheor plot resulted in the following

relationship:
PDmaxpred = 0.812 * PDpyax theor (14)
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Figure 7. Parity plot between observed (PDmaxobs) and theoretical (PDmaxtheor) maximum power
density. The blue circles represent PDmax,obs Obtained from all of the seawater samples. The solid
red line shows the linear regression between the observed and modeled data, and the dotted line

represents a 1:1 relationship.
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The coefficient of determination (R?) from the linear regression on parity plot is equal to
0.978 (p<0.05), indicating strong linear relationship. Additionally, eliminating the PDmax data
from Nelson Bay in the September 2016 sample would not significantly change the slope of the
regression forced through zero (m = 0.813; R? = 0.979; p<0.05).

Equation 14 shows that, on average, the initial model overestimated the expected power
output by 18.8%. A discrepancy between experimental and theoretical PDmax was anticipated
because: (1) PDmax, theor is calculated from the maximum obtainable voltage (i.e., zero-current)
while PDmax,0bs IS determined when current is flowing through the cell, causing voltage losses
[10], and (2) water quality variables, including organic and inorganic constituents, were not
considered in the model; however, they are known to decrease power output [16,17]. We
calibrated the model by defining the average discrepancy between PDmaxtheor aNd PDmax,obs,
(~18.8%) as the collective impact of all unmeasured factors (e.g., inorganic and organic
constituents). This final equation describing the predicted values for PDmax (PDmaxpred) IS given
below:

OCVcond2

PDmax,pI'Ed = 0.812 4NmARtot

(15)

5.4.1. Model Validation

We investigated the validity of our model using two different data sets: (1) previous
reports of RED cells using natural waters, and (2) our own experimental data obtained with a
synthetic solution of NaCl. Reports of RED performance using real waters are limited. We
selected two papers that examined the impact of real waters on RED performance: Kingsbury et
al. [16] and Vermaas et al. [17]. Kingsbury et al. [16] used a similar setup as this study but with a

different flow rate (217 mL.min vs 107 mL.min?), while Vermaas et al. [17] used similar
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concentrated and dilute water pairs (i.e., SW-RW), but a different RED cell design. To be
consistent with our study, we only used the water conductivities and temperatures reported in
their studies and did not consider other water quality parameters (e.g., ion composition).

Our model predicted maximum power density (PDmaxpred) Within ~20% of the PDmax obs
values reported in Kingsbury et al. [16] and Vermaas et al. [17] (Table S3). The remaining 20%
is attributed to experimental variables (e.g., RED design, water quality properties other than
temperature and conductivity, membrane type), uncertainties (e.g., instrument, measurement, and
random errors), or statistical bias that were not captured by the model’s fitting constant.
Nevertheless, an analysis of variance indicated that this difference was not statistically
significant (two-sample t-test, p>0.05). While the model did a good job at predicting PDmax,obs
from these two studies, verification with additional data sets are needed to strengthen the
applicability of this model for different RED designs and water types.

We also compared model predictions to experimental results using synthetic NaCl
solutions in our RED cells. Two-sample t-tests showed PDmax,pred to be significantly different
than PDmax,obs for the synthetic solutions (p<0.05, 95% confidence interval). This outcome was
expected and can be attributed to our use of empirical correlations derived from real waters.
Unlike synthetic NaCl solutions, real waters contain many other constituents, including
multivalent ions and NOM. These constituents would increase some metrics (e.g., Rit) and
decrease others (e.g., OCV) relative to values derived from synthetic solutions, resulting in
underestimated PDmax,obs for synthetic NaCl solutions.

In order to broaden our PDmax,pred predictions across a range of possible seawater
conductivities and temperatures, we used the model to create a PDmax,0bs Multi-variable contour
plot (Figure 8). This plot shows PDmaxpred Values from real waters (black lines), over a range of

two variables: seawater temperature and conductivity. We used the range of 4-35°C and 0-60
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mS.cm to represent values typical of coastal environments [44]. The near vertical slope of the
contours at low conductivity (< 30 mS.cm-1) indicates that a step change in conductivity had a
stronger effect on PDmaxpred than a step change in temperature. The increased curvature and
decreasing slope of the contours at higher conductivity and temperature shows that the effect of
temperature became more pronounced and comparable to that of conductivity. The PDmax,obs
values obtained from previous studies using real waters (red circles) agree relatively well with

the contour plot.
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Figure 8. Contour plot of predicted power density (black lines; PDmaxpres; MW.m?2) from real
seawater (SW; concentrated solution) and effluent from a wastewater treatment plant (dilute
solution, conductivity of 3.2 mS.cm™) over a range of temperature and seawater conductivity
values representative of coastal environments. The filled red circles are observed maximum
power densities (PDmax.obs ; MW.m2) obtained from other studies using real waters [16,17].

It is important to note that a key assumption in our model is that the dilute solution

composition remains constant and has similar properties (e.g., conductivity, inorganic/organic

179



constituents) as the WW effluent used in this study. Our model development, particularly for the
resistance terms, assumed the dilute solution conductivity was constant but the temperature could
vary. For the concentrated solution, both conductivity and temperature varied. Therefore, our
model validity might be limited to cases where the dilute solution has similar properties to
treated WW. Since RED requires a large concentration gradient for power output, the range of
practical and abundant dilute solutions along coastlines is relatively small. Coastal wastewater
effluent is one such source because its conductivity is typically stable over time and varies little
in composition (assuming the plant is meeting its discharge permit) [49]. More general
application of our model might require incorporation of variable dilute conductivity, especially

in the case rivers that are subject to strong tidal fluctuations [42].

6. Conclusion

Our overall objective was to develop a semi-empirical model to predict power production
from coastal salinity gradient energy (SGE) resources by incorporating temporal changes in
field-measurable water properties, specifically conductivity and temperature. To do this, we
collected several seawater samples between 2016 and 2017 at three sites along the North
Carolina coast and tested the waters in lab-scale reverse electrodialysis (RED) cells using the
effluent of a wastewater treatment plant as the dilute solution. The following points summarize
our major findings:

1. Power densities largely followed the temperature and conductivity trends of the seawater
samples. These two variables together correlated strongly with maximum power densities,

but separately could not explain well the variance in power densities.
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Maximum power density varied between 94.4-247.5 mW.m 2. Most notably, power output
decreased by 92.5% when a major storm event decreased seawater conductivity at one site by
75.3% relative to the prior sampling date, highlighting the susceptibility of salinity gradient
power processes to extreme weather events. This sensitivity to storms is consistent with a
previous study by Reyes-Mendoza et al. [15].

Seawater conductivity was not found to be strongly correlated with temperature, likely due to
changes in organic and inorganic ion composition across the sampling dates.

A semi-empirical model developed to predict maximum power density (PDmax) based on
low-cost, field-measurable temperature and conductivity values was able to estimate within

~20% the observed power densities reported by studies using real waters.
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Table S1. Characteristics of the seawater samples collected and measured at three different sites over five different dates and the
wastewater (WW) effluent collected at one site on one date. All seawater samples were collected from the sea surface.

Beaufort
Bogue Sound (BS) Nelson Bay (NB) Taylor’s Creek (TC) effluent
(WW)

Month
collected" 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 5
T.(°C) 332 267 136 103 226 | 335 279 163 115 212 | 302 277 141 118 222 215
pH 81 NAT 84 85 82 8.2 7.9 84 85 8.3 83 8.0 8.5 84 82 8.2
k (mS.cm?) | 575 504 448 499 526 | 389 65 486 518 375 | 558 536 487 552 537 3.2

“1 = July 2016, 2 = September 2016, 3 = November 2016, 4 = February 2017, 5 = April 2017

TData not available
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Table S2. Model parameters from multi linear regression method for PDmax,obs VErsus
temperature and conductivity.

Parameter Estimated Coefficient Standard p-value
Error
Intercept -125.74 55.25 0.044
Temperature 3.53 0.77 0.0007
Conductivity 4.29 1.09 0.0024

The estimated coefficients, standard errors, and p-value are given for the corresponding
parameters. Standard error represents how much each variable deviated from the mean value. P-
value provides the relative contribution of each parameter in the model. For both variables, p-
values < 0.05 indicate that temperature and conductivity significantly affected PDmax,obs.
Estimated coefficient for variables show the sensitivity of PDmax,0bs t0 the change of temperature
and conductivity. The larger the value, the more pronounced the change to the dependent

variable (i.e., PDmax,obs).
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Table S3. Comparison between previously reported PDmax.obs (Observed maximum power
density) values and PDmaxpred (Maximum predicted power density) values from our model.

Water Pair Reference T KC KD PDmax, pred PDmaxobs

(°C) (mS.cm?) (mMS.cm?)  (MW.m?)  (mMW.m?)
SW/WW Kingsbury et al.[1] 20 46.2 0.44 142 150
SW/BW Kingsbury et al.[1] 20 46.2 3.1 142 110
RO/GW Kingsbury et al.[1] 20 31.3 8.3 78 70
SW/RW Vermaas et al.[2] 19 26.7 4.2 95 71
NaCl/NaCl this study 10 45.4 3.1 112 251
NaCl/NaCl this study 23 45.4 3.1 137 339
NaCl/NaCl this study 30 45.4 3.1 165 420

SW = seawater, WW = wastewater, BW = brackish water, RO = Reverse osmosis brine, GW = brackish ground water
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C: Cation Exchange Membrane
A: Anion Exchange Membrane
RE: Reference Electrode

Brackish
ouTr

o\
(Vg S€aWater
o IN

Figure S1. Schematic of the reverse electrodialysis (RED) cell used in this study. The cell
consisted of five pairs each of alternating anion and cation exchange membranes (center), two
Ag/AgClI reference electrodes on either side of the membrane stack, and a Pt/Ir-coated titanium
anode and corrosion-resistant steel cathode. The membrane stack formed alternating chambers
that permitted seawater and wastewater effluent to pass through separately.
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Figure S2. Linear correlations between maximum power density (PDmax,obs) and temperature of

seawater (SW) samples collected from: (A) Bogue Sound, (B) Nelson Bay, and (C) Taylor’s

Creek. The sample at Nelson Bay in September 2016 impacted by the hurricane is marked with
an asterisk (*). All correlations resulted in p > 0.05.
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Figure S3. Linear correlations between maximum power density (PDmax.obs) and conductivity of
seawater (SW) samples collected from: (A) Bogue Sound, (B) Nelson Bay, and (C) Taylor’s
Creek. The sample at Nelson Bay in September 2016 impacted by the hurricane is marked with
an asterisk (*). The correlations resulted in p < 0.05 for Bogue Sound and p > 0.05 for Nelson
Bay and Taylor’s Creek.
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Figure S5. Linear correlations between maximum power density (PDmax,obs) and (A) the square
of the open circuit voltage (OCV?) and (B) 1/total resistance (1/Rwt). The data points represent
values obtained from all seawater samples (p < 0.05).
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Figure S6. Stack resistance in the RED cells as a function of temperature of each seawater (SW)
sample. The samples were adjusted to the temperature that was recorded in the field on each
respective sampling date. Rm - membrane resistance; Rss - spacer shadow effect resistance; Rp -
solution resistance in the dilute compartment; Rc - solution resistance in the concentrated
compartment; Rnon-ohmic 1s the total of all resistance components which do not follow Ohm’s law.
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Figure S7. Stack resistance in the RED cells as a function of conductivity of each seawater (SW)
sample. Rm - membrane resistance; Rss - spacer shadow effect resistance; Rp - solution resistance
in the dilute compartment; Rc - solution resistance in the concentrated compartment; Rnon-ohmic IS
the total of all resistance components which do not follow Ohm’s law.
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