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RESUMO

O vanadio € um metal de importancia estratégica que, dentre suas aplicacbes
industriais, desempenha um papel critico na producédo de ligas metélicas de alta
performance. Uma aplicacdo para o vanadio que vem se destacando no setor
energético é na producao de eletrélitos para Baterias de Fluxo Redox de Vanadio
(BFRV). Essas baterias empregam o vanadio em seus quatro estados de oxidagao
como espécies ativas dos seus eletrélitos para armazenarem energia de fontes
renovaveis de producdo em ampla escala. Vanadio — comumente V20s — com um alto
grau de pureza (99.8%) € requerido como matéria-prima. Nessa vertente, o objetivo
deste trabalho foi empregar as resinas de troca idbnica como técnica de purificacdo de
uma solucdo acida de vanadio contaminada com ferro, tendo em vista que as
principais ocorréncias naturais do vanadio sdo associadas a esse elemento. Foram
avaliadas trés resinas quelantes de troca idnica (Lewatit® MonoPlus TP 209 XL,
Lewatit® TP 207, Dowex™ M4195) e uma resina de troca catidnica forte (Lewatit®
MonoPlus S 200H). O estudo da adsorcédo se deu pela avaliagdo da influéncia de
parametros nos ensaios em batelada e em colunas de leito fixo. O pH, a relagcdo massa
de resina/volume de solugéo, a temperatura e o tempo de contato foram investigados.
Os resultados mostraram que o aumento do pH de 0,5 para 2,0 favoreceu a adsorcao
de ambos os metais pelas resinas testadas, mas que as quelantes foram mais
seletivas para vanadio. A adsorcdo de vanadio foi melhor ajustada pela isoterma de
Langmuir nas TP 209 XL, TP 207 e S 200 H e pela isoterma de Temkin para a M4195.
JA 0 mecanismo de adsorcdo de ferro variou entre os modelos de Langmuir,
Freundlich e Temkin. A adsorcdo de vanadio pelas resinas quelantes, assim como a
de ferro por todas, é de natureza endotérmica (AH° > 0). Além disso, ambos os metais
se adsorvem nas resinas de forma espontanea (AG° < 0). Em relagédo a cinética, o
modelo de pseudo-segunda ordem foi 0 que melhor se ajustou a adsor¢cédo de ambos
0S metais pelas resinas, indicando que o processo & controlado por quimissorgao.
Com a variacéo da vazao de 2 para 3 volumes de leito/hora nos ensaios em coluna
com as resinas quelantes, os resultados das curvas de ruptura foram similares. Na
etapa de eluicdo, vanadio foi eficientemente recuperado empregando-se solugéo de
H2S04 (1 mol.L™1). Utilizando um sistema de 5 colunas em série, foi possivel recuperar
ao final 94 e 98% de todo o vanadio, respectivamente, pelas resinas TP 209 XL e

TP 207. A eluicdo obtida até a terceira coluna da resina TP 207, assim como da



primeira coluna da resina TP 209 XL continha vanadio com pureza de 99.8%,
chegando a 99.9% na primeira coluna com a resina TP 207. As solucdes purificadas
foram entdo submetidas a precipitacdo pela adicdo de (NH4)2SOas, gerando
(NH4)2VeO1s, que foi entéo calcinado a V20s (99.9% puro), sendo as fases confirmadas
por DRX e TG-DTG.

Palavras-chave: resinas de troca ibnica; resinas quelantes; adsorcao; recuperacao

de vanadio; bateria de fluxo redox de vanadio.



ABSTRACT

Vanadium is a strategically important metal that, among its industrial applications,
plays a critical role in the production of high-performance alloys. An application for
vanadium that stands out in the energy sector is in the production of electrolytes for
Vanadium Redox Flow Batteries (VRFBs). These batteries use vanadium in its four
oxidation states as active species in their electrolytes to store energy from renewable
sources of large-scale production. Vanadium — commonly V20s — with a high degree
of purity (99.8%) is required as raw material. The objective of this research was to use
ion exchange resins as a purification technique for an acid solution of vanadium
contaminated with iron, given that the main natural occurrences of vanadium are
associated with this element. Three ion exchange chelating resins (Lewatit® MonoPlus
TP 209 XL, Lewatit® TP 207 and Dowex™ M4195) and a strong cation exchange resin
(Lewatit® MonoPlus S 200H) were evaluated. The study of adsorption was carried out
by investigating the influence of parameters in the batch and fixed bed column tests.
The pH, resin mass/solution volume ratio, temperature and contact time were
investigated. The results showed that the increase in pH from 0.5 to 2.0 favored the
adsorption of both metals by the tested resins, but that chelating ones were more
selective for vanadium. Vanadium adsorption was better adjusted by the Langmuir
isotherm for TP 209 XL, TP 207 and S 200 H and by the Temkin isotherm for M4195.
The iron adsorption mechanism varied between the Langmuir, Freundlich and Temkin
models. Vanadium adsorption by chelating resins, as well as iron adsorption by all of
them, is endothermic in nature (AH° > 0). Furthermore, both metals adsorb onto resins
spontaneously (AGP < 0). Regarding the kinetics, the pseudo-second order model was
the one that best fitted the adsorption of both metals by the resins, indicating that the
process is controlled by chemisorption. Breakthrough curves of chelating resins were
similar changing the flow from 2 to 3 bed volumes/hour in the column experiments. In
the elution step, vanadium was efficiently recovered using a H2SOa4 (1 mol.L™?) solution.
Using a system of 5 columns in series, it was possible to recover, at the end, 94 and
98% of all the vanadium by the resins TP 209 XL and TP 207 (respectively). The elution
obtained up to the third column of the TP 207 resin, as well as the first column of the
TP 209 XL resin, contained 99.8% pure vanadium, reaching 99.9% in the first column
with the TP 207 resin. The purified solutions were then subjected to precipitation by



the addition of (NH4)2SOa4, producing (NH4)2VeO1s, which was then calcined to V20s
(99.9% pure), phases that were confirmed by XRD and TG-DTG.

Palavras-chave: ion exchange resins; chelating resins; adsorption; vanadium
recovery; vanadium redox flow battery.
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1. INTRODUCTION

Metals are present in many products consumed by society, proving to be
increasingly essential to modern technological development. Industries seek to deal
with social demands, which constantly request more advanced technologies, which
leads them to investments that increase the quantity, diversity and quality of the metals
applied in their products [1]. According to the European Commission (EC), access to a
stable supply of many minerals, metals needed by industry and other raw materials is

a factor that strongly affects a country's economy [2].

The EC has issued a list of 30 critical raw materials, which include a selection
of metals of great importance to the European Union (EU) economy, but which add a
high risk to their supply [2]. Vanadium, in addition to being included in the list, is also
among the critical metals in the United States [3] and Brazil [4], which shows its

strategic importance [5].

Estimates of the global mine production of vanadium in the year 2020 was
approximately 86,000 tons [6]. China is the main producer of vanadium in mines
(53,000 tonnes), followed by Russia (18,000 tonnes), South Africa (8,200 tonnes) and
Brazil (6,600 tonnes) [6]. Brazil only entered the market in 2014, producing around
1,030 tons of vanadium [7]. The Brazilian production of the metal in mine varied,
between 2015 and 2019, from 5,800 [8] to 5,940 tons [6], showing a peak in production
in 2016 of 8,000 tonnes [9].

In 2019, 71% of the entire global supply of vanadium was in the form of a co-
product of iron processing for steel production, while 18% of the recovery as a main
product from magnetite and titanomagnetite ores. The remaining (11%) was
represented by recovery as a by-product of petroleum residues, fly ash, alumina slag

and recycling of catalysts used in petroleum refining [10].

Preliminary data from the Brazilian National Mining Agency (ANM) show that in
2020, Brazil processed 412,661 tons of ore through the mining company Vanadio de
Maracas S.A., which holds 100% of the country’s vanadium exploitation. This

production resulted in an amount of approximately R$150 million [11].

In economic concentrations, vanadium is present in a variety of mineral

deposits, in addition to being obtained from sources such as fossil fuels [5]. In Brazil,
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minable reserves of vanadium are estimated at 94 thousand tons of V20s,
corresponding to 0.5% of world reserves, which in 2017 were 19.7 million tons [12].
The municipality of Maracas (BA) has the largest vanadium reserve in the country. In
this ore, vanadium is associated with iron and titanium. Data from Largo Resources, a
Canadian mining company that owns Vanadio de Maracas, indicate that the average
content of vanadium ore located in Maracas-BA is 1.34% in V20s, above the 0.4%
found in mines of South Africa (considered until then as the highest amounts ever
found in the world) [12,13]. The occurrence of vanadiniferous ore from Campo Alegre
de Lourdes-BA was characterized by Alcantara et al. [14] with contents of vanadium
V203 and V204 between 0.88-0.89% (in the magnetic concentrate). Cassa et al. [15],
associated vanadium in solid solution with iron in the form of Fez04.VO4 and FeO.V20s3,
in contents between 0.7-0.8%, mainly in the mineral phases of hematite-martite

(alteration of magnetite to hematite) and altered ilmenite.

Vanadium plays a critical role in many industrial applications, particularly in steel
production [1]. The majority applicability of vanadium is in the production of metal
alloys, giving them better properties (tensile strength, hardness and fatigue
resistance), and increasing their performance [16]. In addition, vanadium is widely
applied in catalysts in the chemical industry and in the production of batteries with high

storage capacity [5].

Steel alloys account for 90% of all vanadium consumption, with the other 10%
made up of titanium alloys, chemicals and others (mainly batteries) [17]. The addition
of vanadium to iron and steel promotes hardening of the alloy, encouraging its use in
the production of tools and automobiles as it adds strength and reliability to the
material. In addition, it makes the material susceptible to being used in extremely low

and high temperatures [18].

As reported by EC [19], the difficulty in substituting a material can be evaluated
through the Substitution Index, which weights all applications, assigning a value
between 0 and 1, with O being the most replaceable. Data released by the EU in 2017
indicate vanadium substitution indices for supply risk and economic importance,
respectively, equal to 0.94 and 0.91 [19], which reinforces the difficult replacement of
this metal in most of its applications. Titanium alloys, for example, which use high-

purity vanadium, are applied in the aerospace industry and cannot be substituted [20].
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Another promising use for high purity vanadium is in Vanadium Redox Flow
Batteries (VRFB). Redox flow batteries (RFB) are mainly used in large-scale stationary
energy storage [21] and consist of a device that converts, in a reversible way, electrical
and chemical energy through two redox reactions that occur simultaneously in half-
cells separated by a membrane, which acts by preventing the crossing between the
two electrolytes, in order to maintain charge neutrality between the solutions of the two
half-cells, allowing the exchange of ions [22,23]. The two half-cells together make up
the electrochemical flow cell, which corresponds to the fundamental unit of a RFB [24].

First proposed by Skyllas-Kazacos and colleagues and patented in 1986, the
VRFB employs the same chemical element (vanadium) in both half-cells [25]. As a
result, having anolyte and catholyte made up of redox active pairs of the same element,
the battery life is extended because eventual contamination between the electrolytes
during operation is attenuated [24,26]. In VRFB the vanadium is present in its four
oxidation states: in the negative half-cell there is the pair V?*/V3* and in the positive
half-cell there is the pair V4*(or VO?*)/V>*(or VO2*) [27,28].

Until April 2019, there were 113 VRFBs installed worldwide, with China and the
US having 17 of them in each country. China, however, is the country with the highest
installed power, equal to 15,825 kW, which represents approximately 40% of the total
global power (39,664 kW) [29].

V205 is the preferred raw material in the preparation of vanadium electrolyte due
to the best cost-benefit ratio among vanadium sources [30]. Currently, high purity V205
(99.8%) is preferably adopted as starting material in VRFBs [31]. However, since there
are many sources available for the recovery of V20s [16,32], several contaminating
elements can normally be included in the final product. Thus, it is essential that efficient
and low-cost processes are studied for vanadium purification mostly due to a growing
demand for cost reduction of vanadium electrolytes. Still, industrially, the increase in
the final purity of V20s is still associated with a large increase in the final value of this
material [31,33].

Among the possible methods for solution purification, there is ion exchange,
which has received increasing attention in several industrial sectors, being defined as
a reversible exchange of ions between a solid phase and a solution phase [34]. This

reaction allows not only the removal of all ions from a solution, but also, in many cases,
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selective separation [35,36]. Among the materials capable of ion exchange and which
have adequate properties are synthetic resins. These resins fulfill requirements
demanded by ion exchange technology because they have characteristics such as: (i)
high number of exchangeable ions per unit mass; (ii) structure that guarantees good
accessibility of functional groups and better diffusion rate of ions through the resin
particles; (iii) good chemical and mechanical resistance; (iv) non-dissolution; (v)

maintenance of capacity even after many uses and (vi) fast operation [37].

In the present study, it is proposed to use ion exchange resins as a purification
technique for a solution of vanadium contaminated with iron, aiming to obtain high
purity vanadium aiming its application in VRFBs. The work contemplates the results
involving four different commercial ion exchange resins, three of them chelating and
one of strong cation exchange. Batch tests were approached to study: (i) the
adsorption mechanisms; (ii) the adsorption isotherms that best describe the process;
(iii) the thermodynamic parameters involved in the adsorption; and, also, (iv) the kinetic
models to which the adsorption is conditioned. In addition, tests were also carried out
in a continuous system in view of its greater relevance for practical applications, since

they reproduce industrial conditions on a laboratory scale.

This document presents four manuscripts submitted to scientific journals. The
first is a review article and is part of the literature review section (subsection 2.2). It
was published in the Journal of Energy Storage [38] and aimed to provide a detailed
review of the main components of VRFBs, providing insights into the fundamentals,
mechanism, optimization and evolution of the technology. The preparation of
electrolytes for these batteries and the influence of impurities on the performance of

the system were discussed.

The second manuscript, presented in subsection 5.1, was published in the
journal Minerals Engineering [39]. The objective of this article was to evaluate the ion
exchange of the four resins, evaluating the effect of pH, the adsorption mechanism
through three models of adsorption isotherms (Langmuir, Freundlich and Temkin) and
also to determine the effect of temperature through a thermodynamic study.

The third manuscript is presented in subsection 5.2 and was accepted in the
journal Transactions of Nonferrous Metals Society of China. In this article, a study of

the kinetics of metal adsorption processes was carried out. Four kinetic models were
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evaluated (pseudo-first order, pseudo-second order, intraparticle diffusion and
Elovich). Furthermore, the adsorption was also characterized by means of Scanning
Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) and Fourier
Transform Infrared Spectroscopy (FT-IR).

The fourth manuscript is presented in subsection 5.3 and contains the results of
studies in a continuous system. The results for loading and elution of the resins in
column were presented, as well as a mass balance for a system of columns in series.
Lastly, a pure vanadium solution was obtained which, after undergoing precipitation

and calcination, produced highly pure V20s.

Finally, in section 6, the conclusions of the three manuscripts of section 5 are

presented.
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1.1 Scientific contribution

Natural vanadium occurrences are normally associated with iron mainly
because, in their +3 oxidation state, they have almost identical ionic radius and behave
chemically in a similar way [40]. Thus, acid leaching of these ferrous ore occurrences
(which are the main ore sources [41]) to obtain vanadium produce solutions normally
contaminated with iron. Although separating vanadium through ion exchange resins is
a well-developed matter [42-48], most of the literature explore the separation of this

element as an anionic species.

This research brings new advances on batch and column experiments on
separating vanadium from iron (both being cationic species) in acid solutions.
Experiments elucidate the adsorption mechanisms of each of both metals by the
different resins, as well as explore the thermodynamics involved in the process.
Kinetics on the adsorption of iron and vanadium is investigated to determinate the
limiting step. The interaction between the functional groups of these resins and the
adsorbed metals is discussed by means of FTIR data. These discussions bring new
data about these resins, which can work as guides to further scientific advances on

separating vanadium and iron from other solutions.

1.2 Technological contribution

As previously discussed, ultrapure vanadium (= 99.8%) is required for
application in the production of electrolytes for VRFBs. Ding et al. [49] showed that the
presence of Fe3* in the electrolyte negatively interfered with the overall performance
of the battery by: (i) impairing the thermal stability of the positive electrolyte; (ii)
decreasing the diffusion coefficient of vanadium ions; (iii) increasing system load
transfer resistance; and (iv) competing with vanadium ions for the reaction between

the redox pairs.

In view of the appeal for cost reduction in obtaining vanadium with high purity,
this dissertation deals with separation of vanadium and iron by using ion exchange
resins. These, in addition to being widely used in industrial processing [50],

demonstrate advantages such as low energy consumption, kinetically fast reaction,
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simplicity in operation and low operating cost [51], which justifies its use as the

purification method used in this research.

Experiments in a continuous system at optimized conditions of pH, temperature
and flow rate here explored show that is possible to separate vanadium from iron with
ion exchange resins. The results described here could be scaled to industrial
operations to produce high purity vanadium solutions, that once precipitated and
calcinated, result in V205 99.8% pure. This could be an important route for the final
purification of vanadium pentoxide obtained from the processing of Brazilian

titanomagnetite ores.
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Abstract

The trend of increasing energy production from renewable sources has awakened
great interest in the use of Vanadium Redox Flow Batteries (VRFB) in large-scale
energy storage. The VRFB correspond to emerging technology, in continuous
improvement and with high application potential. In this review, several evolutionary
aspects of the battery are addressed. An in-depth survey of the main components of
the battery, such as electrolytes, electrodes and membrane. Design and sizing issues
are also approached, providing the reader, in addition to knowledge about the
operating principles, a detailed perspective how technology has improved since its
inception. A perspective upon inherent limitations and hindrances, together with recent
developments to circumvent these was brought, highlighting both the economic and
operational views aiming its transposition to real systems. Therefore, this review
opportunely summarizes the fundamental technologies involved in VRFBs and

encourages continuous research for their improvement.

Keywords: Redox flow batteries; Vanadium redox flow batteries; Energy storage;

Fundamentals of vanadium redox flow batteries; Operating principles.

Symbols and abbreviations

AEM = anion exchange membranes;



AEIM = amphoteric ion exchange
membranes;

AOS = average oxidation state;

BP = bipolar plates;

BPFB = Bromine-polysulfide flow
batteries;

CAPEX = capital expenditure;

CEM = cation exchange membranes;
CNF = carbon nanofibers;

EES = electrochemical energy storage;
ESS = energy storage system,;

E/P = energy to power ratio;

GF = graphite felt;

ICFB = Iron-Chromium flow batteries;
IEM = ion exchange membranes;
LAB = Lead-acid batteries;

LIB = Lithium-ion batteries;

NaSB = Sodium-Sulphur batteries;
NCB = Nickel-Cadmium batteries;
NMHB = Nickel-metal hydride
batteries;

RFBs = redox flow batteries;

SEI = Sumitomo Electric Industries;
SHE = standard hydrogen electrode;
SOC = state of charge;

2.1.1 Introduction
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SOH = state of health;

OCV = open circuit voltage;

VRFB = Vanadium redox flow
batteries;

ZBFB = Zinc-Bromine flow batteries;
ZCFB = Zinc-Cerium flow batteries;

A = Darcy friction factor;

L = pipe length;

d = pipe diameter;

p = electrolyte density;

v = electrolyte velocity;

Re = Reynolds number;

W = viscosity of electrolyte;

A = pipe area;

fc = summation coefficient of loss
coefficients;

| = length of porous electrode;

A’ = cross-sectional area in the flow
direction in the electrode;

k = permeability of the porous electrode;
Qnh-cet = volume flow rate in each half-
cell;

dr = fiber diameter;

K = Kozenye-Carman constant;

€ = porosity of electrode.

Climate changes have already been proven to be associated with greenhouse

gas emissions, mainly due to fossil fuel burning due to energy production [52]. In

addition to the recognized role that renewable energies play in decarbonizing the

global energy sector [53]. In this scenario, energy sources such as wind and solar are

presented as important allies in building a more sustainable future. Although these two

energy sources' consumption increased by around 370% per decade, fuel
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consumption such as gas, oil, and coal for power generation was still 28 times higher
in 2018 [52,54]. However, according to the International Energy Agency [55], it is
estimated that by 2040, a 60% increase in the global demand for energy reserved for
renewable sources, especially solar photovoltaic and wind energy, which correspond

to half of that fraction.

On the other hand, renewable energy sources do not usually have a consistent
and immediate supply, given their inherently fluctuating nature; leads to a
destabilization of the electricity grid [56]. Thus, the implementation of an efficient
promising energy storage system (ESS) is essential. This system aims to allow
intermittent renewable sources to be applied to electrical since they store the energy
generated and release it under demand conditions, also oscillating and variable [31].
Thus, it becomes possible to produce energy in low demand times, when the
associated cost is lower, and to use it in periods when demand exceeds production

capacity [57].

There are several characteristics to be considered when designing an ESS. The
technology must meet requirements such as energy efficiency, reliability, economy,
long life, scalability, high storage capacity, low response time, security and low cost
[57-60]. In this context, among the technologies for energy storage, electrochemical
systems are superior, mainly due to the required parameters' performance and
suitability [27]. In this respect, redox flow batteries (RFBs) have received great attention
for ESS application, demonstrating flexible design, high efficiency, and long service life
[61]. RFBs consist of secondary (rechargeable) batteries [22], in which energy
conversions based on reversible electrochemical reactions of two redox pairs occur.
This type of battery consists of two main parts connected via pumps: stacked cells
where electrochemical reactions occur and external tanks where electrolytes are
stored [21]. Among the available RFB’s technologies, VRFBs are the most promising
for large-scale energy storage [62]. They bring together four different oxidation states
of vanadium ions to form two separate redox pairs, anolyte and catholyte, thus having
only vanadium as an active element on both sides [63]. The use of vanadium as the
only active species is mainly linked to the mitigation of contamination problems
between the electrolytes, which causes an extension of the battery life, in addition to

keeping the species soluble without the phase change in the electrodes [24].
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In view of this, numerous researches have been developed over the past few
years, as the feasibility of applying VRFBs also increases. Recent studies direct their
experimental results to the prospects for improving the system, based on the original
mechanism proposed by the Skyllas-Kazacos group in the late 1980s [25,64]. Since
then, for at least three decades, research has been carried out extensively, aiming to
contribute to the battery's technological evolution. Many of these studies have been
reviewed recently, both from the point of view of the battery mechanism as a whole
[59,60,65-67], as well as specific technologies related to VRFB system components
[31,32,68-71].

However, in view of the fact that there is a deficit of deepening on the general
issues of composition, mechanism and optimization of VRFBs, it is proposed with the
present study a detailed review on the subject, bringing a view on the fundamentals
and the evolution of technology. Therefore, the work's objective is to serve as a basis
for new studies and research based on an intensive and diversified review regarding
structural components of design, fundamental principles of the electrochemical
mechanism, including their favoring and limitations. Finally, it is also discussed what
has been suggested in the segment as a way to optimize these limitations through

critical areas of research, contributing to the future improvement of VRFBs.

2.1.2 VRFB mechanism, structure and sizing

2.1.2.1 Fundamental characteristics and operating principle

RFBs differ from conventional solid-state batteries, mainly because they do not
contain the energy of the active-redox materials inside the electrodes, but because
they use an electrolyte pumping system contained in external tanks, sized for a specific
application requirement, as a way of storing energy, which is converted as the
electrolytes react into the battery stack [21,22]. This working mechanism, in which there
is a reaction between two electrolytes, also contributes to the prolongation of the
battery's life, since complex redox reactions with electrodeposition or loss of
electroactive compounds, structural changes and, also, that these suffer mechanical
deformations every time the battery is cycled [21,72]. Besides, the spatial separation
between the electrolyte tanks and the electrodes is responsible for dissociating the
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energy and power of the RFBs, since the volume of the electrolyte determines the total
energy stored by the battery, the concentration of active species, the voltage of each
cell and the number of stacks contained. The power is then dependent on the active
species' kinetic behavior and the electrode's total area [65].

The four oxidation states of vanadium are present in VRFBs [73]: the pair V2*/V3*
in the negative half-cell and the pair V#*(or VO?*)/V>*(or VO2?) in the positive half-cell
[27,28]. There are two external tanks in the system for the storage of redox electrolytic
pairs. From these tanks, the electrolytes are pumped to circulate separately through
the corresponding half-cells, where the reaction occurs in inert electrodes [23,74]. The
two half-cells, composed of an electrode and a bipolar plate, are separated by an ion
exchange membrane that prevents cross-mixing between the two electrolytes and
allows ion exchange, maintaining the charge neutrality between the solutions
[23,74,75]. Together, the two half-cells form an electrochemical flow cell, the

fundamental unit of an RFB system [24], represented schematically by a VRFB in

Figure 1.
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Figure 1. Representative diagram of a vanadium redox flow battery. (Based on
[31,66,76]).
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In a charging operation, on the positive side, tetravalent vanadium ions oxidize
to pentavalent ions, with the release of H* ions and electrons, while on the negative
side there is a reduction of trivalent ions to bivalent ions, as react with electrons that
arrive through of the external circuit [74]. Their coloring identifies these different
vanadium ions that occur in the cell: the oxidation states V?*, V3*, VO?* and VO2*

present, in that order, the violet, green, blue and light-yellow colorings [62].

The combination of several individual cells forms a cell stack assembly [77]. The
cells connect to increase the system's potential in a bipolar design configuration, the
basic module of an RFB system. In this module, the negative electrode of a cell and
the adjacent cell's negative electrode are electrically connected, maintaining the
reagents physically separated [78]. The sum of each cell's individual potential is equal
to the value of the potential difference developed and, in view of the purpose of using
the VRFBs, several stacks are organized, in turn, to form matrices that allow larger

applications [24,76].

The design of the VRFBs is directly related to battery operation issues, such as
the performance and efficiency of the system, to meet the purpose for which it was
designed: the energy storage [79]. This justifies the spatial separation between the
main components of the battery, the storage tanks and the stack, which are
intentionally designed so that the sizing of the power (kW or MW) and the stored energy
capacity (kwh) occur independently [80].

2.1.2.2 Hydraulic subsystem

The hydraulic subsystem can be mainly responsible for the flow and storage of
electrolytes since the electrical energy, after conversion into chemical energy, is stored
in the external tanks in the form of an electrolyte solution [24,81]. The electrolyte
transport occurs through pipes, with its flow facilitated by the aid of pumps [32]. The
flow rate of the pumps is entirely related to the efficiency of battery operation, a
relationship due mainly, according to Tang et al. [79], dependence on factors such as
excess potential and pump head losses associated with the flow. The study proves
that the efficiency of VRFB is higher with a flow variation when compared to pumps

that work with constant flow rates.
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On the other hand, a high increase in pump flow can lead to high energy
consumption during loading, resulting in a reduction in the energy efficiency of VRFB
[82]. Pump head losses are among the problems associated with bypass currents. The
currents can be avoided by controlling the pump's flow, together with the ideal sizing
of the battery. This can reduce energy costs that reach a consumption of up to 3% of

the energy stored by the battery [59].

Regarding pressure losses, these can be defined mainly by the loss of
resistance by friction in the pipes (Eq. (1)); congestion loss due to curves, valves, tank
inlets, and outlets (Eq. (4)); pressure losses in the flow structure (Eq. (5)) and on the
porous electrodes (Eq. (6)), so that the sum of these provides the total pressure drop
[83].
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Control strategies based on the mass transfer flow are also being developed
recently, strengthening the pump flow control ratio [82]. Wang et al. [84] propose a
dynamic flow control strategy based on a transient model to determine an ideal flow
rate applicable to the conditions of variation of charge and discharge of energy in the
battery, ensuring system efficiency, through simulation results, above 87%. However,
there is still a need to improve the model developed, as well as experimental tests of

the proposed control strategy to prove the efficiency obtained in simulation.
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In practice, peristaltic pumps are used for the VRFB system as they have a
simple operating mechanism and continuous suction. This through flexible tubes
pressed by rollers, which provides a constant flow of electrolytic solution in different
directions (from the battery to the battery and vice versa), just alternating the rotation
of the pump, this favors the electrolyte current change during loading and discharging
the battery [76,80,85]. This recirculation mode is considered the most simple,
economical and efficient method in the construction and operation of VRFBs, as it
stores the solution in only two external tanks, one for the catholyte and the other for

the storage of anolyte [60].

The tank system must be designed according to the need for electrolyte storage,
associated with the energy and operating capacity of the plant, knowing that the energy
capacity is directly related to the volume of electrolyte contained in the tanks, so that
the increase in electrolyte concentration implies reducing the size of the storage tanks
[65]. Thus, an over-dimensioning leads to cost problems due to the expense of
construction and expansion of territorial occupation, going against the environmental
issues that support the growth prospects of VRFBs in the sustainable energy storage
market [60].

Within the environmental panorama, the optimization of the dimensioning of the
system is also linked to the emissions generated, especially in its construction,
evidenced by the work of Arbabzadeh et al. [86], which evaluated the emissions
generated by the materials used in the projection of an oversized system, taking into
account the life cycle and the total energy cost. Cao et al. [32] also highlight the
manufacturing costs of tanks due to the concentration of vanadium in the electrolytes,

due to their influence on energy density.

Based on this particularity, that of having vanadium as the only active element
in the electrolyte, contamination in the system is undesirable and should be avoided
so that the tanks' projection guarantees the least possible interaction with the
electrolyte [60]. The internal waterproofing of tanks by means of sealing is a proactive
alternative in this sense [87,88].

The tanks' ideal design should also be free of any air intakes, avoiding the
reaction between the electrolyte and oxygen, causing an early discharge of the battery,
for example, by the oxidation of the V?* species. However, there are already quite
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applicable methods to combat the problem, such as purging with nitrogen gas
[85,87,89].

2.1.2.3 Electrical subsystem: cells and stacks

The energy conversion mechanism is the principle of the electrical subsystem.
This conversion occurs inside the pile, which is considered a fundamental part of the
VRFB since energy is converted through oxidation reactions and reduction of
vanadium species [24]. The stack consists of a set of cells pressed in a series
configuration. The number of interconnected cells determines the total battery voltage,

as well as the battery capacity [59].

The cells' design includes two half-cells, one positive and one negative,
separated by an ion exchange membrane that is responsible for preventing cross-
contamination of the electrolytes [90,91]. The cells are further structured by a set of
components distributed in sandwich layers, including bipolar plates (BP), joints and
electrodes [92], as shown in Figure 2.

The electrodes do not participate in redox reactions. Therefore, under properly
controlled operating conditions, they have long durability, acting only as a place for the
occurrence of electrochemical reactions [31]. Therefore, its geometry must be
considered during the design, aiming at an expansive surface area for greater contact

with the flow of electrolytes [93].

Generally, the electrodes are connected to the bipolar plates through joints that
establish the necessary compression for the electrode's ideal contact with the bipolar
plate and the ion exchange membrane. The joints are also used to connect the other
parts of the stack [60]. Among the most used materials to structure the joints, polyvinyl
chloride (PVC) and silicone stand out for being acid-resistant insulators, highly flexible
and durable due to the high mechanical stability when compacted, providing greater
safety to the pile and preventing leakage of solution through of a good cell seal [59,94].
In addition, the plates facilitate the conduction of the electrolyte through channels dug
in its walls, generating an electrical connection between the adjacent cells, hence the
need for high electrical conductivity and low acid permeability through BP [95].

Conventionally, carbon plates are used to compose BP. However, oxidation problems
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were detected with oxidation potentials of up to 2.0 V, although oxidation can be

avoided by replacing graphite plates with carbon-polyethylene plates [92].
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Figure 2. Scheme of a VRFB system, illustrating (a) a stack and (b) a single cell
(Reproduced with permission by [95] Copyright 2015, Elsevier).

Another important factor that significantly influences batteries' performance is
the flow fields in BP that contribute to electrolytes' uniform transport [96]. Ma [97] claims
that energy efficiency, working current and battery life as a whole are influenced by the

uniformity of electrolyte distribution across the cells that make up the stack.
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In this sense, the design of the internal flow of a stack, that is, through the unit
cells, may involve feeding the cells by electrolytes in parallel or in series, but the
parallel method is more recommended, in view of the range of same volumetric flow in
each unit cell, unlike the series flow that promotes disparities in the supply of each
individual cell and promotes a change in the concentration of electrolytes [24,98]. For
serial feeding, also called cascade, there are still two ways of circulating electrolytes
through the stack: equicurrent and the countercurrent modes. In the first one, the
positive and negative electrolytes enter and exit from the same side, while in the
countercurrent mode, the positive electrolyte enters the exit side of the negative
electrolyte and vice versa. The countercurrent configuration offers advantages such as
reducing the voltage variation of the cells that make up the stack and reducing the
water imbalance across the membranes that make up each battery cell, a phenomenon
discussed in topic 3.3.1) [74,98].

The sizing of the channels must be performed by analyzing the implanted VRFB
system, as they can decrease the pressure drop of the cell. With this, it is possible to
increase the battery performance, considering the channels commonly applied to
VRFBs, such as conventional, parallel, interdigitated and serpentine fields [60]. Many
studies associate the increase in battery performance with the adoption of serpentine
flow channels. They justify the lower pressure drop established by applying this type
of field, as the work of Kumar and Jayanti [94], which also highlights an increase in the

energy efficiency of 80%.

Generally, Arenas et al. [24] reiterate that the most critical aspect involved in
stack design is precisely the design of cell structures coupled to the structures
responsible for collecting and distributing the flow of electrolytes. Aiming to reduce the
number of cells that have common current collectors and thus allow not only the
optimization of the construction of the modules, but also the reduction of shunt
currents, the stack design has also involved the grouping of cells in separate subsacks

by intermediate collector plates joined to the compressor end plates [24,99-101].

A new framework for VRFBs, however, was developed by Al-Yasiri & Park [102],
eliminating endplates and joints with the incorporation of serpentine flow channels,
ensuring safety improvements and increased cell durability, in addition to minimizing

the costs of assembling the stack. However, the transfer of electrons for the occurrence
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of redox reactions and respective energy conversions occurs through the current

collectors next to the external circuit due to electronic mobility [40].

Houser et al. [103], on the other hand, demonstrated that parasitic pumping
losses have no significant influence on the net battery power and proposed two new
designs for RFBs (Equal Path Length (EPL) and Aspect Ratio (AR)), which
demonstrate superiority to standard serpentine and interdigitated designs in mass
transit. By the EPL architecture, although energetically less favorable, the results
pointed to a system with higher maximum power density, while the AR design was
related to an improvement of the benefits already obtained in the EPL to achieve an

operation with good electrochemical performance and of high energy efficiency [103].

During charging, the battery receives an external electrical stimulus making the
level of electronic energy in the electrode higher than in the electrolyte, favoring the
direction of electron flow from the electrode to the electrolyte, transferring them from
the positive electrode to the negative electrode through the current collector and the
external circuit, oxidizing the species of VO?* to VO2* and reducing V3* to V2* by the
supply of electrons [60]. In the case of unloading, the reverse occurs because the
electrolyte, in this case, has a higher energy level than the electrode, so the electrons
are transferred from the negative to the positive electrode, and oxidation from V2* to

V3* releases the electron needed to reduce VO2* to VO?*[82].

Current collectors are usually copper plates, given the high conductivity required
for electron transport [24,80]. Kim et al. [87] even covered the copper plates with tin to
increase the electronic conduction capacity, already Maurya et al. [104] used gold-

plated collector plates, despite the cost of this type of coating is high.

2.1.2.4 Control subsystem

The control and monitoring of the battery are provided by means of sensors and
software necessary to control the flow of electrolytes, energy conditioning, as well as
by monitoring temperature parameters, pH, gas release, current measurement and

battery potential [24].

Barelli et al. [80] adopted in their VRFB experimental control and monitoring

system thermocouples for online measurement and battery voltage monitoring. While
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Han & Tan [88] established a subsystem restricted only to the temperature profile, due
to the limited temperature range to keep the active species soluble considering the

heat generated by the pile during the operation.

2.1.3 Fundamental principles of the main cellular constituents of a VRFB system

2.1.3.1 Electrolytes
2.1.3.1.1 General characteristics

In a VRFB, the electrolyte is used as a medium for energy storage, so that its
volume and concentration directly affect the battery's capacity and energy density
[105-107]. In these batteries, active redox soluble vanadium species supported by
electrolyte liquids [108] are implemented, providing ionic conductivity and allowing

electrochemical reactions.

The electrolyte corresponds to one of the most important components of a
VRFB [109] and also one of the most costly factors [62]. In view of its influence on its
performance, the selection of the supporting electrolyte to be employed must comprise
requirements such as high solubility and stability, low cost, good electrochemical
performance and ample potential for operation [107,110]. Therefore, it is essential to
ensure the electrolyte's stability and solubility to improve the performance and the

overall life cycle of the battery [111].

Liu & Zou [105] state that different types of acids can be used as supporting
electrolytes in VRFBs, such as sulfuric acid [112], hydrochloric acid [113],
methanesulfonic acid [109], a mixture between these [73], or some organic electrolyte,
such as vanadium acetylacetonate studied by Liu et al. [114]. Vanadium compounds
such as vanadium trichloride (VCls), vanadium pentoxide (V20s) and vanadyl sulfate
(VOSO4) were initially evaluated in supporting electrolytes under different
concentrations, such as hydrochloric acid (HCI), sodium hydroxide (NaOH) and sulfuric
acid (H2SOa4) [64]. The combination of VCIs and HCI, however, was considered
inadequate due to the generation of chlorine gas and, associated with low solubility of
V20s in acids, the vanadyl sulfate solution with sulfuric acid as the supporting
electrolyte was selected for use in both electrolytes [64]. Later, however, methods for

obtaining electrolytes from V205 were developed [31].
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Thus, VRFBs’ electrolytes commonly use sulfuric acid as a supporting
electrolyte for vanadium ions [67,115]. The VRFB technology was even patented with
sulfuric acid as a support in the anolyte and catholyte [25], which acts both in increasing
these electrolytes' ionic conductivity well as in the supply of hydrogen ions to the

positive half-cell electrode reaction [107].

2.1.3.1.2 Electrochemical reactions

Initially, the positive electrolyte reservoir is filled with a V(IV) solution, and a V(lIl)
solution is added to the negative electrolyte tank, as shown in Figure 1. As the
electricity to be stored is applied to the electrodes of the positive and negative half-
cells, the V(IV) ions of the positive electrolyte are then oxidized to the V(V) ions. At the
same time, the V(lll) ions are reduced to the V(Il) ions in the negative electrolyte [116].
Studies have even shown that the reaction involving species V(Ill) and V(ll) in the
negative electrolyte is the limiting factor for VRFBs [117-119]. Egs. (8), (9) and (10)
show the reactions during battery charging, respectively, on the positive electrode, the
negative electrode, and the cell's general reaction, accompanied by their

corresponding redox potential [27,70,120,121].

Positive electrode reaction:

VO?* + H,0 —» VO," +2H* + e~ E%=+1.004V vs. SHE (8)
Negative electrode reaction:

V3* +e- - v2+  E0=.0.255V vs. SHE (9)
General cell reaction:

VO?* + H,0 + V3* — VO,* + V%" +2H* E®=+1.259V vs. SHE (10)

The change in the oxidation states of vanadium species after the charging
process, from +4 to +5 and from +3 to +2 in the positive and negative electrolytes,
respectively, causes the difference in oxidation number between the electrolytes of the
tanks before and after loading increase from +1 to +3. Conceptually, this change can
be interpreted by the energy storage that started to occur in the increased bivalent

oxidation number [116]. The standard open circuit voltage (OCV) of a cell, as shown in
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Eq. (10), is approximately 1.26V. However, in real cell conditions, at a state of charge
(SOC) of 50%, the cell's OCV is 1.4V [71] because, according to Knehr & Kumbur [122],
proton activities should be considered, as well as Donnan's potential. Pavelka et al.
[123] still complement that anionic species are sometimes neglected in the Nernst
equation.

Many commercial electrolytes for VRFBs are currently being prepared to contain
species V(IIl) and V(IV) in their 1:1 molar ratio (see section 3.1.5), which are subjected
to a process pre-loading that aims to convert the mixture to its negative and positive
forms in their respective reservoirs [68]. Eq. (11) contains the reaction representing this
process, which is sometimes called the cross-contamination reaction, since it also
represents the process caused when vanadium ions cross the membrane that

separates the two half-cells [116].

VO2* + 2H* + e~ o V3* +H,0 E°=+0.337V vs. SHE (11)

The reaction that occurs between species V(lll) and V(IV) (Eq. (11)) has high
activation energy and requires negative potentials to be processed, being likely that
the formation of V(IV) in the catholyte will also proceed with the formation of V(V)

followed by the reaction of this species with V(llI) [124].

2.1.3.1.2.1 Side reactions

The use of all active redox species based on the same base compound has the
advantage of not implying a permanent loss of the battery's storage capacity when
species of an electrolyte cross the membrane and are incorporated into the electrolyte
the adjacent half-cell [125]. Bearing in mind that, occasionally, vanadium ions in an
electrolyte permeate through the membrane that separates the two half cells, Table 1
summarizes the self-discharge reactions that can occur in the electrolytes of the

positive and negative half cells.
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Table 1. Self-discharging reactions caused by the vanadium ions permeated into the
counter electrolytes (Adapted from [116,126]).

Vanadium lons Permeated Self-discharging Reactions

Vo2t V02t + V2t + 2HY - 2V3t + H,0
Negative

vo,* VO," + 2V?* + 4H* — 3V?* + 2H,0
Electrode

vVo,”" VO,* + V3t - 2v0o?t

v+ V2t +2V0,* + 2H* - 3V02%* + H,0
Positive
Electrod V2t V2t + V0%t 4+ 2H' - 2V3*t + H,0

eclroae
v3+ V3t +V0," - 2v03*

Yuan et al. [66] state that the catholyte may present a mixture between ions
V(IV) and V(V), as well as anolyte a mixture of ions V(Il) and V(lIl), depending on the
SOC of the battery, the which promotes the creation of ion concentration gradients and
this, in turn, is linked to the crossing of species between half-cells. Sun et al. [127]
reported that the difference in concentration that forms between the vanadium ions of
the positive and negative electrolytes is, in fact, the main motivator for the permeation
of these ions through the membrane.

Sun et al. [128] observed through the results of their experiments that the self-
discharge reactions are stimulated by the increase in the flow of electrolyte through
half-cells, leading to a higher rate of crossing vanadium ions through the membrane.
The authors further state that the process as a whole is related to the diffusion
coefficient of vanadium ions that, in 1 M of V in 4 M of SO4?~ solution and through a
Nafion 115 membrane, increase in the following order: V3* < V0, < VO?* < v+
[128]. In another study involving the Nafion 115 membrane, Sun et al. [129] reaffirmed
that, in a 1.7 M V solution in 3 M H2S0a4, the V?* species has the highest diffusion
coefficient among the different valences of vanadium. Cao et al. [130] showed with their
experiments that, in an anion exchange membrane (FAP450), the diffusivity coefficient
of the different oxidation states of vanadium follows another order: V3t < V?+ <
V0,* < VO?*, the behavior being explained by the presence of positive functional
groups in the membrane that more strongly repel the V3* cation. The results also
showed that for the two tested negatively charged membranes (F930 and VB2), the
VO2* and V?*ions had diffusion coefficients up to an order of magnitude lower than

those of the V3* e VO?*ions, a result considered essential by the authors to reduce the
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temperature increase of the stack in periods with high SOCs [130]. Agar et al. [126],
with their studies, pointed out that, as well as the diffusion properties inherent to
vanadium ions, characteristics related to the membrane used in the battery, such as
hydraulic permeability and electrokinetics, are also significant factors that must be
taken into account in studies that aim to minimize the occurrence of this phenomenon.

In this sense, Nguyen et al. [131] evaluated the difference in the permeability
behavior of vanadium ions in relation to the type of functional group present in the
membrane and the influence of the battery equilibrium condition. The results obtained
showed that the positively functionalized membrane (Nafion 117), in equilibrium
condition, absorbed all the vanadium in all its oxidation states. Still, in the +2 oxidation
state, it was more strongly absorbed in relation to the others. On the other hand, the
negatively functionalized membrane (FAP 450) demonstrated a large absorption of V
(V) ions and that, therefore, there was a large increase in area-specific resistivity [131].
Sun et al. [129], in turn, investigated, in battery operating conditions, the permeability
of various ions through the Nafion 115 and VX-20 membranes (which have,
respectively, negative and positive groups on their surface). The authors showed after
charge/recharge cycles that, in the case of using the Nafion 115 membrane, there was
an accumulation of V?* ions in the negative half-cell due to the difference in the
permeability of vanadium in its different oxidation states, resulting in a weakening of
the capacity of the battery [129]. In the case of the VX-20 membrane, there was an
accumulation of VO2* ions in the positive half-cell from side reactions in the positive

and negative electrodes, also causing loss of battery capacity [129].

In the work of Wiedemann et al. [132] the diffusion coefficient of vanadium ions
in their four oxidation states through different cation exchange membranes was
determined. The results revealed that one of the evaluated membranes (CMX) the
coefficients are higher for all, but that the CMS membrane had the lowest values,
especially for the V?* and V3* cations, and that this membrane has a greater selectivity
between the ions HzO* and vanadium ions. According to the authors, this type of
feature is especially desirable to avoid cross-contamination and prevent side discharge
reactions [132]. Likewise, Chen et al. [133] determined the diffusion coefficient of VO?*
and VO2* ions through three different membranes with negative functional groups.
Unlike the work by Wiedemann et al. [132], in which diffusion was limited to electrolytes

with a vanadium concentration around 0.1 mol.L™?, the studies by Chen et al. [133] were
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conducted using solutions containing up to 1.0 mol.L! of vanadium, where higher
energy densities are considered. They showed that the lower diffusion coefficients of
these ions associated with a high potential difference between the membrane prevent

the unwanted crossing of vanadium ions.

Yang et al. [134] incorporated all possible ion crossing mechanisms into a model
in order to investigate them and contribute to the understanding of the impacts on
battery performance. When investigating the effect of the electric field on this
phenomenon, the authors found that the difference in concentration between H+ ions
in the positive and negative half-cells, even under an open circuit condition, causes
migration of vanadium ions, with the transfer rate being strongly affected by the H*
concentration gradient. Furthermore, the results reinforced that the discrepancy
observed in the diffusion coefficients for ions in different vanadium oxidation states
contributes to the creation of vanadium accumulations in the positive half-cell during
the charge/discharge cycles, leading to a decline in the capacity of the battery [134].

Under operational conditions, especially when VRFBs are overloaded, other
side reactions may occur. These involve the evolution of hydrogen gas (negative
electrode), the evolution of oxygen gas and carbon dioxide generation by corrosion of
the graphite plate that makes up the electrode (positive electrode). These reactions
lead to loss of performance and compromising the battery structure itself [116,135,136].
Egs. (12), (13) and (14) present, in this sequence and with their respective potentials,

the reactions of formation of Hz, Oz and COzin the electrodes of a VRFB [137].

Hydrogen evolution:

2H* +2e~ - H, T E®=<0.000V vs. SHE 12)
Oxygen evolution:

2H,0 - 0, T+ 4H* + 4e~ E®21.230V vs. SHE (23)
Carbon corrosion:

C 4+ 2H,0 - CO, T +4H* + 4e~ E®>0.207V vs. SHE (14)

The degradation of the electrodes, either by corrosion or by the generation of
hydrogen gas, represents an important reason for the loss of performance of a VRFB
system [135]. Many studies that have been developed address the effects of hydrogen

evolution [138-146]. In the negative electrode, the formation of H2 bubbles is associated
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not only with the reduction of the efficiency of the battery by consuming part of the
electric current that reaches the electrode, competing directly with the reduction of V3*
to VV?* [147], but also because it affects performance by interfering with the flow of the
electrolyte, reducing the area available for the occurrence of the redox reaction [139].
H2 bubbles can also contribute to the degradation of the electrodes’ surface made of
carbon felt, oxidizing their surface [138]. However, if this evolution of hydrogen does
not occur without control, which could lead to a complete failure of a VRFB
[142,144,148], Piewk et al. [148] point to another configuration of conventional VRFBs
in which a catalytic reactor is coupled to a secondary circuit on the negative side of the
battery, responsible for producing hydrogen. This system is called double circuit
vanadium redox flow battery and, in addition to energy storage by the traditional
electrolyte, it allows the production of hydrogen through the reaction between
vanadium ions (V(Il)) with protons naturally present in the electrolyte, thus increasing
the energy storage capacity of these systems [148-151].

Al-Fetlawi et al. [152] state that in the positive electrode, in turn, the evolution of
O2 and its consequent formation of bubbles affect the performance of the VRFBs by
reducing the electrochemically active area of the electrode, as well as by reducing the
diffusion coefficients of vanadium ions and effective ionic and thermal conductivities.
The authors also point to a stimulus for the formation of Oz bubbles by increasing the
operating temperature and that, for this reaction to occur, part of the electrical current
available to the electrode for oxidation of the V(IV) ion is consumed, reducing the
efficiency of the system [152]. Zhang et al. [153] complement that not only the round-
trip energy efficiency is impaired but also the Coulombic efficiency and the composition
of the electrolytes, which becomes unbalanced and implies problems in the cycling of
the battery, requiring control and monitoring as indicated by Corcuera & Skyllas-
Kazacos [154].

The evolution of COz, in turn, may be associated with a process of intergranular
corrosion of the surface of the graphite electrode [155]. According to the authors, the
process is highly damaging to the battery, which can lead to failure and even leakage
of electrolytes, in addition to, for example, the problems that infer the battery's
electrochemical performance with issues related to the formation of bubbles. Liu et al.
[155] also found that when functional groups such as COOH and C=0 are present on
the electrode surface, they can act as catalysts for the CO:2 evolution reaction, which

leads to an increase in the corrosion rate.
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2.1.3.1.3 The electrolyte imbalance and electrolyte regeneration

Another consequence of cross-contamination between electrolytes and side
reactions is an electrolyte imbalance, which directly affects battery performance by
reducing its capacity [156]. According to Roznyatovskaya et al. [157], this imbalance
results from the inequality in the amount of oxidized and reduced vanadium species so
that only one half-cell of the battery can reach a SOC of 100%, corresponding to that
which has the limiting amount of species active. Jirabovornwisut & Arpornwichanop
[158] highlight that, depending on the cause of the imbalance, both the positive and
negative half-cells can be the limiting factor in the process. One way to verify this
electrolyte imbalance in practice is through the measurement of the state of health
(SOH). The SOH estimates the degree of battery weakening in the face of its
deterioration over the charge and discharge cycles and, together with the SOC,
represents the key variables in the system's energy management [159]. Generally
speaking, the difference between the SOC of the positive and negative half-cells is the
battery's SOH.

When you have an electrolyte imbalance, a change in the optimal initial average
oxidation state (AOS) between the active species in the positive and negative half-cells
is also verified. Initially, the AOS value is equal to +3.5, meaning that in positive and
negative electrolytes there are, respectively, 50% of VO?* and 50% of V3* [160].
Determining the concentration of species in the anolyte using UV-vis spectroscopy has
been discussed in the literature [157,161-163]. The strong colors and quite
distinguishable from the different oxidation states of vanadium make the UV-vis
technique a good candidate for determining the concentration of these species in
solution and consequently the possible unbalance between the half-cells, since the

species absorb light in different bands of the spectrum [162,163].

Two methods to attenuate the effects caused by electrolyte imbalance and to
rebalance them were proposed by Corcuera & Skyllas-Kazacos [154]: (i) remixing the
cell electrolytes and (ii) rebalancing by adding compounds to the catholyte. However,
the cause of the imbalance must be known, as the first method applies to cases where
there was only transfer of vanadium ions across the membrane, while the second is
for cases where this transfer resulted in unwanted side reactions [154,158]. In addition
to remixing resulting in energy losses as electrolytes are mixed and reset to an AOS

of +3.5, it has demonstrated failures after some attempts to restore the initial battery's
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capacity. Rudolph et al. [164] argue that the positive effect originating from remixing
becomes quickly reversed after some restorations due to the decrease in the battery's
internal resistance, mainly due to the change in the concentration of hydrogen in the

electrolytes.

The method for chemical rebalancing proposed by Corcuera & Skyllas-Kazacos
[154] consists of adding a chemical reductant or organic compounds such as oxalic
acid, methanol and ethanol. These compounds are added to partially reduce VO2* to
VO?*, which allows balancing the ratio between V?* and VO:2*, since the V?* species
becomes limiting due to the reactions of hydrogen evolution and oxidation by air
[154,158]. Another method for rebalancing electrolytes was proposed by Whitehead &
Harrer [143], which uses hydrogen. The proposal consists of reusing the hydrogen
evolved by the side reaction in the anolyte, feeding it into the catholyte in order to, with
the use of a catalyst, reduce the VO2* as in the method using chemical compounds.
However, the disadvantage of using hydrogen as a reducer is the low reaction rate
between Hz and VO2* [143].

2.1.3.1.4 Influence of electrolyte on VRFB performance

For the various vanadium species used in VRFBs, sulfuric acid is, in fact,
considered the best solvent [165]. On the other hand, this traditional VRFB system,
based on the use of sulfuric acid, is significantly limited by the vanadium ion's solubility
and stability, strongly dependent on the temperature and concentration of the acid
[105]. As a result, there is a narrowing of the operating temperature range (10°C —
40°C), as well as the energy density of the battery, which is limited to 25 Mh.L™* for an
active vanadium concentration below 2.0 mol.L-! [166,167]. The V(V) is the species
that most restricts the battery's autonomy because in a solution that has a
concentration ranging from 1.5 to 2.0 mol.L™%, it undergoes thermal precipitation in the
form of V205 at temperatures above 40°C and dissipation when below 10°C [107].
However, low temperatures are also related to the precipitation of species V(ll), V(III)
and V(IV) [168]. The use of additives for the thermal stabilization of electrolytes against
temperature increase during the battery operation process will be addressed in
subsection 7.1.

The efficient performance of the electrochemical cell is a critical factor for a
VRFB since it depends on the reaction kinetics between the redox pairs [32] as well as
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the energy density of the battery is influenced by the concentration of vanadium ions
in the electrolytes. In this regard, over the years, much has been contributed to
improving performance and reducing the cost of VRFBs, with high concentration
electrolytes being developed [106,167-172].

In addition to the aforementioned factors, the power density and, therefore, the
performance of the VRFBs, are also influenced by the flow and distribution of
electrolytes in the electrodes [173] because of the relationship of these parameters with
the supply of reagents and removal of formed products where reactions occur close to
the electrode surface [174]. In addition, to achieve energy rates per power greater than
4, thus corresponding to a capacity to store energy for more than 4 hours, the economy
of a VRFB becomes critical due to the electrolyte, which now includes an expressive
percentage in cost with kWh[32]. This is motivated, for example, by the degree of purity
required of the compounds traditionally used in the preparation of electrolytes,
vanadium pentoxide and vanadyl sulfate, since the presence of impurities may be
associated with a reduction in battery performance over the long term and, as a
consequence of the increase in purity, there is also the price increase with the
production of the electrolyte [32,175].

2.1.3.1.4.1 Influence of electrolyte flow-rate

The hydraulic subsystem of a VRFB system was discussed in section 2.2, where
issues about the sizing of pumps and electrolyte storage tanks were addressed, as
well as the influence of pump flow on battery operating efficiency. Ulaganathan et al.
[59] point to the importance of the flow rate of electrolytes in determining energy
efficiency and cell capacity. A higher electrolyte flow rate implies an increase in overall
performance (especially capacity) of the VRFB; however, it will imply a reduction in
system efficiency by increasing pump consumption [176]. Thus, it is essential to
determine an ideal electrolyte flow rate in order to balance the system capacity gain

with its efficiency loss.

Skyllas-Kazacos et al. [177] state that it is necessary to provide a flow
considered to be a minimum (stoichiometric flow) to each half-cell and with a necessary
rate so that the concentration does not reach zero before the electrolyte leaves the
cell. This flow rate is a function of the reaction stoichiometry, the current applied to the
system and the SOC of each cell so that each cell must receive a flow at the same
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rate, although small variations occur as a result of pressure drops [177]. In this way,
keeping the electrolyte concentration fixed, the minimum necessary flow rate varies
with the SOC of the system. Even, to minimize the loss of concentration potentials,
VRFB systems typically operate with a flow rate greater than the stoichiometric, which

is linked to the geometry and design of the cell [177].

In the work by Khazaeli et al. [178], the authors argue that the high flow rate of
the electrolyte can lead to a lower mass transfer bias, which would be desirable, but
that this leads to a large pressure drop across the stack. Thus, the authors investigate
these two phenomena as a function of the electrolyte's flow rate and associate this with
the battery's SOC. The results obtained by simulation show that, at higher flow rates,
there are gains associated with a shorter residence time and a more uniform profile of
electroactive substances through the battery electrodes. In addition to the increase in
cellular voltage, the increase in the flow rate implied the possibility of battery operation
at low SOC during discharge, making the electrochemical energy conversion in the
VRFBs longer, which, in turn, is related to a relief of electrode deterioration problems
[178].

2.1.3.1.5 Preparation of the electrolytes of a VRFB

Building a VRFB has crucial steps for its proper functioning, which correspond
to the processes of initial preparation and electrolyte loading [60]. Since the electrolytes
store the active redox species that carry energy, the prepared solutions' physical-
chemical properties represent critical factors for the technology's proper functioning
[179].

Vanadium electrolytes are mainly obtained from VOSO4 or V205 [31]. Skyllas-
Kazacos & Grossmith [120] used different concentrations of VOSO4 in a fixed
concentration (2 mol.Lt) of H2SOa in the preparation of cathodic and anodic solutions.
Using a basic charging system, the authors loaded three equal volumes of V (V)
solution, two of them in the positive electrolyte composition and one for the negative.
During the initial charge, V (IV) oxidizes to V (V) on the positive electrode and reduces
to V (II) on the negative electrode. The additional volume of positive electrolyte was
discarded after complete loading, aiming to obtain equal volumes in each half-cell [120].

Li et al. [180] also prepared electrolytes from VOSO4, but used equal volumes of
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solutions on both the positive and negative sides. For this, an initial charge was given
to reduce V (IV) to V (lll) in the negative electrolyte and oxidation from V (IV) to V (V)
in the positive electrolyte, followed by the addition of oxalic acid (reducing agent) in the
V (V) solution to reduce it back to V (IV). Finally, Li et al. [180] recharged both sides,

thus obtaining V (II) and V (V), respectively, in the negative and positive half-cells.

Skyllas-Kazacos [181] has patented a method for preparing electrolytes that
consist of using a mixture of V20s and powdered V203 as vanadium sources,
simultaneously dissolved in sulfuric acid. According to the author, with the powders'
particle size and surface area, an equimolar mixture between V3* and VO?*, called
V35* is obtained with the technique. The V35* electrolyte is, in a special way, preferred
by the industry to be used as a positive and negative electrolyte because, with that,
the VRFB system can operate without requiring an initial rebalancing of positive and

negative capacities [30].

Methods for obtaining electrolytes for VRFB are also found in the literature, with
V20s as a source, using electrolytic dissolution [182-186]. Through this preparation
technique, each half-cell is filled with support electrolytes in the same concentration
and, on the negative side, a suspension of powdered V20s is added. While at the
positive pole there is an evolution of oxygen, at the negative pole V20sis reduced to
V35* as shown by Eq. (15) [184].

V20s(s) + 8H* + 3e~ — V3* + VO2* + 4H20 (15)

Regardless of the vanadium source and preparation method adopted, the
electrolytes must go through a pre-charging process for the VRFB system to operate.
In cases where VO?* is used as an electrolyte, the preload is responsible for generating
V2* and VO2* as negative and positive electrolytes, respectively, representing a SOC
of 100% [25]. In cases where V35 is used as a starting electrolyte, the negative and
positive half-cells after preload are obtained, respectively, the V3* and VO?*
electrolytes, which corresponds to a SOC of 0% [184].

It is important to highlight two factors related to the electrolytes of a VRFB that
still represent a limitation to its potential for use: the low energy density due to the
electrolyte's low solubility and its susceptibility oxidation to the air of the species V?*
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[76]. In addition to representing a challenge, Skyllas-Kazacos et al. [187] state that the
relatively low energy density of VRFB electrolytes (generally in the range of 20 to 33
Wh.L) limits applications for the technology, mainly in terms of physical space or
weight. Regarding the stability of the V(Il) species in solution against exposure to
oxygen, the acidic state in which electrolytic solutions are commonly found, associated
with the presence of oxygen, favor immediate oxidation of V(ll) ions (Eq. (16)) [188],
causing an electrolyte imbalance between the redox pairs and, consequently, reducing
the battery capacity [189].

0O2(g) + 4H*(aq) + 4V?*(aq) <—> 4V3*(aq) + 2H20()) (16)

Ngamsai & Arpornwichanop [188] investigated the reaction kinetics presented
in Eg. (16) and concluded that the oxidation reaction of V2* ions is faster when these
ions are in lower concentration in the electrolyte and there is excess oxygen in the
system. The authors also pointed out that the increase in the interfacial area between
air and electrolyte is associated with high oxidation of V(Il). Thus, the battery's
projection should seek to reduce the contact area between the electrolytes and the air

to minimize this process's occurrence.

2.1.3.1.5.1 Optimized electrolyte preparation

Ideal functioning might be provided by combining the effects of viscosity, activity
and electrochemical conductivity. Jing et al. [190] have tested distinct concentrations
of VOSOa4 in H2SO4 to evaluate the behavior of the electrolyte in charge/discharge
processes and achieved the best electrochemical performance with 1.6 mol.L! of
VOSO4 and 2.8 mol.L? of H2SOa. Their results pointed that an increase of VOSOa4
concentration caused a decrease in conductivity while an increase in H2SOa4

concentration improved it.

Mohamed et al. [191] have performed similar tests, but experimenting with an
equimolar mixing of V(lIl) and V(IV) (1.6 mol.L*Y) in H2SO4 (4.0 mol.Lt). Dilution of
vanadium concentration in the solution for 0.8 mol.L"1, fixing the initial concentration of

H2SO4 resulted in a slight decrease in the cellular tension, although a solution with
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highest concentration of vanadium was associated to a greater electrolytic resistance
to ion movement. A decrease in H2SO4 concentration (3.0 mol.L™?), but fixing the initial
concentration of vanadium, however, was caused a charging time twice as long the

more concentrated electrolyte, as well as a lower charge acceptance.

Shah et al. [192] developed a model for simulating the performance of a VRFB.
The study obtained that a mixture of electrolytes of V (lll) and V (IV) with an initial
concentration of vanadium ions of 1.080 mol.L** demonstrated a coulombic efficiency
lower than that developed by the electrolyte with a concentration of 1.440 mol.L*. Both
electrolytes were supported in 4.000 mol.L* of H2SO4 and the result of the model was

validated by data obtained experimentally by the authors themselves [192].

Kazacos et al. [193] examined V(V) precipitation to optimize the electrolyte
concentration for VRFBs. They found that, in fact, the electrolyte present in the positive
half-cell is susceptible to V(V) precipitation, but that the such phenomenon is mainly
observed when the solutions are fully charged, at high temperatures and go through
long periods without cycling. Thus, according to the authors, the composition of 2
mol.L* V(V) in 3-4 mol.L* H2SO4 can be safely used in systems that will not be
subjected to high temperatures and that will undergo continuous loading and unloading
cycles. Still, otherwise, the most appropriate preparation would be to reduce the
concentration of V(V) to 1.5 mol.L" 1, maintaining that of H2SOa4 in 3-4 mol.L1. However,
in the concentration of 2 mol.L* of V(V) and 3 mol.Ll H2SO4, the electrolyte,

maintained at 40°C and under a 90% SOC, did not show precipitation [193] .

Intriguing results were found for V(V) solutions with concentrations greater than
3 mol.Lt in H2SO4 with concentrations greater than 4.5 mol.L! in experiments of
Skyllas-Kazacos et al. [106]. The authors did not verify precipitation in the analyzed
solutions, even after 30 days and with the system subjected to 40°C. The study also
shows that the increase from 1.5 to 2 mol.Ltin the concentration of V(V) at 30°C favors
the thermal precipitation in the positive electrolyte, but that, possibly, vanadium
concentrations above 3 mol.L can be used in VRFBs, in order to improve the energy
density provided [106]. Rahman & Skyllas-Kazacos [168] showed that electrolytes with
a V(V) concentration varying between 3.0 and 3.5 mol.L! in a sulfate concentration
equal to 6 mol.L* are stable up to 30°C. They also proved that in higher concentrations,
in addition to the loss of stability at these temperatures, the electrolyte greatly

increases its viscosity, making hydraulic flow impractical [168].
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Wen et al. [194] state that the electrolyte stability is most strongly affected by the
relationship between the concentration of vanadium and H2SO4 and that an increase
in the concentration of H2SO4 attenuates the precipitation of the V(V) ions but that a
very high concentration impacts on the precipitation of the ions. V(lll) ions in the
negative electrolyte. Thus, the authors found that a preferred electrolyte to be used in
VRFBs, from the point of view of stability, must have between 1.5 and 1.6 mol.L of

vanadium in 4 to 5 mol.L of H2SOa, operating above -10°C [194].

The effect of the H2SO4 concentration used in a VRFB was evaluated by Islam
et al. [195] regarding the impact on the transfer of vanadium ions and water across the
ion exchange membrane separates the two half-cells. The experiments showed that
the V(IIl) electrolyte synthesized by researchers from VOSO4 at a concentration of
2 mol.L1, when the concentration of its supporting electrolyte increased from 2 to
6 mol.L1, implied a decrease in the transport of vanadium and ions of water from the
negative to the positive half-cell, this improved the overall battery energy storage
capacity by 50% [195].

2.1.3.1.6 Effect of the presence of impurities on the electrolytes

Although VOSOy4 is used in the preparation of electrolytes, the best cost-benefit
ratio of V20s makes it the most required raw material [30], which is predominantly
applied with high purity (99.8%) [31]. However, the diversity of sources available for
recovery of V20s, comprising ores, concentrates, metallurgical slags, oil residues and
fly ash [16,32] may be associated with the incorporation of elements such as Fe, Na,
Si, K, Ca, Mg, Cr, Zn, Cu, Mn and Ni to vanadium pentoxide, which in turn stimulates
the need for tests to use a product of less purity (98%) in obtaining the electrolytes
[31,32,194]. Among these metals, for example, Cu, Cr, Mn and Ni, as well as Sn and
Mo, can harm the cycles of VRFBs because they act as catalysts for the evolution of
H2 that occurs in the negative electrode [71].

While some impurities may not be detrimental to the smooth functioning of the
VRFB system, the presence of some can cause operational and performance
problems, as is the case with Ni and Cu which, according to Cao et al. [32], are
deposited on the negative half-cell electrode and contribute to the evolution of
hydrogen as the battery is charged. In addition, Ding et al. [61] state that redox
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reactions can also be negatively influenced, considering the impact that these
impurities can affect the system in terms of stability and diffusion of vanadium ions
through the electrolyte.

The ferric ion had its effect on the positive electrolyte of a VRFB evaluated by
Ding et al. [49], who added different concentrations of Fe(lll) in vanadium electrolytes
composed of 1.6 mol.L* of V(IV) and 2.8 mol.L? of H2SO4 which, according to studies
by Jing et al. [190], provide an ideal operating condition for VRFB. The presence of the
Fe(lll) ion in the electrolytic medium has been shown to contribute beneficially to the
battery's reaction rate, favoring, for example, the diffusion of V(IV) ions through the
electrolyte, up to a concentration of 0.0196 mol.L"t. Above this concentration, the
authors state that the V(IV) electrolyte lost thermal stability, resistance to charge
transfer increased and, despite this, there was competition from ferric ions for the
battery's redox reaction.

In obtaining vanadium from ores or concentrates leached, silicon is sometimes
dissolved together with vanadium, often remaining in some content in the final product
[196]. Thus, some literature reported the effect of silicates on the composition of the
electrolytes [197-199]. Soluble silicates should have their concentration reduced to less
than 1000ppm, preferably less than 500 ppm, say Nakajima et al. [197], because
according to the authors, soluble silicates such as Na2SiOs, when in higher
concentrations, can react with the sulfuric acid commonly used as a supporting
electrolyte and produce H2SiOs, causing gelation of the acidic solution. Kubata et al.
[198], in turn, used a relationship for the concentration of a contaminant with which they
relate an increase in this to the decrease in battery performance. The authors then
concluded that, for Si, the ratio is less than 5 ppm.m3m? (concentration of impurity x
volume of electrolytes / total electrode area). Above this value, the impurity begins to
influence the good performance of the system VRFB [198].

Nakajima et al. [197] and Kubata et al. [198] also evaluated in their patents the
presence of the ammonium ion (NH4*) in the electrolyte, in which the authors reported
that: NH4* ions can cause instability in the electrolyte solution since they are associated
with precipitation of vanadium, but can be removed from the system by heating in an
inert gas atmosphere (400 to 690°C for 1 to 4 hours) [197]; deposition of vanadium-
ammonium compounds can occur on carbon electrodes and, therefore, the
concentration of NH4* in the electrolyte must be below 20 ppm, as it is possible to nullify

such phenomenon [198].
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In addition to the NH4* ion, Wen et al. [194] also evaluated the influence of the
variation in the concentration of K* and Na* ions in a V(IV) electrolyte prepared with
VOSO4 with H2SO4 as a supporting electrolyte. In a concentration of H2SO4 equal to 5
mol.L* and V(IV) equal to 2 mol.L, the authors state that the three studied ions'
presence contributed to the decrease in the number of vanadium ions kept in solution
presenting a detrimental effect for the good battery operation. When changing the acid
concentration to 4 mol.L%, however, Wen et al. [194] found that the ions V(IV) had their
stability slightly increased by increasing 0.05 mol% in the ratio K*/V/(IV), in contrast to
the verified with NH4*™ and Na*, that the increase remained responsible for the increase
in precipitation ions V(IV).

The presence of the K* ion was also evaluated in vanadium electrolytes in which
the metal was in other oxidation states (+3, +3.5 and +5) by Ding et al. [61]. The authors
were able to verify that, for the three electrolytes studied, the addition of K* was
associated with an increase in the electrolyte viscosity and a decrease in its
conductivity. Regarding stability, Ding et al. [61] state that the K* ion had little effect on
the V(Ill) electrolyte but that it negatively interfered with the others' stability. The
authors also found a concentration that they considered to be an acceptable maximum
limit for the presence of K* in solution, equal to 8.0.10- 2 mol.L1. According to the results
obtained by the researchers, below this concentration, a VRFB could fully act in a
temperature range between -10 and 40°C, so that, in higher concentrations, the
presence of K* was associated with a considerable increase in resistance to charge
transfer, which in turn implies a decrease in electrochemical performance of
electrolytes [61].

The effect of Cr*3 as an impurity in the positive electrolyte influences the reaction
activity, ion diffusivity of vanadium and causes interface film and electrode reaction
impedances, prejudicing the electrochemical performance of the V(V)/V(IV) redox par
[200]. Huang et al. [200] found that in concentrations of up to 0.10 g.L™, Cr*3 has little
effect in the battery electrode reaction, but up to the maximum concentration of to
0.30 g.Lt it favors the V(V)/V(IV) reaction by increasing its reversibility and decreasing
ion diffusion resistance. The presence of Mn?* in the positive electrolyte also has
important reactional interferences, as studied by Huang et al. [201]. They showed that
an increase in Mn?* (from 0.04 to 0.13 g.LY) amplified the vanadium ion diffusion
coefficient in 60%, improving both reaction activity and reversibility. However, Mn?* in

a concentration of 0.07 g.L? the resistance to the reaction in the electrode and the
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interfacial resistance grow 25% higher, implying that such impurity might have adverse
effects in the VRFBs functioning [201].

In3* ions also had their influence on the electrochemical performance of a
positive electrolyte for a VRFB studied by He et al. [202], who found that the addition
of In3* to the electrolyte that comprises the redox pair V(V)/V(IV) increases not only the
electrochemical activity but also the reaction kinetics. According to the results obtained
by the authors, this condition is achieved when the ions of In3* are in a concentration
of 10.10® mol.Lt, with which the researchers obtained an increase of 1.9% in the
energy efficiency of the cell in relation to a cell whose electrolyte was not added from
the impurity. In this case, the presence of In®* assumed an additive role, because it
directly contributed to battery improvement by affecting the hydration status of
vanadium ions in the electrolyte and thereby increasing the charge transfer process

that occurs at the interface between the electrode and the electrolyte [202].

2.1.3.2 Electrodes
2.1.3.2.1 General features

The electrode corresponds to one of the main components of VRFBs [66],
performing the function of providing a surface that is electrochemically active so that
redox reactions occur between the vanadium ion pairs of the electrolytes [21,203].
Electrolytes, such as the electrodes, are related to the determination of the system's
energy storage capacity, whereas the area of the electrodes - associated with the
number of cells contained in the battery cell - determines the power of the VRFBs [204].
Mehboob et al. [85] and Wang et al. [21] explain that precisely because the redox
reactions between the VO?*/VO2* and V3*/V?* pairs are processed in the electrodes
while charging and discharging the battery, these are a vital part of the system, this
because the catalytic effect they have on reactions directly implies an efficient use of
vanadium electrolytes. This can significantly increase battery power. In this context, for
Shen et al. [205], a bad electrochemical activity and kinetics represent a major problem
for VRFBs and, therefore, as stated by Wang et al. [63], the electrodes must be highly

catalytic for redox reactions to take place and charge the electrolyte effectively.

When selecting an electrode, some requirements must be met, such as: have a

three-dimensional porous structure that facilitates the flow of electrolyte through its
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surface, whose active area is as large as possible; demonstrate high electrochemical
activity in the face of redox reactions; present low electronic resistance [21]; not
participating in reactions, being, therefore, inert both mechanically and chemically to
the active redox species and the supporting electrolyte that will flow through its surface;
demonstrate electrochemical stability across the potential window to which the system
will be subjected, and chemistry in environments subject to very low pH values; have
high hydrogen and oxygen overvoltage and high and efficient electrical conductivity to
respond quickly to charge transfer processes [66,203]. Ulaganathan et al. [59] explain
how some of these specifications for the electrode composition material can affect the
performance of VRFBs. According to the authors, the electrical resistance is related to
the ohmic losses that can happen during the process of passing electric current. This
directly affects device voltage and battery energy efficiency; overvoltage losses are
influenced by the electrochemical activity of the material, which also implies the tension
that will develop in the loading and unloading processes; the porosity of the material is
related to the pressure drop in the flow of the electrolyte through the cell stack, which

can lead to energy losses by pumping.

Since the first studies regarding VRFBs, when the system was being proposed
and developed by Skyllas-Kazacos and collaborators, the tests were carried out using
carbon, or graphite, as the production base material of the electrodes [25,64,120,206—
211]. The first research specifically on electrodes for VRFBs was published by Rychcik
& Skyllas-Kazacos [209]. With this study, the authors concluded that, under various
forms analyzed, graphite and carbon performed well as a negative electrode.

Electrodes are currently mainly found with carbon fiber as the base material in
the constitution, commonly as carbon felt, graphite felt (GF), and carbon paper
[116,137]. GF are the most used because, among the requirements pointed out as
essential to the electrodes, they present high conductivity, good chemical stability, high
surface area, a large window of operation potential, in addition to the low cost of the
material [116,205,212-215].

Shen et al. [205] state, however, that a limitation to the use of this material in the
production of the electrodes consists of its weak kinetic reversibility. Ulaganathan et
al. [59] and Kim et al. [203] complement stating that an adaptation of the fuel cells of

the “zero-gap” reactors is being carried out on the batteries of the VRFBs. The goal is



50

to improve performance and achieve high power densities, which confronts most

commercial graphite papers' somewhat low electrochemical activity [216-227].

2.1.3.2.2 Reaction mechanism of vanadium species and electrodes

The definition of the electrode geometry, associated with its shape and surface
morphology, as well as the electrolyte flow, correspond to primordial factors in the
projection of the VRFBs, because they are related to mass transport and the electrode
kinetics in general [93]. Understanding the reaction mechanism that is involved in the
redox reactions that take place in the electrodes is extremely important because it
allows developing strategies to improve the behavior of active species, as well as
designing materials that optimize reaction rates. As shown by Fan et al. [228], at least
four general steps can be verified in the reaction processes in electrodes: the
electrochemical step, in which electron transfers occur; the stage of diffusion of
reagents and products through the electrolyte-electrode interface (mass transfer); this
interface where the charge-discharge process of the double electric layer (non-
Faradaic process) is also verified; and finally, the migration processes of both the
released electrons, which follow the collector, and the other species through the

electrolyte.

The reactions that occur between the vanadium ions in the positive and negative
electrodes were presented, respectively, by Eqgs. (8) and (9). The mechanisms for
these reactions were proposed by Sun and Skyllas-Kazacos in two works. They report
how the functional oxygen groups on the graphite electrode surface interfere with the
reaction activity of the VO?*/ VO2* and V2*/V3* pairs [216,229]. According to the authors,
when thermally activating graphite electrodes, redox cells' energy efficiency increased
by 10%. They attributed this increase to the formation of functional groups C-O-H and
C=0 on the electrode surface, which would act as active sites for vanadium ions, thus

catalyzing the reactions.

In a charging operation, the reaction at the cathode starts by transporting the
VO?* ions from the catholyte to the electrode surface, then ion exchange of these with
the H* ions of the phenolic groups present, with the VO?* ions remaining on the
electrode surface, as represented by Figure 3a. Of these ions, an electron is

transferred to the electrode along the C—O-V bond, one of the atoms of the functional
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group C-0 being transferred to VO?* ions, which is responsible for forming VO2* on
the electrode surface (Figure 3b). In the last step (Figure 3c), there is an exchange of
ions between the H* ions in the solution with the VO2* ion formed on the electrode
surface. Then the oxidation reaction with the VO2* ions is completed, diffusing through
the electrolyte [216]. In the unloading process, these reaction steps are inversely

related to the loading process.

(a)

(b)

(©)

Figure 3. Reaction mechanism of the positive electrode during the charging process
(Based on [216]).

In the anode, during the system loading, the V3* ions initially diffuse from the
anolyte to the electrode surface, where there is an exchange between one of these
ions with an H* ion from a phenol group, as shown in Figure 4a. This process is
followed by the transfer of electrons from the electrode surface to the V3* ion, through
the C—-O-V bond, in order to form V?* (Figure 4b). Finally, the reduction reaction is
completed with the ion exchange between the formed ions and H* ions in the solution,
with the release and diffusion of the V?* ions in the electrolyte (Figure 4c) [229]. During
battery discharge, the oxidation mechanism from V2* to V3* occurs in the opposite

direction.
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(a)

(b)

(c)

Figure 4. Reaction mechanism of the negative electrode during the charging process.
(Based on [229]).

Zhong & Skyllas-Kazacos [210] investigated the VO?*/VO2* redox couple's
reaction kinetics for different carbon and graphite electrodes. They reported that they
obtained a charge transfer coefficient and an equilibrium exchange current density,
respectively, 0.71 and 2.47.10* A.cm™ for a graphite disc electrode, with 3 mol.L*
H2S04 as the supporting electrolyte. In addition, values of the order of 10-2 A.cm? were
achieved for the exchange current density when using GF and crosslinked glass
carbon electrodes, attributed by the authors to the greater surface area that these

electrodes offer.

Gattrell and collaborators [135,230] also studied the reaction kinetics of the
VO?Z*/VO2* redox couple and they reported that, using a graphite electrode, a low
symmetry factor was found in the curves polarization of this redox reaction. For the
authors, the phenomenon is best explained as due to a layer of adsorbed intermediates
that takes time to desorb from the electrode surface and by which the transfer of
electrons to reactive species occurs, which leads to loss of the potential applied to
conduct the stage reaction effectively. In this way, it is possible to assign a kinetic
limitation to the reaction between VO?* and VO2* species because, in this case, there
is also the transfer of an oxygen atom preceding or following an electron transfer step,
thus representing the probable limiting reaction of general mechanism. The reaction
between V3* and V?* is faster, it has a much higher exchange current and its high
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symmetry implies that simple electron transfers occur during the reaction
[135,210,230,231].

Contrary to the results of Gattrel et al. [230], Aaron et al. [232] used dynamic
hydrogen electrodes in the two half-cells of a VRFB to study the kinetics of the redox
pairs in the positive and negative electrolytes and, interestingly, obtained an exchange
current density for the redox pair VO?*/VO2* approximately 44 times higher than for the
V3*/V2* pair.

With this, it is understood that kinetically the reaction involved in the negative
electrode is limiting to the battery's performance because it is the slowest reaction.
This result, in turn, is not easily understood because of the observation of the reactions
between each of the redox pairs (Egs. (8) and (9)), which explains the greater
complexity involved in the reaction of the positive electrode. The result obtained by
Aaron et al. [232], in turn, is supported by the study by Choi et al. [233], in which the
authors measured and compared the polarization of the positive and negative
electrodes using a dynamic hydrogen electrode and found that the polarization of the
positive electrode is superior to the polarization of the negative electrode. In this sense,
Agar et al. [145] studied the configurations of crude carbon felt electrodes and treated
thermally and chemically, aiming to determine which half-cell reaction limits the
performance of a VRFB. The better performance provided by the heat-treated
electrode implied its use in both half-cells as a base case. From the analysis of voltage
efficiencies and cyclic voltammetry, the authors found that hydrogen evolution occurs
in a potential very close to the reduction potential for V3. With this, Agar et al. [145]
also suggested that the reaction limiting the performance of VRFBs is that which occurs
in the negative electrode, but that this is not due to a slow reaction kinetics, but due to
the formation of Hz bubbles, which would be responsible for blocking the active sites
of the reaction between the pair V3*/V?*. In addition, as the investigations of Choi et al.
[234], the reaction on the negative electrode is highly dependent on the heat treatment
of the electrode and the reaction temperature, in contrast to the pair VO2*/VO2* on the
positive electrode, which is quite indifferent to these variables. Thus, it is essential to
carry out studies covering the most diverse materials of electrode composition, as well
as functional groups present on the surface of these electrodes, in order to
electrochemically evaluate not only the kinetics of redox reactions but the reaction set

as a whole of the positive and negative electrodes of the VRFBs.
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Wau et al. [235] investigated the kinetic behavior of the VO?*/VO2* and V3*/v2*
redox pairs on carbon paper electrodes. The authors proposed a reaction mechanism
based on an internal sphere that takes place on the electrode's surface and that,
similarly to that presented by Sun & Skyllas-Kazacos [216,229], is catalyzed by
functional oxygen groups introduced by surface treatment. Yue et al. [236] also studied
the use of electrodes composed of highly hydroxylated carbon fibers through the
results obtained with the kinetics of redox pairs. The researchers also presented a
mechanism similar to that of Sun & Skyllas-Kazacos [216,229]. They showed that the
presence of the hydroxyl functional group on the surface of the electrodes implied a
great increase in electrochemical activity. The experimental results also revealed that
the redox reactions between V3*/V?* are more strongly dependent on the presence of
OH groups in the carbon fibers, because, as attributed by the authors, vanadium ions
are found in different forms in the sulfuric solution and, differently of the V(IV) and V(IV)
forms, the absence of oxygen in the V(Il) and V(lll) ions hinders their ion exchange

with the hydrogen of the OH groups.

The presence of phosphate groups on the electrode surface is also promising
in the catalysis of the reactions between the VRFB redox pairs. The pair of solitary
electrons in the phosphorus atom's 3p orbitals induces the local charge density and
the vague 3d orbitals, in turn, allow to form bonds with carbon and oxygen atoms which
provides more active sites to the vanadium molecules [237,238]. Kim et al. [239] studied
the kinetics of carbon felter electrodes embedded in phosphorus on their surface.
According to the authors, the phosphorus formed functional groups of phosphate and
some chemical portions of —OH, which guaranteed the surface good hydrophilicity.
With this, the redox reactions of the catholyte and anolyte's active species were
improved because the phosphate groups are rich in oxygen. According to the reaction
mechanism proposed by Kim et al. [239], the electronic transfer between the species
of the VO?*/VO2* and V3*/V?* pairs occurs through the P-O—C bond, which facilitates

the electron transfer, since the phosphorus acts as an electron donor.

Porosity in a carbon-cloth electrode has also been reported by Zhou et al. [240].
The researchers developed a porous structure in macro-scale responsible for inferring
to the system properties such as high hydraulic permeability and high effective ionic
conductivity. In addition, Zhou et al. [240] also activated the electrodes with KOH, which

created a nanoporous surface structure that increased the area of the electrode
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available to redox reactions by at least 13 m2.g%. This electrode provided the battery
with energy efficiency of 80.1%, at a current density of 400 mA.cm-?, with an electrolyte
utilization of 74.6%, as opposed to the 61.1% electrolyte utilization observed when
used a conventional carbon-paper electrode, demonstrating that this type of electrode

is promising for use in VRFBs [240].

Graphite electrodes have also been studied in terms of reaction kinetics on their
surface. An electrochemical activation on a GF electrode was performed by Zhang et
al. [241] to study the catalytic effect that different functional oxygen groups have on the
oxidation reaction of the VO?*/VO2* redox pair. The authors proposed a mechanism
for the C—OH groups, as well as Sun & Skyllas-Kazacos [216] and another for the
COOH groups, emphasizing that both serve as an active site in GF electrodes to
catalyze the oxidation reaction of VO?* to VO2". In addition, Zhang et al. [241] reported
that the COOH group provided H* ions more easily to the reaction compared to the
COH group. Li et al. [242] prepared a graphite-graphite oxide electrode and studied the
redox reactions for the V**/V?* and VO2*/VO2* pairs. Applying an oxidation treatment,
the authors reported that at least three functional oxygen groups were introduced at
the basal planes and at the edges of the graphite oxide sheets: carbonyl group, ether
group and ester group. These functional groups were responsible for improving the
composite electrode's hydrophilic capacity, and both redox pairs demonstrated
catalyzed reactions. Li et al. [242] also assumed the catalytic reaction mechanisms for
the reactions. They showed that these functional oxygen groups' presence facilitated
the adsorption of more reactive ions and catalyzing electron transfers and oxygen. In
general, the graphite oxide electrode demonstrated better electrochemical
performance compared to a graphite electrode, with almost twice the increase in the
peak redox currents of the two redox pairs, in addition to the resistance to reduced

charge transfer.

In order to achieve high performance VRFBs, a topic of great importance is the
design of electrodes. Through this, it is possible to improve the polarization of the
system as a whole, through interference in ohmic, activation and concentration
polarizations [243]. Multiscale-pore electrodes have been reported to increase current
density flow. Zhou et al. [243] presented a method to form a porous dual-scale
electrode through activation of carbon paper — the large pores (formed between carbon

fibers) worked as high-flow-paths for electrolytes, small pores (in the surface of the
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carbon fibers) provided area for fast electrochemical reactions — both resulting in high
energy efficiency (82-88%) at current densities of 200-400 mA.cm. Linking natural
multiscale-pore-networks to the mass transport and exchange functions necessary to
the VRFB electrodes, Wu et al. [244] produced a multiscale-pore-network structured
carbon felt electrode by a carbonthermic reduction of a ZnO layer formed onto the
carbon layer. The hierarchically porous network occurred similarly to the reports of
Zhou et al. [243], once electrolytes flowed through larger pores and redox reactions,
together with ion diffusion, occurred in the submicron and nano-scale pores. Zhang et
al. [245] have also worked in the process of creating a hierarchically porous network
binding carbon nanofibers to carbon felt — also optimizing the surface composition by
co-doping sulfur and nitrogen to catalyze vanadium redox reactions — reporting high
energy efficiency (82.4%) to a current density of 320 mA.cm.

2.1.3.3 Membranes
2.1.3.3.1 General characteristics

Another important component of a redox flow cell is the ion exchange
membrane [23], which works by separating the active species from the positive and
negative half-cells and allowing the passage, for example, of H*, SO4> and HSO4 ions
[21,66,246]. This process is responsible for completing the electronic circuit while the
current is flowing [23,247]. For this reason, the membrane, specifically the resistance it
offers, is one of the factors that limits the power density of a VRFB [59], proving to be
crucial in maintaining the high efficiency of the system for several cycles [248].
Membranes can represent about 40% of the total cost of a VRFB cell stack [249] and,
therefore, it is necessary to develop advanced structures that link quality at a lower
cost, which is an important requirement to be observed in the selection of the material
used [250].

According to Wang et al. [63], the membranes need to demonstrate stability
against the electrolyte in the entire SOC range to which the battery will be subjected,
considering the acid character of the electrolytes and the presence of highly oxidizing
species in them. An ideal membrane must also have good ionic conductivity, precisely
to complete the circuit, minimize ohmic losses and, thus, not compromise the cell's

voltage efficiency [66]. Another essential characteristic of membranes for VRFBs is
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their high ion selectivity, so that they are permeable to the ions that are related to the
load balancing that complete the circuit, but act as a barrier to the active species of
vanadium, to prevent the reactions of self-discharge and contribute to the maximization
of coulombic efficiency [248]. In this sense, an antagonism can be established between
high ion selectivity and good ion conductivity since the increase in one is commonly
linked to the decrease in the other. Thus, Wang et al. [21] reiterate that a balance
between these two properties must be found. And yet, Ulaganathan et al. [59]
complement by stating that, in fact, the increase in ionic conductivity critically implies
a reduction in cell resistance, but that the use of a thinner membrane can also
compromise the mechanical stability of the cell. This further demonstrates the need to
use a membrane that can offer high performance with good ionic conductivity.

The membrane's chemical composition and properties correspond to the main
interferences in the transport of species across the membrane [126]. Among the
transport phenomena that occur in a VRFB, the permeation of vanadium ions and
water through the membrane deserves great prominence due to its impact on the
performance and the stability of the cycles [31,251,252]. The crossing of vanadium ions
from one half-cell to another through the membrane and consequent reaction with
other vanadium ions causes a phenomenon of self-discharge (Table 1), depicted in
topic 3.1.2.1 of this article. In that topic, the effects of the crossover of vanadium ions
on the battery's efficiency and capacity as a whole were discussed, which addressed
the role that the membrane plays in preventing this process, precisely because of its
permeability properties. Regarding water transfer, Sukkar & Skyllas-Kazacos [184]
state that the process can generate preferential volumetric transfer and that at least
three phenomena cause water transport: the movement of ions due to concentration
gradients, migration of the species involved in battery charge balancing, and the
osmotic pressure differential that is created between the positive and negative
electrolytes. Thus, an essential requirement in selecting a membrane for application in
VRFBs concerns its ability to prevent excessive water transfer between the two half
cells [184]. This is because, positively, it is possible to avoid precipitation of vanadium
salts in the cells by adopting membranes with ideal water transfer properties [66].
However, if there is the preferential transfer of water from one electrolyte to the other
through the membrane, one of them will become concentrated in vanadium as the
other will be diluted, varying according to the specifications of the adopted membrane

and the charge state of the system [246,253].
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2.1.3.3.2 Classification of membranes for VRFB

Numerous types of membranes have been developed over the years seeking
to meet the properties required by VRFBs [254-268]. Commonly, these membranes
can be classified into porous membranes and ion exchange membranes (IEM), the
latter being subdivided according to the type of functional groups present on the
surface in cation exchange membranes (CEM), anion exchange membranes (AEM)
and membranes that conduct cations and anions, known as amphoteric ion exchange
membranes (AIEM), which can be synthesized to contain a selective layer of cations
and another for anions [65,66]. Table 2 gathers the characteristics VRFBs systems

when applying different membranes from recent works.
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Table 2. Different types of membranes and their influence in the VRFBs performance.

, lonic Water  Diffusion Current  Coulomb Energy Voltage
Polymer/Membrane Thickness o o _ o o o
Type conductivity uptake coefficient density efficiency efficiency efficiency Reference

name (am) (mScm™)  (wt.%) (cm?min™) (mA cm™) (%) (%) (%)
PVDF/HA-45 CEM - 69 46 25x107 100 95 80 84 [269]
0.7 um PB AEM 30 2 - - 120 98 83 85 [270]
SPES (IL-30) CEM - 15 - 1.4 x 1078 140 99 79 80 [271]
Mb2.0-10 AIEM - - - 1.7 x 1077 80 99 82 83 [272]
PE/PBI CEM 25 6 21 5.0 x 1077 200 99 80 81 [273]
SPEEK/TPAM-1% AIEM 108 70 39 3.0x 107 60 98 84 87 [274]
PSU/SPSF-62 CEM 76 40* 25 29x 107" 100 99 87 86 [275]
SPEEK/ZC-GO-2 AIEM 75 33 37 12.7 x 1077 50 99 91 93 [276]
SPEKS/sGO (0.5%) CEM 50 51 31 5x 1078 40 99 83 83 [277]
SPAEK/CezZr,07 (2%) CEM 45 87 52 1.3x10° 40 100 82 83 [278]
PSU/PSf-c-PTA-1.4 AEM 125 20 37 2.6 x 1077 120 98 84 86 [279]
SPPO-2%GO CEM 40 16 16 1.1x10°8 40 98 69 71 [280]

Note: * Estimated average values for distinct temperatures.
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2.1.3.3.2.1 Cation exchange membranes

Cation exchange membranes refer to those with negatively charged functional
groups in their structure, such as —SOs~, —COO-, —P0O3?", —POsH", and —CsH4O~
[66,281]. The carboxylic acid group, for example, promotes a weak exchange capacity
in the polymer that constitutes the membrane and is therefore not feasible to apply.
The functional groups made up of sulfonic or phosphonic acids, in turn, are considered
strong cation exchangers, as they easily dissociate the mobile cation from the group
and are therefore more widely used in the composition of CEM for VRFBs [65]. One of
the major obstacles to using this type of membrane as a half-cell separator in a VRFB
is its impact on the battery's energy capacity. This is due to the probable cross
contamination between vanadium ions that pass through its structure [184,282]. The
diffusion process of vanadium ion by CEMs has been studied by some authors
[127,133,282]. Historically, a CEM has been the most popular and employed membrane
in redox flow systems due to a better performance: DuPont's Nafion. It is a copolymer
of sulfonated tetrafluoroethylene, proton transporter, especially used as a membrane
in a VRFB to support strong acid electrolytes and highly oxidative ions such as VO2*
[21,248,249,283].

In addition to their greater chemical stability, Nafion membranes also
demonstrate high proton conductivity [284-286]. These membranes, on the other hand,
have as main disadvantages their high cost, in addition to low ion selectivity, having a
relatively high permeability to vanadium ions [111,246,248,253,287], impairing not only
the energy and coulombic efficiency of the system but also limiting a wide practical
application of this material in commercial batteries. This crossover effect of vanadium
ions is attenuated when the battery is in operation, especially when there are high
current densities. On these occasions, the protons show greater diffusivity than metal
ions [65].

However, Nafion membranes are the most proven to have long-term chemical
stability [288] and, for this reason, are still among the most used membranes for
VRFBs. Thus, many studies have been developed to circumvent the problem of
permeability of vanadium ions and their high cost, making changes in their surface,
using a hybrid system of membranes and, still, using membranes with thinner
thicknesses [253,285,286,289-296].

Several models have been proposed to help understand the structure and

consequent mechanism of operation of the Nafion CEMs [297-305]. Schmidt-Rohr &
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Chen [306] even reported the difficulty encountered during the first studies in proposing
a convincing model, which contributed to understanding the set of information released
about the membrane. However, the model proposed in the work of Gierke et al. [307],
called the cluster-network model and later reaffirmed by Hsu & Gierke [308], is shown
to be the most popular and the one that best explains the transport of ions through the
polymer that constitutes the membrane, even in the case of a semi-phenomenological
model and therefore of little predictive value, as stated by Mauritz & Moore [284].

In general, CEMs have two regions with different hydrophilicity [284], which is
responsible for the functioning mechanism of these membranes. Normally, as is the
case with Nafion membranes where the difference in behavior is more pronounced
between the two regions, there is an electrically neutral, hydrophobic, and flexible
skeleton and the SOs™ functional groups, highly hydrophilic and commonly associated

with H* ions, forming a side chain [111,309-311], schematically introduced in Figure 5.

%CFZ_CFz < (‘:F - CFz%;

-« 5,0 nm >

Figure 5. Nafion structure and the cluster-network model (based on [65,284,308]).

According to Karimi et al. [312], Nafion membranes' properties will be
significantly impacted by their morphology. The natural phase separation between the
skeleton of the membrane and the functional groups results from the difference in the
nature of the regions, being intensified by the solvation process [311], which, in the
case of VRFBs, is caused by the water from the electrolytes. The diameters presented
by the cluster in a state of hydration and balance are due to a minimization of total free



62

energy between the terms compose it [308]. As shown in Figure 5, the sulfonated ion
clusters of 4nm are connected to water channels of 1 nm in diameter, which are
interconnected and dispersed inside the skeleton [313], exactly in which the transport
occurs of protons across the membrane [314,315]. The configuration proposed by the
model is responsible for attenuating the hydrophobic interaction of water with the
skeleton and the electrostatic repulsion of nearby sulfonate groups [308]. This
hydrophobic structure acts mainly in providing mechanical integrity and chemical
stability, while the hydrophilic domains, results of the aggregate of the sulfonated
groups, are responsible for providing the membrane conductivity [65,111].

Besides, mainly due to the high cost of Nafion membranes, others have also
been tested for use in VRFBs. Among these, it highlight those that use sulfonated
functional groups, which were inserted, for example, in poly (phenylsulfone) [316],
poly(fluorenyl ether ketone sulfone) [265], poly(phthalazinone ether ketone) and
tungstophosphoric acid composite [257], poly(ether ether ketone) composite,
polypropylene and perfluorosulfonic acid [317], poly(ether sulfone) and sulfonated
poly(ether ether ketone) composite [318], poly(arylene ether) [319], poly(phenylene)
[320], poly(ether ether ketone) and poly(1,4-phenylene ether ether sulfone) [321]. The
results obtained were predominantly compared to Nafion membranes and, in general,
the use of these membranes in VRFBs was linked to high ion selectivity, low vanadium
ion permeability, high coulombic efficiency and good chemical stability, thus showing

promise.

2.1.3.3.2.2 Anion exchange membranes

Despite efforts aimed at solving the problem of vanadium ion permeability in
EMFs, due to their nature, this remains an evident limitation, even if in an attenuated
way. In this sense, AEMs have been used in systems such as those of VRFBSs, in which
the active species are cations [322]. These membranes, in turn, contain positively
charged groups in their structure, such as —NHs*, -NRHz2", —-NR2H*, -NRs", -PR3*, —
SR2* [66,281], which electrostatically repel cations (a phenomenon known as Donnan
exclusion) [323] and, consequently, inhibit the permeation of vanadium ions between
the two half-cells [65]. Unlike CEMSs, which have strong cation-exchange groups
attached in their structure, the most common anion exchangers in AEMs are not strong
[322], but which, according to Chen et al. [324], both protons and sulfate anions are

effectively transported.
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Different AEMs have already been tested as IEM in VRFBs, with very promising
results being obtained: significant reduction in water transport [325]; improvement of
energy, voltage and total system efficiencies [326]; decreased area resistance, low
vanadium ion permeability and open circuit voltage stability for a long period of time
[327] and greater vanadium selectivity and energy efficiency [328]. Besides, the use of
this type of membrane in VRFB systems, due to the low permeability of the vanadium
species that make up the electrolytes, was associated with high current efficiency, high
coulombic efficiency, and good operational stability of the battery over the cycles
[324,329,330]. According to the dynamic simulations performed by Tang et al. [331], the
use of Selemion AMV anion exchange membrane reduced the diffusion coefficients of
vanadium ions, except for the V3* species, by at least one order of magnitude in relation
to the values obtained for the Selemion CMV cation exchange membrane. The authors
attributed the repulsion that the membrane exerts in the vanadium cations to the lower
diffusion rate. However, they reported that, in the long run, the AEM presented a
tendency of decrease in the capacity superior to that verified for the CEM. Mohammadi
& Skyllas-Kazacos [332] investigated the chemical stability of Selemion AMV and CMV
membranes. For this, the authors used sulfuric acid solutions at 0.1 mol.L** and 0.2
mol.L* of V(V), immersed samples of the membranes, and evaluated their degradation
by quantifying the concentration of V(IV), resulting from the reduction of V(V). The
results showed that CMV was much more oxidized than AMV. The mass loss of CMV
was 45.2%, while that of AMV 6.3%, which implied, respectively, 66 and 23% reduction
from V(V) to V(IV) in each of the membranes.

Sun et al. [262] studied three AEMSs, with different ion exchange capacities, of
poly (phenylene) and functionalized by quaternary ammonium groups, comparing the
results with those of a standard Nafion membrane in terms of cycling efficiency, specific
sand resistance, permeation of vanadium ions and durability. The experiments showed
that the AEM with the lowest ion exchange capacity was the one that resulted in the
highest specific sand resistance. This, however, was linked to its better coulombic
efficiency (99%) compared to the others, mainly due to the lower crossing of VO?* ions,
but also to the lowest cell voltage observed. In terms of stability, the membrane with
the highest coulombic efficiency proved to be intact, just like the analyzed Nafion
membrane, commonly known and used for its high stability [262]. Similar results were
obtained by Zhang et al. [333], who also inserted quaternary ammonium groups in poly

(phthalazinone ether ketone ketone) for use as AEM in a VRFB. According to the
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authors, the permeability of ions V(lll) and V(IV) was much lower for AEM compared
to a Nafion membrane tested under the same conditions. However, both the charging
capacity and the discharge capacity of the battery with the AEM as a separator of the
positive and negative half-cells were lower than those obtained with the Nafion
membrane, mainly due to the greater area resistance of the AEM. In addition, greater
coulombic efficiency was achieved by the system containing the AEM and a
comparable general energy efficiency was obtained in relation to the Nafion
membrane. With that, Zhang et al. [333] attributed to the presence of quaternary
ammonium groups in the membrane the low permeability of vanadium ions, which was
directly related to the good performance of the membrane during the cycles performed.
In subsequent studies, Zhang et al. [334] synthesized an adamantane-containing poly
(aryl ether ketone) membrane functionalized with quaternary ammonium groups as
anion exchangers. The data obtained, in general, agreed with those of Sun et al. [262]
and Zhang et al. [333], which pointed to low permeability of vanadium ions, which
resulted in high coulombic and energetic efficiencies, higher than those obtained for
Nafion membranes. However, in ex situ tests, the results showed that in a 0.15 mol.L"?
solution of VO2*, the analyzed AEM demonstrated less chemical stability in relation to
the Nafion membrane, which remained practically stable throughout the test. Chen et
al. [324] confirmed the effectiveness of quaternary ammonium groups as substitutes
for poly (fluorenyl ether) AEMs by obtaining a very low permeability of VO?* ions
through the membrane and a coulombic efficiency of 100%. The authors also reiterated
that the promising results of the analyzed membranes are for applications in VRFB that
operate intermittently or at moderate current densities.

It is important to highlight that the membrane preparation process parameters
have a considerable influence on the properties they present when exposed to VRFBs
systems. Xing et al. [328] prepared AEMs of quaternized poly (phthalazinone ether
sulfone) and investigated the influence of time, temperature and concentration of the
amination process. The authors showed that the increase in the three parameters was
associated with an increase in the ion exchange capacity of the membrane, as well as
in the water content, as well as in the decrease in area resistance. Finally, they
concluded that the assessed AEM exhibited not only greater selectivity for vanadium
ions but also greater energy efficiency compared to two Nafion membranes tested.

AEMSs functionalized with pyridinium groups also offer good results in relation to

their use in VRFBs. This can be seen in the work of Zhang et al. [335], in which the
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authors prepared a poly (phenyl sulfone) membrane and investigated its application as
an IEM in VRFB. The results showed that, in addition to the lower permeability of
vanadium ions concerning a Nafion membrane, the tested AEM showed stability and
high performance, with the battery showing greater efficiency. Equally promising
results were obtained by Zeng et al. [336]. The authors used the bromomethylated poly
(2,6-dimethyl-1,4-phenylene oxide) membrane and resulted in a VRFB with stable
operational capacity over several cycles due to the good performance of the

membrane.

2.1.3.3.2.3 Porous membranes

Although the use of membrane porosity for application in RFBs was initially
limited and resulted in low coulombic efficiency of batteries [65], porous membranes
have now consolidated themselves as separator technology. The use of porous
separators in VRFBs was demonstrated by Chieng et al. [337]. The authors used a
modified Daramic microporous separator due to the low cost and chemical stability
demonstrated by Daramic in vanadium electrolytes. Originally, this membrane
provided the system with a coulombic efficiency of 77%. However, by modifying the
structure through treatment with polyelectrolyte/ion exchange resin, coulombic
efficiency exceeded 90%. Besides, even after 1650 cycles of a VRFB, the membrane
showed stability [337]. Later, two studies by Mohammadi & Skyllas-Kazacos [332,338]
showed that the Daramic membrane shows low stability, which, in fact, is increased in
composite Daramic membranes. Currently, in addition to microfiltration separators,
ultra and nanofiltration separators are also available [339]. Among these, nanofiltration
membranes are the ones that have shown the most promising results in VRFBs. They
are made up of many small pores and use a pressure difference of 5 to 20 bar between
the two sides as a force to guide the permeation of ions through it [340].

Nanofiltration membranes have a different functioning mechanism than IEM,
based on the principle of adjusting selectivity between vanadium ions and H* protons
by excluding pore size [341]. They can efficiently separate vanadium ions (in their four
oxidation states) from protons due to the difference in radius and charge density
because Stokes' rays and charge density of vanadium species are much greater than
that of H* ions [341,342]. Therefore, the membrane's pores must be designed to allow
H+ ions' passage but small enough to prevent vanadium ions' cross-contamination.

For this idea, nanofiltration membranes not only demonstrate a solution to one of the
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major problems of IEM, related to the permeability of vanadium ions but also exhibit
an alternative for the application of VRFB separators with high operational
performance.

As reported by Zhang et al. [341], a high selectivity V/H nanofiltration membrane,
composed of polyacrylonitrile, was responsible for providing a coulombic efficiency of
up to 95% and an energy efficiency of 77% to a VRFB. Both were obtained when the
smallest pore size distribution of the membranes was evaluated. Later, Zhang et al.
[255] modified these membranes with silica and reported a significant increase in V/H
selectivity, as well as an increase in battery coulombic efficiency to 98% and energy
efficiency to 79%. Silica was also used to modify poly (ether sulfone) nanofiltration
membranes in the studies by Xi et al. [343]. The results showed that the silica
membranes' modification increases the coulombic efficiency by more than 10% and
the energy efficiency of the VRFB by 7% compared to the efficiencies presented with
the original nanoporous separator. Wei et al. [288] incorporated silica into a
polytetrafluoroethylene matrix and reported that, in addition to the low cost of the
material, the use of this material as a separator in a VRFB was associated with
excellent electrochemical performance, with high energy and coulombic efficiency
(respectively 80% and 93%). The silica particles contribute to the increased
performance of VRFBs because they are submicron size, forming nanoporous
channels when incorporated into these membranes [288].

A polybenzimidazole membrane, which is also based on the principle of
nanofiltration, was evaluated in VRFBs by Zhou et al. [344]. The researchers claim that
the polymer's structure is chemically stable and that its pores reach a maximum of 2
nm in diameter, at least half of that seen in Nafion membranes. A VRFB employing the
polybenzimidazole membrane, as presented by the authors, presents coulombic
efficiency close to 100% when submitted to a current density between 20 and 80
mA.cm™. In addition, given its low permeability to vanadium ions, the membrane was
also related to a low decay of battery capacity per cycle, around 0.3% [344].

In general, not only the composition of the membrane, but also the morphology
presents itself as an important parameter to be controlled in maximizing performance.
Li et al. [345] showed with their studies that the energy and coulombic efficiencies of a
VRFB operating with nanoporous membranes of optimized morphology were similar to
those obtained with standard Nafion membranes. According to the authors, the size

distribution and the interconnection between the pores influence the area resistance
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and ion permeability, which directly implies battery performance. Research by Cao et
al. [346] and Cao et al. [347] with poly (vinylidene fluoride) membranes also showed
how VRFB performance could be optimized by controlling the morphology of the

material that makes up the porous membranes.

2.1.4 Modelling of VRFBs

As shown, VRFB systems still have several critical challenges that require
optimizations to make the technology more applicable in practical fields. The
improvement, which is sometimes related to materials, structure design, and even
battery operating conditions, can be efficiently implemented through modeling, which
intrinsically is more accessible due to its cost-saving and of time, when related, for
example, to exhaustive laboratory tests [348]. Zheng et al. [348] state that, from the
perspective of optimization, the creation of simulation models must include in its
objective the development of a system that combines increased performance at a

lower cost.

An essential parameter to be considered when modeling VRFB systems is their
SOC. This represents the amount of energy the battery is storing in relation to its total
capacity, and it also estimates the concentration of active vanadium species, as a
reactant or product, at a given point in time. Thus, in models that assess the battery's
electrical potential, it is a variable that must be inserted since it is SOC-dependent
[349,350].

Several models have been documented, which aim to optimize various aspects
of the battery, such as cost, pump power, thermo-hydraulic effects, the electrical
system, and management and control. Zhang et al. [350] evaluated the costs
associated with the construction and scalability of a VRFB, incorporating vanadium,
electrode, and membrane costs into the model. The authors showed that the high price
associated with vanadium was especially important in the final cost of the system,
evidencing the need to purchase vanadium with high levels of purity, but at lower
prices. Another point demonstrated was that, for VRFB projects, a system with lower
power capacity and longer cycle time is more economically viable, given the sensitivity
of the cost of capital to SOC limits [350]. On the other hand, Noack et al. [351]

developed a model to investigate the impact of the materials that make up the
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components on the cost of the system, allowing for targeted optimization. According to
the authors, the model satisfactorily considered the bipolar plates, the membrane
transport properties, and the voltage of each cell in the total energy supplied by the
battery. It showed that the biggest influences on the cost of the system are about the

cost of the battery, mainly the gasket, bipolar plates, and electrode felts [351].

As discussed in section 3.1.3, the stability of vanadium ions is highly dependent
on the system temperature. Although they have a mechanism for cooling the system
temperature, VRFBs can suffer from heat build-up mainly due to self-discharge
reactions. Thus, it is crucial to know the temperature of the electrolytes during battery
operation and, therefore, thermal models are documented in the literature. In the study
developed by Wei et al. [352] were incorporated into the linearized dynamic electro-
thermal model the heat generation model, the Foster network, and the electrical model.
Thus, the authors demonstrated that the refrigerant flow rate has a great impact on the
temperature of the electrolytes, and the flow of these, in turn, has a significant effect
on the pressure drop and battery efficiency. Similar conclusions were reached by Tang
et al. [353], who created a model for electrolyte temperature control, to which the
authors incorporated the effect of self-discharge reactions and were based on mass

and energy balance equations.

Additionally, Tang et al. [353] also showed with the simulation results the
importance of membrane permeability in VRFB systems and also the need to replace
the Nafion membrane for large-scale applications, given its permeability to vanadium
ions. However, in this study, the effects of energy loss by the pump and on thermal
modeling were neglected. So, Xiong et al. [354] developed a model in which they
included the effect of an auxiliary pump. The study demonstrated that pump power is
sensitive to both hydraulic design and electrolyte flow rates. Therefore, according to
the developed model, the authors proposed conditions that provide better overall
battery performance in terms of energy efficiency. Turker et al. [355] modeled a VRFB
system already aimed at large-scale applications in the same vein. In addition to
showing the high correlation between SOC parameters, power and general efficiency,
the results were promising in evaluating operational strategies aimed at achieving
greater operating efficiencies in scaled systems. The model by Gu et al. [356] also
included the electrolyte concentration to relate it to the battery potential and SOC. The

results obtained by the simulation presented the dynamic response of the VRFB in its
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loading and unloading cycles. They demonstrated the possibility of simulating it as a

function of essential parameters of the system.

Electrical modeling and for control purposes of VRFBs have also been widely
explored. Bhattacharjee & Saha [357] developed a generalized electrical model for the
VRFB system in which important physical parameters such as self-discharge
reactions, flow rate and charge-discharge current profiles were considered. It was
possible to estimate the stack terminal voltage and SOC as a function of different
battery charge and discharge conditions. According to the researchers, it is essential
to design an optimal rate controller for the electrolyte flow and allow its interface with
real renewable energy production systems [357]. Electrical models that were later
associated with control and management systems of VRFB systems are found in the
works by Wei et al. [358-360]. The authors developed a model whose parameters as a
function of time are accurately adapted online, which allowed to estimate the battery's
terminal voltage, OCV and SOC with speed and accuracy. Therefore, the studies
offered a robust way to control a VRFB system, with fast convergence, low
computational cost and which also includes variations in the operating condition due
to battery degradation over time. This effect from the fluctuating nature of wind power
generation was mitigated in the model developed by Ontiveros et al. [361], who coupled
an energy conditioning system to a VRFB. The results obtained by the simulations
carried out showed similarity with the data collected from real devices. Therefore, a
potentialization of the incorporation of wind energy in the electric network was

provided.

The use of modeling in VRFB systems can also be useful in alleviating the
problems caused by electrolyte imbalance, as shown in the study by Jienkulsawad et
al. [362]. A dynamic model was developed based on the mass transport equation to
which the authors incorporated the electrochemical kinetics and the diffusion
processes of vanadium ions. Thus, the model results contributed to the online
optimization of the system because, by estimating the concentration of vanadium ions
throughout the operational process, which can change as degradation occurs due to
electrolyte imbalance, it was possible to determine the rate of optimal electrolyte flow,

which increased the energy efficiency of the battery [362].
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2.1.5 VRFBs compared to other electrochemical energy storage (EES)
technologies and its utilization field

2.1.5.1 VRFBs against other EES technologies

EES through involve a wide range of small-scale and large-scale applications
[363]. EES uses chemical species to extract energy through chemical/physical
sorption, chemical transformation or chemical intercalation [364]. Various types of EES

are available in the market, so the main commercial types will be shortly discussed.

Lead-acid batteries (LAB) have been applied in many fields of the industry over
a century [365]. Negative electrodes of LAB are composed majorly of metallic lead
while the positive ones are composed of lead oxides in a range of compositions [366].
The electrolyte is an aqueous sulphuric acid solution that acts in the discharge
processes [367]. In the negative electrode, sulphuric acid dissolves the Pb leaving free
electrons, while (Pb?*) in solution associate to (SO4%") forming (PbSO4) [368]. In the
positive electrode, H* from the acid takes the oxygen from the lead oxide forming
hydroxyls that later combine to other free H* to form water, while the (Pb?*) in solution
also combine to form lead sulfate [369]. Such discharge reaction produces around 2V
[367]. LAB do operate in a wide range of temperatures (between freezing and boiling
points of H2SOa4), which is a great advantage [370]. An obvious disadvantage is its
dependence of hazardous lead, additionally to a low volumetric energy density [371].

Nickel-Cadmium batteries (NCB) are a well consolidated technology used for
industrial purposes [372]. The cathode in NCB is composed of cadmium while the
anode is NiOOH [373,374], while the electrolyte is an aqueous solution of KOH. The
cadmium is converted to Cd(OH)2 while the anode transforms to Ni(OH)2. Cd(OH)2
gains two electrons to reduce into Cd and 20H-, while 2Ni(OH)2 combines with 20H to
form NIOOH, water and 2e" [375,376]. The charge/discharge reactions produces
around 1.3 V. Some advantages of NCB are their applicability in low temperatures (-
20°C) and their natural high conductive nature that allows quick charge/discharge
(which can also be disadvantageous once they are susceptible to self-discharge),

although a clear hindrance is the use of cadmium, a toxic metal [377].

Nickel-metal-hydride batteries (NMHB) are similar to NCB, but the negative
electrode is made of metal alloys (such nickel and lanthanum alloys) with hydrogen-
absorbing material [363]. The electrolyte is also aqueous potassium hydroxide solution



71

with lithium hydroxide as an additive that helps improving charging efficiency [378]. The
positive electrode reaction is the same as for the NCBs, but in the negative electrode
water reacts with the metal alloys (M) and a free electron generating OH- and MH [379].
NMHB have an energy density 40% superior to NCB [380] with an open circuit voltage
of 1.2 V at half of its state of charge and, even though the performance decreases,
cells are still can work in temperatures below -30°C and up past 100°C [368]. Besides,
NMHB are environmentally safer than NCB once it does not use cadmium, but they
also have a high discharge rate that makes them unsuitable to long-term storage

necessities [381].

Lithium-ion batteries (LIB) are a family of batteries used in many kinds of
technologies due to its high effectivity and properties, such as high energy density and
low-self-discharge rates [382]. Graphite is the anode material, while the cathode may
vary depending on the kind of LIB (LiCoOz2, LiMn204, LiFePOa, LiNiCoAl20 and
LiINIMnCo00O2) and the electrolyte is a non-aqueous component [383]. The electrolyte
iIs composed of a mixture of organic solvents (to improve ion mobility) and lithium salts
(LIPF6, LiCIO4 and LiAsF6) [384]. The charging reaction involves the movement of
lithium ion from the cathode to the anode through the electrolyte, returning to the
cathode in the discharge [384], producing a typical voltage of = 3.7 V [385]. Some
disadvantages of LIB are: (i) sensibility to high temperatures, suffering fast
degradation; (ii) due to the production of oxygen in the cathode, an intrinsic danger is
imparted to LIB, since lithium is pyrophoric; and (iii) deep discharge cycles can severely

damage the battery, requiring an expensive onboard circuit [386].

Sodium-Sulphur batteries (NaSB) are a high-temperature kind of batteries (work
at a temperature of 300°C) and was brought out by FORD Motor Co in the 1960s and
modernly developed to a commercial technology by Tokyo Electric Power and NGK
insulators [387]. The positive and negative electrodes of NaSB are molten sulphur and
molten sodium (respectively), separated by a solid electrolyte of ceramic alumina [388].
Sodium (2Na) goes through the electrolyte and combine with sulfur (4S) producing
polysulfides (Na2Sa4) during the charging process, while in the discharge the sodium
ions return to the electrolyte and the electrons flow in an external circuit, producing =
2 V [389]. NaSB have high power density, high efficiency and long lifetime, but the fact

it works with high temperatures require a system of thermal control to avoid risks, and
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there is as well an imparted danger to sodium that reacts to water if it they come in

contact under the atmosphere [390].

Table 3 compares a few information of EES systems. Energy efficiency of
VRFBs are among the highest between EES technologies, but bellow LIB (as well as
for capital expenditure — CAPEX). VRFBs have the greatest cycle lifetime among the
EES, with extremely low self-discharging rates [391], which makes than the most
promising ones for stationary purposes. A major advantage of VRFBs is that using the
same elements in half-cells avoid problems of cross-contamination in long-term
application [392]. They also have low maintenance cost and can deep charge not

damaging their efficiency and life cycle [363].

Distinguishing from conventional batteries, RFBs are the most promising ones
for storing energy from national grids [393]. RFBs have excellency features, such as
excellent scalabilities and long-life cycling with moderate costs due to their three main
components architecture [394]: a stack of electrochemical cells, an energy storage tank
and a flow system. Apart from VRFBs (the utmost successful ones among the RFBS),
some examples of other redox flow batteries are: (i) Iron-Chromium, (ii) Zinc-Bromine,

(i) Bromide-Polysulfide and (iv) Zinc-Cerium.

Iron-Chromium flow batteries (ICFB) are among the first RFBs technologies, in
which at the positive electrode an aqueous solution of ferric/ferrous (Fe?*/Fe3*) redox
couple is present, while the negative electrolyte is a mixture of Cr2*/Cr* ions [395].
Although ICFB have characteristics of proper RFBs, they have a considerably low
energy density (around 15 Wh - kg!) and a short lifetime of 730 cycles [396] together
with problems that are difficult to overcome [397], such as: the (i) poor reversibility, (i)
low reaction kinetics of the chromium couple, (iii) electrocatalyst poisoning easily
occurs due to impurities in the electrolyte and (iv) cross contamination tends to occur

with the extension of cycle time.

In Zinc-Bromine flow batteries (ZBFB), the catholyte is liquid and the anode is
solid plated zinc [391]. According to Abdin & Khalilpour [380] and references therein,
ZBFB have good reversibility, high energy density (30-80 Wh - kg'*) but much shorter
lifetime cycles when compared to VRFBs (1500-2000). Other disadvantages includes
the formation of dendrites and material corrosion (due to the bromine) [398]. In the
Bromide-Polysulfide flow batteries (BPFB), the negative electrolyte is sodium
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polysulfide while the positive is sodium bromide, which are abundant, low-cost highly
soluble in agueous electrolytes [395] with an energy efficiency around 60-65% [399].
The system is, however, susceptible to cross-contamination and precipitation of
phases which — together with a potential environmental risk caused by bromine —is an
important disadvantage of the BPFB [400].

Zinc-Cerium flow batteries (ZCFB) have the highest theoretical voltage (= 2.5 V)
among the RFBs [401]. However, Weber et al. [395] and references therein reported
that it drops (<2 V) during the discharge. The reaction of charge/discharge is led by
two redox couples, in the negative side of the battery by Zn/Zn?* and at the positive
side by Ce®*/Ce** [402]. Emmett & Roberts [403] and references therein show that
ZCFB have an energy density of a maximum of 11 (Wh L-1), and due the fact that these

are at their early stages of development there are still issues to overcome [74,401].

EES technologies are attractive when their functionality is reliable and effective
— with relatively high cost-benefice — to a given utility. Renewable sources usually have
an intermittent/seasonal timescale that demand a system that can operate in variable
time-arrays in a grid scale plant [404]. Although the VRFBs still have improvements to
be acquired, they are in a prominent position among the EES, since they demonstrate
to be a multimegawatt and megawatt-hour energy storage system for renewable

sources [363].



Table 3. A few characteristics of electrochemical energy storage technologies.

74

E. density E. efficiency Lifetime CAPEX
EES Electrodes Electrolyte
(Wh- kg?) (%) (cycles) (€ - KWh?)
VRFB Carbon felter V in H2SO4 (aqueous) " 15-50 (M 70-85 ™) 20000 M) 500-650 V)
LAB Metallic lead and lead oxides ) H2SO04 (aqueous) " 30-45 N 75-90 W) 300-2000 V) 300-600 ™)
NCB Cd and NiOOH " KOH (aqueous) V" 15-40 (M 60-65 (V) 1000 ™ -
NiOOH and hydrogen-absorbing metal o )
NMHB lovs () KOH with lithium hydroxide (@queous) " 40-80 (M 70 W 1400 ™V 400-700 ™)
alloys
LIB Graphite and lithium composts ® Li salts and organic solvents qon-aqueousy & 60-200 ™ 90-95 ™) 500-15000 ™  1000-1500 ™
NaSB Molten sulfur and molten sodium " Ceramic alumina (seiiay X" 100-250 (" 70-85 ™) 3000-7000 ™ 130-230 ™

Note: (I) and (II) revisit sections (3.2 and 3.1, respectively); (lll) [363]; (IV) [391] and references therein; (V) [366]; (VI) [367]; (VII) [405];

(VIIT) [378]; (IX) [406]; (X) [383]; (XI) [384]; (XII) [387]; and (XIII) [407].
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2.1.5.2 The practical field of utilization of VRFBs

VRFBs are applied in several stationary electrical storage systems, specifically
in those that do not require a high power/energy ratio [74]. According to Skyllas-
Kazacos et al. [187], a wide range of applications has already been contemplated with
the installed systems, which, according to Sanchez-Diez et al. [408], benefit from their
individual capacity for independence between nominal power and stored energy, a
benefit that, associated with its economic scalability, will probably make the limitation
of its energy density minimal. RFBs, in general, are very promising for all fast and bulk
applications. Among these, the following stand out: time shift, renewable integration,
network investment deferral, primary control power, secondary control power, tertiary
control power [409].

As already discussed, one of the most prominent applications for VRFBs
concerns their integration with wind and photovoltaic generating systems. Several
studies have been published discussing using these batteries in the storage of these
renewable energies [410-414]. The Tomamae wind farm on Hokkaido Island (Japan),
for example, stores the energy produced in a 4 MW VRFB, whose main purpose is to
smooth the energy peaks caused by the intermittence of the wind. The United States
also has an installed VRFB with 0.6 MW of power, which is used to store the energy

produced in a waste plant [409,415].

The fast response time associated with the outstanding high-rate output
performance in short periods of time characteristic of VRFBs are crucial properties for
the effective use of these batteries in charge leveling and momentary voltage drop
compensation, in addition to the aforementioned stabilization of fluctuations arising

from of wind and photovoltaic power plants [416].

Mitsubishi Chemicals, still in 1997, installed in Kashima-Kita, Japan, a plant
based on VRFB technology, applied in load leveling, with a nominal power of 200 kW
and a capacity of 800 kWh [417]. In 2001, Sumitomo Electric Industries (SEI) built a
VRFB in Tottori Sanyo Electric (Japan) to compensate for momentary voltage drops in
a semiconductor plant. The system operated at 1.5 MW/1.5 MWh, reaching up to 3.0
MW with 1.5 seconds and without delay in cases of voltage drop [416]. According to
Johnson et al. [418], in these industries with brief periods of very high demand,

installing these batteries with high power is common. With this, energy savings are
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achieved, considering that the batteries work briefly during peak periods and consume
nighttime energy that has a lower cost to charge. Later, in 2015, SEI, together with
Hokkaido Electric Power Company, installed the Minami Hayakita substation, which
operates at 15 MW/60 MWh [419]. In Germany, a large 2 MW/8 MWh energy storage
VRFB station, commissioned in 2019, is also installed [408]. Furthermore, according to
Aramendia et al. [419], the largest project involving a VRFB to date refers to the one
conceived by Rongke Power and UniEnergy for a plant in northern China, which should
operate with 200 MW and 800 MWh, certainly the largest energy storage plant

electrochemistry in the world.

Cunha et al. [74] point to another possible application for VRFB systems: fast
charging of electric vehicles at existing gas stations. According to the authors,
deactivated stations could store electrolytes in their tanks and electric vehicles could
refuel using the energy stored in these VRFBs. The practice, in addition to being an
alternative to electrical consumption in periods of grid blackouts and allowing the
storage of energy produced at times of lower cost, is shown as a way to integrate
electric vehicles to redox flow technology, which still is limited for installation in electric

vehicles due to its low energy density [74].

2.1.6 System costs

Although the VRFB technology is already commercialized and several
installations are verified globally, a major challenge for the generalization of its
installation in large ESS is linked to the reduction of system costs [420]. Cunha et al.
[74] point out that the economic feasibility assessment of a project involving installing
these batteries needs to be cautious considering that the technology is recent in the
market and the costs incurred with the purchase vary significantly between the
manufacturers. In general, VRFBs are complex from a technical point of view and the
different configurations for the system that aim to meet the specifications of installed
power and available energy capacity (associated, respectively, with the cell size and
the amount of stored vanadium electrolyte) are defined by several important
parameters, such as cell voltage, current density, area of each cell, materials used in

construction, concentration of vanadium in the electrolytes etc. [74,421].
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In addition to having advantages such as longer lifespan in relation to LIBs and
a more flexible energy/power ratio [74], VRFBs stand out as one of the most promising
technologies for a possible price reduction until 2030, reaching up to 66 % cheaper
[422].

Cost estimates have already been made based on price patterns obtained from
comparisons in commercial catalogs for VFRB, with which it was concluded that three
components make up the final price of the installation: the capacity-dependent one
(about 300 € - kWh), the one dependent on the installed power (560 € - kW-) and the
fixed cost (750 €, 6,000 € or 11,250 € per unit, respectively, referring to the acquisition
of 10, 100 or 1000 units), being these values refer to the installation of a small system
with 4-8 kW / 20—40 kWh [74].

In the work of Viswanathan et al. [423] a cost model was developed for a VRFB
based on different operating conditions and with information from various suppliers. It
was shown that energy to power ratio (E/P) is an important parameter that contributes
to the minimization of the total costs of implementing the system, since in higher E/P
ratios there is a domain of energy component costs, while that at lower E/P ratios,
power component costs stand out [423]. For a VRFB, increasing the E/P ratio from 0.25
to 4 h increased by 35 percentage points the cost share of V20s for electrolyte
production in the total cost of the system, which became the highest cost component,
while the separators dropped 17 percentage points and became the second
component with the largest share of the total cost [423]. According to Zhang et al. [350],
a factor that helps to understand the great sensitivity of the cost of the battery kWh as
a function of the electrolyte is the increase in the price of vanadium due to the purity of
the material. This can increase up to 100 times the cost with the electrolytes when
comparing industrial-grade vanadium with laboratory-grade vanadium, which can

increase the price of kWh from around 300 to up to $12000.

Minke and collaborators performed an economic evaluation of electrodes [424]
and membranes [425] with applications in RFB systems and later published a cost
model for VRFBs in megawatt scale [420]. The authors divided the system into the
energy and power subsystems and showed that, for a power subsystem with 250 kW,
the battery costs reached €219000, with the membrane being the component that
represents the highest cost and has the potential to reduce by up to 42% this amount,

reaching 128000 €. In the cost function for the total system, the power subsystem
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shows a cost of 1080 € - kW-! while the energy subsystem has a contribution of 385 €
- kWL, Electrolyte again accounted for about half the cost of the system (43 and 55%
for systems with E/P equal to 4 and 8 h, respectively) [420]. A cost performance model
for an optimized VRFB system, on the other hand, was developed by Crawford et al.
[426], which reached a cost estimate of less than 350 $ - kWh1 in a 4 h E/P, with the
expectation of reaching up to 160 $ - kWh' for the same E/P, for performance
improvement and anticipated cost savings. In line with this result, in the work by Zeng
et al. [427], the capital cost with 1 MW-8 h energy storage VRFB system was estimated
at229 $ - kWh.

Recently, Rodby et al. [125] evaluated the levelized cost of storage for VRFB
systems and, unlike previous studies, incorporated capacity losses and recovery
through electrolyte rebalancing in the analysis. The authors concluded with the
developed techno-economic model that measures can be taken to reduce costs, such
as: the adoption of a rebalancing schedule, as an operational strategy; reduction of
loss rates over cycles, such as improved performance; battery sizing, such as design
strategies; and electrolyte leasing, as an investment opportunity with reduced initial
cost capital [125]. Still on cost reduction strategies, Zheng et al. [428] report that an
improvement in the technical-economic performance of RFBs can be achieved by
prioritizing parameters such as high current density and low pump power required, and
that the manufacture of electrodes and membranes must be improved with the

incorporation of materials with reduced costs and that offer the same performance.

2.1.7 Optimization of VRFBs: recent research

In recent years, numerous studies have been driven by the need to mitigate the
limitations of VRFBs. They seek an increase in energy efficiency and density, and this
also mitigates precipitation problems of active vanadium species, or even working on
optimizing the process with the addition of substances with catalytic action to

accelerate redox reactions and enhance the performance of VRFBs.

In this sense, the main studies have focused mainly on the preparation of
electrolytes, one of the battery's primary components, optimization of electrodes and

ion exchange membranes.
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2.1.7.1 Additives for electrolytes

The idea of electrolyte as a significant part of VRFB is reinforced because in
addition to determining energy density, it also delimits battery operational issues (such
as temperature). With this, recurrent problems of the limitations of vanadium species
can be minimized, mainly avoided, in the presence of stabilizing agents as initially
proposed by the group coordinated by Skyllas-Kasacos in the late 1990s. However,
these agents cannot negatively influence electrolytes, resulting in battery inefficiency
[32].

Thus, the type of substance used as an additive needs to be favorable to all
oxidation states of V, on the contrary, while one species is favored in the electrolyte,
another can be destabilized. This is what happens with the addition of K2SOa,
considered an excellent stabilizer of the V4* species, it can cause an increase in the

precipitation rate of V> [60].

Cao et al. [32] suggest for the mitigation of precipitation problems the use of
mixed acids as inhibitory agents. While reducing additives are more efficient as thermal

stabilizers, covering the solubility temperature ranges of vanadium oxidation species.

In the work of Jin et al. [429], organophosphate compounds in the thermal
stabilization of V(V) ions were also reported. The authors demonstrated that the use
of 3-aminopropylphosphonic acid (3APPA) and sodium 3-phosphonopropionate
(3PPA-Na) as additives in the positive electrolyte of a VRFB inhibits the precipitation
of V20s. The experiments proved that the —OH, =O and —NH2 groups present in 3APPA
control the growth of hydrated penta-coordinated vanadate ions, while 3PPA-Na, with
alkali metal ions, inhibited precipitation by being absorbed on the surface of the
vanadate particle. In addition to the stabilizing effect, the 3APPA additive, by helping
to prevent precipitation, was also responsible for improving the retention of the
battery's discharge capacity, increasing it by more than 16 percentage points

compared to an electrolyte without stabilizing additives [429].

Li et al. [430] dedicated their studies to using organic additives in positive
electrolytes to control and improve VO2* solubility. Analyzing the efficiency of fructose,
mannitol, glucose, and D-sorbitol, Li and collaborators [430]' results pointed out D-
sorbitol as the additive that shows the best electrochemical activity, reaching an energy

efficiency of 81.8% [430]. These results are linked to the increase in available hydroxyl
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groups (—OH) that react with species V (IV), favoring the increase of active sites

conducive to the occurrence of redox reactions of pair V(IV)/V(V) [31,430].

Besides —OH, others organic additives have a stabilizing effect due to functional
groups such as CHO and C=0, which, when adsorbed on the initial V20s nuclei formed,
act by repelling the other V(V) ions in solution and preventing precipitation [431,432].
However, organic compounds functionalized by these groups are not stable in V(V)
solution, demonstrated by stability tests carried out by Zhang et al. [433], in which the
authors noted the color change from yellow to blue, indicating the reduction from V(V)
to V(IV). Furthermore, the effect of oxidation of stabilizing organic compounds on the
positive electrolyte of VRFBs was carefully evaluated in work by Nguyen et al. [434].
The authors state that the stability provided by some organic additives may be a
function of the partial reduction from V(V) to V(IV) and not effectively of the non-
precipitation of V(V) species. For this, in the study conducted by Nguyen et al. [434],
several organic additives classified into carboxylic, alcohol and multifunctional groups
were included. Through titration and UV-Vis spectroscopy, it was shown that these
additives reduced the SOC of the charged electrolyte and decreased the battery
capacity, explained by reduction of the oxidation state of V(V) species in the positive

electrolyte.

On the other hand, Rahman & Skyllas-Kasacos [435] emphasize that inorganic
additives perform better than organic ones, based on the results obtained in
experimental studies. The researchers developed the additive KS11, which consists of
a mixture of 1% by weight of KsPO4 and 1% by weight of SHMP (NaPOs), achieving a
stable solubility for species V(IV) in a temperature range of 5°C to 20°C, avoiding the
precipitation of V(V) concentrated in 4 mol.L'* at 50°C [435].

Tetrabasic sodium pyrophosphate (SPT) can also be another option for
introducing phosphate ions to the catholyte. It acts by slowing the precipitation of the
V species and increasing the electrochemical performance of the battery. This was
done by Park et al. [436], which added SPT in a concentration of 0.05 mol.L"! to 2
mol.L'! vanadium and 4 mol.L? sulfate, attesting to energy efficiency of 74.6%,

corresponding to an increase of 2.8% in relation to white.

Tian et al. [437] justify phosphate additives' influence on reducing the
precipitation rate of V (V). When the temperature is increased, the activation energy of
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the hydrating compound of V becomes lower than that of dehydration. Roznyatovskaya
et al. [438] also observed the delay in V (V) precipitation rate with the use of phosphoric
acid in the catholyte when the temperature was raised to 50°C. They set the maximum
phosphate concentration as an additive at 0.15 mol.L!; otherwise, exceeding the

additive concentration, VOPO4 precipitation is likely to occur [438].

However, according to Nguyen et al. [439], the precipitation of the compound
VOPO4 can be effectively avoided by the insertion of ammonium ions as stabilizing
additives in the proportion of 1.1 with phosphate ions, since ammonium alone does not

provide a good synergistic effect as in the presence of phosphate.

The use of a mixed acid solution of sulfate and chloride salts was proposed by
Yang et al. [440] based on favoring the stability of species V(ll) and V(V) by chloride
ions. The study adopted an ideal electrolytic composition for the stability of the four
active species of V in the electrolyte with a concentration of 2.4 mol.L-* vanadium, 6.2
mol.L chloride ion and 2.5 mol.L* sulfate ion, meeting the solubility in a wide range of
temperature from -20°C to 50°C [440].

The same temperature range was maintained by a further study by Yang et al.
[441] changing the optimal electrolytic composition, varying the concentration of V to
2.2 mol.L%, increasing the concentration of sulfate ions to 2.75 mol.L* and decreasing
the chloride ions to 5.8 mol.L™. The group concludes that the new study shows a better
electrochemical performance due to the common effect of physicochemical properties
such as viscosity, conductivity and vanadium concentration [441].

A more recent study by Yang et al. [442] excluded the need for chloride ions,
especially for, according to Nguyen et al. [439], to avoid the generation of toxic halogen
gases produced by the action of chlorine. However, due to this elimination, the
temperature range was reduced to a new scale that meets from -10°C to 40°C. In
addition, a control of the concentration of compositions is required along with their
charge status, indicating a concentration of vanadium of 2 mol.L'* and 5.5 mol.L? of

sulfate as ideal to maintain an energy efficiency around 80% [442].

The control of the total concentration of vanadium and sulfuric acid as a
supporting electrolyte for the expansion of the VRFB operating temperature range was
also the basis of study for Wang et al. [443] from previous work by the group. Analyzing

the different concentrations of the species (0.44-2.2 mol.L* for V and 1.5-3.0 mol.L?
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for H2S0a4), they attested the static stability of vanadium ions in their four valence states
to a concentration of 1.5 mol.L? in 2.0 mol.L-* H2SO4 solution operating in a wide
temperature range from -25°C to 60°C in the absence of additives. This result makes
the study's application more economically viable by minimizing cost issues with the

addition of substances with an electrolytic stabilizing effect [443].

Other research refers to the addition of stabilizing and catalytic substances to
the anolyte, such as that of Shen et al. [205] in which the authors used antimony ions
(Sb3*) in the negative electrolyte and noticed an increase of 9.6% from the initial energy
efficiency of 57.5%, that is, reaching an efficiency of 67.1%. The study of the group
delimits an ideal concentration of Sb3* in 5.10° mol.L* so that the system is favored
with the improvement of the reaction kinetics of the redox pair V(I1)/V(lll), commonly

slow, as well as its electrochemical activity [205].

Tin ions have also been tested by Mehbood et al. [85] as homogeneous
electrocatalysts, in order to improve the reaction kinetics of redox pairs. As these ions
have a greater catalytic action under the anolyte's reactions in relation to those of the
catholyte, the study was based on the addition of Sn?* ions to a concentration of 0.01
mol.L? in the negative electrolytes, accelerating the reactions of the pair V3*/V2* [85].
Still, according to Mehbood et al. [85], this behavior is mainly due to the
electrodeposition of Sn?* ions on the electrodes tested in the study, favoring the

occurrence of reactions during loading and unloading.

In this perspective, other works bring new alternatives of catalyst ions, such as
the one carried out by Duan et al. [444], who, in addition to adopting the pair VO2*/v3*
aiming to increase the volumetric capacity for a new vanadium battery named VRFB,
analyzed the efficiency of using copper (Cu*) and bismuth (Bi®**) nanocatalysts in
anolytes. The authors observed that copper ions were more effective than Bi®* in
increasing the performance of VRFBs, also increasing energy efficiency by more than
70%.

Park et al. [445], in turn, suggest an even more daring study using Ti and Mn
ions as additives to meet a high concentration of V in positive and negative electrolytes,
and consequently to achieve an even higher energy density. The addition of the new
elements was carried out by the researchers using the V/Mn pair in the positive
electrolyte and V/Ti in the negative electrolyte. The V-Mn-Ti/V-Mn-Ti system obtained
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an optimal condition for the ratio of the concentrations of 1.1 mol.L* of V, 1.5 mol.L?
of Mn and 1.5 mol.L* of Ti to 1.6 mol.L"* of H2SO4 electrolyte supporting, reaching at
the end an energy density of 39.4 Wh/L.

2.1.7.2 Electrode optimizations

The most recent research on performance optimization of the electrodes mainly
consider design factors and treatments (thermal, chemical and surface) associated
with their purposes in VRFB, that is, to improve the electrochemical behavior, decrease
the ohmic resistance and increase the locations reaction assets, since this is one of
the greatest functionalities of the electrode, act as a propitious place for the occurrence
of redox reactions [60].

Small structural modifications to the design can also improve the electrodes'
performance and a consequent increase in the efficiency of the VRFB system. The
application of mesoporous graphene is one of these alternatives and was used by Opar
et al. [446] in the three-dimensional form of electrocatalyst synthesized to the carbon
felt electrode for presenting a wrinkled configuration capable of providing the electrode
with an increase in the areas of active surfaces for the kinetic improvement of the cell's
redox reactions, reaching an energy efficiency of loading and unloading 76.5% at an
current density of 10 mA-cm.

The projections of flow channels on the electrodes are also improved, seeking
the appropriate dimensioning to benefit the increase of the active surface areas as
favorable places for redox reactions, decreasing the flow resistance and energy

consumption of the pumps, and achieving energy improvements up to 2.7% [447].

In this sense, the lack of contact between the electrode and the electrolyte due
to a bad sizing of the flow channels affects the kinetics of redox reactions, as well as
the battery performance. This is because uniform cellular compression aided by joints
favors the contact between the cell constituents, essential to increase the contact
between the electrode, current collector, and electrolyte [93]. Cellular organization by
uniformly compressing its components can increase the efficiency of the electrode, as

well as the entire battery.

A recent study was based on the use of efficient performance electrodes based
on design modifications. Gautam & Verma [448] developed their own activated GF
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electrode, applicable as cathode and anode. The electrode had surface nanofissures
that were pretreated with nitrogen doping, facilitating the electrolyte flows in the
electrode by increasing the surface areas of active contact. These contribute to the
electrode's hydrophilic behavior during the redox reactions of VO%*/VO2* and V3*/V?*
[448]. The occurrence of these mechanisms provided the study of Gautam and Verma
[448] with excellent results in terms of improving the energy efficiency achieved, up to

89%, and current density around 50 mA-cm-2,

Because carbon felts and GF are the main materials used as VRFB electrodes,
Mehbood et al. [85] based their research on the test based on these two types of
electrodes. For this, they used carbon felt electrodes based on polyacrylonitrile (PAN-
CF) and graphite felt based on rayon (Rayo-GF) and highlighted that those made of
carbon felt PAN-CF performed better than Rayo- GF, demonstrating an improvement
in the performance of the redox pair V3*/V?*, in addition to accelerating the reaction
kinetics between V4*/\V>*,

The aggregation of nanoparticles has been widely addressed by current
research due to its electrocatalytic effects on the electrodes. The uniform aggregation
of NiO nanoparticles to GF electrodes was developed by Yun et al. [449] through heat
treatment converting the precursor Ni(NO3)2:6H20 (nickel nitrate hexahydrate) into NiO
at 300°C. Among the results achieved, the increase in energy efficiency stood out by
74.5% in addition to the improvement in the reaction kinetics of redox pairs due to the
strong adsorption of vanadium ions to the electrode surface caused by the action of
the functional oxygen groups provided by the NiO/GF system [449].

In a previous study, the group of Mehbood et al. [76] suggested the use of
electrocatalysts added to carbon felt electrodes, such as SnO:2 nanocatalysts,
achieving energy efficiency of 77.3% with a high current density of 150 mA-cm-2. In
addition, they also achieved a 2.7-fold improvement in cycling stability. The study
proved by means of cyclic voltammetry and electrochemical impedance spectrometry
the acceleration of charge and discharge reaction rates due to the reduction of
superpotentials caused by the electrocatalytic activity of SnO2 nanoparticles [76].

A catalytic structure in the electrodes was also adopted by Wu et al. [450]. The
authors report that, although thin-film electrodes are highly desirable for VRFBs, they
have the problem of high resistance to mass transport. However, Wu et al. [450]



85

presented a thin-film dual-layer electrode, in which one layer has a structural function
and the other catalytic function, which has pores that provide the active site for redox
reactions. The researchers demonstrated that this electrode had an energy efficiency
of 76.1% when the system operates with a current density of 240 mA.cm?, higher than
the 61.9% found in conventional electrospun fiber mat electrodes. In general, a VRFB
employing a thin-film dual-layer electrode operated for more than 800 cycles in a stable

manner with 80.2% energy efficiency, under the same current density condition[450].

He et al. [451] used carbon nanofibers (CNF) as electrodes and, through
electrospinning, uniformly incorporated high purity rutile (TiO2) into them for the
respective negative electrode application. The CNF/TiO2 system has a synergistic
effect of TiO2 on CNF which, combined with CNF's high electrical conductivity,
facilitates electron transport, increases the electrochemical activity of the V3*/V2* redox
pair and causes, according to the study, a 7.8% increase in energy efficiency at a

current density of 90 mA-cm.

High purity rutile was also added to carbon felt electrodes by Vazquez-Galvan
et al. [452]. In this case, however, the procedure was carried out employing
ammonolysis, that is, a hydrothermal step for doping TiO2 followed by nitriding at
900°C. The catalytic properties of the nitrogen groups associated with the TiO2 effect
provided the VRFB system with advantages such as improved catalytic kinetics of the
redox reaction V3*/VV2*, inhibition of hydrogen evolution, the high potential density of up
to 700 mW-cm2, high density of current (150mA-cm) and energy efficiency greater
than 71% [452].

The improvement of energy efficiency and capacity is also favored by the
electrocatalytic activity of cobalt deposition on positive GF electrodes. Xiang & Daoud
[453] led the study by impregnating a thin layer of cobalt oxide from a solution of
Co(NOs3)2:6H20 and ethanol in ultrasound and thermally treating the electrode at
400°C. The experimental results by cyclic voltammetry and electrochemical impedance
spectroscopy demonstrated an improvement in energy, coulomb and voltage

efficiencies, equivalent to 69.4%, 89.5% and 77.6%, respectively [453].

The use of different treatments, or even the combination of them, offers
electrodes improvements both from an electrochemical point of view, as well as energy

and voltage efficiencies. Eifert et al. [137], for example, identified the improvement in
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the electrochemical activity of carbon felt electrodes through heat treatment, favoring

positive and negative redox reactions.

Electrode heat treatments are most applied because they are more practical
and economical [60]. However, this type of treatment favors the increase of side
reactions (corrosion of carbon and evolution of hydrogen) and proves to be a negative

point. However, Eifert et al. [137] believe that, even so, advantageous results prevail.

Side reactions can be avoided, for example, by the oxidative influence of sulfuric
acid when the thermally treated carbon felt emerges in the solution. On the other hand,
this mechanism can also reduce the electrode's electrochemical activity, negatively
influencing the efficiency of the system. The recycling of aged cathodic carbon felts,
however, appears as a mitigating alternative for future application in the form of anode
electrodes, due to the chemical aging of the heat-treated electrodes decreasing the
electrochemical performance of the reaction of the redox pair V4*/V>* by the oxidation
of oxygen atmospheric, and in contrast increase the electrochemical activity of the
redox pair V2*/V3* [85].

The combination of thermal and chemical treatments to improve battery
performance includes the addition of functional groups, as performed in an
experimental study by Shah et al. [454] in which the authors added S and N to positive
and negative GF electrodes through hydrothermal treatment with ammonium
persulfate solution at 180°C. They obtained an improvement in the voltaic efficiency to
95%, besides doubling the electrodes' electrochemical improvement factor in relation
to those that are not submitted to the treatments. The treated electrodes are favored
by increasing active sites of sulfate, nitrogen and oxygen groups attached to the carbon

surface [454].

The combination of nitrogen and oxygen as kinetic enhancers of vanadium
redox reactions on active electrode surfaces was also proven by Kim et al. [455] when
performing a double atomic doping of N and O on GF electrodes by the thermolytic
method of urea. The methodology based on the immersion of GF and the consequent
impregnation of N and O by a solution based on urea and polyethylene glycol resulted
in the double doping of nitrogen and oxygen atoms to the carbon network on the
electrode surface, followed by a thermal treatment in tubular reactor purged with 2.5%
O2 up to 973K [455].
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Although graphitic nitrogen, also called quaternary nitrogen, is considerably
more stable in an acid medium, the increase in catalytic activity is mainly due to the
pyrrolic N group, linked to the active hydroxyl sites due to the presence of oxygen
groups [452]. In the study by Kim et al. [455], this process contributes to an improvement
in the electrodes' reaction kinetics, especially the VO2*/VO?* redox reaction,
potentiated mainly by the action of nitrogen in relation to oxygen atoms. According to
the analysis of the results, the identification of startling N peaks obeys a linear
correlation (R? = 0.93) from the peak potential of the cyclic voltammogram (AE)
together with the number of N atoms, being the thermal treatment oxidative. However,
a facilitator of the process of doping the atomic content of N under the carbon felt. Pre-
treatments of this type can contribute to an increase of up to 20% in the voltage
efficiency of VRFBs, that is, reaching values around 86% and energy efficiency above
80%, also increasing the capacities of loads and discharges that reach be up to 2 times

larger than VRFB using traditional GF electrodes [455].

2.1.7.3 Improvement of membranes

Considering that the biggest challenge of the ion exchange membrane is to
maintain chemical stability and conductivity, recent studies work with the perspective
of minimizing this problem that still does not present a perfectly solvable condition due
to maintaining the balance between the crossing of protons and the crossover of
vanadium ions, implying the achievement of maximum efficiency [60].

In this perspective, the incrustation of vanadium ions in the membrane can be a
problem, mainly for the V> and V#* species. The hydrophobic composition of the
Nafion membranes [456] allows that there is no interaction of the same with the
hydrated electrolyte, although the sulfonic groups located in the porous channels of
the membrane have hydrophilic properties, blocking the passage of the proton flow

and decreasing the conductivity of the membrane [60].

Nafion membranes, which are generally energy efficient in the order of 72%
[457,458], can have their channels unblocked by their immersion in sulfuric acid, despite
the process compromising conductivity protons at the same time that the V species

are repelled [60].

Modifications to the membrane structure have been proposed, such as

overlapping layers, for example, which consists of applying multiple layers of
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polyelectrolytes to the surface of low-cost membranes, forming a barrier capable of
reducing the permeability of the VO?* species through repulsion by the presence of V
ions. However, the disadvantage of the method is that this barrier decreases proton

conductivity [459].

Changes in membrane design were also proposed by Wang et al. [460] from the
deposition of hydrophobic nanofissures under the membrane surface, preventing
vanadium species' permeability while proton conduction is maintained. The idealized
cracks cover the membranes of poly(arylene ether sulfone) through plasma treatment,
so that they are demonstrated as cheap optimization alternatives, despite the energy
efficiency obtained in the experimental study of the group, about 85.37%, failing to be
superior to the tests performed with the Nafion membrane, 85.11% [460].

Zeng et al. [81] suggest the application of anionic membranes in VRFBs as
potential reducers of vanadium ions crossing as electroactive species, the feasibility of
their application being assessed by Roh et al. [457], who developed a membrane from
poly(phenylene oxide), proposing the favoring of proton transport due to the presence
of the functional group —OH. Through the developed membrane, the researchers also
ensure an increase in Donnan's exclusion effect as an exclusive advantage of the
research, raising the coulombic efficiency to 99.5%, about 6% more than the Nafion

membrane.

Che et al. [461] propose an increase in ion selectivity through the application of
porous polybenzimidazole membranes, in which they use a modeling method based
on SiO2 and a NaOH-based attack solution. The results achieved with the membrane
application increased coulombic efficiency, reaching a percentage of 99.5%,

analogous to an energy efficiency of 87.9%.

In addition, the selectivity and conductivity of the membrane can be improved
by the addition of special anionic and cationic groups, as well as the application of
functional additives, such as sulfated zirconia, synthesized to the VRFBs membranes.
The S-ZrO: particles have a high acidity, capable of providing a highly favorable
medium for proton transport improvement. Parallel to this, the additive acts as a kind
of barrier preventing the migration of vanadium species [462]. Zhang et al. [462] used
the additive in experimental studies and achieved high coulomb and energy efficiency,
about 98.89% and 86.78%, respectively. In comparison to the Nafion membrane, the
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S-ZrO2 doped membrane demonstrates a viable application to the improvement of the
VRFB system even by maintaining the cycling stability even after 70 charge and

discharge cycles at a current density of 100 mA-cm.

The combination of different membrane properties can also favor the
optimization of battery performance. The high proton conduction, typical property of
poly(ether ether ketone) membranes, added to the low permeability to vanadium ions
characteristic of poly(vinylidene fluoride) membranes through urethane acrylate, can
increase the ionic selectivity of the membrane, increasing the coulombic and energetic
efficiencies of VRFB [463].

Sulfonated poly(ether ether) membranes were also improved from the doping of
WO3s nanoparticles as a catalytic additive by the group of Sun et al. [456]. The
researchers found a hybrid inorganic-organic membrane formed by sulfonated
poly(ether ether ketone) with a concentration of up to 23.6% of the additive potential,
demonstrating that the main advantage over the Nafion membrane is the ion selectivity
at 30°C, about 3.2 times higher [456].

In a current study, Wang et al. [458] suggest a new class of anionic membranes
based on poly (terphenylene) to maintain a high conductivity of protons associated with
the low permeability of vanadium ions. The new membrane synthesized with polymers
of terphenyl, biphenyl and alkyl groups of quaternary ammonium exceeded the
selectivity of the Nafion membrane by 28 times with the increase of energy efficiency
in the order of 93.64% and current density of 20 mA-cm2, demonstrating a promising
role in the application of VRFBs [458].

Sol gel-based methods are also widely discussed today in membrane synthesis.
They aim to optimize cell performance and mainly reduce membranes' wear, since the
sol gel coating acts to control corrosion and prevents interactions with the electrolyte

from occurring [464,465].

The sol gel process, characterized by hydrolysis and condensation reactions,
can provide the membrane with advantageous chemical and physical properties,
improving battery performance [91,465]. The review by Balaji et al. [91] lists some of
these characteristics comparing them with Nafion membranes not doped by the
method, however, the study also reveals the flaws and limitations present in the

application of the method, as well as the mechanical resistance of the membranes
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influenced by the action of ethanol molecules formed as by-product of
tetraethylorthosilicate hydrolysis, encompassing new research perspectives using, for

example, nitrogen doped alkoxifluorosilanes.

2.1.8 Conclusions

VRFB technology has already proven to be highly promising and advanced for
use in high capacity ESS. However, clearly some challenges still need to be solved for
their full transposition to robust and real energy storage systems. In this review, the
characteristics that underlie the VRFBs were addressed, providing the reader with an
in-depth perspective on the main components of the system, presenting its technical
principles and basic properties. An overview was taken from the creation to the
development of current technologies that remarkably endeavor to mitigate or even

eliminate the impasses inherent in the original battery configuration.

¢ Ingeneral, the need for spatial separation between the electrolyte storage tanks
and the battery is of paramount importance for the VRFBS' operating dynamics.
Its design is developed based on the questions of operation, performance and
efficiency of the system, aiming at the end a high efficiency of energy storage.
In this sense, the global system can be structured in subsystems such as
hydraulic, electrical and control, ranging from the flow of electrolytes from the
tanks to the battery for the respective transformation of chemical energy to

electrical energy until the control of the systems.

e The technologies that involve the preparation of electrolytes have been
remarkably improved, aiming at obtaining greater chemical stability, greater
concentration and, thus, providing greater energy density of VRFB. The impact
of the presence of impurities is also being evaluated, in order to make their
preparation less costly. In addition, several additives have been suggested for
incorporation into the electrolytes, in order to maximize the overall performance

of the battery by improving its performance.

e Graphite-based electrodes stand out as the most common in VRFBs, despite
their limitations regarding the functioning of the battery, such as the wear itself
over the cycles. This suggests the introduction of new materials that can

combine good catalytic activity, low cost and resistance, in addition, of course,
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to the use of techniques that improve performance, such as the use of thermal,
chemical and surface treatments. Changes in the design of the electrodes also
appear as new proposals for optimization based on the adoption of nanofissures
and the aggregation of nanoparticles in their structure, contributing to the

expansion of the surface and enhancement of the catalysis.

The permeability to vanadium ions is still the biggest problem in membranes, as
well as their contribution to the total cost of batteries. Thus, one of the biggest
challenges in the development of new membranes for VRFBs is to minimize
cross-contamination, decrease its cost and, at the same time, maintain its
chemical and electrochemical stability. Added to this, recent structural advances
that include the introduction of multiple layers and nano-slits, acting to decrease

the permeability of V ions.
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3. OBJECTIVES

The research developed in this dissertation aims to purify an acidic vanadium
solution using ion exchange resins; to study the parameters involved in the adsorption
processes through batch tests; to evaluate the separation of vanadium from iron in

continuous system tests and obtain high purity V20s for application in VRFBs.
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The Figure 6 shows the general flowchart of the experiments conducted in the

present work.

Synthetic solution preparation
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Figure 6. Schematic flowchart of the methodology used in the present work.

Firstly, the synthetic solution was prepared. Commercial V20s was used, which

has about 0.5% of impurities (mostly entirely represented by iron). 10 g of this material

were transferred to a 500 mL Erlenmeyer flask, in which 400 mL of aqua regia were

added. The system was left under stirring for 24 hours and then 0.2 g of metallic iron

was solubilized. Then, the liquid was filtered and transferred to a 2 L volumetric flask,

so the volume was completed by the addition of ultrapure water.

Vanadium and iron of the obtained solution were then quantified and the result

was used to construct a Pourbaix diagram, which was essential to determine the Eh x

pH condition which the VO?* and Fe?* species would be predominant in the solution.

This analysis was important because, for two of the tested resins, vanadium in its +4
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oxidation state is among the metals for which the resin shows selectivity. Furthermore,
that Fe®* would be preferentially adsorbed over vanadium. Therefore, the redox
potential and pH of the medium were adjusted, respectively, by adding a solution of
sodium dithionite (Na2S204, 1 mol.L™) and sodium hydroxide (NaOH, 10 mol.L™).

Four commercial resins were tested in the purification of the vanadium solution:
Lewatit® MonoPlus TP 209 XL, Lewatit® TP 207, Dowex™ M4195 (ion exchange
chelating resins) and Lewatit® MonoPlus S 200 H (strong cationic exchange resin).
Before each experiment, these resins went through a preparation process. This
procedure had two objectives: (i) to eliminate possible impurities and (ii) to charge the

functional groups with exchangeable H* ions.

The resins were placed in 250 mL Erlenmeyer flasks and washings interspersed
with hydrochloric acid solution (HCI, 4 mol.L™) and ultrapure water were performed
three times each. The flasks were taken to an orbital shaker that operated with agitation
of 200 rpm at 25 °C. Each washing step lasted 4 hours, the last one being carried out
with water. At the end, the flasks went through an ultrasonic bath in order to release
any solid impurity that could be adhered to the resins. For the batch experiments,
resins were separated by vacuum filtration and taken to dry in an oven at 60 °C for 24
hours, while for the continuous system tests they remained conditioned in water until

added to the columns.

Batch tests were performed first and the following parameters were
investigated: pH, temperature, resin mass/solution volume ratio and contact time. All
these experiments were performed in 250 mL Erlenmeyer flasks in an orbital shaker at
200 rpm. The adsorption efficiency was evaluated through the quantification of
vanadium and iron in solution before and after each test (by means of absorption
atomic spectroscopy), since the difference represents how much of each metal was

adsorbed by the known mass of resin.

The first parameter analyzed was pH, for which the range between 0.5 and 2.0
was investigated, with a variation of 0.25 between each point. The pH adjustment of
the medium for each point was performed by the adding an NaOH solution
(10 mol.L~1). For each analyzed pH value, 1 g of dry resin was weighed and 50 ml of

solution was added. Flasks were left shaking for 2 hours at 25 °C.



95

The influence of temperature was investigated from 25 to 55 °C, with a variation
of 10 °C between each point. For all these tests, a solution with a pH equal to 1.0 was
used, adjusted to the temperature corresponding to which the solution would be tested.
The resin mass/solution volume ratio was kept constant (1 g dry resin/50 ml solution)
in a contact time of 120 min. With the data obtained from these experiments, a study
was carried out on the thermodynamic parameters — enthalpy (AH°), Gibbs free energy
(AG?) and entropy (AS°) — related to the adsorption of metals by the resins. These
parameters are important because they provide information about the spontaneity of

adsorption reactions, as well as whether the processes are endothermic or exothermic.

The experiments varying the relationship between the resin mass and the
solution volume were carried out in order to investigate the adsorption mechanism of
metals in the active sites of the functional groups. The volume of solution was kept
fixed at 50 mL and a mass variation from 0.055 g to 9.000 g was used. The solution
pH was corrected to 1.0, the system temperature maintained at 25 °C and the contact
time was equal to 120 min. The adsorption results obtained were studied based on
three adsorption isotherm models: Langmuir, Freundlich and Temkin. These are
equilibrium curves that provide information about the amount of each metal that is

adsorbed per unit mass of resin as a function of equilibrium concentration.

The influence of contact time was used in the study of adsorption kinetics. The
contact time between resin and solution was varied from 30 min to 1440 min. The resin
mass/volume of solution ratio was equal to 1 g/50 mL, the pH was adjusted to 2.0 and
tests were carried out at 25 °C. Four kinetic models were evaluated — pseudo-first
order, pseudo-second order, Elovich and intraparticle diffusion — in order to obtain data

related to the determinant mechanism of adsorption as well as the controlling step.

Then, resins from the Erlenmeyer flasks (after 1440 min of contact) were filtered,
washed with water and dried in an oven at 60 °C for 24 hours. These were taken for
analysis by scanning electron microscopy (SEM) coupled to an energy dispersive
spectroscopy (EDS) and infrared spectroscopy by Fourier transform (FT-IR). The same
resins were evaluated before the ion exchange experiments through SEM-EDS and
FT-IR in order to better understand post-experiments changes and to further

characterize the adsorption.
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Studies in a continuous system were the next step after the batch experiments.
Fixed bed glass columns 50 cm long and 1 cm inside diameter were used. The resins
were wet packed to a bed height of 30 cm, resulting in a bed volume (BV) of
approximately 23.6 cms3. In the experiments in continuous system, only the ion
exchange chelating resins were evaluated, because they were the ones that showed
the best performance in batch experiments. Columns were loaded using two different
operating flow rates: 2 and 3 BV/h (0.8 and 1.2 mL/min, respectively). Flow control was
carried out through the use of peristaltic pumps at the inlet and outlet of the columns.
These experiments were used to build the breakthrough curves for each resin at each
operational flow. The initial pH of the solution was kept at 2.0 for all tests and the
temperature at 25 £ 1 °C. After loading the column until exhaustion, it was eluted to
obtain a pure vanadium solution. Elution was carried out by flowing a sulfuric acid
solution (H2SO4, 1 mol.L™) at a flow rate of 3 BV/h.

The eluted purified vanadium solution was subsequently subjected to the
ammonium sulfate precipitation process ((NH4)2SOa4). Initially, the solution was
subjected to an oxidation process, to convert +4 vanadium species (VO?*) to VO2*.The
procedure was performed in a 250 mL beaker partially immersed in a thermal fluid.
The set was placed on a hot plate with magnetic stirring. At 50 °C, hydrogen peroxide
(H202, 29%) was added in a quantity 10 times greater than stoichiometric and left under
stirring for 30 min. the temperature was raised to 90 °C and a solution of (NH4)2SOa4
(500 g.L™!) was added until the pH of the solution reached 2.2. Stirring remained for 2
hours and the precipitate filtered off under vacuum and dried in an oven at 60 °C for
24 hours. To identify the crystalline phase in which vanadium precipitated, the solid
was analyzed through X-Ray Diffraction (XRD) and thermogravimetric analysis (TG-
DTG).

After characterization, the precipitate was calcined in a muffle furnace to obtain
high-purity V20s. The procedure was carried out at 550 °C for 2 hours under a synthetic
air atmosphere. The identification of the expected product was also given by the

analysis of the calcined solid through XRD.

The methodology described here is further detailed in subsections 5.1, 5.2 and
5.3. In these subsections are (respectively) manuscripts 02, 03 and 04, which

contemplate the research of the present work (Figure 7).
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Figure 7. Flowchart segmenting the results of the methodology used in this work.
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5. RESULTS AND DISCUSSION

This section presents three manuscripts produced during the research for
scientific journals and that contemplate the results obtained with the experiments

described in the methodology of section 4.

In subsection 5.1, results on the influence of pH variation (0.5 — 2.0), resin
mass/solution volume ratio (0.055 — 9,000 g/50 mL) and temperature (25 — 55 °C) are
shown. These data were used to investigate which of three adsorption isotherm models
(Langmuir, Freundlich and Temkin) best describes the adsorption of metals to the
functional groups of the resins. The thermodynamic parameters (AH?, AG° e AS°) for

the adsorption vanadium and iron in the four evaluated resins are also calculated.

In subsection 5.2 are the results of the kinetic study carried out from the
experiments varying the contact time between resin and solution (30 — 1440 min). The
kinetic parameters were calculated for each of the four models (pseudo-first order,
pseudo-second order, intraparticle diffusion and Elovich) to obtain the one that best
describes the adsorption of both metals. SEM-EDS images and FT-IR spectra are also
shown, performed for the resins before and after the experiments that evaluated the
influence of the contact time.

Finally, subsection 5.3 shows the results obtained in experiments in continuous
system, carried out in ion exchange columns. The breakthrough curves for vanadium
and iron at two flow rates (2 and 3 BV/h) are presented, as well as the elution curves
for both metals. Lastly, results on the precipitation of the pure vanadium solution,

followed by the calcination of the precipitate to obtain V20s are shown.
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5.1 Purification of an iron contaminated vanadium solution through ion
exchange resins

Vinco, J. H.; Botelho Junior, A.B.; Duarte, H.A.; Espinosa, D.C.R., Tendrio, J.A.S.

Department of Chemical Engineering, Polytechnic School of the University of S&o
Paulo (USP).

Abstract

The present work aimed to study the behavior of four ion exchange resins: Lewatit®
MonoPlus TP 209 XL, Lewatit® TP 207, Dowex™ M4195 (chelating resins) and
Lewatit® MonoPlus S 200 H (strong cationic exchange resin) in the selective recovery
of vanadium from an acid solution containing iron as an impurity. Batch experiments
were carried out to evaluate the influence of parameters such as pH (0.50-2.00), resin
mass (0.055-9.000 g) and temperature (293—328 K). lon-adsorption mechanisms of
the resins and thermodynamic parameters of adsorption reactions were evaluated.
Increasing the pH from 0.50 to 2.00 favored the adsorption of both iron and vanadium
by the resins. Chelating resins were more selective for vanadium than S 200 H resin.
Vanadium adsorption better adjusted to the Langmuir isotherm for the TP 209 XL, TP
207 and S 200 H resins, while M4195 adjusted better to the Temkin isotherm. The iron
adsorption mechanism, however, varied between the Langmuir, Freundlich and
Temkin models. The positive values of AH® expressed the endothermic nature of the
vanadium adsorption process for the three chelating resins and for iron in all of them.
Furthermore, negative AG° values revealed a spontaneous character of the adsorption
of both metals to all of the resins. In terms of mass of adsorbed ions, chelating resins
showed good selectivity for vanadium compared to iron and these are, therefore,

promising to obtain pure vanadium solutions in greater scale operations.

Keywords: Vanadium recovery; adsorption; chelating resins; cation exchange resins.
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5.1.1 Introduction

Vanadium is a strategic metal, included in 2017 in the list of metals considered
critical by the European Union [5,466], widely applied in the production of high-
performance metal alloys, such as high-strength steel and alloys for the aerospace
industry. About 85% of all of the vanadium production is consumed by steel industries
as railroads, with an emphasis on the production of high strength low alloy (HSLA)
steels [467]. One of the most recent and remarkable uses of vanadium is in large-scale
energy storage systems, mainly for renewable sources [196]. The renewable sources
global demand tend to increase up to 60% until 2040 [55], and given their intrinsically
fluctuating nature production, robust storage systems are demanded [56]. Vanadium
redox flow batteries represent one of the most promising technologies for this purpose
[38]. These batteries have vanadium in four oxidation states: the pair V2*/V3* as the
anode and the pair VO?*/VO2* as the cathode, which are solubilized in the electrolytes
responsible for effectively storing the energy of the system [107].

Highly pure vanadium (predominantly 99.8%) is required to prepare the
electrolyte for these batteries [31]. In the sources of vanadium, such as: (i) ores, (ii)
concentrates, (iii) metallurgical slag and (iv) oil residues [16], several impurities are
normally associated. Iron deposits represent one of the main sources of vanadium [41]
and, usually, liquors derived of leaching processes contain iron as a contaminant. This
occurs because these metals, when in their oxidation state +3, have nearly identical
ionic rays and behave chemically similarly [40].

Acid leaching of vanadium-bearing-stone-coal is an efficient process to
solubilize vanadium [468—-470]. For titanomagnetite ores — a chemical series of cubic
minerals with an inverse spinels structure, where pure magnetite (FesOs) and
ulvospinel (Fe2TiO4) form the endmembers [471] — acid leaching has been reported
using hydrofluoric [472], sulfuric [473,474], nitric [475] and hydrochloric acids [476]. In
these experiments, the required hydrogenionic potential in these experiments might
cause the leaching of iron as well.

Lee et al. [477] recently reviewed the literature and demonstrated the potential
and importance of recovering vanadium from slag, aiming a more sustainable
production that is increasingly linked to the circular economy. Through the last years,
obtaining vanadium from secondary sources is a recurrent research interest. These
secondary sources include vanadium-bearing steel slag [478], shale [479], slag [480]

and spent catalyst [481]. These sources are usually leached in an acidic medium and
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generate liquors containing many impurities. In such perspective, it is necessary a
purification technique in order not only to concentrate the metal of interest in the
leaching liquors, but also to obtain it with the necessary purity [196].

lon exchange resins are widely used in industrial processing [50], mainly due to
the large number of different types of commercially available resins, which are applied
in the recovery of specific elements [482]. Furthermore, the technique also offers
advantages, such as low energy consumption, fast reaction, simplicity in operation and
low operating cost [51]. Chelating resins are among the ion exchange resins which, in
terms of extraction, are more suitable because they also interact electrostatically with
the metal, which makes them selective [51]. The selectivity of chelating resins depends
on their functional groups — which contain one or more donor groups, such as nitrogen,
sulfur, oxygen and phosphorus atoms — forming coordinated bonds with metallic ions
[483,484].

Although ion exchange resins have been applied to recover vanadium [485—
488], the knowledge of selective recovery of cationic species of vanadium from an acid
medium containing Fe?* is still scarce. Our paper brings new high quality experimental
results using four ion exchange resins, opening a new path for industrial purposes. To
accomplish that, the selectivity of these to adsorb vanadium in relation to iron was
studied through the evaluation of: (i) the effect of pH; (ii) the adsorption isotherm
models (Langmuir, Freundlich and Temkin) and (iii) the effect of temperature by a
thermodynamic study.

5.1.2 Materials and methods

5.1.2.1 lon exchange resins

The resins used in this study were: (i) Lewatit® MonoPlus TP 209 XL;
(i) Lewatit® TP 207; (iii) Dowex™ M4195 and; (iv) Lewatit® MonoPlus S 200 H. Details
of each of them are exposed in Table 4 and the respective chemical structures of each

functional group in Figure 8.



Table 4. Summary of the resins chosen for adsorption experiments of vanadium and iron.
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Resin Functional _ Water content o
Class Matrix _ Structure Selectivity order Reference
name group (delivery form) (%)
MonoPlus  Chelating/cation Iminodiacetic ~ Styrene/ Fe3* > Cu?t > V0O?* > U0?* > Pb?* > Ni?t >
_ =50 Macroporous [489]
TP 209 XL exchange acid (IDA) DVB Zn?* > Cd?* > Fe?* > Mn?* > Ca?* > Mg?* >> Na
Chelating/cation  Iminodiacetic Cu > VO?* > U0?* > Pb > Ni > Zn > Cd > Fe?* >
TP 207 _ Styrene 48 — 56 Macroporous [490]
exchange acid (IDA) Be > Mn > Ca > Mg > Sr > Ba >>> Na
_ Bis- Styrene/ Cu?* >> Ni?* > Fe3* > Zn?* > Co?* > Cd?* >
M4195 Chelating _ _ 40 - 60 Macroporous [491]
Picolylamine DVB Fe?*
MonoPlus Strong acidic _ _ Styrene/
_ Sulfonic acid 45 -50 Gel - [492]
S200H cation exchange DVvB
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Figure 8. Functional groups (structural representation) of the resins used in this paper:
iminodiacetic acid (TP 209 XL and TP 207 resins), bis-picolylamine (M4195 resin) and
sulfonic acid (S 200 H resin).

Before experiments, the resins were washed with a hydrochloric acid solution
(4 mol.L ! HCI) followed by deionized water thrice (lastly by ultrapure water). Each
washing steps was performed for 4 hours in 250 mL Erlenmeyer flasks in an orbital
shaker (200 rpm) at 298 K. After such process, flasks (containing water and resins)
were submitted to an ultrasonic bath (35 W) for 10 minutes, to contribute with the
removal of any physical impurity derived from their production. Finally, the resins were
filtrated and dried at 333 K for 24 hours.

5.1.2.2 Synthetic solution

The synthetic solution was prepared by dissolving 10 g of commercial vanadium
pentoxide (V20s, 99.5% of purity) in 400 mL of aqua regia in agitation. After 24 hours,
1 g of iron sulfate (Ill) (Fez(SOa4)3) was added to the solution, that was subsequently
filtered and then filled with ultra-pure water to a final volume of 2 L.

A Pourbaix diagram was elaborated using the software FactSage (8.0 version)
— applying the average final concentration of the solution (2.8 g.L™* of vanadium and
0.08 g.L"1of iron) — for vanadium (Figure 9a) and iron (Figure 9b), both in the presence

of chlorine.
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Figure 9. Pourbaix diagrams of V (a) and Fe (b), showing the predominance of species
as a function of Eh x pH. Experimental points are represented in the stability field of
Fe (II) and V (IV) involved in by an ellipse.

Considering the selectivity order of the chelating resins, which is directly related
to its functional groups and its high extracting capacity of a given ion [482] (Table 4),
Fe (ll) is primarily recovered by chelating resins when compared to Fe (Il). Botelho
Junior et al. [493] showed that chelating resins functioned by iminodiacetate and bis-

picolylamine groups preferably recover other metals than Fe (ll) in multielement
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solutions. Besides, V (IV) has a higher affinity to the IDA functional group in
comparison to Fe (Il). Therefore, pH and redox potential (Eh) were corrected to a
stability region of both V (IV) and Fe (Il) (see Figure 9), by adding, respectively, a
solution of sodium hydroxide (NaOH) (10 mol.L!) and sodium dithionite (Na25204) (1

mol.L™1).

5.1.2.3 lon exchange experiments

lon exchange experiments were performed in batch using Erlenmeyer flasks in
an orbital shaker (200 rpm) at 298 K for 120 minutes. The ratio of 1 g of wet resin for
50 mL of solution was applied in all experiments, except for the mass influence of
resins. Chemical analyses of the solutions (before and after every experiment) were
performed through Atomic Absorption Spectrometry (AAS, SHIMADZU AA-7000). The
parameters pH, mass influence of resins and temperature were evaluated as it follows:

a) The adsorption behavior was explored in a pH range of 0.50-2.00 with steps
of 0.25. Eh values varied between 0.6 and 0.4 V. The superior range (2.00) was chosen
to avoid iron precipitation [494-497] as well as vanadium. Such effect is verified in
Figure 9, which shows that VO?* and Fe?* (in the range of the studied redox potential)
precipitates if pH is increased to values beyond 2.00. Vanadium and iron initial
concentrations were, respectively, 2.40+0.12 g.L* and 0.03+0.0004 g.L.

b) Experiments varying the ratio between mass of resin (0.055 g to 9.000 g) and
volume of solution (50 mL) were performed to understand the adsorption mechanism
of metal ions in the resin’s active sites. The results were used to study three adsorption
models: Langmuir, Freundlich and Temkin. Equilibrium isotherms provide information
about the amount of material that is adsorbed per unit mass of adsorbent, as a function
of the equilibrium concentration of adsorbate [498].

The isotherm model of Langmuir (Eqg. (17)) presumes that: (i) for each active
site in the resin there is adsorption of a single ion, creating a saturated monolayer; (ii)
there is no interaction between the adsorbed ions; and (iii) there is no migration of
these in the superficial plane [499-501].

Freundlich isotherm (Eq. (18)), on the other hand, is based on an adsorption
occurring in multilayers that interact with themselves. Furthermore, the amount of
adsorbed ions is related to their concentration in solution, and energy decreases

exponentially at the end of the adsorption process [499,501,502].
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Temkin isotherm (Eq. (19)) opposes Freundlich’s model by assuming that
adsorption heat of the molecules in the adsorbent surface layer decreases linearly
instead of logarithmically, and that bonding energies have a uniform distribution
[502,503].

_ by, Ce 17

1
de = KgCen (18)
de = BrInAgC, (19)

In which: g, (mg.g™1) is the amount of solute adsorbed in the equilibrium;
b, (L.mg™1) is the Langmuir constant related to sorption energy and equilibrium
constant; q,,, (mg.g™1) is the maximum saturated monolayer adsorption capacity of the

adsorbent; C, (mg.L™1) is the final concentration of the metal ion in the liquid phase;

1
K¢ ((mg.g~1) (mg. L~1)n) is the Freundlich constant related to the adsorption capacity;

n (dimensionless) is the constant related to the adsorption intensity or the degree of

adsorption favorability; By = ? is related to the heat of adsorption, in which by
T

(J.mol™1) is the Temkin isotherm constant, R is the universal constant for gases
(8.314 ].mol 1. K™1); T is the absolute temperature and A (L.mg~1)is the binding
equilibrium constant of the Temkin isotherm.

The adjustments of the data to the Langmuir, Freundlich and Temkin isotherm
models and the obtaining of the parameters of each one occurred through linearization
of the Eqs. (17), (18) and (19), respectively represented by Egs. (20), (21) and (22).

1 _( 1 ) 1 N 1 (20)
Je qum .Ce dm

1
Inq. = InKf + - InC, (22)

(e = BT lnAT + BT lnCe (22)
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c) For the thermodynamic analysis, the effect of temperature (between 298 and 328 K)
was evaluated, aiming to understand the spontaneity of the adsorption process [504].
Vanadium and iron initial concentrations were, respectively, 2.53+0.38 g.L! and
0.04£0.0018 g.L%. Through the Van't Hoff's equation (Eq. (23)) it is possible to
calculate thermodynamic functions like enthalpy (AH), entropy (AS) and Gibbs free
energy (AG) during the process of metal ions adsorption [499,505-507].

d(InKeq)  AH
dT  RTZ?

(23)

In which:
Keq = equilibrium constant

Qe
eq—c_e

The change in Gibbs free energy can be expressed as a function of temperature

K

and the equilibrium constant (Eq. (24)) and yet, be obtained in terms of enthalpy,
entropy and temperature (Eq. (25)).
AG® = —RTInK¢q (24)

AGY = AH® — T ASO (25)

In Eq. (24), the calculated values of K., would be expressed in L.g™*. However,
this would represent an error in the calculation of the Gibbs free energy, since it has
the unit J.mol™1. This is a problem often neglected in adsorption studies and a
correction is needed for the calculation of AG® [508]. As discussed by Miloniji¢ [509],
multiplying it by 102 makes K, (given in L.g™") dimensionless.

Combining the Egs. (24) and (25), Eqg (26) is obtained. Through Eq. (26), the
aforementioned thermodynamic functions are obtained from the slope of the InKq
versus T~! plot and its intercept on the ordinate axis.
AG® AS® AH°

26
RT R RT (26)

InKeq = —
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5.1.3 Results and discussion

5.1.3.1 Effect of pH

Figure 10 shows the results of the effect of pH on the adsorption of vanadium
and iron. TP209XL resin exhibits greater metal adsorption as the pH increases
(Figure 10a), being visually possible to verify an increase in the intensity of the coloring,
which is related to metallic ions that gradually occupies active sites of the resins,
providing blue color. The observed color is due to the presence of adsorbed VO?* ions,
considering that, in solution, vanadium in its +4 oxidation state is blue in color [62].

For all of the studied resins, the increase of the pH was associated with a greater
adsorption of ions in solution (Figures 10b and 10c). The functional groups of the resins
in acidic medium are protonated. Thus, at lower pH values there is a higher
concentration of H* ions in solution which, in addition to acting on the functional groups
of the resins, compete with the metal ions for the exchangeable sites [510].

As the solution’s pH increases, there is a process of deprotonation of the active
sites, which is associated with an increase in the density of negative charges on the
surface of the resins and an electrostatic attraction between the positively charged ions
and the surface [510,511]. Consequently, the greater availability of binding sites favored
an increase in the adsorption of vanadium and iron ions in solution, easily noticed when
the exchange capacities (q.) of pH values equal to 0.50 and 2.00 are compared.

As shown in Figures 10b and 10c, all studied resins showed similar behavior in
terms of extracting a greater amount of vanadium in relation to the amount of iron. At
a pH equal to 2.00, the greatest extraction of both elements occurs. With the exception
of the last pH value - in which the M4195 resin doubled the amount of vanadium ions
adsorbed in relation to the slightly previous pH value and exceeded the extraction of
the others (from 14 to 38 mg.g') — the resins TP 207 and TP 209XL demonstrated a
better and stable performance in the adsorption of vanadium over the entire analyzed
range (Table 5), extracting about 25% of all vanadium in solution with a pH value of
1.50.
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Figure 10. Effect of pH on the adsorption of vanadium and iron ions by TP 209 XL, TP
207, M4195 and S 200 H resins. In (a), visual result of the experiment performed with
TP209XL resin. In (b) and (c), respectively, the mass of vanadium and iron ions
adsorbed per gram of dry resin (q.) as a function of the increase of pH. Time: 2 hours,
dry resin mass: 1g, solution volume: 50mL, initial concentration: 2.40+0.12 g.L! of V
and 0.030£0.0004 g.L™* of Fe.

However, for the (1.00 — 1.75) pH range, the recovery of vanadium by TP 207
is practically constant (from 24.5 to 25.4 mg of vanadium recovered per gram of resin),
while iron fold in the same range (from 0.05 to 0.10 mg.g~1). The S 200 H resin, in turn,
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proved to be the least efficient for vanadium adsorption, with a maximum extraction of
the metal close to 11% at a pH equal to 2.00. At the same time, it surpassed the other
resins in the recovery of iron over the entire pH range analyzed, obtaining a maximum
extraction at pH 2.00, with 10.0% adsorption of all of the available metal.

Thus, chelating resins (TP 209 XL, TP 207 and M4195) were more selective in
the separation of vanadium and reached higher percentage values in the recovery of
this metal in when compared to iron, which was poorly adsorbed.

It is important to emphasize that vanadium extraction (Table 5) was obtained
with batch tests containing a resin mass/solution volume ratio equal to 1g/50mL and,
furthermore, that initial concentration of vanadium in the medium is high (= 3 g.L~1).
Other studies in the literature that obtained higher percentages of vanadium extraction
with ion exchange resins in batch experiments worked with higher ratios (10g/150mL),

which favors the adsorption due to a higher availability of active sites [44,486].

Table 5. Percentage of vanadium and iron ions adsorbed by resins as a function of the
pH. (Time: 2 hours, dry resin mass: 19, solution volume: 50mL, initial concentration:
2.40+0.12 g.L~! of V and 0.030+0.0004 g.L~* of Fe).

Percentage (%) of adsorbed vanadium and iron ions

TP 209 XL TP 207 M4195 S200H
PH Vv Fe \% Fe \% Fe \% Fe
050 65 2.1 7.0 0.9 3.5 0.2 3.2 2.3
0.75 87 3.4 141 29 5.4 0.4 4.1 7.0
1.00 17.0 3.6 195 3.6 6.1 1.2 7.6 9.0
1.25 194 4.1 21.0 5.2 7.7 2.7 7.5 9.2
150 237 43 211 56 9.6 4.6 6.3 7.6
1.75 244 59 23.0 6.8 131 5.1 8.7 7.5

200 253 7.4 248 7.9 29.8 5.8 114 10.0

Tsuboi et al. [512] studied the recovery of vanadium and gallium from a coal fly
ash leaching liquor using an IDA functional group chelating resin containing, in addition
to these, ferric, ferrous and aluminum ions. Batch tests were carried out to study the
effect of the pH, and results showed that, with the exception of the ferrous ion, the
increase in pH was also associated with a greater extraction of the other metal ions,
with the greatest recovery of vanadium obtained at pH equal to 2.5, approximately 4

mg.g~*. In addition, the authors stated that a reduction of the ferric ion to the ferrous
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ion prevents the adsorption of iron by this functional group [512], given the selectivity
order of chelating resins with the IDA functional group (Table 4).

Soldi et al. [486] reported similar results studying the recovery of vanadium by
Chelex 100 chelating resin (IDA functional group). Their data showed an increasing
recovery of vanadium from pH 0.5 to pH values close to 4, which they attributed to the
complete deprotonation of the functional groups in the resin from the last pH value.

Fan et al. [513] selectively separated vanadium from a solution containing
chromium using an anion exchange resin, which functional group was N(CHs)2. The
data depicted that a decrease in pH from 6.5 to 2.5 increased the extraction of
vanadium from about 23% to 33% (as the maximum recovery). Extraction, however,
lowered abruptly from an additional decrease of pH from 2.5. According to the authors,
the anionic species of adsorbed vanadium does not occur at lower pH values, since
cationic species predominate in these, as shown in Figure 9.

Other studies aiming to recover vanadium through ion exchange resins are
documented in the literature (Table 6). Most of these are focused in the recovering of
anionic species of vanadium using, predominantly, anion exchange resins (chelating
or not) since cationic species would not be adsorbed by these resins. However, as
presented in this work, cationic species of vanadium (VO?*) in a medium with Fe?* are
also selectively adsorbed, mainly due to the functional groups of the chelating resins.
Therefore, chelation is the most plausible mechanism to explain the sorption of VO?%*
by the resins TP 209 XL, TP 207 e M4195. Meanwhile, sorption probably occurs
through ion exchange in the S 200 H resin, since it has demonstrated no selectivity
among the different cations in the solution. The interaction among the ions and
functional groups is proposed in Figure 11: for the iminodiacetic acid groups, VO?* and
Fe?* might create a bond with oxygen of the deprotonated hydroxyl and electrostatically
interact with nitrogen (from the donator group); for the bis-picolylamine functional
group, chelation could occur with the interactions of these cations with the three
nitrogen atoms present in their structure; and, lastly, for the sulfonic acid functionalized
resin, it is proposed that two atoms of oxygen (from the deprotonated hydroxyl) are
necessary to bound with either VO?* or Fe?* requiring, therefore, the interaction of two

functional groups for each adsorbed ion.
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Figure 11. Proposed interaction among the ions and functional groups for the
adsorption of VO?* species by the resins’ functional groups. Fe?* would interact
similarly with the resins, since it is bivalent too.



Table 6. Previous studies on recovery distinct vanadium species from contaminated solutions with ion exchange resins.
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Recovered Main
Resin Class Functional group vanadium contaminating pH Temperature (K) dm Reference
species elements
4 150
ZGA414 weak base —N(CHz)2.H20 H2V1002s8 Fe, Al, Mg 2.5 298 1 ) [42]
mg V. mL™" wet resin
Amberlite®  strong anion . HVO.%, VO, . 1
Amberlite®  strong anion N HVO.* : 1
IRA-400 exchange —-N*R3 (predominant) Ca, Mg, Al, Si, S 115 293 27mgV.g [514]
D201 strong base =~ N—(CHs)2)C.H,OH HoVO4~ Ca, Al, Fe, Mg, Sc 1.8 - - [48]
T A- strong anion HV10028%>
—N*R | — -7 . g7t 4
62(MP) exchange ° (predominant) 6 303 36.9mgV.g (4]
anion . _ 1
OECH-VP amine groups VO3 Cr 6.6 293 203.6 mgV.g [43]
exchange
® : .
Dowex strong anion trlmethylb.enzyl VOs- K 8 303 B [47]
1X2 exchange ammonium
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5.1.3.2 Adsorption isotherms

The parameters obtained from the linearized models of Langmuir isotherms
(Eg. (20) — 1/q.Vs 1/C,), Freundlich (Eqg. (21) — Ing. vs In C.) and Temkin (Eq. (22) —
de vsIn C.), were used to calculate their respective graphic solutions and plotted
together with the experimental data (q. vs C.). Table 7 contains the calculated values
of each parameter for both iron and vanadium.

The given parameters in Table 7 showed that vanadium adsorption is better
adjusted by the Langmuir isotherm model for resins TP 209 XL (Figure 12a), TP 207
(Figure 12c) and S200H (Figure 12g), considering the greatest determination
coefficients (R?) were obtained by linearizing this model. It indicates that vanadium
adsorption in these resins forms a saturated monolayer, with no interaction between
the adsorbed ions. On the other hand, the model that fits the adsorption of vanadium
by the M4195 resin is the Temkin isotherm (Figure 12e), meaning that heat adsorption
of the molecules in the surface layer of the resin decreases linearly until the end of the
process. The positive parameter Br, related to the ion adsorption heat in the resin,
indicates that, under the conditions of the test, this process is endothermic [515,516].

Adsorption of iron by the TP 209 XL resin, as it happened for vanadium, is better
explained by the Langmuir isotherm model (Figure 12b), indicating the formation of a
monolayer. The experimental data of iron adsorption by TP 207 and M4195 resins
adjusted to the Freundlich model (Figures 12d and 12f), suggesting that ions are
adsorbed in multilayers and interact with each other. In addition, the value of n™t is
between 0 and 1, reaffirming the favorability of the adsorption process [517]. Iron
adsorption by the M4195 resin was better adjusted by the Langmuir model (when
comparing R2 values), however, the parameters predicted by this model are negative.
Palanivell et al. [518] and Kiurski et al. [519] justified that such behavior occurs when
the adsorption of the metal in the resin does not follow the approach proposed by the
model. Therefore, the Freundlich model is more suitable to explain iron adsorption for
this resin. Iron adsorption by S 200 H resin is best explained by the Temkin isotherm
model (Figure 12h). Under the experimental conditions, the adsorption is endothermic,
given the positive parameter Bt [515,516].

Figure 12 displays the models adjusted to the experimental points. It is possible
to verify that, although the graphic adjustment of the models is satisfactory, it is
necessary to consider the value of the coefficient of determination (R?), as well as the
coherence of the parameters calculated in Table 7, for a better interpretation of the
adsorption mechanism in each resin.
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Table 7. Model parameters of the adsorption isotherms calculated from the linearization of the Langmuir, Freundlich and Temkin
models for vanadium and iron of each studied resin.

Langmuir model Freundlich model Temkin model
qm(i) bL(ii) R2 Kf(iii) n R2 AT(iv) B; R2

TP 209 XL 33.29 0.0012 0.993 0.42 1.90 0.953 0.012 7.11 0.970
Fe 0.55 0.0035 0.976 0.0020 1.03 0.975 0.10 0.0571 0.911

P 207 V 2834 0.0016 0.964 0.40 1.87 0.953 0.011 7.723 0.912
Fe 0.46 0.0075 0.936 0.0038 1.10 0.945 0.13 0.0732 0.842

MA195 11.46  0.0020 0.997 0.50 2.63 0.981 0.019 2.508 0.998
Fe -2.65 -0.0011 0.994 0.0030 1.01 0.987 0.15 0.0590 0.974

S 200 H vV 1269 0.0025 0.987 0.34 2.20 0.952 0.023 2.792 0.954
Fe 1.05 0.14 0.960 0.22 2.57 0.958 1.16 0.242 0.974

() Gm (mg.g="), (ii) b, (L.mg™™), (iii) Ky ((mg.g™)(mg. L"), (v) Ar (L.mg™)
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Figure 12. Models of adsorption isotherms for resins TP 209 XL, TP 207, M4195 and
S200H. Adsorption isotherms for vanadium are shown in (a), (c), (e) and (g) and; (b),
(d), (f) and (h) are the adsorption isotherms for iron. g, is the mass of vanadium and
iron ions adsorbed per gram of dry resin in the equilibrium.
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5.1.3.3 Thermodynamic evaluation

The effect of temperature on the amount of vanadium and iron adsorbed by
resins was evaluated by varying the temperature from 298 to 328 K, performing
experiments with Erlenmeyer flasks containing 1 g of resin and 50 mL of solution for

120 min. The results are shown in Figure 13.

10.0

d. (mg.g™")
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BTP 209 XL  ATP 207 ® M4195 +5200H ‘

Figure 13. Effect of temperature variation and the amount of vanadium (a) and iron (b)
ions adsorbed by resins TP 209 XL, TP 207, M4195 and S 200 H. (Time: 2 hours, dry
resin mass: 1g, solution volume: 50mL, initial concentration: 2.53+0.39 g.L~* of V and
0.044+0.0019 g.L* of Fe). g, is the mass of vanadium and iron ions adsorbed per
gram of dry resin in the equilibrium.

An increase in temperature from 298 to 308 K showed slightly effect on
vanadium adsorption (Figure 13a). From 308 K up to 328 K there is an increase in the
value of g, forresins TP 207, TP 209 XL and M4195, which corresponds to 44.0, 33.7
and 28.0 mg of adsorbed vanadium per gram of resin, respectively. These results

indicate a favorability of the adsorption process by increasing the temperature. The
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adsorption of vanadium by the S 200 H resin, in turn, was not favored by an increase
in temperature. At 298 K, 10.6 mg of vanadium per gram of resin was adsorbed, and
at 328 K, only 4.8 mg of vanadium per gram of resin was adsorbed. This represents a
drop in recovery efficiency from 9.4% to 3.1% (Table 8).

Table 8. Percentage of vanadium and iron ions adsorbed by resins as a function of the
temperature variation. (Time: 2 hours, dry resin mass: 19, solution volume: 50mL, initial
concentration: 2.53+0.39 g.L* of V and 0.044+0.0019 g.L! of Fe).

Percentage (%) of adsorbed vanadium and iron ions

Temperature TP 209 XL TP 207 M4195 S200H
(K) \Y Fe \Y Fe Vv Fe Vv Fe
298 9.0 4.5 13.4 5.6 6.6 0.4 94 3.9
308 11.0 6.5 14.7 7.0 7.2 2.7 8.9 4.6
318 203 9.2 23.8 7.2 124 34 6.0 7.2
328 219 1438 285 134 182 88 3.1 111

Regarding the adsorption of iron, for all of resins, the increase in the temperature
was associated with an increase in the amount of adsorbed iron ions (Figure 13b). The
resins with greater and lesser iron recovery were, respectively, TP 209 XL
(0.34 mg.g! — 14.8%) and M4195 (0.20 mg.g* — 8.8%). Although the increase in
temperature is also associated with an increase in the extraction of iron, the recovery
of vanadium is mostly favored by the chelating resins. This is evidenced comparing the
mass of each of the metals adsorbed per gram of resin (g,) as a function of the increase
in temperature (Figure 13).

From the temperature tests, the data displayed in Table 9 were used to plot

InK¢q versus T~* and to calculate the thermodynamic parameters of the vanadium and

iron adsorption process by the studied resins.
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Table 9. Variables used to graph Van't Hoff linearized equation and coefficients for
determining the lines adjusted to the experimental data.

Ce (g L71) Keq R2
Resin T (K)
V Fe V Fe V Fe

298 2.06 0.0399 494 2.34
308 2.02 0.0393 6.16 3.46

TP 209 XL 0.920 0.987
318 2.01 0.0407 12.69 5.03
328 2.41 0.0387 14.01 8.68
298 1.96 0.0395 7.71 2.94
308 1.93 0.0391 8.64 3.74

TP 207 0.934 0.807
318 1.92 0.0416 15.59 3.85
328 2.20 0.0394 19.97 7.76
298 2.11 0.0416 3.55 1.12
308 2.10 0.0409 3.89 1.41

M4195 0.927 0.827
318 2.21 0.0433 7.08 1.73
328 2.52 0.0415 11.09 4.80
298 2.05 0.0401 5.18 2.05
308 2.07 0.0401 4.87 2.41

S 200 H 0.869 0.950
318 2.37 0.0416 3.19 3.85
328 2.99 0.0404 1.61 6.22

Based on the results obtained with the linear regressions of the data displayed

in Table 9, thermodynamic parameters (Gibbs free energy, entropy and enthalpy) were

calculated for the adsorption process of vanadium and iron ions, which are

summarized in Table 10. The adsorption thermodynamics is necessary to interpret the

spontaneity and behavior of the sorption of metal ions in the active sites of the

functional groups of resins [520].
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Table 10. Thermodynamic parameters obtained for the adsorption of vanadium and
iron ions by TP209XL, TP207, M4195, S200H resins.

AG? (kJ.mol™1) AS° (J.LK L. mol™ 1) AH® (KkJ. mol™1)

Resin T (K)
V Fe V Fe V Fe
298 -3.96 -2.10
308 -4.66 -3.18
TP 209 XL 118.05 124.06 31.33 34.99
318 -6.72 -4.27
328 -7.20 -5.90
298 -5.06 -2.68
308 -5.52 -3.38
TP 207 109,96 87,64 27.93 23.64
318 -7.26 -3.56
328 -8.17 -5.59
298 -3.14 -0.278
308 -3.48 -0.875
M4195 118,36 123,08 32.48 36.82
318 -5.18 -1.45
328 -6.56 -4.28
298 -4.08 -1.78
308 -4.06 -2.26
S200H -90,91 108,00 -31.59 30.67
318 -3.07 -3.56
328 -1.30 -4.98

AG° values are negative for both metals through the whole range of temperature
(Table 10) for all evaluated resins, suggesting that the adsorption process is
spontaneous or has favorable free energy [504,521]. In addition, with the exception of
the adsorption of vanadium by the S 200 H resin, the increase in temperature was
associated with a decrease in the value of Gibbs free energy, which indicates that the
process of sorption of these metals by these resins is more favorable at higher
temperatures [520].

AH° and AS° values are negative only in the case of adsorption of vanadium by
S200H resin, indicating the exothermic nature of the process, confirmed by the
increase in AG® and visualized by the decrease in the amount of adsorbed vanadium
(Figure 13a) as the system temperature increased. AH® and AS° are positive for the
other cases. Positive values of the enthalpy variation infers that an increase in
temperature favors adsorption, which indicates an endothermic process. Therefore, an
input of energy is necessary for a more advantageous sorption of ions [522]. Positive

entropy variations indicate an increase in randomness at the time of adsorption [504]
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and are associated with a spontaneous process, which is coherent with the calculates
AGP positive values.

Polowczyk et al. [523] and Huang et al. [524] also obtained a positive variation
of enthalpy in the removal of vanadium by ion exchange chelating resins, attributing
the result to the endothermic behavior of the process. Cu?* recovery by TP 207 resin
was reported by Botelho Junior et al. [493]: an increase in temperature from 298 K to
333 K was associated with an increase in recovery from 62.39 to 68.50% of the metal,
indicating the endothermic nature of the process. Gode & Pehlivan [525] showed that,
for the same resin, a temperature increase from 298 K to 338 K demonstrated little
effect on Cu®* recovery, which was attributed to an exothermic character of the
adsorption process.
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5.2 Kinetic modeling of the adsorption of vanadium and iron from an acid

solution through ion exchange resins

José Helber VINCO; Amilton Barbosa BOTELHO JUNIOR; Heitor Augusto DUARTE;
Denise Crocce Romano ESPINOSA; Jorge Alberto Soares TENORIO.

Department of Chemical Engineering, Polytechnic School of the University of S&o
Paulo (USP).

Abstract

This study assessed the adsorption process and the reaction kinetics involved in the
selective recovery of vanadium from an acid solution containing iron as an impurity.
Four commercial resins were studied: Lewatit® MonoPlus TP 209 XL, Lewatit® TP 207,
Dowex™ M4195 (chelating resins) and Lewatit® MonoPlus S 200 H (strong cationic
exchange resin). To investigate the effect of time on the adsorption process, batch
experiments were carried out using the following initial conditions: pH 2.00, at 298.15
K, and a proportion of 1 g of resin to 50 mL of solution. The variation of pH over time
was analyzed. Chelating resins released less H* ions as the adsorption occurs,
resulting in a lower drop of pH when compared to S 200 H resin. lons adsorption by
the resins was also evaluated through FT-IR and SEM-EDS before and after the
experiments. Among the evaluated kinetic models (pseudo-first order, pseudo-second
order, Elovich, and intraparticle diffusion) the pseudo-second order best fits the
experimental data of the adsorption of vanadium and iron by all of the four resins.
M4195 resin showed the highest recovery of vanadium and the lowest adsorption of
iron. Kinetic data, which are fundamental to industrial processes applications, are

provided.

Keywords: Vanadium recovery; adsorption; chelating resins; metal ions; cation

exchange resin; batch study.
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5.2.1 Introduction

One of the main applications of vanadium is as an additive in steel alloys (e.g,
ferrovanadium) which represents a consumption over 80% of the global production
[16,467]. Vanadium have been standing out and getting more space for storage
batteries on a large scale, especially from renewable sources, which you likely cause
a grow on its demand in the coming years [196,526]. Vanadium consumption for
electrolyte production is estimated to grow by as much as 44% by the year 2027 as
these batteries gain more visibility [527].

Vanadium occurs predominantly in the form of V3* replacing Fe3* or A3t in
several minerals in ore deposits and crude oil. In addition, metallurgical slags has
become other important source for obtaining vanadium [196]. Regardless of the origin,
impurities will be associated in the vanadium extraction, which reflect in a necessity for
methods to purify and obtain products with high purity, especially for application in
electrolytes of vanadium redox flow batteries. However, there is a lack in the literature
of deep studies on about the influence of impurities in the battery's performance.
Therefore, these applications still require a product with purity above 99.8%, greatly

increasing its cost [31].

In the literature, there are several works aimed at the purification of solutions
containing vanadium and other impurities using technigues such as solvent extraction
[528-533], chemical precipitation [534-536] and ion exchange resins [5637-541]. A
comparison between these methods for recovering vanadium from leach liquors was

also critically reviewed in the work by Zhang et al. [542].

In this context, ion exchange resins stand out, especially chelating resins,
considering that the ion exchange technique applied to the recovery of strategic metals
is among the fundamental technologies for the development and progress of society
[543]. lon exchange was linked to several modern technologies, being widely used in
several industrial applications which include advanced separations, such as metal
recovery, water treatment and removal of radioactive isotopes [544]. In addition to their
extensive industrial use [50], ion exchange resins offer advantages such as low energy

cost, simplicity in operation and fast kinetics, reflecting a low operating cost [51].

There are several commercial resins available designed to recover different

metals [482]. Cationic, anionic and chelating resins are used in different purification
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processes, and chelators in chelating resins have been developed to improve the
selectivity of the process. The order of selectivity of these resins depends on their
functional groups [51]. An electrostatic interaction between functional group and the
adsorbed metal occurs by donor atoms present in their functional groups, such as
nitrogen, sulfur, oxygen and phosphorus, which have pairs of unemployed electrons

and act forming coordinated links with adsorbed metals [483,484].

The investigation of the adsorption process by kinetic modeling is crucial, owing
to the (i) ideal conditions of operation in large-scale batch; (ii) mechanism of sorption
between the metal and the resin and; and (iii) control of the reaction rate including
mass transportation and chemical reaction processes [545,546]. Febrianto et al. [547]
stated that, in projects of an adsorption system, the knowledge of the adsorption rate
involved in the recovery of a metal by a certain resin figure among the most important

steps, because, from such study, it is known the time of residence of the adsorbate.

Besides, the kinetic modeling is important to evaluate the separation rate
between vanadium and contaminants. Therefore, this study is devoted to investigate
the adsorption and model adsorption kinetics of iron and vanadium by ion exchange
resins. Three chelating resins and one strong cationic resin were tested. The kinetic
investigation was performed through the evaluation of four kinetic models (pseudo-first
order, pseudo-second order, Elovich and intraparticle diffusion). FT-IR and SEM-EDS
analyses were used as chemical characterization of the resins to enhance the

interpretation of the process.

5.2.2 Methods

5.2.2.1 lon exchange resins and synthetic solution

Four ion exchange resins were used: Lewatit® MonoPlus TP 209 XL, Lewatit®
TP 207, Dowex™ M4195 and Lewatit® MonoPlus S 200 H. These resins are
functionalized by the following functional groups: iminodiacetic acid, iminodiacetic acid,
bis-picolylamine and sulfonic acid, respectively. In Figure 14 depicts the structure of

each of these groups.
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Figure 14. Functional groups of the resins: iminodiacetic acid (TP 209 XL and TP 207
resins), sulfonic acid (S 200 H resin) and bis-picolylamine (M4195 resin).

A pre-treatment step was performed previously to the experiments aiming to
eliminate any possible remnant impurity of the resins manufacture and to obtain H*
exchangeable ions. The pre-treatment consisted in washing the resins with
hydrochloric acid solution (4 mol.L* HCI) interspersed with three-fold deionized water.
The washing process was conducted in Erlenmeyer flasks (250 mL) in orbital shaker
(200 rpm) under a temperature of 298.15K at intervals of 4 hours at each wash. After
the last wash with water, flasks were taken to an ultrasonic bath for 10 minutes. Finally,

the resins were separated by filtration and dried at 333.15K for 24 hours.

The synthetic solution was prepared by the dissolution of 10 g of commercial
vanadium pentoxide (V20s, 99.5% of purity) in 400 mL of aqua regia under stirring.
After 24 hours, the obtained solution was filtered and 0.2 g of metallic iron (Fe) was
added to the solution. After homogenization, ultra-pure water was added to a volume
of 2 L. Thus, a solution with 2.7 g.L* of vanadium and 0.1 g.L! of iron was obtained.
Subsequently, based on another study already carried out [39], the pH and the redox
potential (Eh) were corrected to obtain V (IV) and Fe (ll) by the addition of a sodium
hydroxide (NaOH) solution (10 mol.L"!) and sodium dithionite (Na2S204) (1 mol.L™?),

respectively.

The purification of a solution of the same composition using the same resins
tested in the present work was investigated by Vinco et al. [39]. In such work, the

authors studied the influence of pH, resin mass/solution volume and system
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temperature, evaluating the sorption process through adsorption isotherms and the

thermodynamic parameters involved.

5.2.2.2 lonic exchange experiments and kinetic study

The kinetic experiments for iron and vanadium adsorption were evaluated from
30min to 1440min. Tests were carried out Erlenmeyer flasks (250 mL) submitted to
200 rpm stirring in orbital shaker. A ratio of 1g of resin for 50 mL of solution at pH 2.0

was used.

The separation coefficient of V (By,ge) for each evaluated adsorption time was

calculated by the Eq. (27) [548,549]

_ CV,r CFe,s
BV/Fe - CFe'r CV’S (27)

In which: Cy . and Cg, . are the concentrations of V and Fe in the resin, respectively,

and Cy s and Cg s are the concentrations of V and Fe in solution, respectively.

Kinetic modeling was performed according to data obtained to investigate the
adsorption mechanism, the rates control of mass transport and the chemical reaction
process [547]. In the present study, it was evaluated four distinct kinetic models:

pseudo-first order, pseudo-second order, Elovich and intraparticle diffusion.

The kinetic models of pseudo-first and pseudo-second order are the most
employed in the kinetic metal adsorption study [499,547]. They are widely used in the
description of the adsorption rate in liquid-solid type interactions, both being obtained
from the integration of Eq. (28) [550].

dq
= = kn(@e —q0" (28)

In which: q, and q, are the amount of solute adsorbed per mass of adsorbent (mg.g™1)
at equilibrium and time t (min), respectively; and k,, is the constant rate of the pseudo-

n-th order kinetic model (min™1).

Lagergren [551] showed that the obtained equation from the integration of
Eqg. (28), when n = 1 under boundary conditions of:t=0,q,=0et=t, q. = q¢, haming

the model of pseudo-first order (Eq. (29)) [550]. It is assumed that the adsorption
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processes that best fit this model have the adsorption driven by the mass concentration
gradient [552]. Therefore, this model is more appropriate for the most initial steps in the
adsorption process [553], since in more advanced stages the change in the
concentration of metal ions in solution, in accordance with the fall in the number of

active sites available in the resin, makes the model less applicable [554].

In(ge — q¢) = In(qe) — k4t (29)
In which: k; is the equilibrium rate constant of the pseudo-first order equation (min™1).

A linear model (Eqg. (29)) might be rearranged to a non-linear form (Eqg. (30)).

qr = qe(1 — €799 (30)

Ho & McKay [555] integrated Eq. (28) assuming n = 2 and using the same
boundary conditions of Lagergren [551], thus obtaining an expression for the pseudo-
second order model (Eq. (31)). According to the model, the rate of pseudo-second
order reactions is predominantly related to the amount of metal ions that are on the
surface of the adsorbent [552]. This model assumes that there is the occurrence of two
reactions, being the (i) balance quickly reached by the first, and a second (ii) slower,
which can extend for a long period of time, as chemisorption works as the determining
step [554,556].

szezt

— 31
k,qet + 1 (31)

dt

In which: k, is the equilibrium rate constant of the pseudo-second order equation

(min~1).

The nonlinear expression of the pseudo-second order model (Eg. (31)) can then

be rearranged to obtain a linearized model (Eq. (32)):

t__1 +1t (32)
de  kaqe? Qe

In these two models, however, all stages of the adsorption process, such as

diffusion in the film, adsorption and intraparticle diffusion, and thus, through them, the
adsorption mechanism cannot be identified [499,557].

The kinetics rate of chemisorption of Elovich (Eq. (33)) distinguishes from

previous models to deal with an exponential drop in the adsorption rate over time. [558].
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da, _
dt
In which: a is the constant of initial sorption rate (mg.g~*.min"1) e B is the constant of

o e Pa (33)

desorption (g.mg™1), related to the extension of surface coverage and activation

energy for chemisorption.

Chien & Clayton [559] integrated Eq. (33) using the following boundary
conditions: t =0, q,= Oand t =t, q; = q;. They assumed apt >> 1, obtaining the

linearized expression for the Elovich model (Eq. (34)).

qi = %ln(aB) + %ln(t) (34)

Regarding the mechanism related to the adsorption process of metals in
adsorbents, four primordial stages are involved: (i) diffusion of metal ions to the liquid
film on the surface of the adsorbent solid material; (ii) diffusion of these metal ions
through the superficial liquid film; (iii) adsorption of the ions at the active sites of the
adsorbent surface, a process of physical or chemical nature; and (iv) diffusion of ions
through the pores of the adsorbent particles [560]. The diffusion rate of intraparticular
mass (Eqg. (35)) proposed by Weber & Morris [561] predicts that the intraparticle
diffusion stage is the limiting step of the adsorption process when the kinetic data is
suitable for their model, i.e., when the amount of metal ions adsorbed by adsorbent

mass plotted in function of the square root of the contact time results in a straight line.

qt = kpt1/2 + C (35)
In which: k,, is the constant of the intraparticle diffusion rate (g.mg~'min™') and Cis a

constant that reflects the effect of the limit layer, so that the greater its value, the

greater is the contribution of surface adsorption in the rate limitation. [560].

5.2.2.3 Chemical analysis

Samples before and after experiments were analyzed by Atomic Absorption
Spectrometry equipment (AAS) (SHIMADZU AA-7000). The characterization of the
resins before and after experiments were carried out in scanning electron microscopy
analyzes (SEM) coupled to an energy dispersive spectroscopy (EDS) (Phenom ProX
equipment) and infrared spectroscopy by Fourier transform (FT-IR) (Bruker Tensor 27

spectrometer). For FT-IR analysis, the resins were grounded to make KBr tablets.
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5.2.3 Results and discussion

5.2.3.1 Adsorption experiments

The effect of time on vanadium and iron adsorption was studied at pH 2.0, 1 g
of resin and 50 mL of solution at 298.15 K. The use of pH 2.0 is in agreement with the
study carried out previously, which demonstrated the influence of pH on the recovery
of these metals. In this work, it was demonstrated within the range of pH evaluated
(0.50 — 2.00) that pH 2.0 favored the adsorption of vanadium ions by the resins under
study, providing the highest percentage of recovery. The data percentage of each
metal adsorbed by the resins as a function of time are depicted in Table 11. In 60 min,
the TP 209 XL resin recovered 6.67% of the solution vanadium. After 90 min, it
increased to 25.8%, reaching a maximum in 180 min (31.4%). The resin TP 207
reached 22.5% of vanadium extraction in 30 min of contact and only in 420 min did it
reach a maximum recovery value (31.8%). After these maximums, both maintained a

behavior close to stability.

The resins TP 209 XL and TP 207 showed a similar vanadium recovery in 1440
min (30.4 and 30.5%, respectively). Iron extraction, however, was 41.5% by TP 209XL
- up to 9% higher than TP 207 (32.5%). This was reflected in low vanadium-to-iron
separation coefficients, especially after 420 min of contact between the resin and the
solution (Table 11). It is also noted that, for the case of TP 207 resin, the best

separation between the two metals occurred in the first 30 min, where the By g.was

equal to 9.1 — the highest value obtained among all those calculated.

Although with the same functional group and the same matrix composition, it is
possible to notice a difference in the amount of vanadium and iron ions adsorbed by
TP 209 XL and TP 207 chelating resins. Zainol & Nicol [562] had also observed similar
behavior, which compared five resins functionalized by iminodiacetic acid (Amberlite
IRC 748, Lewatit TP 207, Lewatit TP 208, Purolite S 930 and Lewatit TP 207 Monoplus)
in the recovery of nickel and cobalt. The authors demonstrated that, despite having the
same functional group, the performance of each one was different. Probably it occurs
due to oscillations in the synthesis that could result in variations in the matrix

crosslinking, density of functional groups and even in the size of each particle.

In the case of M4195 and S 200 H resins, in contrast, the percentage of

vanadium ions adsorbed achieved the equilibrium after 60 min of contact. These two
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resins were more selective for vanadium than iron in comparison to TP 207 and TP
209 XL, as depicted in Table 11, where there are higher values of By,g. related to the
TP 209 XL and TP 207 resins. The recovery of vanadium by the M4195 resin reached
equilibrium with adsorption efficiency up to 45%, while the iron adsorption reached
14%. The adsorption of vanadium and iron by S 200H were 35.5% and 7.2%,

respectively.

Table 11. Percentage (%) of V and Fe ions adsorbed by resins and separation
coefficient (Byr.) as a function of contact time.

Time TP 209 XL TP 207 M4195 S 200 H
(min) Vv Fe  Bv/re \Y% Fe  Bv/re \Y% Fe  Bv/re \ Fe  Bvre
30 3.8 5.2 0.7 225 3.1 9.1 354 103 4.8 34.7 6.8 7.3
60 6.7 10.3 0.6 241 5.8 5.2 40.2 15.2 3.8 355 7.2 7.1
a0 258 11.3 2.7 256 7.9 4.0 425 145 44 38.0 9.0 6.2
120 309 162 2.3 289 99 3.7 421 138 4.6 36.9 108 4.8
180 314 244 14 284 128 2.7 43.2 136 4.8 358 115 43
300 285 354 0.7 304 172 2.1 43.3 147 44 359 105 4.8
420 30.1 383 0.7 31.8 293 1.1 459 145 5.0 35,0 105 4.6
540 299 39.7 0.6 31.7 314 1.0 450 14.7 47 334 115 39
960 28.3 409 0.6 311 309 1.0 455 13.7 5.3 33.7 114 39
1440 304 415 0.6 305 325 0.9 41.7 142 4.3 36.9 10.3 5.1

The pH of the solution was monitored over time, which is presented in Figure 15.
For all resins studied, it can be seen that there is an initial drop in the pH value, followed
by a plateau. This behavior is explained by the H* ions initially occupied the functional
groups of the resins and released into the solution due to the exchange with vanadium
and iron ions. It makes the solution more acidic. Even, the stabilization of the pH after

the fall over time is in accordance with the stabilization of metals adsorption.

According to data presented in Figure 15 and Table 11, although their behaviors
are associated, the percentage of metals extraction by each resin is not proportional
to how much the pH of the medium decreases, that is, how much of H* is released into
the solution. It can be visualized by the data from the M4195 resin, which demonstrates

that, even though the resin that presented the greatest extraction of vanadium from the
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solution, it was the one that resulted in the lowest pH drop among the four resins

analyzed.

The differences between the pH values among the resins are probably due to
their exchange mechanism. For chelating resins (TP 209 XL, TP 207 and M4195), the
decrease in pH was less pronounced in relation to the cation exchange resin S 200 H
which, after 30min, a pH drop from 2.0 to 0.6 was observed (Figure 15). This
phenomenon can be explained by the adsorption of the metallic ions exclusively by ion
exchange with the H* ions. That is, since it is not a chelating resin, the only way to
recover metals in solution is through the ion exchange process, with a greater release
of H* ions. Among the chelating resins, TP 207 and TP 209 XL had similar pH values
over time (pH 1.2) due to the same functional group. For M4195 chelating resin, the
pH reached 1.4 as the reaction achieved the equilibrium.

2.0 T e TP209XL
18- ¢ TP207
A M4195
1.61 m S200H
o I
1.41 = > 4
T2
' - + '
1.0 *
0.81
0.6 W
—— e il
0 200 400 600 800 1000 1200 1400

t (min)

Figure 15. Variation of the pH of the medium as a function of the contact time for each
of the resins for the followed experimental conditions: 298.15 K, 1 g of resin per 50 mL
of sulution, at a initial pH of 2.

5.2.3.1.1 Kinetic modeling

Kinetic parameters were obtained through the plot of the linearized models of
pseudo-first order (Eg. (29) — In(qe. — q¢) vst), pseudo-second order (Eq. (32) —
t/q. vst), Elovich (Eq. (34) — q.vsIn(t)) and intraparticle diffusion (Eq. (35) —
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q. vs t'/?). The data plotted for each kinetic model is presented in Figure 16 (q; vs t).
Table 12 shows the parameters for each kinetic model for all resins studied. The choice
of which kinetic model best explains the adsorption behavior of vanadium and iron ions
by resins must be based not only in the value of the determination coefficient obtained
with the linearization of the models, but also how the models will be adjusted over time
to all experimental points, and whether the calculated kinetic parameters are

consistent.

Parameters depicted in Table 12 shows that the adsorption of vanadium by the
four resins follows a pseudo-second order kinetics, in view of the higher values of the
correlation coefficient (R?) obtained by the linearization of this model. A best fit in this
model indicates that the adsorption of vanadium ions in the functional groups of the
resins has their rate controlled by the amount of the metallic ion that is on the surface
of the resin and, also, by the valence forces that occur due to the sharing of electrons

between the metal ions and the functional groups [563].

It indicates that in the first hours of contact of the solution with the resin there is
a fast adsorption of vanadium ions. However, as the active sites become occupied by
the metal, the large amount of ions results in a slower adsorption rate. This is also
assumed by the model, which reiterates that the balance of the process is quickly
achieved by a first ion exchange reaction that occurs in the system. Given the high
correlation of the data to the model (all close to 1), the values for the calculated amount
of ions adsorbed in the equilibrium per gram of resin (q.) are in agreement with those
verified experimentally. Figures 16a,c,e,g demonstrated that the pseudo-second order
model exhibits a stability behavior when the adsorption of vanadium ions had reached

equilibrium after 240 min for all resins.

The adsorption kinetics of iron is also explained by the pseudo-second order
model for all four resins. For the TP 207 resin, although the correlation coefficients
obtained for the pseudo-first and pseudo-second order kinetics are equal (0.992), the
analysis in Figure 16d shows that the best fit of the pseudo-second order model to the
experimental points when compared to the pseudo-first order. In addition, the system
still seems has not reached equilibrium at 1440 min, since the adsorption rate is
increasing. Therefore, although the q. value calculated by the pseudo-first order model

(0.60 mg. g~1) is apparently the closest to the presented data, it does not represent the
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actual amount of iron ions adsorbed in the equilibrium, which probably be better
explained by the value obtained by the pseudo-second order model (0.82 mg.g™1).
Fatima et al. [564] investigated the adsorption kinetics of some metals when using a
cationic exchange resin functionalized by the sulfonic acid group. It was shown that,
for Fe (ll) recovery, the pseudo-second order model is also the one that best relates to
the data obtained, indicating that chemical sorption may be the limiting step of the

reaction rate.
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Table 12. Kinetic parameters calculated from the pseudo-first order, pseudo-second order, Elovich and intraparticle diffusion models
for the vanadium and iron elements of each of the studied resins.

Pseudo-first order Pseudo-second order Elovich Intraparticle diffusion

kl(i) qe(ii) R2 kz(i) qe(ii) R2 ) B(iv) R2 kp(v) C R2
TP 209 XL V  3.13x102? 162.26 0.919 9.10 x 10* 54.35 0.997 1.76 x 10° 0.040 0.965 6.44 -15.67 0.990
Fe 4.47x10°% 0.95 0.983 9.29x10% 0.91 0.998 9.41x10% 382 0.951 0.050 -0.21 0.977
P 207 6.86 x 10° 20.07 0.982 7.99 x 10* 58.95 0.999 1.26 x 10> 0.16 0.981 1.11 35.05 0.978
Fe 2.33x10°% 0.60 0.992 3.24x10% 0.82 0.992 544 x10% 6.05 0.966 0.019 -0.0085 0.941
MALO5 V 7.89x10% 20.95 0.916 1.24 x10° 84.42 0.999 236 x 108 0.29 0.840 1.70 58.19 0.872
Fe 2.29x10° 0.039 0.747 4.85x 10t 0.27 0.999 9.02 x 10® 73.37 0.768 0.0017 0.23 0.759
S 200 H 1.11 x 10 9.19 0.888 3.21x10°% 67.57 0.999 2.68x10* 0.19 0.823 1.29 5535 0.781
Fe 1.58 x107? 0.19 0.954 2.12x 10 0.21 0.993 7.63x10°% 1354 0.950 0.012 0.050 0.928

(i) k1, ko (min™"), (ii) qe (mg.g™"), (iii) a (mg.g™". min™"), (iv) B (8. mg™), (V) k;, (g mg™'min"")
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Figure 16. Kinetic models obtained for TP 209 XL, TP 207, M4195 and S 200 H resins.
In (@), (c), (e) and (g) the kinetic models for vanadium and in (b), (d), (f) and (h) are the
kinetic models for iron.
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5.2.3.2 Characterization of resins in the adsorption

In order to understand the chemical bond connection that occurs between the
metal ions and the resins, FT-IR (Figure 17) and SEM-EDS (Figure 18) analysis were

performed before and after the adsorption experiments.
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Figure 17. FT-IR spectrum before and after the adsorption experiments for the
(@) TP 209 XL, (b) TP 207, (c) M4195 and (d) S 200 H resins.

FT-IR spectrum shows strong and wide bands at 3431 cm™1. These are related
both to the vibrations of the hydroxyl groups (O—H) and the stretching vibrations of (N—
H) [565,566]. The peaks at 3023 cm~! come from the asymmetric stretching of the
v,s(C — H) from the (C—H) bonds present in the aromatic rings [566]. The hydrogen
vibration band outside the plane of the aromatic ring 6(C — H), is responsible for the
appearance of the observed peaks at 700 cm~! (Figures 17a and 17b) and
704 cm~! (Figure 17c) [567]. The peaks at 2926 cm !refer to v,,(—CH,), an
antisymmetric stretching vibrations of the —CH, groups [566,568]. Meanwhile, M4195
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resin (Figure 17c) also presents a peak at 1452 cm™!, which is related to the

asymmetric scissoring vibration band of §,,(—CH,) groups [565,569].

Peaks at 1630 cm™! and 1732 cm™! (Figures 17a and 17b) indicates the
presence of hydrophilic groups (C = 0) at 1620-1640 cm™! and 1710-1740 cm™?,
being the second one characterizing the presence of C = O of COOH groups [570,571].
Besides, peaks at 1385 cm™! are associated to the symmetric deformation of
carboxylate ions - vs(—C0O07™) [572]. The presence of bands of (C = 0) in the TP 209 XL
and TP 207 resins is also confirmed by peaks at 1225 cm™? [573].

In Figure 17d, the presence of the (—SO3;H) in S 200 H resin can be identified
by the specific peaks of this group that occurred in 1177 cm™?, 1036 cm™! e 675 cm™?
[574]. The peak at 1177 cm™? refers to the asymmetric stretching mode of the (S = 0)
bond, while the 1036 cm™?! occurs due to the symmetric stretching mode in the same
bond [575]. The 1638 cm™?! peak must be associated to the (C = C) bonds [576].

Pyridine groups of M4195 resin (Figure 17c) were identified through the
vibration at 1614 cm™!, reflecting the (C = N) bond [569]. The peaks at 1116 cm™! and
768 cm™! are related, respectively, to (C— N) and (C — H) of the pyridine molecule
[569]. The peak at 1384 cm™!is also a (C — N) stretching mode correspondent [577]. It
becomes stronger and quite accentuated in the spectrum corresponding to the M4195
resin after the adsorption experiments, probably due to the adsorption and

complexation of vanadium ions by the functional group.

The presence of peaks at 974 cm™! shown in TP 209 XL e TP 207 resins
(Figures 17a and 17b, respectively) after the adsorption process can be attributed to
the deformation vibrations of the copolymer benzene ring (ST-DVB), which forms the
matrix of both resins [566]. The spectra after contact with the solution (Figures 17a,
17b and 17c) was altered in several peaks, either by attenuation or by intensification.
It corroborates the fact that, in the functional group of chelating resins, complexation

with metals also occurs and not just an adsorption process.

TP 207 resin was studied for copper recovery with iron as an impurity in the
work of Botelho Junior et al. [578]. The authors obtained FT-IR spectra with peaks at

values very close to those shown in Figure 17b and also demonstrated that, when in
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contact with the copper and iron ions, the resin undergoes a process of coordination

between the functional group and the solution ions.

Sofinska-Chmiel & Kotodynska [579] evaluated the spectrum of the M4195 resin
before and after the sorption of metals such as copper and zinc and the behavior was
analogous to that shown in Figure 17c. The change in peak intensity in the region
between 1250 cm™! and 1650 cm™?! was attributed by the authors to the formation of

bands and coordination links of these functional groups with the adsorbed metals.

Wotowicz & Hubicki [580] studied the chelating resin TP 220 with bis-
picolylamine functional group and compared its FTIR spectra with M4195. The authors
also suggested that the peak attenuation in the region regarding the vibration of the
atoms of the functional groups was due to their participation in the bond with the

recovered metal (Pd).

These results corroborate with those presented in section 5.2.3.1, where it was
shown that the recovery of metal ions by chelating resins occurred not only by ion

exchange, but also by complexing these with the functional group.

In the present study, it was analyzed by SEM/EDS the resins before and after
the experiments to investigate the adsorption process. None of the resins showed
physical changes on their surfaces after the experiments. Although reported as
macroporous resins [581], it was found a very smooth surface, most of them in a
diameter range of 300-400 um. As the SEM image and EDS spectra were similar
among the resins studied, Figure 18 shows only the data obtained for TP 209 XL resin

(the other ones are showed in the Supplementary file).
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Figure 18. SEM image and its respective EDS spectra for TP 209 XL resin before (a,
b) and after (c, d) the adsorption experiments.

TP 209 XL and TP 207 resins have quite similar EDS spectrum. Major elements
are, respectively, carbon (54.0%, 45.7%), oxygen (25.5%, 30.2%) and nitrogen
(18.1%, 18.0%), as expected, once these compose their functional groups
(iminodiacetic acid — Figure 14). Carbon (50.5%), nitrogen (22.1%) and oxygen
(23.7%) are also the major elements in the M4195 resin. Finally, major elements of the
S 200 H resin are carbon (48.8%), oxygen (33.7%) and sulfur (17.5%), which are
coherent with the sulfonic acid functional group. Chlorine is also present in the
spectrum of TP 209XL, TP 207 and M4195 resins, and probably related to the washing

process with HCI solution.

Atomic proportions have non-significate changes after experiments. Peaks of
vanadium were observed after adsorption experiments. The cationic resin S 200 H
showed the presence of Na, used to adjust the pH (NaOH).
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Although iron was adsorbed, it was not identified in any of the resins studied by
means of semi-quantitative EDS after the adsorption experiments due to the sensitivity
of the technique. An important observation is that the quantification given by the EDS
must be considered as a qualitative guide of the proportions of those elements, as this

technique is not sufficiently accurate to serve as a chemical quantification.
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5.3 Separation of cationic vanadium species from iron using chelating resins in

continuous system to obtain high purity V20s

Vinco, J. H.; Espinosa, D.C.R., Tendrio, J.A.S.

Department of Chemical Engineering, Polytechnic School of the University of Séo
Paulo (USP).

Abstract

Three ion exchange chelating resins — (i) Lewatit® MonoPlus TP 209 XL (iminodiacetic
acid), (i) Lewatit® TP 207 (iminodiacetic acid) and (iii) Dowex™ M4195 (bis-
picolylamine) — were used to purify an acid solution of vanadium contaminated with
iron (Fe?*) in order to achieve a high purity V20s product. Column experiments were
performed in two steps: loading (to recover vanadium from the solution) and elution
with H2SO4 (to obtain a high purity solution of vanadium). Loading was accomplished
testing two distinct flow rates and, for both of them, the breakthrough curves were
similar. The three resins showed selectivity to adsorb vanadium. Iron was quickly
adsorbed in the first bed volumes for all of them, but quickly desorbed by TP 209 XL
and TP 207 resins. Desorption of iron during the loading was slower for M4195 resin,
which caused the amount of adsorbed vanadium to be smaller compared to the other
resins. Using five ion exchange columns in series resulted in the adsorption of 94%
and 98% (TP 209 XL and TP 207 resins, respectively) of all the vanadium contained
in the solution. Elution of the first columns generated vanadium solutions with 99.8%
and 99.9% of purity, respectively. Precipitation of the purest solutions using (NH4)2SO4
generated (NH4)2VeéO1s, which was later calcinated to form V205 (99.9% pure), as

confirmed through XRD and thermogravimetric analysis.

Keywords: ion exchange; vanadium; purification; fixed-bed column; high purity

vanadium.
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5.3.1 Introduction

Vanadium is a metal whose physical (high tensile strength, hardness, fatigue
resistance) and chemical (catalytic activity, multiple oxidation states) properties make
it a strategic and essential resource in fields of application such as the aerospace
industry, catalysts and in special ferrous and non-ferrous alloys [42,582,583]. Another
use for vanadium is in the production of electrolyte for vanadium redox flow batteries
(VRFB) [38]. VRFBs are among the most studied and promising redox flow batteries,
gathering desirable characteristics such as fast charge-discharge cycle, elimination
from cross-contamination of chemical constituents, flexible design, high efficiency, long
life and safety [61]. These batteries are mainly used for large-scale energy storage,
such as energy produced by renewable sources (wind and solar) which, given their
inherently fluctuating production nature, require robust and efficient systems for
storage and distribution [56]. Since global demand on new renewable energy sources
are an increasing trend for the next years [55], the consumption of vanadium for this
purpose is also expected to grow, mainly due to the increased visibility and
improvements related to technology of these batteries [527].

Electrolytes in VRFBs represent one of the most important components [109],
since its volume and its concentration in vanadium are directly related to the storage
capacity of the battery [107]. In electrolytes, vanadium is present in its four oxidation
states: the pair V2*/V3* in the negative electrolyte and the pair VO2*/VO2* in the positive
electrolyte [28]. By providing the best cost-benefit ratio, V20s currently represents the
most demanded source of vanadium [30]. However, because the presence of impurities
implies in several operational and performance problems [32], it is desirable a raw

material at least 99.8% pure [31].

An impurity commonly associated with vanadium in its beneficiation process is
iron, because, in addition to the ionic radius of vanadium and trivalent iron being close,
V4* can replace Ti** in ilmenite (FeTiOz), causing vanadium to have a high affinity for
iron oxides [196,584,585]. Over 90% of proven V20s reserves are related to
titanomagnetite ores, so that approximately 80-85% of all vanadium produced globally
is obtained from the direct extraction of deposits or from slag originating from the

processing of vanadiferous titanomagnetite deposits [5,586,587].

Therefore, a purification technique must be used to selectively recover

vanadium from contaminants such as iron. For this purpose, ion exchange appears as
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an important alternative. In addition to the excellent selectivity in the adsorption of the
target species, this technique provides high concentration enrichment rates with elution
efficiency, operability over a wide pH range, simple mode of operation, durability and
potential capital cost savings [588-590]. Within the ion exchange there are also
exchangers that are chelators, which have donor groups in their functional groups that
act by forming coordinated bonds with the metallic ions of interest in a Lewis acid-base
system [483,484,591]. Through different functional groups, these resins demonstrate
high specificity in the adsorption of a particular metal of interest.

Previous studies [39] were performed with an iron-contaminated vanadium
solution through three chelating resins and a strong cation exchange resin. Batch
studies were carried out in order to understand: (i) the adsorption mechanism, (ii) to
adjust to an adsorption isotherm, (iii) obtain the thermodynamic parameters of the
system and, also, (iv) to investigate the adsorption kinetics. Thus, because of the
importance and significance that results in a continuous system have for practical
applications [565], in this work, the authors bring the studies of adsorption in a column
system for the three chelating resins, applied to the purification of the same solution.
This new study reports data regarding loading and elution of resins in ion exchange

columns, as well as obtaining high purity V205 after precipitation and calcination.

5.3.2 Methods
5.3.2.1 Chelating resins and synthetic solution

The ion exchange chelating resins used in this work were: (i) Lewatit®
MonoPlus TP 209 XL (iminodiacetic acid), (ii) Lewatit® TP 207 (iminodiacetic acid) and
(i) Dowex™ M4195 (bis-picolylamine). First, they were subjected to alternating
washings with hydrochloric acid solution (4 mol.L™* HCI) and ultrapure water three
times each to eliminate any impurity and to charge their functional groups with
exchangeable H* ions. The preparation procedure was carried out in Erlenmeyer flasks

in an orbital shaker (200 rpm) throughout 4 hour intervals for each wash.

The synthetic solution was prepared according to the methodology described
by Vinco et al. [39]. The concentrations of vanadium and iron in the final solution were
respectively equal to 3.32 + 0.41 g.L™* and 0.090 + 0.002 g.L™%. By using solutions of
sodium hydroxide (NaOH) (10 mol.L™%) and sodium dithionite (Na2S204) (1 mol.L™1) the
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solution produced had its pH and redox potential (Eh) adjusted so that the vanadium
species and iron were converted, respectively, to VO?* and Fe?*. Lastly, the pH of the

solution was kept at 2.00, as this is the value at which these resins showed the highest
adsorption of vanadium [39].

5.3.2.2 Column experiments

The ion exchange tests were carried out in fixed-bed glass columns with 50.0
cm in length, internal diameter equal to 1.0 cm and resin bed height of 30.0 cm,
resulting in a bed volume (BV) of approximately 23.6 cm3. The previously prepared wet
resins were packed in the column. The synthetic solution percolated through the bed
in a downstream flow, controlled by means of two peristaltic pumps installed upstream
and downstream of the column (Figure 19). Two operating flows were evaluated: 2
BV/h (0.8 mL/min) and 3 BV/h (1.2 mL/min). Temperature was set at 25 + 1 °C by
flowing water through the column jacket. Effluent aliquots were periodically collected

to determine the vanadium and iron content.

?
Q2
£
(7]
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<

Peristaltic pump |

Z=\y 3 “ -
~ Effluent Solution

Figure 19. Apparatus used in the fixed bed column experiments.

After loading the resin to saturation, the column was then washed with water to

remove all the solution still remaining in the column, leaving only the metal adsorbed
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by the resin. Then, elution was performed using a sulfuric acid solution (H2SO4 1
mol.L™1) at a fixed flow rate of 3 BV/h. Samples were collected at the outlet of the
column at different times. Resin regeneration was performed by pumping 8 BV of a
hydrochloric acid solution (4 mol.L™* HCI) at a flow rate of 4 BV/h, followed by flowing

ultrapure water through the column.

The resins that showed the best performance in vanadium adsorption were then
subjected to a series column operation, in which the effluent from the first one fed the
second column and so on, in order to increase the vanadium recovery at the end of

the process.

5.3.2.3 Oxidation, precipitation and calcination

The purified vanadium solution eluted from the ion exchange column was then
subjected to the precipitation procedure. The procedure was carried out in a 250 mL
glass beaker placed in a bath with thermal fluid and the set placed on a hot plate with

magnetic stirring.

First, the vanadium species was oxidized from VO?* to VO2"* by using hydrogen
peroxide (H202 29%), which reacts with VO?* as in Eq. (36) [592]. The procedure was
carried out at 50 °C for 30 minutes and the amount of H202 added was 10 times the

stoichiometric one.

2V0%* + H,0, - 2V0,* + H,0 (36)
After oxidation, the system was brought to a temperature of 90 °C and then a
solution of ammonium sulfate ((NH4)2SO4 500 g.L™') was added until the pH of the
solution reached 2.2, which was the best condition obtained in the studies of Li et al.
[592]. The system was left stirring for 2 hours and, at the end, the precipitate was
separated by vacuum filtration, washed with ultrapure water and dried in an oven at 60
°C for 24 hours.

The dried precipitate was then calcinated in a muffle furnace to obtain V20s. The

procedure was performed at 550 °C for 2 hours in a synthetic air atmosphere.
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5.3.2.4 Analysis

Chemical analyzes for quantification of vanadium and iron in the solutions were
performed using Atomic Absorption Spectrometry (AAS, SHIMADZU AA-7000). The
precipitated was analyzed by X-Ray Diffractometry (XRD, Rigaku MiniFlex 300) with a
copper radiation source, from 5° to 80° (2-Theta) - with 1.5°/min and steps of 0.02° -
before and after calcination to identify their crystalline phases. A thermogravimetric
analysis was performed on the precipitate using a thermogravimetric scale (Netzsch -
STA 449 F1 Jupiter) under a synthetic air atmosphere (at a flow rate of 40 mL.min™2)
increasing the temperature up to 550°C (using a heating rate of 20 °C.min™) to

correlate it with the phases identified through the XRD.

5.3.3 Results and discussion

5.3.3.1 Continuous system tests
5.3.3.1.1 Loading profiles (breakthrough curves)

Tests in a continuous system using fixed bed columns were carried out in order
to selectively recover vanadium. Studying the adsorption as the solution percolates
through the resin bed is important to define the breakthrough capacity (when the metal
concentration in the effluent is 10% of the initial concentration). Also, it is important to
determinate the moment when the resin has exhausted its ability to adsorb the metal
of interest, i.e., when the concentration of the metal in the effluent is equal to the
concentration of the feed (complete breakthrough) [46]. In Figure 20 are the vanadium
and iron breakthrough curves obtained for the three chelating resins at the operating
flow rates of 2 and 3 BV/h. In these, the ratios between the concentration of each of
the metals in the effluent at a given moment and the initial concentration of these in

the feed solution as a function of the number of bed volumes are presented.
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Figure 20. Breakthrough curves of vanadium and iron in two flow rates: 2 BV/h and 3
BV/h (pH =2.0, T = 25 °C).

The curves reveal that vanadium was primarily adsorbed in relation to iron, even
though iron was initially adsorbed. In all cases, the greater selectivity of the resins for
vanadium implied a desorption and substitution of part of the adsorbed iron by the
functional groups of the resins, releasing it in the effluent and causing some C/Co ratios

to be greater than 1.

With the exception of the M4195 resin at a flow rate of 2 BV/h, the breakthrough
of vanadium adsorption for the other cases occurred at values between 1 and 2.5 BV
(between 23.6 and 58.9 mL of solution). The breakthrough for iron, on the other hand,
except for TP 207 and M4195 resins at a flow rate of 2 BV/h, occurred right at the first
BV of solution that ran through the column. For TP 209 XL and TP 207 resins, at both
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flow rates, an equilibrium in iron adsorption was verified at least 15 BV before

vanadium adsorption was exhausted.

Regarding the amount of adsorbed metal, the M4195 resin showed a higher iron
adsorption (even in the first solution bed volumes) in relation to the other resins for
both flow rates studied, which is evidenced by the greater volume of beds necessary
to stabilize the C/Co ratio. Thus, the need to replace these ions by vanadium in the
functional groups probably disfavored the adsorption of vanadium, leading to a lower
recovery of vanadium for this resin. Although the final amount of iron adsorption for TP
209 XL and TP 207 resins was slightly higher at the end of the operation, these were
more rapidly desorbed by the functional groups and, therefore, the greater exposure
of vanadium ions to the free functional groups provided higher levels of recovery for

vanadium at the end of the process.

In general, the increase in the operating flow from 2 to 3 BV/h showed little
influence on the amount of vanadium adsorbed by the resins, both in terms of the
breakthrough and in the final percentage of recovered metal. Some studies in which
vanadium is adsorbed by ion exchange resins in a continuous system showed that the
decrease in the feed flow resulted in an increase in vanadium adsorption, as well as in
an increase in the breakthrough values [485,582,593]. Nevertheless, Zhu et al. [539]
also reported that there was no significant increase in the percentage of adsorbed
vanadium ions when the flow was decreased to values below 3.33 mL/min, so that it
only had a negative effect on the amount of metal adsorbed at higher values. In
addition to the small variation in flow, the concentration of metal in solution is also a
factor that influences the breakthrough, as can be seen in the data by Gomes et al.
[46]. In these, the decrease in the concentration of vanadium in solution from 5 to 3
mg.L™! was responsible for changing the breakthrough point, respectively, from 27 to
4000 BV. Therefore, this observation corroborates the fact that the high concentration
of vanadium in the solution of the present work can explain the similarity of behavior

between the curves obtained with different flows.
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5.3.3.1.2 Elution profiles (elution curves)

The study of the elution of ion exchange columns was carried out using a
solution of 1 mol.L™* of H2SOa. Prior to elution, the resins were loaded by flowing the
iron-contaminated vanadium solution at a flow rate of 3 BV/h, for a total of 20 BV. The
elution profiles for the three resins are shown in Figure 21, where the concentration of
vanadium and iron in the effluent is plotted as a function of the number of beds of
eluted solution, at a flow rate of 3 BV/h.

Figure 21. Vanadium and iron elution profiles from resins [a] TP 209 XL, [b] TP 207

Bed Volume (BV)

and [c] M4195 using H2SO4 (1 mol.L™) at 3 BV/h.
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TP 209 XL e TP 207 resins (Figure 21) are the ones that recovered the most
vanadium, since their elution profiles showed vanadium concentration peaks at 1.3 BV,
respectively equal to 15.8 and 16.1 g.L't. The M4195 resin showed a peak in the
vanadium concentration eluted at 1.5 BV (of 7.2 g.L™?), at least half of that observed in
previous resins. It is also noted that iron was also eluted by the three resins, indicating
that part of it remained adsorbed on the active sites of the resins until the end of the
loading process. However, for the TP 209 XL and TP 207 resins, the concentration of
vanadium in final eluate was almost twice as the concentration in the initial solution, as
the concentration of iron decreased almost 10 times. This corroborates the fact that
the adsorption of iron was very low and most of the adsorbed was desorbed and

replaced by vanadium during the column loading process.

5.3.3.1.3 Mass balance of columns in series

As discussed in section 3.1.1, TP 209 XL and TP 207 resins showed higher
adsorption of vanadium in the tests containing only one column. Thus, in order to
increase the recovery of the metal present in the solution, ion exchange columns were
used in a series operation, where the effluent of one was the solution that fed the next
and so on. A 3 BV/h flow was used, considering that this flow resulted in loading profiles
similar to those of a 2 BV/h flow, not causing damage to the efficiency of the process.
Furthermore, from a practical point of view, it streamlines the operation. In Figure 22
are the mass balances performed for these systems. It was possible to obtain the
percentage of recovery in each of the columns (as well as the purity of the solution
eluted from each) based on the mass of vanadium and iron present in the stream of
elution (Table 13).
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Figure 22. Mass balance for an ion exchange column system with resins [a] TP 209 XL
and [b] TP 207 arranged in a series configuration.

Both resins (Figure 22) demonstrate similar behavior, probably because they
are functionalized by the same functional group. Regarding the general performance,
there is a decrease in the mass of vanadium eluted from column 1 to column 5, in
contrast to iron, which presents an increase in the mass that is eluted from column 1
to 5. This behavior can be explained by the decrease in the concentration of vanadium
in solution as it is adsorbed by the previous columns, causing less competition with

iron for the active sites of the resins, thus increasing its adsorption.
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Table 13. Percentage of vanadium and iron ions adsorbed on each column for the column in series and purity of the vanadium

solution eluted from each column.

TP 209 XL TP 207

Column adsorbed (%) 2 accumulated adsorbed (%) ®° Vanadium adsorbed (%) 2 accumulated adsorbed (%)° Vanadium
Fe V Fe purity (%) Y, Fe Vv Fe purity (%)

1 21.0 1.3 21.0 13 99.8 23.0 1.0 23.0 1.0 99.9

2 26.6 4.4 42.0 5.7 99.4 28.6 1.3 45.0 2.3 99.8

3 34.5 6.4 62.0 11.7 99.1 40.0 1.7 67.0 4.0 99.8

4 50.0 14.7 81.0 24.7 98.0 51.5 8.0 84.0 11.7 98.7

5 68.4 18.1 94.0 38.3 96.9 87.5 12.5 98.0 22.7 97.7

@ Percentage of each metal adsorbed in relation to the own column feed.

b Percentage of each metal adsorbed relative to the starting solution that fed the first column
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The global percentages of vanadium recovery by TP 209 XL and TP 207 resins
were, respectively, equal to 94.0% and 98.0%, against 38.3% and 22.7% in the same
order for iron. Thus, it is clear that the best resin for the purpose of selectively
recovering vanadium was TP 207. However, it is important to highlight that the first
column elution of both resins provides vanadium with a high purity: 99.9% for TP 207
and 99.8% for TP 209 XL. The vanadium purity in the second and third columns elution
drops slightly for TP 207 resin (99.8%), but still meets the purity criteria required for
VRFB electrolytes, while for TP 209 XL it has already becomes unsuitable for this

application since the purity of second column elution is 99.4%.

5.3.3.2 Precipitation and obtaining of V205

The solution obtained from the elution of column 1 with TP 207 resin, which, as
discussed in topic 3.1.3, showed a vanadium purity equal to 99.9%, was subjected to
precipitation for vanadium recovery. After the addition of the H202 solution, the system
was left under agitation for 30 minutes, the oxidation of the VO?* to VO2* was observed
through the change in the color of the solution, from blue (Figure 23a) to yellow
(Figure 23b). After oxidation, the increase of the temperature to 90°C and adding
(NH4)2S0a4 to adjust the pH up to 2.2, resulted in a solid phase after 2 hours of stirring
(Figure 23c) and the solid separated through filtration. The vanadium precipitation
efficiency was 80.1%, calculated from the mass variation of vanadium in solution
before and after the precipitation process. The mass of iron in solution before and after
precipitation did not change, indicating that the process took place without dragging
the 0.1% of the metal that contaminated the purified solution. Vanadium when in its +5
oxidation state in solutions with a pH below 1 is practically entirely in the form of VO2*,
which would possibly not react with NH4*. However, as the pH increases to higher
values, which was the case with the condition used in the present work, the VO2*
species begin to be converted and different species start to coexist in solution, such
as: H3V10028%", H2V10028*", HV10028%", V100285~ and VeO1s%~ [548,594,595]. Therefore,
these species react differently with the NH** ion to precipitate vanadium, directly

influencing the efficiency of the process [596].
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Figure 23. Solution containing vanadium [a] in its +4 oxidation state, [b] oxidized to +5
and then [c] precipitated.

The X-ray diffraction pattern confirms that vanadium precipitated in the
crystalline phase of ammonium polyvanadate ((NH4)2VeO1e) (Figure 24a). Peng et al.
[536] used CO(NHz2): in the precipitation of vanadium from a synthetic solution and
obtained a precipitate with the same crystalline phase. The results of Wen et al. [596]
also demonstrate the precipitation of vanadium obtained from the leaching of high
chromium vanadium slag in the form of (NH4)2VsOa1s. In addition, these authors reached
an efficiency of 99.75%, however, they used a pH equal to 8.0, which also allowed the
precipitation of the iron that was in solution, reducing the purity of the product. The
main application of ammonium polyvanadate is the production of vanadium pentoxide,

produced when burned in the air [597].

(NH4)2VeO16 undergoes thermal decomposition in one stage, as shown in
Eq. (37) [598], so that a theoretical mass loss after decomposition equal to 8.7% is

expected.

(NH,),V¢0;4 — 2NH3 T + H,0 1 + 3V,05 (37)

A thermal analysis (TG-DTG) was also used to characterize the crystalline
phase formed in the precipitation. Its decomposition is seen in Figure 24b. The DTG
curve has only a well-defined peak at 320 °C, indicating the occurrence of only one
thermal event. The total mass loss observed was 10.7%, exactly 2.0% above the
expected 8.7%. However, the change in mass that occurs before approximately 200°C
should not be attributed exclusively to the decomposition of (NH4)2VeO1s, since the
beginning of this event is marked by the maximum positive value of the DTG that

occurs at this temperature.
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Figure 24. [a] XRD pattern and [b] TG-DTG curves of the formed precipitate. [c] XRD

pattern of the calcinated precipitate.
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The loss of mass verified in the initial steps can also be a result of the loss of
moisture, volatilization of ammonia and, still, of remaining sulfates of the solution in the
solid. Besides, as showed by Chithaiah et al. [599] and Han et al. [600], (NH4)2V6O16
can also precipitate in a hydrated form, having a mass loss close to 20% after
decomposing to form V20s. Therefore, if a very small fraction of the precipitated
material (enough to be undetectable by XRD) was in the hydrated form, it would also
contribute to the increase in the expected mass loss and would be related to this

variation.

Figure 24c shows the XRD pattern of the material obtained with the muffle
calcination of the precipitate. All of the detected peaks refer to the presence of the
crystalline phase of vanadium pentoxide (V20s). It is also noted that, in relation to the
diffractogram of the precipitate, there was less noise generation, indicating that
calcination provided greater crystallization of the material and the generation of high
intensity peaks. Xiong et al. [601] precipitated vanadium from the leaching of
vanadium-bearing shale also in the form of ammonium polyvanadate, which was later
calcined to generate vanadium pentoxide. These authors haved used NH4Cl as a
precipitant, an acidic medium, pH equal to 2.0 at 90°C, so that at the end of the process

the purity obtained for V20Os was greater than 99%.
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6. CONCLUSIONS

10.

11.

From the results presented in this study, the main conclusions were:

an increase in pH was associated with a greater adsorption of the vanadium
and iron ions;

the chelating resins showed selectivity for vanadium adsorption in the tests
varying the pH, for all of the values tested;

in batch experiments at pH 2.00, T =298 K and t = 120 minutes, chelating resins
showed the highest vanadium recoveries, respectively equal to 25.3, 24.8 and
29.8%, while, in the same order, adsorbed 7.4, 7.9 and 5.8% of the iron in
solution;

the adsorption of vanadium by TP 209 XL, TP 207 and S 200 H resins was
better adjusted to the Langmuir isotherm, while for M4195 resin better adjusted
the experimental data to the Temkin isotherm;

iron adsorption process, in turn, was adjusted to the: (i) Langmuir isotherm for
TP 209 XL resin; (ii) Freundlich isotherm for TP 207 and M4195 resins and (iii)
Temkin isotherm for S 200 H resin;

the adsorption of vanadium and iron in the three chelating resins was favored
by the increase in temperature and confirmed by the positive value obtained for
the variation of positive enthalpy (endothermic process).

for the S 200 H resin, the adsorption of vanadium corresponds to an exothermic
process, unlike iron, which is endothermic;

the negative values of AG? for both metals in all the four resins reveal the
spontaneity of the adsorption reactions;

the resins TP 209 XL and TP 207 demonstrated different kinetic behavior and
the resins M4195 and S 200 H tend to equilibrate the adsorption from the first
30 minutes of contact with the solution;

chelating resins, due to coordination interaction with metals, release less H*
ions into the medium as the ions are adsorbed on their functional groups in
relation to the cationic exchange resin;

the adsorption of both metals is better explained by the mechanism proposed
by the pseudo-second order model, indicating that the adsorption rate of these

metals by the four resins evaluated is controlled by a process of chemisorption;
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12.the change in intensity and displacement of some peaks in the FT-IR spectra
for the resins before and after the tests corroborated the understanding that
complexation occurs in chelating resins;

13.TP 209 XL, TP 207 and M4195 ion exchange chelating resins demonstrated
selectivity in the adsorption of vanadium over iron in the column studies, with
the first two demonstrating greater efficiency in the amount of vanadium
adsorbed with the same number of bed volumes of purified solution;

14.the variation in the flow rates studied (2 to 3 BV/h) did not influence the
adsorption efficiency at the end of the process when the resins reached
exhaustion;

15.for the elution process, vanadium was completely recovered using a 1 mol.L?t
de H2SO4 for the three chelating resins;

16.94% and 98% of all the vanadium contained in the solution was adsorbed,
respectively, by the TP 209 XL and TP 207 resins, when using 5 ion exchange
columns in series. For the same system, however, in the same order, 38% and
23% of the iron was also adsorbed;

17.using columns in series, the mass of adsorbed vanadium decreases from the
first to the fifth column, unlike iron, which begins to increase its adsorption as
the vanadium decreases;

18.first column elution of TP 207 and TP 209 XL resins generated vanadium
solutions with 99.9% and 99.8% of purity, respectively;

19.vanadium was precipitated from the solution with 99.9% purity (80% efficiency)
by adding (NH4)2SO4 at 90°C (stirred during 2 hours), as crystalline
(NH4)2VeOas;

20.V20s (purity greater than 99.9%) was efficiently formed by calcinating the
precipitate at 550°C for 2 hours;

21.TP 209 XL and TP 207 resins were shown to be a good alternative to purify acid
solutions of vanadium contaminated with iron in continuous systems;

22.the high purity V205 obtained from the elution of the first column matches the

standards to be further applied in VRFBs electrolytes.
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