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By pursuing the aim of identifying new types of catalysts in the electrolytic production of

NaClO3 from NaCl (chlorate process), we report a detailed study on the decomposition of

hypochlorous acid accelerated by yttrium(III) chloride (YCl3), yttrium(III) oxide (Y2O3) and

telluric acid (Te(OH)6) at 80 ◦C. The results were compared with those obtained in the uncat-

alyzed and chromium(VI) catalyzed reactions. In general, the decomposition of HOCl occurs

via  two competing paths toward the formation of ClO3
− or O2. In the case of YCl3, the

decomposition proceeds via the oxygen path over the entire studied pH range. Y2O3 slightly

catalyzes the chlorate path under acidic conditions, however the noted catalytic effect is

probably due to the “self-buffering” of the reaction mixture (Y2O3 suspension). Although, a

real  catalytic process takes place in the presence of Te(OH)6, a significant pH-effect is also

observed which is most likely associated with the acid–base equilibria of telluric acid. pH

dependent studies demonstrate that the optimum pH of decomposition is at around 6.7–6.9

in  this case. The comparison of the results obtained in the presence of chromium(VI) and

Te(OH)6 reveals that the former is a more active catalyst. On the basis of kinetic and stoi-

chiometric results, it is reasonable to assume that Te(OH)6 may be utilized as an alternative

catalyst in the chlorate process.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical

Engineers. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
.  Introduction

ichromate is an essential additive in the chlorate pro-
ess (the electrolytic production of NaClO3 from NaCl), to
atalyze the chlorate formation as well as to inhibit side reac-
ions. Thus, no chlorate production is possible in the current
echnology without adding chromium(VI) (Colman and Tilak,
995). However, chromium(VI) compounds are in the REACH
nnex XIV list which means that a special authorization is
equired to use them within the EU after 2017. Chlorate is
roduced by electrolysis of sodium chloride in an undivided
ell, where chlorine is produced at the anode and hydrogen

t the cathode (Cornell, 2014a; Cornell, 2014b). Chlorine is

∗ Corresponding author.
E-mail address: szabo.maria@science.unideb.hu (M. Szabó).

ttps://doi.org/10.1016/j.cherd.2021.03.010
263-8762/© 2021 The Author(s). Published by Elsevier B.V. on behalf of
nder  the CC BY license (http://creativecommons.org/licenses/by/4.0/).
immediately hydrolyzed in the electrolyte forming hypochlo-
rite/hypochlorous acid (their ratio is defined by the pH) which
disproportionate into chlorate and chloride ions. The latter
reaction is catalyzed by chromium(VI) in the electrolyte. The
chromium(VI) additive has further functions in the process
and large efforts have been spent to find alternative compo-
nents for replacing it in all its roles in the chlorate process
(Endrődi et al., 2017; Endrődi et al., 2019).

The uncatalyzed decomposition of hypochlorite has been
thoroughly investigated over the years and is known to follow
overall third order kinetics (Adam et al., 1992). Furthermore,
the maximum rate of the reaction occurs at a pH where the
ratio of HOCl and OCl− is 2:1. A deeper understanding of the
mechanism of the uncatalyzed reaction was recently achieved
in a theoretical study showing that the reaction is initiated by

a fast equilibrium between HOCl, OCl−, Cl2O and Cl3O2

− and
the subsequent abstraction of Cl− to form Cl2O2 is the rate
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determining step in chlorate formation (Szabó et al., 2018). The
catalytic effect of chromium(VI) in the chlorate process has
been considered for a long time, and lately this effect has been
explored in detail (Endrődi et al., 2019).

Replacing chromium(VI) as a catalyst in the chlorate pro-
cess is a particularly challenging task due to the extreme
operating conditions applied in the corresponding technology
(Endrődi et al., 2017; Sandin et al., 2015; Busch et al., 2019).
In our previous work, the chromium(VI) catalyzed decompo-
sition of HOCl was thoroughly studied, and it was concluded
that the catalytically active species is CrO4

2−. Such an effect
was not observed with the structurally analogous phosphate
ion, thus it was concluded that the catalytic activity of CrO4

2−

is associated with a partial electron transfer process in the
transition state. This enhances the conversion of Cl2O into
HCl2O2

− (Kalmár et al., 2018). The main objective of this study
was to find efficient alternative catalysts for the conversion
of hypochlorous acid into chlorate ion. We mainly focused on
compounds which were expected to feature the noted partial
electron transfer phenomenon. The experiments were per-
formed at elevated temperature (80 ◦C) in order to mimic  the
process conditions.

2.  Materials  and  methods

All chemicals were of analytical reagent grade, purchased from
commercial sources and used as received, without further
purification. Doubly-deionized and ultrafiltered (ELGA Purelab
Classic system) water was used to prepare the stock solu-
tions and samples. Sodium hypochlorite (NaOCl) solution was
prepared by bubbling gaseous chlorine into sodium hydrox-
ide solution. The stock solution of NaOCl was standardized
by iodometric titration. A Metrohm 785 DMP  Titrino automatic
titrator equipped with a Metrohm 6.0451.100 combination plat-
inum electrode was used. The excess NaOH concentration was
determined by pH-metric titration with standard HClO4. In
this case, a Metrohm 6.0262.100 combination glass electrode
was used.

The decomposition reaction was triggered by simultane-
ous addition of NaOCl and the catalyst to well stirred aqueous
perchloric acid solution. In the case of heterogeneous systems,
the progress of the reaction was monitored by taking individ-
ual samples from the reaction mixture at different reaction
times, and the nominal concentration of the catalyst is given,
i.e. the weighted amount of catalyst divided by the volume
of the reaction mixture. Obviously, the heterogeneous cata-
lysts were not dissolved, and the catalytic process occurred
predominantly on the surface of the catalyst. The decomposi-
tion reaction was studied at 80 ± 0.1 ◦C and the samples were
stirred with a magnetic stirrer. High ionic strength was not set
in these experiments because it would have saturated the ion
chromatographic column in the ionchromatographic experi-
ments. Thus, the ionic strength was always defined by the
ionic forms of the reactants and the catalyst in the samples.
Since some of the species are involved in acid-base equilib-
ria the actual total concentration of the ions was also affected
by the pH. It follows, that constant ionic strength could not
be used in these studies, it was somewhere between 0.10 and
0.15 M (estimated value). Within this range, significant ionic
strength effects are unlikely on the kinetics and stoichiometry,
and the corresponding results are directly comparable.
To measure the pH of the inhomogeneous reaction mix-
tures, a special, Metrohm Unitrode Pt 1000 (6.0258.010) electrode
was used equipped with a temperature sensor unit. Before
use, it was confirmed that the electrode is reliable and repro-
ducible in heterogeneous model systems. The electrode was
calibrated every day at 80 ◦C using KH-phthalate (c = 0.05 M,
pH = 4.159) and borax (c = 0.01 M, pH = 8.910) standard solutions
(Covington et al., 1985). In this study, the pH readout was not
converted into log[H+] to correct for the ionic strength effect as
recommended by Irving et al. (1967). Accordingly, the readout
of the pH meter is plotted as pH in the corresponding figures. It
needs to be emphasized that the actual correction factor (Irv-
ing factor) is electrode specific and may exceed ±1 pH unit at
80 ◦C. In principle, the correction should have been made point
by point due to the lack of constant ionic strength even within
a kinetic run and the presence of the heterogeneous phase.
Obviously, such a procedure is not feasible. In general, the cor-
rection of the pH readout could have varied within 0.1–0.2 pH
unit only.

During a kinetic run, 1 mL  sample was retracted from the
reaction mixture in every 5 min. This aliquot of the sample was
immediately cooled to 25 ◦C in an ice bath and filtrated with
regenerated cellulose membrane-filter (pore size 0.45 �m).  The
filtered solution was diluted using NaOH as quenching agent.
The final concentration of NaOH was 0.1 M. In the case of
YCl3, a small amount of hydroxo precipitate formed which
was removed by a second filtration. UV-Vis spectra of these
solutions were recorded in the 200–400 nm wavelength range
on an Agilent-8453 diode array spectrophotometer. It was con-
firmed that unwanted photochemical side reaction did not
occur during the measurements (Fábián and Lente, 2010). The
amount of NaOCl was quantified at the absorption band of
OCl− (�max = 292 nm,  ε = 339.5 M−1 cm−1).

The formation of chlorate as a function of time was
monitored with a Thermo Scientific Dionex ICS-5000+ ion chro-
matographic system by using a 25 �L injector loop. Isocratic
elution was carried out using NaOH solution (0.020 M). The
method was calibrated by a dilution series of chlorate solu-
tions. In each system, the concentration of the product
chlorate ion as well as the concentration change of hypochlor-
ous acid was measured as a function of time.

The protonation constants (pKa) of telluric acid were
determined by pH-potentiometric titration method using a
carbonate free NaOH solution (ca. 1 M).  The carbonate contam-
ination was determined using the appropriate Gran functions
(Gran, 1952). In this titration, 45 mL  aliquots of telluric acid
(ca. 0.018 M) were titrated using NaCl (I = 1.7 M)  and NaClO3

(I = 4.7 M) as background electrolytes. The headspace over the
sample was purged with argon to ensure the absence of oxy-
gen and carbon dioxide. The pH measurements were made
using a Metrohm Unitrode Pt 1000 (6.0258.010) electrode. In this
case, the pH reading was converted to hydrogen ion concen-
tration as described by Irving et al. (1967). The protonation
constants were calculated by using the designated computa-
tional program, SUPERQUAD (Gans et al., 1985).

3.  Results  and  discussion

3.1.  General  considerations

The rate of the decomposition reaction of hypochlorous acid
depends on various parameters, especially on the pH. In the
present study, it is assumed that the actual pKa of HOCl

is around 6.79 obtained at 80 ◦C, 0.5 M NaCl (Wanngård and
Wildlock, 2017). No attempt was made to determine the exact
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Fig. 1 – The decay of HOCl in the absence and presence of
potential catalysts (a) and the pH as a function of time
during the decomposition reaction of HOCl (b). � control,
Y2O3, YCl3, CrO4

2−, PO4
3−. cHOCl = 0.050 M,

©

Ka for the conditions applied here for the following reasons.
he main goal of this study is to establish how various sub-
tances catalyze the decomposition of HOCl as a function of
H, but it is not studied which form of a given species is
ctive in these reactions. Because the pH decreases steadily,
he [OCl−]/[HOCl] ratio always changes significantly over the
ourse of the reaction. Thus, the interpretation of the general
rends and the comparison of the results at different pH values
oes not require the exact knowledge of the pKa. A more  quan-
itative approach would require a different set of experiments
t constant ionic strength which would not make possible the
toichiometric measurements with the method used here.

As it was reported in the case of Cr(VI) catalyzed decompo-
ition of HOCl, the catalytic reaction path is also pH dependent
Kalmár et al., 2018). This was interpreted by considering that
nly one form of Cr(VI) is catalytically active and the speciation
f Cr(VI) is controlled by the pH (Szabó et al., 2018). The very
ame features are expected in any system where the potential
atalyst is involved in pH dependent equilibrium processes.
he practical consequence of this is that the catalytic activity
eeds to be tested in a broader pH range. Thus, test experi-
ents were run by varying the initial pH.
The kinetic traces (HOCl decay) in the presence of the

otential catalyst were compared to those obtained in the
r(VI) catalyzed reaction. The results of control experiments
re also presented under identical initial conditions in either
on-buffered and phosphate buffered solutions in the absence
f the catalyst. The comparison of these traces revealed signif-

cant differences in the pH profiles. This is quite reasonable if
e consider that different acid–base reactions and, as a conse-
uence, different buffering effects take place in the compared
ystems.

Earlier it was established that the decomposition of
ypochlorous acid may proceed via two distinct reaction paths

Busch et al., 2019), called the chlorate (Eq. (1)) and the oxygen
Eq. (2)) paths.

HOCl = ClO−
3 + 2Cl− + 3H+ (1)

HOCl = 2Cl− + 2H+ + O2 (2)

It is noteworthy to mention that only the chlorate path
s preferable for the industrial process and the oxygen path
eeds to be avoided as much as possible. We  characterize the
elative significance of the two decomposition paths by the
toichiometric ratio of the reactant consumed and product
ormed as follows: R = �[OCl−]/[ClO3

−]. When only the chlorate
ath is operative R = 3.0. Higher ratios indicate that the oxygen
ath also contributes to the overall process. Accordingly, the
ain goal is to achieve R = 3.0 in a catalytic system. At this

oint, it needs to be emphasized that the presence of chlorate
on impurities in the reactants may have significant effect on
he value of R. It was noticed that a small initial amount of
hlorate ion was always present as impurity in the reaction
ixtures. It could originate either from the hypochlorite stock

olution or from other reagents such as perchloric acid. This
roblem was circumvented by fitting the kinetic traces with

 polynomial function using a non-linear least squares rou-
ine to estimate the initial concentrations of HOCl and ClO3

−

ORIGIN, 2014). In the case of HOCl, the estimated values were
n excellent agreement with the values calculated by consider-
ng the dilution of the stock solutions. During the calculation

f R, the measured concentration of chlorate ion was corrected
y its initial concentration in each point. The uncertainties
ccat = 0.036 M,  pH0 = 7.2, T = 80.0 C.

associated with this procedure are small and coherent results
were obtained which are useful to establish the major trends
in these reactions.

In agreement with the above considerations, the following
requirements need to be satisfied by an ideal catalyst. It must
accelerate the decay of HOCl and the catalytic process should
solely progress via the chlorate path.

3.2.  The  catalytic  activity  of  yttrium  compounds

Preliminary experiments have demonstrated slight catalytic
activity with Y2O3, therefore, we explored the role of this
species and the related YCl3 in more  detail. Typical chromato-
graphic peaks of chlorate ion in the spent reaction mixtures
in the absence and presence of the catalysts are shown in Fig.
S1. It is quite obvious that approximately the same amounts of
chlorate ion are formed in the control experiment and in the
presence of Y2O3. The concentration of chlorate ion is consid-
erably smaller with YCl3 which is already a strong indication
that this compound promotes O2 formation.

Kinetic traces for the decomposition of HOCl at initial
pH = 7.2 are shown in Fig. 1. In the presence of YCl3, the reac-
tion is faster than in the control experiment or with Y2O3

(Fig. 1a). In accordance with Eqs. (2) and (3), the decomposi-
tion of hypochlorous acid always generates hydrogen ion and
the pH profile as a function of time strongly depends on the

acid–base side-reactions in the reaction mixture (Fig. 1b). The
pH drops suddenly in the control experiment at around 3000 s
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Fig. 2 – The �[OCl−]/[ClO3
−] ratio, R, as a function of time. �

control, Y2O3, YCl3, CrO4
2−, PO4

3−. cHOCl = 0.050 M,
ccat = 0.036 M,  pH0 = 7.2, T = 80.0 ©C.

Fig. 3 – The decay of HOCl at pH0 = 6.7 (a) and pH0 = 6.2 (b). �
control, Y2O3. cHOCl = 0.050 M, ccat = 0.036 M, T = 80.0 ©C.
because the buffer capacity of the system diminishes when
sufficient amount of HOCl decomposes. In the presence of
Y2O3 or YCl3, the reaction mixtures “self-buffer” themselves
to the pH 5.5–6.0 region. In the case of YCl3, the pH decreases
below 6.0 much earlier than in the other systems. This is the
consequence of the hydrolysis of the catalyst which generates
substantial amounts of proton. The kinetic traces in the con-
trol experiment and in the presence of Y2O3 are identical for all
practical purposes (see also Fig. S2). This confirms the lack of
catalytic effects under such conditions. Phosphate ion exerts
significant buffer capacity and the pH cannot decrease to the
optimum range for the decomposition in the first hour. As a
consequence, the reaction proceeds slower than in the control
experiment. As expected on the basis of our previous studies,
CrO4

2− has a marked catalytic effect (Kalmár et al., 2018).
As shown in Fig. 2, the final R is around 4.0 in the control

experiment and in the presence of Y2O3, PO4
3− and CrO4

2−. In
the case of YCl3, R is above 40 confirming that the O2-path is
dominant in the decomposition of hypochlorous. Very similar
results were obtained over the entire studied pH range, i.e.
when the initial pH was systematically varied from pH 7.5 to
6.15.

The actual form of Y(III) has a significant role on the over-
all process. When an YCl3 solution is added to the neutral or
slightly alkaline reaction mixture, a gelous hydroxo precipi-
tate forms immediately. This precipitate is presumably Y(OH)3
or some sort of an oxo–hydroxo precipitate with unknown
stoichiometry. The solution becomes opaque indicating the
presence of a colloidal system. Accordingly, the precipitate
is expected to have a relatively large specific surface area.
The morphology and the surface of this precipitate are very
different from that of Y2O3. Apparently, the surface of this pre-
cipitate is an excellent catalyst of the O2 path, similarly to the
hydroxides of other metal ions such as Ni2+, Co2+, Cu2+, etc. In
contrast, Y2O3 is a well-defined compound with well-defined
surface structure. This may explain the difference between the
catalytic activities of these compounds

3.3.  The  decomposition  kinetics  in  the  presence  of  Y2O3

While Y2O3 is not an active catalyst of O2 formation, it slightly
catalyzes the chlorate path under slightly acidic conditions. As
shown in Fig. 3, the decomposition becomes somewhat faster

in the presence of Y2O3 when the pH is decreased.
In the control experiments, the usual pH profiles were
observed (Fig. S3a). As expected, the sudden pH change occurs
at shorter reaction times when the initial pH is lower. The final
pH is between 3 and 3.5 in all cases. In contrast, the final pH is
between 5.5 and 6.0 in the presence of Y2O3 regardless of the
starting pH (Fig. S3b). This implies that Y2O3 consumes the
proton formed in the decomposition process in an acid-base
reaction.

The titration of an aqueous suspension of Y2O3 with HClO4

confirms the existence of a protonation process and, as a con-
sequence, the appearance of a buffered region in the titration
curve (Fig. S4). It should be added that the shape of the titra-
tion curve is highly dependent on the duration of the titration.
Slower dosing of HClO4 results in a longer buffered region in
the titration curve indicating that the acid consumption pro-
cess is relatively slow. In any case, these titrations prove the
origin of the buffering effect of Y2O3 in the corresponding
experiments. It is possible that the noted catalytic effect (Fig. 3)
is a buffering effect in reality. It is well known that the rate of
decomposition decreases by decreasing the pH below pH ∼7.2.
Thus, the reaction proceeds at higher rate in the presence of
Y2O3 because it does not allow the pH to drop suddenly.

The comparison of Fig. 4a and b confirms that the oxygen
path is somewhat more  pronounced in the control experi-
ments than in the presence of Y2O3. It is quite apparent that
the value of R increases more  significantly when the starting
pH of the control experiments is decreased. This leads to the
conclusion that acidic conditions promote the decomposition
of HOCl into O .
2
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Fig. 4 – The �[OCl−]/[ClO3
−] ratio, R, as a function of time

during the control experiments (a) and in the presence of
Y2O3 (b) at different initial pH values. pH0 = � 7.5, 7.2,
6.7, 6.2. cHOCl = 0.050 M,  ccat = 0.036 M,  T = 80.0 ©C.

Fig. 5 – The comparison of the �[OCl−]/[ClO3
−] ratios, R, as a

function of time during the decomposition of HOCl at
pH0 = 6.7. � control, Y2O3, Te(OH)6. cHOCl = 0.050 M,
c ©
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Fig. 6 – Catalytic effect of telluric acid on the decomposition
of HOCl. cHOCl = 0.050 M,  ccat = 0.036 M,  T = 80.0 ©C.

Fig. 7 – The speciation of telluric acid in aqueous solution.
Te(OH)6, TeO(OH)5−, � TeO2(OH)42−. cTe = 0.018 M.
cat = 0.036 M,  T = 80.0 C.

.4.  The  catalytic  activity  of  telluric  acid

n the case of telluric acid (Te(OH)6) remarkable results were
btained under slightly acidic conditions (Fig. S5). The kinetic
races of decomposition are compared in the presence of Y2O3,
elluric acid and the control experiments. The results in the
resence of phosphate ion are not included in the compari-

on because the buffer capacity of phosphate ion vanish at
his relatively low pH. In the presence of telluric acid, about
(T = 80.0 ©C, I = 6.4 M NaCl + NaClO3).

80% of the initial HOCl decomposes in about 2 h. Furthermore,
the stoichiometric ratio (R) is about 3 (Fig. 5). This excludes that
the oxygen path has a significant role in this system. As shown
in Fig. S6, telluric acid has a considerable buffer capacity at the
studied pH, because the pH decreases only slightly compared
to the control experiment. Furthermore, the acceleration of
the decomposition is more  pronounced with Te(OH)6 than
with Y2O3 although the pH converge to about the same value
at about 2 h reaction time in both cases. Thus, buffering effect
alone cannot be responsible for the faster reaction and it is
reasonable to assume that a real catalytic process is observed
in the Te(OH)6 system.

In order to explore whether decomposition is catalyzed or
the oxidation of HOCl by telluric acid occurs, the following
experiment was designed. First, the decomposition reaction
was monitored for 2 h. After this period, an aliquot of HOCl
was added to the reaction mixture bringing the HOCl concen-
tration and the pH to the initial values. Then, the decay of HOCl
was monitored again. The consecutively kinetic traces were
very similar (Fig. 6), confirming that a real catalytic process
takes place.

A systematic pH dependent study reveals that the optimum
pH of decomposition is at somewhere around 6.7–6.9 (Fig. S7).

The noted pH effect is most likely associated with the
acid–base equilibria of telluric acid. In accordance with lit-
erature results, the titration curve of acidic telluric acid
solution with NaOH is consistent with two acid dissocia-
tion steps (Fig. S8). The corresponding pKa-s are strongly
dependent on the conditions applied. The speciation diagram

as a function of pH was calculated by using pK1 = 7.5 ± 0.1
and pK2 = 9.3 ± 0.1 (Fig. 7). The estimated pH values are in
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Fig. 8 – The comparison of the �[OCl−]/[ClO3
−] ratios, R, as a

function of time during the decomposition of HOCl in the
presence of Cr(VI) and telluric acid at pH0 = 6.9. � control,

CrO4

2−, Te(OH)6. cHOCl = 0.050 M,  ccat = 0.036 M,  T = 80.0 ©C.

good agreement with those available in the literature (Filella
and May, 2019; McPhail, 1995). The results confirm that the
first deprotonation step coincides with the optimum pH
region of the decomposition. This implies that somehow the
Te(OH)6 and TeO(OH)5− forms are active in the catalytic pro-
cess.

The comparison of the results obtained in the presence of
chromium(VI) and telluric acid reveals that the former is more
active catalyst (Fig. S9), but the stoichiometries of the reaction
are very similar with both species (Fig. 8).

4.  Conclusion

The results presented here reveals that the decomposition of
HOCl is clearly accelerated by YCl3, Y2O3 and Te(OH)6. By com-
paring the stoichiometries and relative rates of the catalytic
reactions, only telluric acid seems to be a useful candidate to
replace Cr(VI). The comparison of the results obtained in the
presence of chromium(VI) and telluric acid reveals that the
former is more  active catalyst, however, its adversary impact
on workers health may justify the introduction of Te(OH)6 as
an alternative catalyst in the chlorate process. Further studies
should be directed toward understanding the details of telluric
acid catalysis and exploring effects of this catalyst on the elec-
trochemistry of the industrial process. It is important to note
that the higher price of the latter catalyst is an important issue
regarding practical applications.
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