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Robust and Self-Cleaning Electrochemical Production of

Periodate

Camila M. Kisukuri*,” Roland Jan-Reiner Bednarz'® Christopher Kampf,” Sebastian Arndt,™

and Siegfried R. Waldvogel*"

Periodate, a platform oxidizer, can be electrochemically recycled
in a self-cleaning process. Electrosynthesis of periodate is well
established at boron-doped diamond (BDD) anodes. However,
recovered iodate and other iodo species for recycling can
contain traces of organic impurities from previous applications.
For the first time, it was shown that the organic impurities do
not hamper the electrochemical re-oxidation of used periodate.
In a hydroxyl-mediated environment, the organic compounds
form CO, and H,O during the degradation process. This process
is often referred to as “cold combustion” and provides
orthogonal conditions to periodate synthesis. To demonstrate
the strategy, different dyes, pharmaceutically active ingredients,

Introduction

The EU aims for Europe being climate neutral by 2050. This
ambitious goal requires electrification of many industrial
processes. Electro-organic synthesis may contribute to this goal
substantially because it provides sustainable access to a
growing number of compounds while allowing for controlled
degradation of others (i.e,, pollutants and waste products)."™
Electro-organic reactions provide numerous advantages com-
pared to conventional synthetic approaches.®'®" For example,
hazardous and stoichiometric chemical redox reagents can be
substituted directly by electricity derived from regenerative
energy sources. This increases atom economy and lowers waste
production for the desired reaction.'®'"'%'” Fyrther advantages
are the improvement of safety and milder reaction conditions.
In total, this sustainable approach can pay off."®

Batch-type electrolysis cells, typically used in research
laboratories, limit the scale-up of electrochemical reactions to a
technical scale due to low space-time yields. One potential
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and iodine compounds were added as model contaminations
into the process of electrochemical periodate production. UV/
Vis spectroscopy, NMR spectroscopy, and mass spectrometry
(MS) were used to monitor the degradation of organic
molecules, and liquid chromatography-MS was used to control
the purity of periodate. As a representative example, dimethyl
5-iodoisophthalate (2mm), was degraded in 90, 95, and 99%
while generating 0.042, 0.054, and 0.082 kilo equiv. of periodate,
respectively. In addition, various organic iodo compounds could
be fed into the periodate generation for upcycling such iodo-
containing waste, for example, contrast media.

approach to practically and economically overcome this scal-
ability issue is the operation of the electrolysis reactions under
continuous-flow conditions.'”*” Advantages of this approach
are the higher energy efficiency due to smaller interelectrode
distance (narrow gap) and the improved selectivity due to
higher electrode surface/volume ratio in a flow electrolyzer.?'%
Therefore, efficiencies of mass, energy, and electron transfer can
be enhanced significantly.?’="

Periodate represents a strongly oxidizing hypervalent iodine
species, able to facilitate a large scope of oxidative trans-
formations in organic synthesis.®*'*? Prominent examples in-
clude cleavage of carbon-carbon bonds of a variety of 1,2-
difunctionalized alkanes,®® iodinations of alkenes and
arenes,*** oxidation of polysaccharides, as well as Malprade
and Lemieux—Johnson oxidations.®**” Periodate is thus widely
used in the synthesis of active pharmaceutical ingredients (APIs)
(Figure 1).5879

Commonly, periodate can be produced from NalO,, which
can be synthesized from iodine and excess NaClO,.*" However,
due to the high costs related to purification after the synthetic
process or protocols with low efficiencies, traditional methods
are reported as expensive.***¥ Additionally, they involve
dangerous and toxic reagents and show poor atom
efficiency "+

An electrochemical approach is generally preferred over a
chemical method.”® Among the large variety of electrosynthesis
pathways, oxidative reactions can be carried out at lead dioxide
(PbO,) or boron-doped diamond (BDD) anodes.*” Among these
two, PbO, has often been used preferentially as the anode
material, due to electro-catalytic effects and its high over-
potential for oxygen evolution in aqueous media.””’ Never-
theless, at high positive potentials PbO, electrodes can form
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In general: measured in the scale of kilo equivalents of para-periodate in a
co-production process. Dimethyl 5-iodoisophthalate was de-
graded with 90, 95, and 99 % efficiency, while generating 0.042,
NagH,10g rea‘;‘:’rﬁ”;;'ste 0.054, and 0.082 kiloequiv. of para-periodate, respectively.
or + Commonly, all investigated examples were degraded to 99%,
Nalo, NalOj, Nal, I, while consuming 0.082-52.4 kilo equiv. of periodate.

API synthesis[38-40]

This work: electrochemical
- - idati
105,17, 1 oxicaron NaH,lOg + Hp
+
NaOH #
" OH-mediated

organic
contaminan

Figure 1. Examples of reported use of periodate in comparison to the use of
periodate as platform oxidizers and elimination of organic impurities (this
work).

“mud”, increasing consumption and  product
contamination “®4?

In the last decades, the research for innovative electrode
materials has focused on BDD anodes. Favorable properties of
BDD electrodes include: (i) wide range of acceptable solvents;
(ii) low background currents; (iii) reduced fouling; (iv) no
corrosion at high temperatures; and (v) biocompatibility.®°=>*

Janssen and Blijlevens reported the use of BDD anodes for
the production of periodate, mostly based on expensive lithium
salts.*® Recently, we established the sodium periodate produc-
tion using electro-organic synthesis in a flow electrolyzer.” In
this protocol, alkali iodides were used as the least expensive
commercial source of iodine and caustic conditions were
chosen to achieve a high current efficiency of 84%, while
avoiding the precipitation of iodine. Highly toxic anti-reducing
agents could be omitted using a divided cell setup employing a
Nafion membrane. The electrochemically produced para-peri-
odate has been successfully demonstrated to efficiently
degrade lignin,*® and to achieve the final oxidative step in the
synthesis of levetiracetam and sulfoximines.®”*®

Here, we demonstrate that electrolyses to the periodate
platform oxidizer are highly robust against the presence of
several organic contaminants (i.e., dyes, APIs, and other iodine
compounds). Mineralization of these impurities is not harming
the oxidative recycling of periodate. As shown previously, the
formation of periodate occurs via hydroxyl radicals, which can
also degrade and mineralize the organic impurities.***" In this
study, 8 different organic dyes, 3 contrast media, and 8 different
iodine compounds were tested as impurities and shown to
degrade during periodate recycling, as verified by UV/Vis
spectroscopy and mass spectrometry (MS). lodo compounds
(e.g., from industrial processes) could even enhance the period-
ate yield by upcycling. Degradation of the compounds was

energy
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Results and Discussion
General flow electrolyzer for periodate production

At first, the platform developed for the synthesis of sodium
periodate was set in operation. The parameters were adjusted
to the best reaction conditions. This includes the use of a
divided flow electrolysis cell composed of a stainless-steel
cathode (4x12 cm? and a BDD anode (4x12cm?. A Nafion
membrane was used to separate the compartments. The
electrochemical reaction parameters were adjusted to a
galvanostatic reaction using a constant current density of
312 mAcm? (/=15 A). The aqueous anolyte (4 m NaOH; 0.21m
Na;H,IO¢) and aqueous catholyte (4 m NaOH) solutions were
pumped through the electrolyzer with a flow rate of 7.5 Lh™'. A
complementary pump was used to keep the volume of
catholyte and anolyte constant. Here, a rate of 0.3 mLmin~' was
used. Also, a cryostatic bath circulator, for controlling the
temperature of the electrolyzer was employed. To test the
degradation of the organic contaminants, selected compounds
were added into the anodic compartment. Figure 2 schemati-
cally illustrates the setup to re-oxidize periodate and degrade

L= =)

O B O

cryostatic cryostatic
bath bath

N Organic
<

H,0 _l J> contaminant

NaOH
N

NaOH
NazH,IOg

Figure 2. General scheme for the periodate platform oxidizer: self-cleaning
electrochemical re-oxidation to periodate following the degradation of
organic compounds; cooling cryostat pump.
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organic molecules. A detailed set of pictures of the system is
displayed in the Supporting Information (Figures S1 and S2).

In general, the established flow system proved to be robust,
not showing leaks or clogging after the re-oxidation and
degradation experiments.

Re-oxidation to para-periodate using dye-containing
solutions

The UV/Vis measurements were used to easily follow the
degradation (Figures S3-S18) of different dyes present in the
anodic compartment. For these experiments, a dye concen-
tration of 1x10™* M was used. This concentration proved to be
ideal to direct measurements of UV/Vis without any type of
dilution steps and with good sensitivity. To clarify that not only
the fluorophore was degraded but a total degradation
happened, high-resolution (HR)MS analyses were performed.
Examples are displayed in the Supporting Information (sec-
tion 14). The experiments were performed using the parameters
displayed in Table 1.

Initially, aza dyes as sudan| (1), diamine green (2), and
brilliant black (3) were added into the periodate platform
oxidizer process. Figure 3 depicts the variation of aza dye
concentrations by normalized absorbance as a function of time
and the periodate equivalents generated during the process.
For a complete sodium para-periodate synthesis, 10 F (8-
electron oxidation of Nal and 2 F for side reactions) are required
for 1 equivalent.”

The equivalents of periodate production for 90% degrada-
tion of aza dyes decreases in the following order: 1<3<2.
Compound 1 degrades faster than compounds 2 and 3,
requiring 2.4 kiloequiv. of para-periodate being co-produced.
Diamine green (2) and brilliant black (3) took 3.7 and
3.0 kiloequiv. of para-periodate to degrade until 90%, respec-
tively. To further demonstrate the versatility of periodate’s self-
cleaning process, different dye structures were tested next:
fluorescein (4), methylene blue (5), naphthol green (6), rose
bengal (7), and perylenetetracarboxylic dianhydride (PTCDA)
(8). Figure 4 displays the variation of ionic dyes’ concentrations
4-8 by normalized absorbance as a function of time and para-
periodate equivalents.

A 90% degradation of 4 corresponds to 1.6 kiloequiv. of
para-periodate production. lonic dyes like 5 and 6 were 90%
decomposed within 26.2 and 2.9 kiloequiv. of para-periodate,
respectively. The experiments with 7 and 8 took 8.2 and
18.8 kiloequiv. of para-periodate to be 90% degraded, respec-
tively. Additionally, during the experiments with 7 and 8 we
observed color variations in the degradation process, which
could correspond to intermediate structures, formed during the
re-oxidation process. This behavior made it difficult to fit such
curves and follow the degradation by exponential fit equations.
An image of the degradation process can be seen in the
Supporting Information (Figures S16-518). Considering the
structure of the dyes in relation to the decomposition, a
correlation between 90% degradation time and the com-
pounds’ structural nature could be confirmed. In general, more
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Table 1. Electrochemical degradation of dyes in para-periodate platform
oxidizer process.”

BDD || stainless steel #
j=312mA cm?
Dye CO, +Hy + Ny + H,0
divided flow electrolyzer
fr=75Lh"

Dye (0.1 mm) Degradation
[kilo equiv. of Na;H,lO4]

>90% >95% >99%

@ ,N
24 3.2 5.0

Sudan 1(1)
NaO3S. OO SO3Na OH
3 :”iNf.N

Ny
o N/©/ NH, OH 3.7 4.8 74
n (2) NN

Diamine gree
NaQ

\ /O o\ ONa
O’ \o
NaO-
O '

,S’
ONa
Brilliant black (3)

l COONa
/ O 1.6 2.0 3.1
o ONa

Fluorescein (4)

| ¢
_N S 2N
\@ND/ 26.2 34.1 524

Methylene blue (5)

Fea'l  Q 29 37 58

NaO’S

O

(I)

Naphthol green (6)
Cl

Cl
0.
|
O O OH
Rose bengal (7)

O

Cl

the data was not fit by the
exponential equation; for-
mation of intermediate
species (see Supporting In-
formation)

the data was not fit by the
exponential equation; for-

Q O mation of intermediate
0 o species (see Supporting In-
PTCDA (8) formation)

[a] reaction conditions: Flow electrolyzer (BDD |Nafion™ membrane|
stainless steel, 4x 12 cm?=48 cm?); dye (0.1 mm), NaOH (4 M), Na;H,IOg
(021 m), H,0 (200mL), j=312mAcm™?, Q=6-149F, rt. Degradation
determined by UV-Vis analysis. All the kilo equiv. of periodate were
calculated as showed in the section 11 (Supporting Information).

electron rich compounds are more easily degraded than less
electron rich ones.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 3. The degradation rate of the aza dyes brilliant black (blue W),
diamine green (green V), and sudan | (orange @) during the electro-
chemical re-oxidation of para-periodate, j=312 mAcm™? the flow rate was
7.5Lh7", in a divided flow electrolyzer. All UV/Vis spectra were recorded in
caustic soda (0.21 m Na;H,IOg 4 M NaOH, 0.1 mm dye).

10724

normalized absorbance

0 20 40 60 80 100 120 140
reaction time / min

0.0 1.8 35 53 7.0
co-production of kilo equiv. NazH,10¢

Figure 4. Kinetic degradation rate of the tested ionic dyes methylene blue
(orange A), naphthol green (pink @), brilliant black (blue W), diamine green
(green W), and fluorescein (yellow #) during electrochemical re-oxidation of
para-periodate using UV/Vis data at a current density of 312 mAcm, the
flow rate of 7.5 Lh™, in a divided flow electrolyzer. All UV/Vis spectra were
recorded in caustic soda (0.21 m Na;H,lO, 4 M NaOH, 0.1 mm dye).

As illustrated in Table 1, we also compared the percentage
of dye degradation in >95 and >99% with the equivalents of
co-generated para-periodate. The results were derived from the
respective exponential fit equations (Supporting Information,
section 11). The equivalents of para-periodate follow the ration-
ale mentioned above and depend on the electronic nature of
each dye. More electron-rich dyes need less equiv. of para-
periodate being co-generated, whereas electron-deficient ones
need significantly more for the parallel occurring mineralization
process. As an example, we can note the difference in
equivalents necessary for the degradation of 1 (>95 and >99%
using 3.2, and 5.0 kiloequiv. of para-periodate) compared with
5 (>95 and >99% using 34.1 and 52.4 kiloequiv). In this case,
compound 5, a more electron-deficient dye, needs 10 times
more equiv. of para-periodate to be >99% degraded.

ChemSusChem 2022, 15, 202200874 (4 of 8)

Re-oxidation to para-periodate using iodo, contrast, and
chemotherapy agent-containing solutions

The degradation of iodine and chemotherapy agents was
monitored using different analytical methods.*? Methods with
clear monitoring of degradation were used, according to each
compound. Therefore, the concentration of each pharmaceut-
ical had to vary to maintain a good sensibility of the respective
detection. Regarding the experiments with diodrast (9), dia-
trizoate (10), and iohexol (11), liquid chromatography (LC)-MS
was applied as analytic method and an initial concentration of
0.8mm was used for these compounds. Details of the LC-MS
analyses are provided in the Supporting Information (section 7).
For fluorouracil (12), 'H and 'F (Figure S33a, b) nuclear
magnetic resonance (NMR) spectroscopy and a concentration of
3mm were used to identify the degradation.

Table 2 displays the results to contrast and chemotherapy
agent degradation comparing with the equiv. of para-periodate.

Table 2. Electrochemical degradation of APIs in para-periodate platform
oxidizer process.”

BDD || Stainless steel t
pharmaceutically j=312mA cm?

active ingredients

CO; + Hy + Ny + Hy0 + HF
divided flow cell

(AP fr=7.5Lh"
API (0.8-3mm) Degradation
[kilo equiv. of Na;H,IO4]
>90% >95% >99%
o]
1 |
||
iy 0.208 0.241 0319
HrOH . . .
o]
Diodrast (9)/2:¢/
OgOH
o Po
)'\N NJK 0.507 0.644 0.962
H @y H
Diatrizoate (10)%:¢]
OH
HO
HN._O oH
ol J OH  direct complete glycol cleavage in con-
)LN NH tact with anolyte solution
Ho’\) i o
OH
lohexol (11)[e:e.dl

HN)‘]/F
OAN 0.056 0072 0.110

Fluorouracil (12)[&1

[a] Reaction conditions: Flow electrolyzer (BDD |Nafion membrane|
stainless steel, 4x 12 cm?=48 cm?); dye (0.8-3 mm), NaOH (4 m), Na;H,IO¢
(0.21 m), H,O (200 mL), 312mAcm 2, Q=9-12F, RT. All kiloequiv. of
periodate were calculated as shown in section 11 (Supporting Informa-
tion). [b] Concentration of 0.8 mm. [c] Degradation determined by LC-MS.
[d] Degradation without electricity. [e] Concentration of 3mm. [f]
Degradation determined by 'H NMR spectroscopy.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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For >90, > 95, and >99% degradation of 9, 0.208, 0.241, and
0.319 kiloequiv. of Na;H,lO4 production were necessary. On the
other hand, 10 was >90, >95, and >99% degraded using
0.507, 0.644, and 0.962 kilo equiv. of para-periodate produc-
tion. When 11 was subjected to the degradation process, the
signal corresponding to this compound, observed by LC-MS,
disappeared only in contact with the anolyte solution. In this
case, immediate glycol cleavage occurs by the contact of basic/
para-periodate solution, thus modifying the initial structure.

The LC-MS analyses were illustrated in the Supporting
Information (Figures S60-563). A further 'H and "C NMR
spectroscopic investigation indicated that the degradation
process occurs in the alkyl chains, carbonyl, as well in the
aromatic parts of the molecule. Probably, in the degradation
process of the pharmaceuticals, halogen species are replaced
by oxidative radicals formed at the anode. This is a comparably
slow process. Thus, the more halogen atoms are present in the
molecule, the more equiv. of para-periodate are necessary.’>*¥
The first oxidation potentials of the APIs were measured using
cyclic voltammetry, which support this hypothesis (Supporting
Information, section 15).

Another factor that can cause a delay in the degradation
process and increases the amount of necessary production of
para-periodate is the possible formation of some interaction of
para-periodate with the organic compounds. Thus, para-period-
ate can form intermediate complexes, which first need to cleave
before the actual degradation can start.

As an example, the data analysis of 10 degradation is
depicted (Figure 5). Here, we observed that the degradation of
this compound starts with a delay, showing an exponential
decay only after 10 min. This behavior can indicate a formation
of some species as shown in the inset of Figure 5. Furthermore,
the initial delay could be observed in other compounds as 9
and 12. The degradation analyses of all the other investigated
compounds can be found in the Supporting Information
(Figures S40-S55).

=
o
[ ]

o
)

o
o

e
»

normalized absorbance
o
N

[ ]
0 10 20 30 40 50 60 70 80
reaction time / min

0.0 0.12 0.23 035 0.47
co-production of kilo equiv. Na3zH;10¢

Figure 5. UV/Vis analysis and proposed complex for the degradation of
diatrizoate. The analysis was recorded in caustic soda (0.21 m Na;H,IOg, 4 m
NaOH, 0.8 mm diatrizoate).
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Re-oxidation to para-periodate using iodo
compound-containing solutions

Given the broad generality and operational simplicity of this
degradation protocol triggered by para-periodate as platform
oxidizer, we intended to explore the application of the method-
ology to late-stage diversification of versatile iodine compounds
(see Table 3). Once again, different analytical methods as gas

Table 3. Electrochemical degradation of iodine compounds in para-period-
ate platform oxidizer process.”’

BDD || Stainless steel t
lodine j=312mA cm?
compound

CO, + H; + H,0
divided flow electrolyzer
fr=7.5Lh"

lodine compound (0.4-2 mm) Degradation

[kilo equiv. of Na;H,IO]

>90% >95% >99%
! o
|,(|:~H — I’E‘H _>,
direct degradation 0.25
Diiodomethane lodomethanol
(13a).c.dl (13b)7
_0._0 HO. O
—_—
no further degradation of the carbox-
' ' ylic acid
Methyl 4-lodobenzoic
4-iodobenzoate acid
(14a)tbedl (14b)
| o
©)L°H 0.136 0.176 0271
2-lodobenzoic acid (15)9!
(o]
|
OH
\ED)L 0.216 0.281 0.430
3-lodobenzoic acid (16)%9
|
HoN
0.171 0.222 0.341

2-lodoaniline (17)

o o
~o o
0.042 0.054 0.082
|
| 1
0.065 0.079 0.112
I

2,4,6-Triiodophenol (19)Hh1

[a] Reaction conditions: Flow electrolyzer (BDD |Nafion membrane|
stainless steel, 4x12cm’=48cm?); dye (0.4—2mm), NaOH (4 m),
Na;H,I0, (0.21 m), H,0 (200 mL), 312mAcm™ Q=0.5-23F, RT. All
kiloequiv. of periodate were calculated as showed in section 11 (Support-
ing Information). [b] Concentration of 0.4mm. [c] Degradation without
electricity. [d] Determined by 'H NMR spectroscopy. [f] Concentration of

2 mM. [g] Determined by GC. [h] Determined by GC-MS.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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chromatography (GC), GC-MS and 'H NMR spectroscopy were
used to follow the degradation.

When diiodomethane (13) was employed to the re-
oxidation within the para-periodate process, once being in
contact with the anolyte solution the replacement of an iodine
atom for a hydroxyl group can be observed, forming iodome-
thanol (13b). Over time, iodomethanol can form hydrate in
equilibrium with formaldehyde, which can easily oxidize further
under the given conditions.” But when methyl 4-iodobenzoate
(14) was employed to the re-oxidation para-periodate process,
we did not observe the degradation process. Instead, we
observed the formation of 4-iodobenzoic acid (14b). Next, we
investigated ortho- and meta-substituted iodobenzoic acids (15
and 16). For those compounds, >99% degradation was
achieved using 0.271 and 0.430 kilo equiv. of para-periodate,
respectively. The 2-iodoaniline (17) was tested and could be
>90, >95, and >99% degraded using 0.171, 0.222, and 0.341
kilo equiv. of para-periodate. Nevertheless, dimethyl 5-iodoi-
sophthalate (18) and 24,6-triiodophenol (19) were >99%
degraded using surprisingly small amounts of para-periodate:
0.082 and 0.112 kiloequiv., respectively.

As shown in the previous and in this section, organic iodo
compounds can be fed into the para-periodate generation for
upcycling such iodo-containing waste into the platform
oxidizer.

Purity of para-periodate formed and influence of the
pollutants

To clarify that after the re-oxidation process, we have para-
periodate in high grade, LC-MS analysis was carried out after
the degradation process. The results (Supporting Information,
section 12) showed that after the process, the para-periodate
has the same purity as before adding the organic contaminant
into the anolyte compartment.

Thereafter, we could verify that we can electrochemically
produce high-grade para-periodate using solutions containing
organic molecules inside: We performed the following experi-
ments, showed in Scheme 1.

In these cases, LC-MS analyses (Supporting Information)
showed that formed Na;H,lO, exhibits the same purity grade
than the para-periodate formed using Millipore water. The
current efficiency (CE) for this experiment was 82% compared
with 84% when the reaction was performed using Millipore
water.

Role of hydroxyl radicals in the re-oxidation to
para-periodate

In the periodate platform oxidizer process, dissolved uncon-
verted iodine species are recycled within the anolyte, while
para-periodate crystallizes during the process.®*”” This means
having a constant cycle of para-periodate production using
unconverted iodine species.

ChemSusChem 2022, 15, 202200874 (6 of 8)
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0.1 mM
OH O BDD || Stainless steel
| | Q=44-113 F,j=312mAcm'zt
flow electrolysis (Nafion)
fr=75Lh" CO, + Hy + Ny + H,0
+
| H,0 NazH,l0¢
0.4 mM 0.21 m Nal CE = 81-82%
4 m NaOH
or
Oy OH
| |
(e} (o}
AL N
H i H
0.8 mM

Scheme 1. Synthesis of para-periodate using solutions containing sudan |,
2,4,6-triiodophenol, and diatrizoate.

Regarding the theorical process analysis, 4 molecules of H,0
and 8 equiv. of hydroxide are consumed for the oxidation of
1 equiv. of iodine. 3 equiv. of H,0 and 6 equiv. of hydroxide are
required for the oxidation of iodonium (I*), which is generated
by disproportion of I, requiring two additional equiv. of
hydroxide for the formation of 10~. One molecule of H,0 and
2 equiv. of hydroxide are required for the oxidation of iodate to
periodate. In all cases, the same number of hydroxide equiv. is
generated at the cathode. To form para-periodate from meta-
periodate, only 2 equiv. of hydroxide are consumed. Among the
electrochemical methods, anodic oxidation is driven by gen-
erated hydroxyl radicals.*>”

Equations (1)-(5) illustrate the process of formation and
recycling of the para-periodate at the anode:

I” + 80H — 10, +4H,0 + 8e~ M
10~ +60H — 10, + 3H,0 + 6" 2
10; +20H™ — 10, + H,0 + 2e~ 3)
2H,0 — 4H" + 0, + 4e~ @
I0; +20H™ — H,I0}" (5)

Conclusion

We studied the influence of organic contaminations onto the
regeneration of the electrochemical platform oxidizer para-
periodate. It turned out that this re-oxidation to para-periodate
results in a self-cleaning process due to the degradation of
these organic compounds. Since the oxidation process at the
anode is mediated by hydroxyl radicals, a concurrent minerali-
zation of the organic entities occurs. The robustness of this
platform process was demonstrated by contaminants consisting
of dyes, active pharmaceutical ingredients, and organo-iodine
compounds.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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In the concurrent degradation within the periodate process,
we could observe a correlation between the electronic nature
of the contaminant and the oxidation efficiency: Electron-rich
contaminants are degraded first and need fewer equivalents of
para-periodate being co-produced than less electron-rich
compounds. Also, this strategy could degrade iodine com-
pounds. Lastly, the iodo species can be recycled in the system
for advanced para-periodate production.

To the best of our knowledge, this is the first example re-
oxidizing para-periodate using contaminated water with organ-
ic molecules. This is the prerequisite for using periodate as a
versatile platform oxidizer for sensitive applications, wherein
the different streams for recycling may contain various contam-
inants. These are efficiently mineralized during the anodic
process.

Experimental Section

The anodic compartment consists of the organic compound
(0.1 mm for dyes, else 0.2-3 mm) and iodine sources, NalO; or Nal
(0.21 m) in caustic soda (32 g NaOH in 200 mL deionized water,
4 m). The cathodic compartment only contains caustic soda (4 m).
The BDD anode and stainless-steel cathode, separated with a
Nafion membrane, were connected to a galvanostat and both
electrolytes were pumped (flow rate=7.5 Lh™") in cycling mode. A
constant feed loop of catholyte to the anodic compartment was
installed (flow rate=0.3 mLmin™"). This was necessary to keep the
volume of both compartments constant. The co-production of
para-periodate (j=313 mAcm™2, Q as stated) was carried out at
room temperature and the heat dissipated via a cryostatic bath
circulator. Both compartments were stirred (300 rpm). The terminal
voltage was 9.540.5 V. For a reaction control, samples (2 mL) were
taken in regular time steps, filtered over a glass frit to remove the
access of para-periodate, and the permeate neutralized using
NaHSO,., (2 m). Then, the solution was measured using the
adequate analysis technique.
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