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Abstract

Sodium chlorate is industrially produced by electrolysis of an aqueous salt solution, in
which chromium(VI) constitutes an important excipient component. It is added to a
concentration of a few grams NaxCr.O+/liter to the electrolyte and has several functions in the
process, the most important being to increase the Faradaic efficiency for hydrogen evolution
in the undivided electrochemical cells. A thin film of Cr(OH)s x nH2O formed by reductive
deposition on the cathodes decreases the rate of unwanted side reactions, while still enabling
hydrogen evolution to occur. In addition chromium(V1) buffers the electrolyte at the optimum
pH for operation and promotes the desired homogeneous reactions in the electrolyte bulk.
Chromium species also affect the rates of hydrogen and oxygen evolution at the electrodes

and are said to protect the steel cathodes from corrosion.



Although chromium(V1) stays in a closed loop during chlorate production, chromate is a
highly toxic compound and new REACH legislation therefore intends to phase out its use in
Europe from 2017. A production without chromium(V1), with no other process modifications
is not possible, and today there are no commercially available alternatives to its addition.
Thus, there is an urgent need for European chlorate producers to find solutions to this
problem. It is expected that chromium-free production will be a requirement also in other
parts of the world, following the European example.

As the chromium(VI1) addition affects the chlorate process in many ways its
replacement might require a combination of solutions targeting each function separately. The
aim of this paper is to explain the role and importance of chromium(VI1) in the chlorate
manufacturing process. Previous achievements in its replacement are summarized and
critically evaluated to expose the current state of the field, and to highlight the most promising
avenues to be followed. An attempt is also made to reveal connections with other research
fields (e.g. photochemical water splitting, corrosion science) facing similar problems. Allied
effort of these different communities is expected to open up research avenues to the mutual

benefit of these fields.

Keywords: chlorate electrolysis, cathode selectivity, hydrogen evolution reaction, chromate,

oxygen tolerant cathode

1. Introduction

Sodium chlorate is a bulk chemical produced by electrolysis of sodium chloride
solutions.[1,2] Its industrial manufacture dates back to the 19" century and has over the years
evolved to be one of the major electrochemical industries behind chlor-alkali and alumina

production.[3] The total annual production of merchant chlorate was 3.6 million tons in 2015,



whereof 3.2 was directed for production of chlorine dioxide used in environmentally friendly
Elemental Chlorine Free (ECF) bleaching of pulp.[4] The ECF bleaching is currently
regarded as the Best Available Technique[5] and is therefore the preferred choice for new
bleached chemical pulp producing plants. This directly influences the need for sodium
chlorate on the market. The worldwide sodium chlorate demand has increased with over 30%
over the last 10-15 years (Figure 1) as the consumption of bleached paper and board has
increased. The growth is expected to continue as the use of tissue (kitchen rolls, bathroom

tissue etc.) and packaging board increases.

Figure 1.[4]

In the early days large amounts of calcium(ll) salts were added to the electrolyte to
achieve acceptable current efficiency.[6,7] In the end of the 19" and beginning of the 20%"
century several research groups worked with the chlorate process and at that time it was
discovered that the addition of multivalent metal ions could enhance the current efficiency.[8]
Especially chromium was mentioned and the use of chromate was patented in 1897 by J.
Landin.[9] Almost at the same time Imhoff was granted a similar patent in Germany, 1898,
and in the United States, 1899.[10] It should also be noted that Bischoff and Foerster
proposed a theory for the function of calcium salts in 1898 describing the formation of a
diaphragm, which also became the main explanation for the role of chromate.[11] The
invention was described in 1899 by E. Miiller as “the electrolysis with chromate present
represents one of the most ideal diaphragm processes one can imagine”.[12] Compared to the
previous calcium salt based electrolyte current efficiencies were improved from 40% to

almost 90%.[7]



In chlorate manufacture the chromium(V1) substance is most often referred to as sodium
dichromate (Na-Cr20O7) but in the electrolyte the type of chromium substance vary due to
chemical and electrochemical reactions and solution pH and can be found as for example
H.CrOs, HCrO4~, Cr,07*7, CrOs#~ and CrOsCl~. For the convenience of reading all
chromium(V1) compounds will in this paper be referred to as chromium(VI) except when
citing references.

The use of chromium(VI) in sodium chlorate production has been accepted as Best
Available Technique by the European Commission.[1] Besides all the technical benefits;
chromium(V1) substances have for a long time been known to possess hazardous properties
and are classified as toxic, corrosive, oxidizing and dangerous to the environment.[13] In
addition to this there is also a concern for long-term effects on human health by exposure of
chromium(V1) due to its carcinogenic, mutagenic and reprotoxic (CMR) classifications.
Therefore chromium(VI) substances have been identified as “substances of very high
concern”.[14,15] In 2013 sodium dichromate was included in Annex XIV of REACH
meaning that an Authorization must be granted by the European commission for continued
industrial use after the sunset date 21/09/2017.[16] As one of many industries covered by
Annex XIV (e.g. metal finishing), chlorate production was identified and therefore there is an
urgent need to find a solution to circumvent the use of chromium(V1) in the process.[13]
However, a recent report of an independent third-party organization issued by the chlorate
industry states that the unique properties of chromium(VI) serve the chlorate process in
several important ways, which makes its replacement very difficult.[11] The socio-economic
impact of a complete stop of using sodium dichromate in the production of sodium chlorate
and the consequences on the European pulp industry are described in general terms in the
public versions of Socio-Economic Analysis provided to the European Chemicals Agency

(ECHA) by the producers of sodium chlorate.[17-20] As all these documents conclude there



is no currently available technology which could replace the use of chromium(VI). It is
therefore predicted in these studies that the European chlorate plants of these companies must
be closed down if an authorization is not granted for the continued use of chromium(V1).

The aim of this paper is to explain the multifunctional role that chromium(V1) has in the
chlorate manufacturing process and to show the complexity in finding its replacement, to
present and discuss alternatives to chromium(V1) suggested in the literature and to point at

directions for future research and development towards a chromium(VI)-free chlorate process.
2. The chlorate process

Electrochemical production of sodium chlorate is an energy intensive process, as
5-6000 kKW h energy is required to produce a ton of NaClOs.[21] The core of the process is
the electrolysis which takes place in undivided cells. The electrolyte composition and the

process conditions are summarized in Table 1.

On the dimensionally stable anodes (DSA) chloride ions are oxidized to chlorine, which
then dissolves in the electrolyte and forms chlorate through a complex series of reactions
(reactions (1)-(4)). The most important intermediates are the hypochlorous acid and

hypochlorite ion, the sum of which will hereafter be referred to as hypochlorite.

2Cl~ - Cl, + 2e~ 1)

pKh=2.98 (T=RT)[22] Cl, + H,0 2 HOCl + HCI (2)
pKa=7.0 (T=70°C) [23] HOCl= Clo” + H* (3)
2HOCL + ClO~ - ClO3 + 2Cl~ + 2H* 4)



On the cathode, most usually of mild steel, water is reduced to hydrogen gas. Some
unwanted reactions, most importantly the reduction of hypochlorite and chlorate ions can also
proceed, lowering the energy efficiency of the process. Their negative impact can be
minimized to an almost insignificant level by adding chromium(V1) to the solution, which is
undoubtedly the most beneficial role of this additive in the process. The chromium(V1) is not
consumed in the process.

As it will be discussed throughout the manuscript, the overall efficiency of the chlorate
cell is influenced by anodic and cathodic losses during the electrolysis, as well as by
unwanted homogeneous reactions. Reliable calculation and reporting of the current (and/or
energy) efficiency therefore necessitates either the direct measurement of the actual chlorate
production rate, or the measurement of the cell-off gases, and the subsequent calculation of
the chlorate formation rate according to the mass-balance equations.[24]

Beyond the electrolysis cell, there are several other unit operations involved in the
manufacture of sodium chlorate whereof the major parts are salt purification and
crystallization (Figure 2). Environmental, health and economic reasons require a closed loop
operation of the chlorate plants, which influences all parts of the process. This secures a high
degree of recycling of chromium(VI) which minimizes its output. Different techniques for
recycling the chromium are described in literature (see for example the Cyclochrome process
in ref [25]). The closed loop operation however results in an accumulation of the impurities
that enter the process via various raw materials. Hence the brine purification is an important

and significant part of a chlorate production plant. [26]

Figure 2.



3. The complex and manifold role of the chromium(V1) additive in the chlorate process

The addition of chromium(V1) influences the process in many different ways, almost
exclusively to its benefit. In this section the reported effects on the reactions at the cathodes,
in the electrolyte bulk and at the anodes are described to provide a basis for the search for

alternative substances.
3.1 Film formation and its effect on the selectivity of the cathode process

The most important effect of the chromium(V1) additive is that it increases the cathodic
current efficiency of the chlorate process by hindering the reduction of oxy-chlorine species
as hypochlorite and chlorate ions. During electrolysis chromium(V1) is reduced to Cr(ll1) on

the cathode and forms a film of chromium(l11)hydroxide according to equation (5).

CrO0;~ + (4 +n)H,0 + 3e~ - Cr(OH); X nH,0 + 50H~  (5)

The film has poor electrical conductivity, contains high amounts of water and its
composition has been determined as Cr(OH)sxnH2O.[27] It hinders different cathodic
reactions, among these the reduction of Cr(VI) and thereby its own growth, so after a period
of electrolysis in a chromium(VI) containing electrolyte it reaches a final thickness.[28,29]
The film is thin, less than 10 nm when formed in 1M NaOH, and its thickness depends on the
substrate material, the electrolyte composition, the chromium(VI) concentration and the
degree of cathodic polarization.[29] Experiments where a chromium hydroxide film was
formed ex-situ and the electrode then transferred to a chromium(VI) free solution show
similar results as for the in-situ formed films. Thus it is the film itself and not the dissolved
chromium(V1) that accounts for the hindering effects.[30-33]

Two different mechanisms have been proposed to explain this effect. According to one
of the hypotheses chromium(VI) additions result in a porous diaphragm on the cathode

surface, which negatively charged ions cannot penetrate due to the adverse potential



gradient.[34,35] The other hypothesis explained the hindering effect by the formation of a
thin film hindering certain reactions irrespective of the charge of the involved
species.[32,36,37] Later results from further theoretical and experimental studies [28,38]
supported this second hypothesis and also convincingly showed that the theory of the adverse
potential gradient cannot be correct. The detailed mechanism through which the film hinders
certain cathodic reactions is still not known but may be found in the properties of selective

transport of different species through the film.

OCl™ + H,0 + 2e~ > Cl™ + 20H" (6)
ClOz + 3H,0 4+ 6e~ = Cl~ 4+ 60H" (7

In the absence of chromium(VI) in the solution the two major cathodic loss reactions
are the reduction of hypochlorite and chlorate ions, reactions (6) and (7). While reaction (6) is
controlled by mass transport,[39] reaction (7) is kinetically controlled and its rate depends on
the catalytic properties of the cathode material.[40] Chlorate reduction has been shown to be
very fast on certain materials such as some oxides/hydroxides of iron [40] and ruthenium,[41]
whereas it is slow on cobalt, nickel, molybdenum, titanium, mercury and carbon.[40] A steel
cathode covered by a thick, brown layer of iron oxides produced no visible hydrogen gas
evolution when electrolyzing at an industrially relevant current density in chlorate electrolyte
with no chromium(VI) addition.[35]. Similar results were obtained for a ruthenium dioxide
cathode.[41] Hydrogen evolved in both cases at a high current efficiency after addition of
chromium(V1) to the electrolyte.

It has been shown that very low concentrations of chromium(VI), in the micromolar
range, is sufficient to form a protective cathode film that hinders reaction (6) on smooth steel
and titanium.[42] Commercial sodium chlorate crystals typically contain up to 8 ppm Cr, a
concentration that will lead to over 90 uM chromium(V1) in the electrolyte if preparing a
600 g dm NaClOs-solution. When studying alternative solutions to hinder reactions (6) and

9



(7) it is therefore important to analyze the chromium content of the chlorate salt and, if
necessary, purify the crystals by e.g. recrystallization. On the other hand, on rough, catalytic
surfaces much higher concentrations are needed to form a protective film. Corroded steel
cathodes require higher chromium(VI1) concentrations compared to smooth, non-corroded
steel to obtain a high current efficiency in chlorate electrolyte.[43]

In addition to reactions (6) and (7) the chromium oxide/hydroxide film hinders also the
cathodic reduction of dissolved molecular oxygen,[28,44] nitrate and nitrite ions [45] and
hexacyanoferrate(111)[28]. Lindbergh et al. concluded that the suppression of the cathodic
reaction was much more efficient for reactions involving adsorbed intermediates, as the
reduction of hypochlorite and oxygen, than for simple outer-sphere reactions, such as the
reduction of hexacyanoferrate(111).[28] Kolthoff et al. studied several different cathodic as
well as anodic reactions on a pre-filmed electrode.[32] The reduction of Fe(lll) and the
oxidation of Fe(ll) were clearly hindered, whereas reduction of Ag(l) and of TI(I) could easily
proceed in the presence of the film. Yoshida et al. concluded that pre-filmed platinum
electrodes were active for the hydrogen oxidation reaction (HOR).[46]

The chromium hydroxide film has recently found an application in photocatalytic water
splitting, where H, and O, are formed on catalytic nanoparticles.[47] By coating the noble
metal co-catalyst with a Cr(l1l) oxide/hydroxide layer, the O reduction reaction is hindered.
This significantly increases the efficiency of the water splitting process as the backward
reaction of Hz and O. forming H2O is inhibited.[46-48] The chromium containing layer was
produced by photodeposition in a K>CrOs solution and was found to be a few nm in
thickness.[47] The majority of the papers mentioned above suggest that selective permeability
of different species through the Cr(l1l) oxide/hydroxide film is the reason for the increased

cathodic current efficiency in its presence.

10



Figure 3. [46]

3.2 The effect of the formed film on the kinetics of the hydrogen evolution reaction

As opposed to the cathodic reduction of oxygen, hypochlorite species etc., hydrogen
evolution can proceed on an electrode surface covered by the chromium oxide/hydroxide film.
The reaction seems to take place at the interface between the film and the substrate.[46,49]
Hydrogen ions and/or hydroxide ions can thus penetrate the film, which also contains large
amounts of the reactant water. The product leaving the active sites is likely molecular
dihydrogen (H.), which diffuses through the film to reach the free electrolyte.[46]

The effect of the film on the kinetics of the electrochemical hydrogen evolution reaction
(HER) for a steel cathode in chlorate electrolyte is difficult to interpret, as in the absence of
the film the cathode reaction is a mix of hydrogen evolution and reduction of oxy-chlorine
species (chlorate and hypochlorite ions). An increase in electrode potential of about 350 mV
at a constant current density observed for a steel cathode after addition of chromium(VI1) to a
chlorate electrolyte does therefore not represent changes in the HER kinetics.[49] Polarization
curves recorded in sodium hydroxide electrolyte solution with and without the addition of
chromium(V1) have shown that the presence of the chromium hydroxide film increases the
rate of hydrogen evolution for poor electrocatalysts as Au[49] and Pb,[50] whereas it
decreases on electrocatalysts that are more favorable for hydrogen evolution, as rhodium,[46]
iron [49] and ruthenium dioxide.[41] As seen in Figure 4., the Tafel slopes for the HER on a
chromium hydroxide film covered RuO. or Fe electrode are similar to those on the bare

cathodes.

Figure 4.
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The Tafel slopes characteristic for the two materials are about 40 mV decade? of
current for RuOz and 160 mV decade™ of current for Fe, irrespective of the presence of
chromium(V1) in the solution. This indicates that hydrogen evolution takes place on active
sites of the RuO> or Fe substrate. A parallel shift of the polarization curves in the presence of
chromium(V1) to more negative potentials indicates that the in situ formed film blocks a part
of the active sites. Results from cyclic voltammetry [28] and in-situ IRAS [46] on Pt covered
with chromium hydroxide films indicate that 75-80% and 80-90%, respectively, of the Pt sites
are still active for proton reduction.

For Au an activation of 100-200 mV has been observed after addition of chromium(V1I)
to a 1M NaOH electrolyte and the effect was obtained also on pre-filmed electrodes.[49] On
Pb, which is a very poor HER catalyst, an overpotential decrease of over 200 mV was
found.[50] The activation observed indicates that the film must in this case be active in the
hydrogen evolution reaction. Likely the reduction takes place at the innermost layer of the

film, most possibly on chromium species as active sites.
3.3 The influence of chromium(V1) on the chemical reactions

Beyond the above mentioned very important role in increasing the cathode selectivity,
chromium(V1) also plays a significant and complex role in the bulk chemistry. To fully
understand this complexity it is important to elaborate on the actual chlorate formation

reactions and the properties of the electrolyte system.
3.3.1 The homogeneous reactions of hypochlorite

In the chlorate process (as detailed above), chlorine is formed from the oxidation of
chloride on the anode. Chlorine is rapidly hydrolyzed forming hypochlorous acid and
hypochlorite (and HCI, according to equation (2)). In a subsequent disproportionation reaction

the hypochlorite and hypochlorous acid form chlorate, as shown by equation (4). The chlorate

12



formation is a slow reaction at room temperature but proceeds at a considerable rate at
elevated temperatures like 80 °C. In weakly alkaline and acid solutions the reaction order for

the chlorate formation approaches 3.[51,52] The reaction rate is pH dependent and its
maximum occurs when [HOCI] =~ 2[OCI"] (Figure 5), which is at pH=pK,-0.3, where Kj is

the acid dissociation constant of hypochlorous acid. The value of pKa is also dependent on the
temperature and in a dilute solution, at 25°C it is reported to be 7.24, while it equals to 6.98 at
70°C.[23]

Figure 5. [52]

This is however not the only reaction pathway that hypochlorite can follow. An
alternative reaction is the decomposition of hypochlorite which lead to unwanted oxygen as
byproduct, as shown by the following reactions:

In the solution 2HOCl - 0, + 2Cl~ + 2H* (8)
In the solution 20Cl~ - 0, + 2Cl~ 9)

The decomposition of hypochlorite forming oxygen is a loss reaction causing both
current efficiency losses as well as increased oxygen concentration in the hydrogen containing
cell gas which is a safety issue. Fortunately this decomposition is slower than the concurrent
chlorate formation reaction in the absence of catalysts. However, it is strongly catalyzed by
impurities in the electrolyte such as Co'" > Ni'' > Cu" >> Fe!"" > Mn"| given in order of
catalyzing effect.[53] It is therefore of outmost importance to keep such catalysts out of the
process. The rate of the decomposition reaction forming oxygen is also dependent on the pH,
and its maximum rate occurs in the same pH range in which chlorate formation has its
optimum. Therefore it was suggested that the same reaction intermediate is involved in the

formation of both chlorate and oxygen.[23]
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3.3.2 Buffering effect of chromium(V1)

The HCrOs/CrO4%* system has its maximal buffer capacity in the pH region 6-6.5,
which coincides very well with the optimal pH of the chlorate formation reaction, see Figure
5. The acid base equilibrium is described in reaction (10) and its acid dissociation constant
(pKacr) is reported to be in the range of 5.8-6.6.[54-57] Hence its presence in the chlorate
electrolyte promotes the chlorate formation.
pKacr=5.97 (T=75°C, I=5M) HCrO; = CrO?~ + H* (10)
lgK4=1.46 (T=75°C, I=5M) 2HCr0; = Cry,02~ + H,0 (11)

In addition hydrogen chromate is in equilibrium with its dimer dichromate according to
the dimerization reaction (11) of which equilibrium constant is in the range of IgKq = 1.46-
2.2.[56-59] In the distribution diagrams presented in Figure 6. it can be seen that the
dominant chromium(V1) species in basic solution is chromate, CrO4>", while in the pH=3-6
range hydrogen chromate ion, HCrOs and the dimer, dichromate Cr,07%~ dominate. The

higher the chromium(V1) concentration the more relative amount of the dimer is formed.

Figure 6. [57]

Within the cell the pH is affected by the electrode reactions resulting in local pH
gradients, as shown in Figure 7A. The buffering effect of chromium(VI) (Figure 7B) also
influences these gradients. We note, that at very low pH (typically below 1) there is a risk of
chlorine dioxide formation from the homogeneous reduction of chlorate by chloride.[60-62]
Under normal operation conditions no chlorine dioxide is formed in the chlorate cell.
However, without a buffer like chromium(V1), the electrolyte in the vicinity of the anode may

reach acidities where chlorine dioxide formation can occur. In chlor-alkali membrane and
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diaphragm processes, which operate under much more acidic conditions, the chlorine dioxide

formation from the byproduct chlorate is a known problem.[63]

Figure 7. [35]

At the cathode hydrogen evolution can proceed via the reduction of protons or water
molecules, as depicted in reactions (12) and (13). At intermediate pH, like in the chlorate
process, reaction (12) dominates at low current densities. As the current density is increased,
and so the pH close to the cathode, a transition favoring the water reduction (reaction (13))
takes place. This can be observed as a limiting current density for proton reduction, which
depends on factors as mass transport and buffer capacity of the electrolyte. Experimental and
simulated polarization curves for an iron RDE in chlorate electrolyte at varying dichromate
concentration are shown in Figure 8., and it is clearly seen that a higher concentration (and

hence buffer capacity) results in a higher limiting current density for proton reduction.[64]
2H* +2e™ - H, (12)

2H,0 + 2e~ > H, + 20H" (13)

Figure 8. [64]

As a consequence of above it is obvious that the pH of the electrolyte has a decisive role
on both the electrochemical and the homogeneous chemical reactions. To achieve maximum
current efficiency and plant safety the pH of the electrolyte is continuously monitored and
adjusted to a narrow pH range during the operation. A variation in either direction will not

only influence the rate of the chlorate formation reaction, it will also affect other factors such

15



as desorption of chlorine and hypochlorous acid to the cell gas and the rate of oxygen

evolution.[62]
3.3.3 Catalytic effect of chromium(VI)

As elucidated before, it is well known that chromium(V1) in the chlorate process
promotes the homogeneous chlorate formation reaction by buffering the electrolyte in the
optimal pH range.[12,35,65-67] However, is the promoting effect of chromium(V1) a pure
buffering effect or is there an additional catalytic effect? The catalytic effect of chromium(V1)
on the chlorate formation reaction has been suggested in an earlier study,[65] but to the best
of our knowledge, no kinetic data confirming this has been reported. On the other hand no
catalytic effect was found in two other studies.[23,30] However none of them were conducted
under conditions similar to the conditions in the chlorate process. Most recently the influence
of chromium(V1) on the chlorate formation rate was investigated in chlorate electrolyte and a
concentration dependent rate enhancing effect, likely catalytic, was demonstrated[68],

We note here that a decreased hypochlorite concentration in the chlorate electrolyte
would lead to a decrease in the losses related to the unwanted side reactions of hypochlorite.
It is therefore expected, that an additive which increases the rate of chlorate formation
(without increasing the rate of oxygen formation) could increase the energy efficiency of the

process and hence could have a significant contribution to the replacement of chromium(V1).
3.4 Effect of chromium(VI) on the selectivity of the anode towards chlorine formation

Oxygen is today the most important unwanted by-product in the chlorate process. It is
formed in several reactions in the electrolyte bulk as well as on the anode (for descriptions of
the reactions see the review by Karlsson et al. in ref [21]). At the anode oxygen has been
suggested to be formed mainly from anodic reactions involving hypochlorite,[69—71] or from

the oxidation of water.[40] Figure 9. shows the anodic current efficiency for active chlorine
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evolution, calculated based on analyses of oxygen in the cell gas, as a function of
hypochlorite concentration. It is clearly seen that the current efficiency decreases linearly with
hypochlorite concentration and a similar dependency has been reported in several other

studies.[39,69]

Figure 9. [71]

The effect of chromate addition on oxygen formation is the subject of some controversy
in the literature as an increase,[66] a decrease [62] as well as no effect [69] have been
reported. The deviation may be explained by the way the measurements were performed, as
the system is complex and parameters as anode material, electrolyte composition and mass
transport conditions can influence the results. In the study by Hardee et al.[69] it was
emphasized that an increase in oxygen concentration in the cell gas in the absence of
chromium(V1) can be due to a low cathodic current efficiency for hydrogen evolution. Even
though the oxygen level increased in the cell gas in the absence of chromium(VI), the
volumetric production of oxygen remained the same value.

Three ways in which chromium(VI) can influence the oxygen formation are through
adsorption to active sites on the anode, by buffering the pH and by lowering the concentration
of hypochlorite in the electrolyte. An increased anode potential has been observed for DSA-
type anodes [72-74] and this has been explained by adsorption of chromium(VI) ions to
active sites. Experiments at pH=2, where buffer effects are negligible, resulted in a parallel
shift of the polarization curve that indicated a decrease in active anode surface area.[74] The
adsorption may promote oxygen forming reactions [66] and lead to a shorter lifetime of the

anodes.[72,73]
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The pH in the vicinity of the anode surface is more acidic compared to that in the
electrolyte bulk (Figure 7A). This pH gradient is influenced by the buffer capacity of the
electrolyte and thus by the chromium(V1) concentration. Reactions where oxygen is formed
from hypochlorite ions, depend on pH which determines the ratio of the reactants
HOCI/CIO.[75]

The promoting effect of chromium(V1) on the chlorate formation (reaction (4)) will lead
to a lower hypochlorite concentration in the electrolyte at steady state operating conditions.
As the anodic oxygen formation is directly proportional to the concentration of hypochlorite,
see Figure 9, an indirect effect of chromate addition is that it lowers the oxygen production
through this mechanism.[68]

More studies are needed to better understand the importance of the different effects of
chromium(V1) on the Oz byproduct formation. In particular it would be valuable to analyze
the oxygen production rate (rather than %O in the cell gas) at varying chromium(VI)

concentrations having a constant level of hypochlorite in the electrolyte.
3.5 Effect of chromium(VI) addition on the corrosion of the cathode

The most frequently used cathode material in the chlorate process is low-carbon steel.
Although during the operation the electrode is cathodically protected, its corrosion cannot be
overlooked during operational stops (e.g. service hours, maintenance). The chlorate
electrolyte is highly corrosive and consequently the dissolution rate of the steel electrode can
be fast, leading to frequent need of electrode replacement. Further, the corrosion products
contaminate the chlorate product and can lead to short circuits in the narrow cell gaps. The
rate of steel corrosion in a chlorate cell is determined by the limiting current for hypochlorite
reduction, the cathode reaction in the corrosion process.[76]

In studies regarding the corrosion of copper,[44] steel,[77] aluminum[78] or nickel,[79]

chromium(V1) is well-known of its inhibition properties, which is caused by the formation of
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a passivation chromium(l11) oxide/hydroxide layer on the metal surface. Similarly, in the case
of the steel cathode in the chlorate process, the film providing corrosion inhibition is a Cr(l1I)
oxide/hydroxide film. As long as the film stays on the electrode surface it protects the steel
from corrosion by being a barrier for oxidants like oxygen and hypochlorite. However, during
shut down on open circuit, this film is oxidized by hypochlorite in the solution [80] leaving
the steel to corrode. Measurements of open circuit potentials on steel showed similar values
irrespective of whether the electrolyte contained chromium(VI1),[67] indicating that
chromium(V1) does not inhibit corrosion to any large degree. If cathodic protection is used
during shut down,[62] the current needed to be applied depends on the concentration of
chromium(V1), which reduces the rate of hypochlorite reduction.[76] Thus a lower current is
sufficient in the presence of chromium(V1) compared to the chromium-free case.

In bipolar cells chromium(VI) can reduce the corrosion rate during production stops
even at open circuit conditions. During shut down, the steel electrode starts to corrode, while
oxychloric species are reduced on the DSA electrode. If the electrodes are connected
(simulating the case of a chlorate cell setup with bipolar electrodes), the rate of these
processes can be monitored by recording the appearing corrosion current, which is of reversed
polarity as compared to that of the electrolysis process.[81] Addition of chromium(V1) to the
electrolyte reduces these “reverse currents”, thus hindering the corrosion process.[43]

Although the corrosion of steel cathodes is an important problem in the chlorate
process, the inhibiting property of the chromium(VI) additive is not of major concern when

considering the chromium-free process.
4. Suggested alternatives to chromium(VI) in the chlorate process

Summarizing all the above detailed effects of the chromium(V1) additive in the chlorate
process, one must admire how complex role it plays, and how perfectly its chemical

properties fit in the process. It is therefore not surprising, that no single candidate has been
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found so far to replace it in all its functions. Despite of this, many promising steps have been
taken in this direction. In the following sections, we summarize these earlier findings, directly
related to the chlorate process. Moreover, relevant achievements of other research fields
(photocatalytic water splitting, corrosion science) will be also briefly looked over. Note, that
despite of the significantly different conditions, these fields share an important need for
protected, selective catalytic surfaces. In photocatalytic water splitting hydrogen evolution
should take place at a high rate from reduction of water while oxygen reduction should be
avoided to achieve a high efficiency for hydrogen production. Suppression of the oxygen
reduction reaction is also very important in corrosion science. Allied effort of these different
communities may therefore open up research avenues to the mutual benefit of these fields.
With respect to the high investment cost and long lifetime of a chlorate plant a direct
replacement of chromium(V1) to the electrolyte is seen as the preferred solution but also new

electrode materials and completely new cell designs are considered.
4.1 Alternative ways to maintain selectivity towards hydrogen evolution at the cathode
4.1.1 Addition of solution species

Alkaline earth and rare earth metal salts

Among the earliest studies aiming for the energy efficiency improvement of the process,
in situ formed diaphragms of alkaline earth metal hydroxides/carbonates were found to have
beneficial effects.[7] This attempt was however shortly replaced by the more advantageous
usage of dichromate additive, and therefore the scientific and industrial interest dedicated to
additives of Ca(ll) and Mg(ll) salts diminished. This attempt was revisited and studied in
more details almost a century after these first reports.[82] As found in this study, thick
hydroxide films are formed on the cathode because of the increased pH level in the vicinity of
the electrode (see Figure 7A). Although the MgCl, additive has insignificant effect on the
current efficiency, the formation of a Ca(OH). layer leads to the suppression of the

20



electrochemical reduction of hypochlorite. The thickness of the formed deposits is limited
only by the mechanical erosion and by the pH gradient. Consequently these deposits can be in
the range of couple hundred micrometers, or even millimeters thick and can therefore lead to
blockage in the narrow cell gaps of about 3 mm.

Very similarly, in situ formed cathode films of yttrium-, samarium- and lanthanum
hydroxide can also suppress hypochlorite reduction on iron and gold in electrolytes of high
ionic strength and elevated temperature. Addition of these salts were shown to activate the
hydrogen evolution reaction. However a high chloride concentration (5M NaCl) was
detrimental to the activating effect, in particular at elevated temperature. The low solubility of
the rare earth metal ions in the chlorate electrolyte makes them unsuitable for industrial
applications, and their use is therefore not a realistic alternative.[83]

What is common in these two groups (alkaline earth and rare earth metals) is that the
protective layer on the cathode is formed as a consequence of the increased local pH. Its
thickness, and morphology is therefore not controlled, it grows randomly during the
electrolysis. We emphasize here, that one of the key success factor of the chromium(VI)
additive is that the protective layer is formed in a Faradaic reaction, leading to a well-defined,

thin compact coverage.

Chromium compounds having a valence state lower than +6

Chromium(lll) chloride and similar compounds (e.g. Cr203), in which the valence state
of chromium is lower than +6 have been suggested as an alternative by Hedenstedt et al. in a
recent patent.[84] When adding such compounds to the chlorate electrolyte, its initially
appearing blueish color almost instantaneously turns to dark orange, indicating the formation
of Cr(VI) in the solution due to the oxidation of Cr(Ill) by hypochlorite. The addition of
chromium(l11) compounds circumvents the risks associated with the handling of sodium

dichromate before addition to the electrolyte but chromium(VI1) will be still present in the
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electrolyte and to some extent in the final product. This approach therefore cannot be

considered as a long-term solution.

Molybdate

Molybdate has emerged as a promising alternative to chromium(VI) in the chlorate
process.[42,85,86] During electrolysis, a Mo/MoOx film is deposited on the electrode surface.
In the case of a Ti cathode, in situ addition of Mo(VI) activated the HER in both alkaline and
pH neutral electrolyte.[86] More importantly, the polarization curves for the HER were
similar for titanium and molybdenum cathodes when molybdate was added to the solution. It
was concluded that the formed film determines the electrocatalytic properties of the cathode.
The film was significantly thicker than in the case of the chromium(VI), which indicates that
the layer growth is not self-limited in this case.

Similarly to chromium(V1), molybdate also acts as a buffering agent during the chlorate
process, according to the equilibrium shown in equation (14).[85] It is worth mentioning
however, that molybdate was found to buffer effectively in a lower and more narrow pH

range than chromium(V1).

PKaMo~5-6 HMoO; = MoO%™ + H* (14)

To achieve current efficiencies matching the present industrial requirements, high
concentration of molybdate needs to be added to the solution.[42] This leads to an increased
overpotential and increased oxygen formation on the anode (Figure 10). This is not only
unfavorable for the overall energy efficiency of the process, but leads to severe safety

concerns as explosive gas mixtures of Ho and O are formed.

Figure 10. [85]
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Attempts were made to decrease the concentration of the molybdate additive and to increase
the current efficiency by adding small amounts of chromium(V1) to the solution.[42] When
adding both molybdate and chromium(V1) to the solution, an increase in the current efficiency
was witnessed as compared to the cases when only one of the additives was used. Hence the
same current efficiency could be achieved at a significantly lower chromium(VI)

concentration.
4.1.2 New electrode materials and electrode coatings

Chromium containing cathode materials

The unwanted electrochemical reduction reactions on a stainless steel cathode can be
effectively suppressed by plating a thin chromium metal film on it.[87] Although it has not
been studied in detail, the reported significant weight loss of the electrode during electrolysis
suggests, that the increased selectivity is caused by the two-step formation of a chromium(lll)
oxide/hydroxide film. As the first step the chromium metal is oxidized (and dissolved) by the
hypochlorite formed in the solution. Subsequently, a chromium hydroxide film is deposited
on the cathode that increases the current efficiency of the process.

In a recent study of Hedenstedt et al., Cr.Oz and Cr(OH)s films were electrodeposited
ex-situ, characterized and studied electrochemically in the presence of hypochlorite.[33] It
was found that both layers hinder hypochlorite reduction, and the Cr.0z is more active
towards HER. It was proposed that semiconducting properties of the chromium film could be
a reason for the selectivity of these films.

Nanocrystalline coatings containing mixed oxides with different Ti/Ru/Fe atomic ratios
were prepared by high-energy ball milling.[88-90] This approach leads to catalysts with high
activity towards HER. Incorporation of chromium moieties — either in the form of Cr(0) or
Cr203 — in these catalyst resulted in a significant increase in the HER current efficiency when

applied as cathodes in a chlorate electrolyte (as compared to the measurement with the
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chromium free electrodes, in the absence of chromium(V1)).[91] The electrocatalytic activity
of the catalysts for the HER was not influenced by the presence of the chromium species in
the electrode. The analysis of the surface of this catalyst after electrolysis revealed the
formation of a chromium-hydroxide film — similar in its chemical nature to the deposit formed
when dichromate is added to the solution.

Although complete removal of chromium from the process is not achievable in these
ways, and the long-term suppression of the side reactions have not been proven, these
approaches are promising to significantly reduce the chromium content of the electrolyte and

the sodium chlorate final product, and hence the handling risks.

Zirconium oxide

A detailed study has confirmed that zirconium oxide lowers the reduction rate of
hypochlorite in NaOH solution.[92] Zirconium plates were oxidized in different ways, and the
electrochemical activity and long-term behavior of the formed electrodes were compared.
Although the thermally formed oxide showed a fairly high initial selectivity for the HER, it
was shown that it ceases continuously during the electrolysis, which was attributed to the
reduction of the layer. It was therefore concluded, that zirconium dioxide cannot be

considered as an alternative electrode material in the chlorate production process.[92]

Molybdenum containing electrodes and coatings

Fe-Mo alloys and MoO; (with MoOs traces on the catalyst surface) containing
chromium (Cr-MoQO3) electrodes were tested as cathodes for the electrochemical reduction of
hypochlorite in neutral and slightly alkaline solutions, respectively.[93,94] In both cases, an
increased activity towards the HER was found with the electrodes of optimized composition
as compared to mild steel cathodes. In achieving high current efficiency however, the
presence of a Cr(OH)s/Cr203 film on the electrode surface was crucial in both cases. The

chromium(11) film formed during the electrolysis in the case of Cr-MoO: electrodes (through
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a similar mechanism as we discussed above for the chromium-plated electrodes), while
addition of small amount (0.1 g dm=) of sodium dichromate to the used phosphate buffer was
necessary in the case of the Fe-Mo alloy. Despite of this, the amount of the used chromium

compound can be significantly reduced by these approaches.

Polymer coated chlorate cathodes

Polymer coatings, directly casted on the cathode, were considered to be possible
alternatives in a patent by Tilak and co-workers.[95] Cathodes covered by perhalogenated
polymeric materials (the chemical composition is not specified in the patent) showed similar
current efficiencies to those with a thin Cr20s layer, close to 100 % in chlorate containing
electrolytes, at elevated temperature. Despite of these promising results, to the best of our
knowledge no further patents or scientific articles were published on this topic, except for

some very limited data.[35]
4.1.3 Selective HER catalysts in photocatalytic water splitting

A selective catalyst for HER is desirable also in other applications such as
photo(electro)chemical water splitting. The results and research strategies used might be
therefore relevant also for solving the cathodic selectivity in the chlorate process. The
reduction of atmospheric oxygen is an unwanted process during photo(electro)chemical water
splitting as it leads to a lower overall efficiency. In addition, the products formed in the
uncomplete reduction of O (e.g. radicals, hydrogen peroxide) cause the deactivation and
leaching of the catalysts and degrade the supporting materials and the ionomers (e.g. the
membrane in the water electrolyzers) as well, hence leading to shorter operational lifetime. To
avoid this, several strategies have been proposed to suppress the oxygen reduction reaction,
including the usage of different enzymes and molecular complexes.[96] While these avenues
are unlikely to be suitable for the chlorate process, another branch of these studies, namely the
application of oxygen tolerant catalytic surfaces may readily fit in the process.
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As we already mentioned, the unwanted back-reaction in photochemical water splitting
of Hz2 and O; to H20 on the catalytic surfaces can be effectively suppressed by coating the
active sites with a Cr(lll) oxide/hydroxide layer.[47] Similar effect can be achieved by
coating different photocatalysts with NiO,[97] amorphous TiO2,[98] different lanthanide
oxides,[99] mixed amorphous Ti-Sn oxohydrates[100] and SiO2.[101] Recently, ammonium
tetrathiomolybdate was shown to increase the HER selectivity of gold surfaces at neutral
pH.[102] In this case, the molybdate forms a couple nm thick, highly hydrated self-assembled
layer, which prevents O to reach the surface (Figure 11). This layer is also beneficial for the

HER kinetics on the gold substrate.

Figure 11. [102]

The common in all these cases, is that the formed coverages preclude the O to reach the
active catalytic sites, where H; is formed. At the same time, the water splitting reaction can
still proceed — either through the direct reduction of the water content of the highly hydrated
films, or through an indirect mechanism, e.g. a ligand based proton coupled electron transfer
process.[102] We highlight, that except from the chromium films, none of these compounds

have to the best of our knowledge been tested in the chlorate process.

4.1.4 Corrosion protection layers with oxygen reduction hindering properties

The corrosion rate of metals can be moderated by suppressing the rate of the metal
oxidation and/or the coupled reduction reaction, which is most typically the reduction of
atmospheric oxygen. A high scientific interest is therefore dedicated to find solutions to the
suppression of this latter process. One solution for this is to cast protective layers on the
otherwise corroding substrates, preventing the oxygen to reach the metal surface. Similar
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chromium compounds which ensure the high current efficiency of the chlorate process are
very frequently used as corrosion protection layers.[44,77—79]

The desire to protect metal surfaces from corrosion dates back as early as Mankind
started using different metals, and therefore a very significant knowledge has been treasured
in this field.[103,104] Suggested alternatives to chromium for effective corrosion protection
are for example rare-earth metal compound coatings,[105] sol-gel formed zirconates and
titanates,[106] Ce-based coatings[107] or even layered double hydroxides.[108] The use of
organic coatings (e.g. polyesters or polyurethanes) represent another significant class of these
studies.[109] In most cases these layers serve as a physical barrier between the metal surface
and oxygen. This property makes these materials attractive candidates for chlorate cathodes,
but we emphasize, that several other requirements, most importantly high HER activity, must

be also met.
4.1.5 Application of new cell designs in chlorate production

Physical separation of the oxychloride products, formed on the anode and in the
subsequent chemical reactions in the solution, may be the ultimate solution to circumvent
their unwanted reduction on the cathode. Important to remember that in all such applications
there will be a need to control pH and water balance, which is already a part of an optimized
undivided cell. Also note, that changing from undivided to separated electrochemical cells
would require a major investment from the industrial participants and a long optimization
process. Therefore this route is considered as a long-term alternative to the current

technology.

lon-exchange membrane separated chlorate cell

Including an ion-exchange membrane between the anode and the cathode chambers
leads to the complete inhibition of the unwanted reduction of chlorate and hypochlorite. It can
be envisioned, that such a process can be operated with an inherently high current efficiency
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without the addition of chromium(VI). Further, remarkable development of membranes in the
sense of conductivity, physical and chemical resistivity and temperature tolerance may make
it possible to separate the electrodes without causing a striking decrease in the energy
efficiency of the process.[110,111]

A divided-cell setup with an anion-exchange membrane separator was tested in the
electrochemical hypochlorite production.[112] Solutions of different chloride and
hypochlorite concentrations were electrolyzed at a constant current density, and the current
efficiency was monitored by both volumetric analysis of the gaseous products and
potentiometric titration of the formed chlorine derivatives. The most important findings of
this study was that the overall current efficiency of the cell is dictated only by the anodic
losses (O formation from H>O and hypochlorite oxidation), the parasitic cathode reactions
are completely circumvented by the application of the membrane. Using an anion-exchange
membrane separated cell is in principle an optimal idea, realizing the needed ion transport, but
— according to the best of our knowledge — until now no anion-exchange membrane is
available with sufficient stability against alkaline and oxidizing conditions.

Cation-exchange membrane separated cells are extensively applied in the chlor-alkali
process (schematics of the cell is depicted in Figure 12.). In such cells the used membranes
show good selectivity and long-term stability. Although the conditions (pH, T, electrolyte
concentration) of the chlorate process are different from that of the chlor-alkali production,
the solution species present, and the consequent oxidative nature of the electrolyte is very
similar in the two cases. Therefore, the stability of the membranes used in the chlor-alkali

production is promising for their use also at chlorate process conditions.

Figure 12. [113]
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Membrane separated chlorate cells with oxygen depolarized cathodes

Another possibility to increase the energy efficiency of the chlorate process is to change
the cathode reaction from hydrogen evolution to a thermodynamically and/or kinetically more
favored reaction on the cathode and hence decrease the cell voltage.

Following this thread, a specific variant of the membrane separated cell can be
envisioned by utilizing a porous electrode as the cathode, which is continuously fed with
pressurized, oxygen containing gas (Figure 12B). Application of this oxygen depolarized
cathode concept leads to a large reduction in the chlor-alkali cell voltage.[113] We note that
this is not only supported by academic studies, but plant(s) working on this principle have
already been built and are in operation.[114] Although several studies have addressed the
applicability of such devices also for chlorate production, [115,116] their industrial
application has still not been realized. The most important reasons for this are the requirement
of continuous, pressurized oxygen feeding (the purity is also an important factor), and that the
H> produced in the “original” chlorate process is in many cases a valuable product which is
not produced here. Further, in the incomplete reduction of oxygen H>O, may be formed,
which may degrade both the catalyst and the applied porous substrate, and could lead to the
intense formation of oxygen in the cell. Also, precipitation of sodium peroxide may occur in
the cell, leading to the blockage of both the active surface area of the catalyst, and the pores of

the gas diffusion electrode.[113,117]

As another promising example, a very similar setup can be used for the reduction of
CO2 during chlorine production.[118] By fine-tuning the reaction parameters (e.g. catalyst,
flow-rate, temperature etc.), a simultaneous production of synthesis gas (CO-Hz mixture) on
the cathode, and chlorine formation on the anode can be achieved. As important raw

chemicals are formed on both electrodes, such cells can be important units in a well-
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integrated commodity chemical synthesis plant. As a further added-value, a harmful

greenhouse-gas, CO- is consumed in the process.

Chlorate formation from chlorine gas and caustic soda produced in a chlor-alkali plant

State-of-the-art membrane separated chlor-alkali plants produce chlorine at a power
consumption of 2100-2600 kWh t™* Cl,.[119] Using this chlorine for the chemical production
of NaClOz in an external reactor, the specific power consumption can be calculated to this
latter (considering the stoichiometry of the chlorine disproportion reaction and the chemical
chlorate formation reaction, as depicted in equations (2) and (4)) to be 5000-5500 kWh t!
NaClOs. This energy consumption is fairly comparable to the energy need of chlorate
formation in the currently applied undivided electrochemical cells. In this case, however, no
chromium(V1) needs to be added for current efficiency reasons, leading to the complete
diminishment of the safety hazards related to its handling. Further, the produced chlorate is
free of any chromium(VI) contamination. Also note, that in the case of the chlor-alkali cell
very pure Hz (>99.9 %), with low oxygen and chlorine content is produced on the cathode.
This is of higher value than the gas mixture formed in the case of the actual chlorate process,

contributing to the economic feasibility of this concept.[120]

3Cl, +6 NaOH — 5 NaCl + NaClO; + 3 H,0 (15)

Reaction (15) illustrates the overall chemical reaction taking place outside of the
electrochemical reactor. As seen, five chloride ions are formed for each chlorate ion. The
formed chloride needs to be recycled to the cells, whereas chlorate should be separated as the
product of the process. It is of high importance that the recycled chloride stream does not
contain any chlorate that could form chlorine dioxide in the acidic anolyte. Another concern
about this concept, is that for the available membranes the concentration of the caustic soda is
limited to 32 wt%. Using this for chlorate production (according to equation (15)) the

achievable chlorate concentration is not high enough for crystallization. The solution must
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therefore be concentrated e.g. by evaporating a significant portion of the solvent, while water

must be fed to the cathode compartment, leading to considerable additional costs.
4.2 Catalysis of the homogeneous chlorate formation reaction

The concentration of hypochlorite has a significant impact on the energy efficiency of
the chlorate process as it influences both the anode and the cathode reactions as explained in
the previous sections. Finding a catalyst which selectively increases the rate of chlorate
formation is highly desired. It would lead to lower steady-state concentrations of hypochlorite
in the chlorate solution, thus less oxygen produced, and possibly to more efficient process
designs as smaller reactor volume (see Fig. 2.) would be needed for the chlorate forming
reaction. Several studies were conducted to identify the effect of different compounds on the
decomposition rate of hypochlorite and on the oxygen formation rate, as summarized in Table

2.

Several transition metal derivatives, e.g. CuO, Co-oxide, Ni-oxide were shown to catalyze the
decomposition of hypochlorite to oxygen, without having significant effect on the chlorate formation. Other
compounds, e.g. MnO,, Fe-oxides were shown to have no effect on the decomposition rate of hypochlorite. More
importantly, only iridium-salts were found to catalyze the formation of chlorate.[23,124,125] The presence of
chromium(VI) was shown to have no effect on neither the chlorate nor the oxygen formation rate in dilute,
neutral/alkaline hypochlorite solutions.[23,30,136]

It is important to highlight, however, that none of these measurements were performed
under the circumstances (solution composition, temperature, pH) of the actual chlorate
process. Therefore these results must be handled with precautions, and should be repeated at

industrially more relevant conditions.
4.3 The use of alternative buffers in the chlorate process

The buffering effect of the chromium(VI) additive is crucial for the chlorate process.
The solution pH has a significant impact on the homogeneous chlorate formation rate, and

hence on several different aspect of the process, e.g. on the oxygen production rate, as
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described in the previous sections.[52] In solutions with no chromium(VI) addition, the
decreased buffer capacity may necessitate the addition of some buffering agent.

The applicability of phosphate buffer has been studied.[42,66,94] These studies
concluded, that in a membrane separated electrochemical cell the cathode current efficiency is
slightly increased. In parallel with this, an increased O production rate was witnessed on the
anode, possibly caused by the specific adsorption of the phosphate ions. The phosphate was
also identified as an anode poison by anode producers.[137] Another specific problem in the
existing chlorate process is the formation of stable precipitates between phosphate and di- or
trivalent cations such as Ca®* and Fe®**.[138] In contradiction to this Spasojevic and his co-
workers found, that partial replacement of chromium(VI1) with the phosphate buffer is

beneficial for the anode current efficiency for certain anode coatings.[65,139]
5. Conclusions and future outlooks

Chromium(V1) serve several roles in the chlorate production and has an effect on almost
every sub-step of the process, ranging from the electrode reactions to the buffering of the
solution. Most important of these is the increased current efficiency, ensured by the
suppression of the unwanted electrochemical processes on the cathode. This originates from
the formation of a coherent, compact, thin film of Cr(lll) hydroxide with poor conductivity.
This layer is permeable for the reactant (H.O/H™) and the reduction products (H2/OH"), but
not for other compounds e.g. chlorate ions, hypochlorite or even molecular oxygen. When
compared to other suggested film forming additives, such as alkaline earth metal salts, the
main difference is that the Cr(I1l) hydroxide film is preceded by an electrochemical reduction
step, leading to a layer on the cathode with a well-controlled structure. Furthermore, the
coherent coverage and its low electrical conductivity hinders further reduction of
chromium(V1), and hence limits the thickness of the film. Whenever this protective layer is

damaged (e.g. by mechanical erosion, chemical dissolution during operational stops), it is
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quickly re-formed during electrolysis. As it is very thin, the IR-drop over the film during
operation is rather low.

Chromium is stable in dissolved form in its highest oxidation state (V1) in the solution
in a wide pH-range, ensured by the strong oxidizing nature of the chlorate electrolyte. Thus, it
does not precipitate in the alkaline conditions at the cathode and in the crystallizer or in the
acidic region close to the anode. In addition to this, the buffering effect and promotion of the
chemical chlorate formation leading to a lower hypochlorite concentration and thereby less
anodic oxygen are also beneficial for the chlorate process. When aiming to replace
chromium(V1) in the process, one must therefore consider several different technological
aspects.

Today there is no way to efficiently run chlorate electrolysis without the addition of
chromium(V1). As the role of this additive is very complex, it is highly unlikely to find a
single solution for all its functions. Instead a combined effect of different modifications may
lead to the solution. A fundamental understanding of each function of chromium(VI) will
facilitate finding its replacement. Of highest importance is the selectivity of the cathode,
which may be solved either by using membrane separated cells or by developing a selective
cathode material — either formed ex situ, or in situ during the electrolysis from a solution
additive, similar to chromium(V1). A similar problem with cathodes, selective for hydrogen
evolution is found in the research intensive area of photochemical water splitting, where
oxygen reduction is to be avoided while hydrogen evolution should take place at a high rate.
Solutions found here may be applicable also in the chlorate process — and vice versa. Another
nearby area is corrosion protection, where various film forming compounds have been
suggested to replace chromium(V1) in its function to hinder the cathodic reaction of oxygen
reduction in the corrosion process. Thus, following the progress in these areas may be fruitful

in the development of a chromium-free chlorate process.
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An alternative buffer is needed in a chromium-free process running at close to neutral
pH. It is not clear whether chromium(VI) has a catalytic effect on the chlorate forming
reaction, or its promotion is solely due to buffering effect. Nevertheless, a catalyst that
selectively catalyzes the homogeneous chlorate formation could lead to new, more efficient
process designs as a faster reaction would require less volume for the external chlorate
crystallization step. There are very few studies in the literature on catalyzed hypochlorite
decomposition at conditions relevant to industrial chlorate production, and more research is
needed to better understand the reaction and how its rate can be selectively enhanced.
Combined efforts from several competence fields such as electrochemistry, electrochemical
engineering, chemical reaction kinetics, materials chemistry and (chlorate) process technology
is necessary to find a solution to the urgent and complex problem of chromium(VI)

replacement.
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Figure captions

Figure 1. The annual global sodium chlorate demand in the 21st century. Data source: IHS
Chemical Economics Handbook, 2015.[4]

Figure 2. Schematic model of the main steps of the chlorate process including the most
important inputs and outputs as well as the internal loops.

Figure 3. Schematic model of the H> evolution reaction on core/shell noble-metal/Cr.0s
particulate system as a cocatalyst for photocatalytic overall water splitting.[46]

Figure 4. Polarization curves of Fe and RuO: electrodes in 1M NaOH with and without
4 g dm~3 Na,Cr,0y7 in the solution. Rotating disc electrodes, at 3000 rpm rotation rate.

Figure 5. Initial rate of hypochlorite decomposition, with [HOCI]0=0.0233 M at T=50 °C,
determined with UV-vis spectroscopy.[52]

Figure 6. Chromium(V1) speciation diagram in function of pH for the total concentration of
(A) 4 mM and (B) 40 mM. The equilibrium constants for the deprotonation of hydrogen-
chromate and the dimerization process were taken to pKa=5.97 and Kd=1.46, as reported in
[57] for the case of | =5.00 M NaCl, T =75 °C.

Figure 7. (A) Schematic pH-profile in the chlorate cell during the electrolysis (B) pH titration
curves in solutions containing 450 g dm= NaClOsz and 150 g dm~3 NaCl (T=70°C, V=100
cm?®).[35]

Figure 8. Experimental (lines with symbols) and simulated (solid lines) polarization curves of
an iron rotating disc electrode (at 3000 rpm rotation rate), in chlorate electrolyte with 3 or
9 g dm~3 Na,Cr,0y7 in the solution, at pH=6.5 and T=70 °C.[64]

Figure 9. Anodic current efficiency for active chlorine evolution as a function of the
hypochlorite concentration in the solution (DSA anode, 300 g dm3 NaCl, 2 g dm™3 Na,Cr,07,
T=80 °C).[71]

Figure 10. (A) Current efficiency in function of the solution pH, measured by collecting cell
off-gas. (B) Off-gas O level in the produced gas during the electrolysis. Both measured in a
300 g dm~3 NaCl, 8 g dm™3 Na,MoOs solution at T=80 °C, using a mild steel cathode and a
DSA anode.[85]

Figure 11. Schematics of the vertical cross section of a probable three-dimensional
ammonium tetrathiomolybdate assembly on an Au electrode.[102]

Figure 12. Comparison of chlor-alkali electrolysis in a membrane separated electrolysis cell
with (A) hydrogen evolving and (B) oxygen depolarized cathodes.[113]
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The annual global sodium chlorate demand in the 21st century. Data source: IHS Chemical

Economics Handbook, 2015.[4]
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Schematic model of the main steps of the chlorate process including the most important inputs

and outputs as well as the internal loops.
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Figure 3.
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Schematic model of the H> evolution reaction on core/shell noble-metal/Cr.Oz particulate

system as a cocatalyst for photocatalytic overall water splitting.[46]
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Polarization curves of Fe and RuO; electrodes in 1M NaOH with and without

4 g dm NazCr20y in the solution. Rotating disc electrodes, at 3000 rpm rotation rate.
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Figure 5.
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Initial rate of hypochlorite decomposition, with [HOCI]o=0.0233 M at T=50 °C, determined

with UV-vis spectroscopy.[52]
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Chromium(V1) speciation diagram in function of pH for the total concentration of (A) 4 mM
and (B) 40 mM. The equilibrium constants for the deprotonation of hydrogen-chromate and
the dimerization process were taken to pKa=5.97 and Kd=1.46, as reported in [57] for the

case of  =5.00 M NaCl, T=75 °C.
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Figure 7.
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(A) Schematic pH-profile in the chlorate cell during the electrolysis (B) pH titration curves in

solutions containing 450 g dm= NaClO3 and 150 g dm™ NaCl (T=70°C, V=100 cm?®).[35]
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Experimental (lines with symbols) and simulated (solid lines) polarization curves of an iron
rotating disc electrode (at 3000 rpm rotation rate), in chlorate electrolyte with 3 or 9 g dm

Na2Cr20y in the solution, at pH=6.5 and T=70 °C.[64]
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Figure 9.
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Anodic current efficiency for active chlorine evolution as a function of the hypochlorite

concentration in the solution (DSA anode, 300 g dm= NaCl, 2 g dm® Na;Cr,07, T=80

°C).[71]
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(A) Current efficiency in function of the solution pH, measured by collecting cell off-gas. (B)

Off-gas O2 level in the produced gas during the electrolysis. Both measured in a

300 g dm~3 NaCl, 8 g dm= Na;MoOs solution at T=80 °C, using a mild steel cathode and a

DSA anode.[85]

54




Figure 11.
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Schematics of the vertical cross section of a probable three-dimensional ammonium

tetrathiomolybdate assembly on an Au electrode.[102]
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Comparison of chlor-alkali electrolysis in a membrane separated electrolysis cell with (A)

hydrogen evolving and (B) oxygen depolarized cathodes.[113]
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Table 1. The applied conditions and the solution composition in the electrolytic chlorate production process.[21]

Cell voltage (V) 2.9-3.7
Current density (kA m2) 1.5-4
Temperature (°C) 65-90
NaCl concentration (g dm) 70-150

NaClOs concentration (g dm-3) 450-650
NaOCI concentration (g dm) 1-5
Na2Cr207 concentration (g dm®)  1-6

Electrolyte pH 5.5-7.0

Electrode distance (mm) ~3
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Table 2. Effect of formerly investigated catalysts on the decomposition rate of hypochlorite (N.A. not analyzed).

Soluti oK Catal Effect on the rate of
0 utlor_1 . [ Io T/°C |pH Catalyst atalyst Ref.
composition IM amount | HOCI ClOy 02
decomp. formation | evolution
0.32 M 0514 |30-60 | Alkaline Mn, Fe -OXIde 15 No/negligible effect 53]
NaOH-+NaCl Co, Ni, Cuimgdm= |, No effect +
oxide
~2 M NaCl . .
+ NaOH 0.8-1.6 |30-60 |Alkaline | lonic strength + N.A. N.A [121-123]
2 M NaCl+NaOH 1-7 + (+)
/ Buffers 0.136 20-40 17-11 NazIrCls mg dm3 * (neutral) (alkaline) [124,125]
Ni, _ Co + NA +
peroxide
~1M NaCl -1 25 |Alkaline | Cu(OH). 38%23 ) N.A. *+) [126]
Al, Fe, Mn, L.
Hg oxide Negligible effect
1.14 M NaCl + . - mM
0.28 M NaOH, 1.14 25-50 |Alkaline | Co peroxide range + N.A. + [127]
~2 M NaCl ~2M 40-70 |Alkaline | Cu(ll) 1-2ppm |+ N.A. + [128]
Cu, Fe oxide } + N.A. +
30 - 45 %0 - 20 [129,130]
005 - 01 M .| Cuoxide mgam= | N.A. +
04-0.8 Alkaline
NaOH MaO
g 20 - 400
RT promoted Cu 3 |t N.A. + [131]
- mg dm
oxide
03-07MNaCl|03-07 |25  |7-11 |Co-oxide  |2gdm? |+ () ¥ [132]
neutral
Fe oxide-
hydroxide No effect
Dilute  aqueoug . Cu oxide- | 1.67
solution 310 ppm |RT No inf. hydroxide g dm +) N.A. N.A. [133]
Ni, Co oxide-
hydroxide * N-A. N-A.
. 10 - 100
0-4MNaOH |~0.2 25 Alkaline | Cu(OH)2 UM + N.A. + [134]
: d MnO: 1w/iv% | No/negligible effect
D'I'“tt:"‘ aqueous in 506 |75 | Alkaline [135]
solution Cuo 1wWv% |+ N. A. N. A,
Cr, Fe, Mn, 01
U, Bi, Pd, Os, 'dm‘3 No/negligible effect
NaCl + NaOH | ~1 RT  |Alkaline | Ta, Voxide |° [136]
Co, Ni, 1Ir|0.1
oxides gdm3 i N.A. N.A.
FeClz, Fe30s,
CeCls,
Naz2Cr207 , 10 uM No/negligible effect
NazMoOs,
RuCls, RuO? 23]
Dilute  aqueoug ‘i
. AgCl 100 ppm | No/negligible effect
solution 80mM |80 6.5 g pp ghg
Al203 9 ppm No/negligible effect
CoCl2 + No effect +
IrCl3 + + +
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