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Abstract Sodium dichromate is commonly used in

sodium chlorate production to maintain high current

efficiency; however, it is also a well documented car-

cinogen. To reduce the environmental impact, identi-

fication of a suitable alternative with similar buffering

characteristics to dichromate and without adverse

effect on the electrolytic performance of sodium

chlorate production is important; sodium molybdate is

a good candidate. Molybdate ion and its conjugated

acid work as a buffer pair at pH 5–6, a lower and

slightly narrower pH window than the typical buffer

region of dichromate. Nonetheless, the molybdate

buffer works effectively during the electrolytic process

by maintaining pH at ~5.9. Although the use of

molybdate buffer will lower the overpotential of

hydrogen evolution reaction (HER) by ~100 mV, the

average off-gas oxygen content is noticeably compro-

mised at 3.6–4.6%, measured using a pilot cell oper-

ated at 3 kA m–2and 80 �C during a 3-day trial. The

resulting current efficiency of 91~ 92% is significantly

lower than when dichromate is employed as the pro-

cess additive (> 96%). Mixtures of different dichro-

mate and molybdate ratio were also investigated in

terms of the resulting cathode surface potential.

Keywords Chlorate production � Dichromate �
Hydrogen evolution � In situ electro-deposition �
Isopolymolybdate � Mo/MoO2

1 Introduction

In the modern sodium chlorate industry the few

remaining opportunities to improve cathode perfor-

mance are reduction in hydrogen evolution overpo-

tential and elimination of dichromate [1–4]. Sodium

dichromate is added to prevent cathodic reduction of

hypochlorite and chlorate species by formation of a

thin film of chromium hydroxide on the cathodic sur-

face; this is one of the key factors in keeping the cur-

rent efficiency >96% [1, 5, 6]. Meanwhile, dichromate

hydrolyses to form HCrO4
– in equilibrium with H+ and

CrO4
2–. This buffering system effectively maintains the

pH of the solution during electrolysis at about 6, which

gives the highest reaction efficiency of chlorate for-

mation [2–4]. However, addition of dichromate brings

about several disadvantages; the greatest concern is its

carcinogenicity. Although this is minimized in closed-

loop plants, there exists a potential for contamination

of personnel during chemical preparation, post-treat-

ment and accidental spills. Dichromate in the chlorate

liquor must be less than 0.5% during sodium chlorate

crystallization, otherwise the crystal product will

exhibit a characteristic yellowish colour. To achieve

this, the pH of the crystallizer feed liquor must be

lowered, to reduce CrO4
2– co-crystallization with sul-

phate during chlorate crystallization [7]. The overpo-

tential of HER on mild steel is also quite high

(~500 mV) in the presence of dichromate, which

directly affects the specific power consumption. It is
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estimated that power consumption can be lowered by

10–15% if the overpotential of HER is reduced by

100 mV [1].

Many publications and patents have described the

electroplating of Mo alloys onto different substrates at

pH 7–9 from a typical molybdate bath, yielding desired

electrocatalytic properties for HER [8–10]. Even at a

lower pH of 3.5, deposition of Mo was also reported

using a pulse-plating method [11]. According to the

potential-pH equilibrium diagram, Mo can be electro-

deposited over a very wide pH region from –2 to 13,

when the potential is lower than –0.4 V vs. standard

hydrogen electrode (SHE) [12]. On the other hand,

molybdenum oxides, especially MoO2, were also re-

ported to be formed at a pH of 2–5.5 from certain

molybdate baths [13, 14]. To date, in situ electrode-

position of Mo/MoO2 in a chlorate cell has not been

reported. We do not expect in situ electroplating in the

chlorate solution to give equivalent Mo films to those

obtained in specially optimised baths. However, as

long as some electrodeposition of Mo occurs, the

electrocatalytic action should lower the surface over-

potential on a continuous basis. Hence, continuous

electrodeposition of Mo, effected by replacement of

the toxic dichromate additive with molybdate, would

appear to be a promising strategy to eliminate Cr (VI)

species from the chlorate process, as well as lowering

the overall cell voltage.

In acidic solution, molybdate anions may condense to

form iso-polymolybdate anions with a polymeric struc-

ture [12, 15]. At pH 2–3 polysilicamolybdate anions can

also be formed with addition of sodium metasilicate to a

molybdate solution [15]. These isopolyanions could

have a positive influence on cathodic or anodic reac-

tions, thus lowering HER overpotential and/or off-gas

O2 level in our application. In this paper we also report

for the first time the effect of polysilicamolybdate anions

on the chlorate electrolysis process.

2 Experimental

An in-house setup was used to measure the cathode

surface potential vs. the saturated calomel electrode

(SCE), as seen in Fig. 1. In this way, the cathode sur-

face potential can be monitored during electrolysis.

A galvanostat and power booster (EG&G Princeton

Applied Research) were employed to apply constant

current to the cell. A portable pH meter (Accumet,

Fisher) was used to measure pH. All reported surface

potentials were referenced to SCE (Accumet, Fisher),

if not otherwise specified. Photos were taken using a

digital Camera (Olympus C-740 Ultra Zoom).

The initial concentration of electrolyte in the small

cell (see Fig. 1) was 410 g l–1 NaClO3 (Nexen Chemi-

cals, 99.5%), 140 g l–1 NaCl (Fisher, 99.9%) and 8 g l–1

Na2MoO4(Anachemia, 99.5%). The electrodeposition

was carried out at 2 kA m–2 and 80 �C in the small cell.

The counter electrode was a typical DSA�(Dimen-

sionally Stable Anode), cut from a commercial size

chlorate anode used for modern chlor-alkali and

chlorate industries. A pilot cell (similar to Fig. 1 but

much larger) was used for the long-term testing start-

ing with 300 g l–1brine solution and 8 g l–1Na2MoO4.

With that cell, the off-gas O2 could be reliably mea-

sured using a portable O2 analyzer (Teledyne Analyt-

ical Instruments). The pilot cell operated at a current

density of 3 kA m–2 and the temperature was 80 �C.

Standard silica solution (1000 mg l–1 as SiO2, HACH)

was used to form polysilicamolybdate anions.

3 Results and discussion

3.1 Comparison of buffer capacity between

molybdate and dichromate

As mentioned before, one of the advantages of

dichromate is its appropriate buffer range. Chlorate

formation includes three reactions [3]:

Fig. 1 Schematic of the small lab cell for electrolysis and
cathode surface potential measurement. 1: SCE; 2: Soft tubing;
3: Adjustable tubing; 4: Cylindrical electrolyzing cell; 5: Capillary
hole; 6: Disc DSA anode; 7: Mild steel plate cathode
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Cl2 þH2O! HOClþHþ þ Cl� ð1Þ

HOCl! Hþ þOCl� ð2Þ

2HOCl+OCl� ! ClO�3 þ 2Hþ þ 2Cl� ð3Þ

Cl2 in Reaction (1) is produced from the anodic

reaction, 2Cl– fi Cl2 + 2e–. Maintaining pH at ~6

provides the optimum reaction rate for the formation

of chlorate [Reaction (3)]. At the cathode, the princi-

pal reaction is the reduction of water to hydrogen and

hydroxide ions:

2H2Oþ 2e� ! H2 þ 2OH� ð4Þ

Since pH has a tendency to increase with the for-

mation of OH– in Reaction (4), a buffering environ-

ment is very important to maintain high reaction

efficiency. When Cr2O7
2– dissolves in water, HCrO4

– is

formed together with a conjugated part of CrO4
2–, with

a characteristic pKa of 6.45. Mo belongs to the same

group as Cr, and the HMoO4
–—MoO4

2– system has a

pKa of 6.0. Figure 2 demonstrates buffer regions of

molybdate and dichromate at the room temperature of

22–23 �C, without electrolysis occurring. Buffer regions

are observed to be pH 5.0–6.0 for molybdate and 5.0–

6.5 for dichromate. Dichromate has a better buffer

‘‘fit’’ considering pH 6.0 to be the optimum for the

chlorate reaction [3]. However, this is only a rough

comparison as these species could exhibit different

buffering properties at a higher temperature and dur-

ing electrolysis. Buffering by molybdate has been

observed to be very effective in the pilot cell. Figure 3

shows the trend of pH with electrolysis time at

3 kA m–2 without feeding acidified brine solution.

Normally acidified brine solution is added every

30 min to the pilot cells to maintain the effective

chloride content. Therefore, as far as maintaining

optimum process pH is concerned, molybdate is a

suitable substitute for dichromate.

3.2 Cathode surface potential (CSP) and current

efficiency in the small cell

Figure 4a illustrates the appearance of a mild steel

cathode surface after electrolysis with molybdate,

which is very different from the mild steel surface

without electrolysis (Fig. 4b) and also different from

that after electrolysis with dichromate (Fig. 4c). The

dark brown-purple deposit in Fig. 4a could possibly be

a mixed coating of MoO2 and Mo formed during in situ

electroplating. With the formation of Mo, it is not

surprising to obtain a CSP of 1.28 V, which is 110 mV

lower than the CSP (1.39 V) obtained with dichromate

additive. We are comparing the absolute value of CSP

when we talk about ‘‘lower’’ or ‘‘drop’’. Lower CSP

means lower HER overpotential and thus better

cathode performance. Lowering the hydrogen evolu-

tion overpotential is a primary objective for improving

the power efficiency of the sodium chlorate process

and has been pursued for years [1, 16, 17]. A key

advantage brought about by using molybdate is the

reduction of HER overpotential. Previous studies have

shown that Mo, when in combination with other metals

such as Fe, Co, Ni, catalyses the HER [18]. Elezović

et al.’s studies demonstrated that an increase in activity

could be attributed to an increase in the real active

surface area, which, in turn, was directly proportional

to the molybdenum content [18]. On the other hand,

according to Pourbaix [12], Mo has a slight tendency to
Fig. 2 Buffer region test in the 100 ml chlorate solution for (a)
molybdate and (b) dichromate at room temperature of 23 �C

Fig. 3 pH changing with electrolysis time at 3 kA m–2in the pilot
cell without feeding acidified brine solution with molybdate
additive
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decompose water (with hydrogen evolution) when

present in alkaline solutions. This fact might explain

Mo’s catalytic behaviour in HER, considering that the

solution pH in the thin layer next to the cathode sur-

face is higher than in the bulk.

It is necessary to confirm that hydrated MoO2 can

form an effective barrier that prevents the electrore-

duction of ClO– and ClO3
– species. The current belief in

the chlorate industry is that formation of a thin

Cr(OH)3 layer is what keeps ClO– and ClO3
– from

being reduced, thus maintaining a high current effi-

ciency [1]. A substitute for dichromate must exhibit

similar characteristics. Fortunately, a barrier of MoO2

was formed on the mild steel cathode surface pre-

venting ClO– and ClO3
–species from being reduced.

HER was catalysed at the same time due to the pres-

ence of metallic Mo. The co-deposition of Mo/MoO2

confirms our observation of a lower CSP and accept-

able current efficiency (see discussions in next para-

graph), but further analyses by XRD or XPS should be

conducted to support this assumption.

Figure 5 shows the correlation between current

efficiency and solution pH. Current efficiencies were

calculated indirectly by measuring collected cell off-gas

(H2). The current efficiency ranges from 85% to 92%

at pH lower than 5.7 and increases to ~98% in the pH

range 5.75 to 5.95 and drops again above pH 5.95. It

must be emphasized that the cell off-gas is mainly

composed of H2 and the calculated current efficiency

above is only an approximation. In reality, it will al-

ways contain some O2 and Cl2. Nevertheless, the

overall trend of observed current efficiencies vs. pH is

qualitatively valid. At lower pH of ~5.4, Mo oxides are

likely to form at the cathode and adversely affect the

current efficiency [13, 14]. At higher pH of 7–10, Mo

electrodeposition becomes a main cathodic parasitic

reaction with the effect of significantly lowering the

current efficiency [8–10] (see Fig. 5).

3.3 Off-gas oxygen level in the pilot cell during

a long-term testing

Off-gas O2 level is an important indicating parameter

for both chlorate cell current efficiency and safe cell

operation, due to the explosive limits of H2 in O2

(lower limit at 4.65% and upper limit at 93.9%).

Figure 6 shows the percentage O2 in cell off-gas vs.

time during a 60-hour electrolytic pilot cell operation

with sodium molybdate additive. The measured off-gas

O2 level was observed to fluctuate between 3.7% and

4.8%. At these values, the O2 levels are unacceptable

for both criteria, as the current efficiency is only about

91% after 55 hours of operation and the H2 explosive

upper limit was nearly reached (with 4.8% O2). The

high off-gas O2 levels clearly show the adverse influ-

ence of molybdate on the DSA� anode, because O2 is

only generated from the anodic parasitic reactions [3].

Fig. 4 Digital photos of the mild steel surface (a) after
electrolyses with molybdate; (b) before any electrolyses; (c)
after electrolyses with dichromate

Fig. 5 Current efficiency indirectly measured by collecting cell
off-gas (H2) product as a function of pH during electrolysis with
molybdate additive

502 J Appl Electrochem (2007) 37:499–504

123



A recent study by El-Moneim et al. on nano-crystal-

line, electrodeposited Mn–Mo–W oxide catalytic

anodes reported current efficiencies of 99.8% for

oxygen evolution in the electrolysis of acidic seawater

[19]. These anodes were prepared by anodic deposition

on IrO2/Ti using MnSO4, Na2MoO4 and Na2WO4

electrolytes at pH 1.0 [19]. This finding substantially

supports our conclusion that the high O2 level observed

in the cell off-gas of our pilot cell could be due to the

electrodeposition of Mo oxide onto the DSA� anode.

However, no visible colour changes (indicative of this

possible weak side reaction) were observed on the

anode surface.

In an effort to minimize and control this adverse

anodic effect of molybdate on the anode, silica solution

was added to the chlorate cell to form polysilicamo-

lybdate anions. The silica concentration was increased

in both the small cell and pilot cell from a normal level

of 10 mg l–1 to a concentration of 50 mg l–1 (as SiO2)

and the pH was adjusted to 5.5–6.0. Although this pH

range is not optimal for polysilicamolybdate anion

formation (which is usually in the 2 to 3 pH region)

[12, 15], a characteristic, but faint, yellow colour was

still evident. No noticeable change was observed on the

CSP and cell voltage, but the O2 level in the cell off-gas

dropped from 4.8% to 4.3%. Although this is not a

significant change, it shows that a possible way of

lowering the off-gas O2 level is by formation of

molybdate isopolyanions. Disintegration of the iso-

polyanions during electrolysis in the high pH solution

layer next to the cathode surface could explain why no

noticeable effects were observed on CSP.

3.4 Performance of mixed molybdate and

dichromate in the reduction of CSP

Since pure molybdate shows a very low CSP but poor

current efficiency and pure dichromate produces the

opposite effect, the combination of the two additives

may provide a solution to acceptable cell performance.

Table 1 shows CSP at different mass ratios of the

additive mixtures during electrolyses.

The CSP with pure molybdate is ~–1.29 V, which is

lower than that (~–1.40 V) with pure dichromate by

~110 mV. The surface potential of mixed additives lies

in between the potentials of pure molybdate and pure

dichromate, as shown in Table 1. The lowering of the

CSP is proportional to the increase in molybdate con-

centration when dichromate is at 2.5 g l–1. However,

when dichromate is 4 g l–1 and molybdate concentra-

tion was varied from 1 to 10 g l–1, the CSP only drop-

ped by 10–20 mV and the decrease was not linear with

increase in molybdate. Previously, 3.5 g l–1 of dichro-

mate was determined to be the critical concentration

for acceptable cell performance in chlorate electrolysis.

However, these results show that there is competition

between dichromate and molybdate for cathodic

influence. Above 3.5 g l–1 of dichromate, molybdate

was totally excluded in determining the cathode sur-

face potential at pH 6. Figure 7 shows CSP as a func-

tion of pH with a mixture of dichromate (4 g l–1) and

molybdate (4 g l–1) at 2 kA m–2 and 80 �C. It was

clearly observed that CSP dropped with decreasing pH,

reaching its minimum of 1.33 V at pH ~6.7 before

trending up again.

The extent of the many competing reactions occur-

ring at the cathode is still not well understood. Al-

though CSP is lowered substantially at pH 6.7, this pH

is outside the buffer region and is not optimum for the

chlorate reaction. On the other hand, increased com-

plexity resulting from adding one more compound

would counteract the advantage of the reduction of

HER overpotential. Nevertheless, this approach of

electroplating catalytic coating in situ opens a good

opportunity for reducing the HER overpotential in

industrial electrolyses.

Fig. 6 Off-gas O2 level in the produced gas (mainly H2) with a
long time scale during the electrolysis with molybdate

Table 1 Cathode surface potential (vs. SCE) at different mass ratios of molybdate and dichromate at pH ~6.0, 2 kA m–2 and 80 �C

Concentration
of additives

Na2MoO4: 8 g l–1 Na2MoO4:
5 g l–1 Na2Cr2O7:
2.5 g l–1

Na2MoO4:
3.8 g l–1 Na2Cr2O7:2.5 g l–1

Na2MoO4:
1~ 10 g l–1 Na2Cr2O7:4 g l–1

Na2Cr2O7:5 g l–1

CSP/V –1.28 to –1.30 –1.32 –1.35 –1.38 to –1.39 –1.40 to –1.41
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4 Conclusion and future work

In this work molybdate was used to replace dichromate in

the sodium chlorate process. This substitution shows a

comparable buffer capacity, an environmental compati-

bility, and a reduction of hydrogen evolution overpo-

tential by 100–130 mV. Replacement of toxic dichromate

with molybdate will result in a similar and effective buffer

system. However, molybdate interferes with the anodic

reaction and incurs a high, unfavourable off-gas O2 level.

Hence, the feasibility of this approach is questionable.

Further investigation employing XRD and/or XPS could

confirm the formation of MoOx at the anode.
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