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Abstract—Electrochemical behavior of naphthalene 1-nitro-6-sulfonic acid was studied by polarography,
voltammetry on glassy carbon electrodes, and electrolysis at controlled potential and in galvanostatic mode.
The 1-nitro-6-sulfonic acid, like α-nitronaphthalene and naphthalene 1-nitro-3,6,8-trisulphonic acid, was
shown to be polarographically reduced in a strong acidic medium in the presence of 0.1 N H2SO4 to the cor-
responding naphthalene aminosulfonic acid in a single six-electron stage via an intermediate formation of
hydroxylamine. Deceleration of the 1-nitro-6-sulfonic acid polarographic reduction manifesting itself as a
decrease of the polarographic current, as well as strong dependence of the polarization curves’ parameters
and shape on the neutral and alkaline supporting solution composition and pH, are related to anionic char-
acter of the species being reduced, which is caused by the presence of acidic sulfonic group in their molecules.
The technological parameters for the naphthalene 1-amino-6-sulfonic acid preparative electrosynthesis are
determined: the current density 5–10 A/dm2, temperature 30–32°C, and concentration of the initial nitro-
compound 10–13%, which provide the target product yield of 87.0–93.5%, the current efficiency of 38.0–
42.4%, and recovery of 69.0–80.0% (on the N3 grade nickel and Kh18N10Т-stainless-steel cathodes in ammo-
nia buffer solutions with pH 7.0–8.2). To increase the electroreduction efficiency of the nitro-Cleve’s acids’
technical isomeric mixture reduction, the mixture preliminary purification and the using of inert atmosphere
are recommended in the processes of both electrolysis and the target Cleve’s-acid extraction from the solution.
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INTRODUCTION
Isomeric mixture of 1,6- and 1,7-naphthalene

1-aminosulfonic acids (Cleve’s-acids) has wide-
spread application in the dyes manufacturing [1].

The Cleve’s-acids are produced by the electrore-
duction of the corresponding naphthalene nitrosul-
fonic acids by the using of various chemical
reagents:

In the industry, the Cleve’s-acids are produced by
the reducing of naphthalene nitrosulfonic acid mix-
ture with the using of pig iron cutting [2]. This manu-
facturing is loaded with great amount of waste-waters
and non-recyclable solid waste products as coal-iron
slack (4.0–4.5 t of solid waste is formed per 1 t of the

target product). In addition, the Cleve’s-acids’ yield is
nonstable, it is determined by the pig-iron cutting
quality and its pretreatment prior to the reduction.

Literature data concerning the electrochemical
reduction of the naphthyl nitrosulphonic acid iso-
meric mixture are very scarce [3]. The 1,6- and 1,7-
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2 KONAREV
naphthyl nitrosulphonic acids’ electrochemical
reduction at lead cathode in acidic solution was shown
[3] to proceed no further than to the formation of
naphthyl hydroxylaminosulphonic acids. The increase
in temperature and the lead electrode activity (by the
zinc or copper coating thereon) allowed accelerating
the reaction; however, it did nor promote transforma-
tion of the hydroxylamino-derivatives to amines.

The electrochemical reduction of the 1,6- and 1,7-
naphthyl nitrosulphonic acids’ technical mixture to
the corresponding 1,6- and 1,7-naphthalene amino-
sulfonic acids (the Cleve’s-acids) in strong acidic and
buffer ammonium solutions at various cathodic mate-
rials was studied in work [4]. At nickel cathode in the
ammonium buffer solution under the conditions of
preparative electrolysis the Cleve’s-acids’ yield is 88–
93%; the current efficiency, 58–60%. However, the
Cleve’s-acids’ recovery yield calculated by the disen-
gagement from solutions obtained after the electrolysis
is 39.0–43.0%, as compared with that of 52.0–60.0%
in the chemical reduction. In addition, the Cleve’s-
acids isolated from reaction mass after the current
industrial procedure, unlike those obtained by the
chemical reaction, are enriched with the 1,7-Cleve’s-
acid isomer. In particular, the isomeric naphthalene
aminosulfonic acids content in the spread is: the
1,6-Cleve’s-acid, 8–9%; the 1,7-Cleve’s-acid, 80–
90%; the 1,8-peri-acid, 6–8%. Therefore, the devel-
opment of the technology for the 1,6- and 1,7-naph-
thyl nitrosulphonic acids’ technical isomeric mixture
electroreduction into the corresponding naphthalene
aminosulfonic acids required pre-examination of
electrochemical behavior of the naphthalene 1-nitro-
6-sulfonic acid as a model compound, in order to elu-
cidate the reason for the lower Cleve’s-acids’ recovery
yield from solutions obtained after the electrolysis, as
well as to lower the naphthalene 1-nitro-6-sulfonic
acid concentration in the isolated product as com-
pared with the chemical reduction of 1,6- and 1,7-
naphthyl nitrosulphonic acids’ isomeric mixture.

EXPERIMENTAL

Polarograms were taken using a PU-1 polarograph.
A dropping mercury electrode with forced droplet
detachment (by using an applicator) had the following
characteristics (determined in 0.1 N КС1 solution
under open circuit conditions and the mercury col-
umn height of 50 сm): m = 1.0 mg/s, t = 0.65 s. The
potentials are given against saturated calomel elec-
trode.

The indifferent electrolytes were Britton–Robin-
son buffer solutions with рН values from 2.0 to 11.0
and constant ionic strength of 0.5 М, 0.1–1.0 N НС1,
Н2SO4, and NaOH solutions, and the buffer ammo-
nium solutions with рН 5.0–9.0, as well as 0.1–1.0 N
ammonium chloride solutions.
RUSSIAN JOURNA
Cyclic voltammograms at glassy carbon (SU-2000)
electrode were recorded using the PU-1 polarograph
in differential mode. The stationary electrode we used
was end-face of a glassy carbon rod (2 mm in diame-
ter) [8].

The cell was a conical glass vessel with a volume of
20 сm3 provided with a jacket for thermostating. A sat-
urated calomel half-cell was the reference electrode;
the potential values below are given against this elec-
trode. Another saturated calomel half-cell was the
auxiliary electrode.

To obtain reproducible results, the glassy carbon
electrode was grinded with a fine emery paper, pol-
ished to mirror-smooth surface with felt impregnated
with glycerol with alumina. After washing with dis-
tilled water, the electrode was exposed to concentrated
sulfuric acid, them washed again thoroughly. Immedi-
ately prior to the recording of current–voltage curves,
the electrode was washed with water and wiped with
filter paper. The electrolyte was deoxygenated by the
bubbling with inert gas.

To identify the naphthalene 1-nitro-6-sulfonic
acid reduction products and evaluate the reduction
effectiveness, we carried out controlled-potential elec-
trolysis using a P-5848 electronic potentiostat. The
electrolysis was performed at electrodes made of vari-
ous materials in cylindrical glass cell provided with
jacket for thermostating; the anodic and cathodic
compartments were separated with an МК-40 cation-
exchange membrane. Platinum plate was anode; 10%-
solution of sulfuric acid, the anolyte. The catholyte
volume was 70 mL. The thermostated cell has ground
cap provided with connecting pipes for current collec-
tors, sampling, mounting the Luggin capillary, and
nitrogen supply. The cathode made of the studied
metal, with the surface area of 0.15 dm2, was mounted
at the cell bottom. The current collector was a stem
sealed in glass tube. The catholyte was agitated with a
magnetic stirrer.

The potentials were set in conformity with the data
obtained from the polarization measurements at the
solid electrodes.

During the electrolysis, the changes in the concen-
tration of the raw nitro-compound and the reaction
products were controlled by using the polarography
and voltammetry [8].

The naphthalene 1-nitro-6-sulfonic acid reduction
in galvanostatic mode was carried out in a cylindrical
glass cell similar to that used for the controlled-poten-
tial electrolysis.

To the polarographic and voltammetric studies,
the naphthalene 1-nitro-6-sulfonic acid and naphtha-
lene 1-amino-6-sulfonic acid were purified by double-
crystallization from deionized water. The naphthalene
1-nitro-6-sulfonic acid ammonium salt was isolated
from technical isomeric mixture of naphthyl nitrosul-
phonic acids with the concentration of 0.5–0.7 М,
containing 40.5% of the naphthalene 1-nitro-6-sul-
L OF ELECTROCHEMISTRY  Vol. 57  No. 1  2021
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Fig. 1. Polarograms of naphthalene 1-nitro-6-sulfonic
acid in 0.1 N Н2SO4 (1) and Britton–Robinson buffer
solution with рН: (2) 2.7; (3) 5.3; (4) 8.3; (5) 10.3;
(6) 0.1 N NaOH. The naphthalene 1-nitro-6-sulfonic acid
concentration 2.8 × 10–4 М, temperature 20°С.
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Table 1. pН effect on the naphthalene 1-nitro-6-sulfonic
acid polarographic reduction in ammonia buffer solutions
(0.1 N NH4Cl + NH4OH). The naphthalene 1-nitro-6-sul-
fonic acid concentration 2.8 × 10–4 М

рН –Е1/2, V Id, μА

4.95 0.75 1.46
6.30 0.75 1.50
7.30 0.75 1.50
8.60 0.76 1.50
fonic acid, 51.0% of naphthalene 1-nitro-7-sulfonic
acid, and 3.5% of naphthalene 1-nitro-8-sulfonic
acid, obtained from existing industry. The isolated
naphthalene 1-nitro-6-sulfonic acid purity was evalu-
ated by thin-layer chromatography, using the acetic
acid : butanol : distilled water (1 : 4 : 5) mixture as elu-
ent. In addition, the naphthalene aminosulfonic acids’
isomeric ratio in the solution and in the isolated prod-
uct was analyzed by using high performance liquid
chromatography as described in work [4].

α-Nitronaphthalene to be used in polarographic
studies was re-crystallized twice from ethanol.

The concentration of the intermediate product,
naphthalene hydroxylamine sulphonic acid, was
determined by voltammetry in the 1 М NaOH sup-
porting electrolyte solution in differential mode [5];
that of naphthalene 1-amino-6-sulfonic acid, by the
diazotization method, reckoning to diazotized prod-
ucts with molecular mass 223.

The target naphthalene 1-amino-6-sulfonic acid
was isolated from the post-electrolysis solution upon
its acidifying with sulfuric acid down to the reaction-
mass рН of 3.9–4.1 at 50–55°С, with subsequent
cooling down to 20–25°С and acidifying down to рН
of 2.0 under agitation; then exposed to the same tem-
perature for 18–20 h at a stopped stirrer, with periodi-
cal kneading of the reaction mass.

RESULTS AND DISCUSSION
Polarographic Reduction 

of Naphthalene 1-Nitro-6-Sulfonic Acid

In strong acidic medium, with 0.1 N sulfuric or
hydrochloric acid as a supporting electrolyte we
observed a single polarographic wave with weakly pro-
nounced current decay (Fig. 1) characteristic of the
naphthalene 1-nitro-3,6,8-trisulfonic acid, which is
due to anionic character of the reducible nitro-com-
pound [6]. At рН > 1.96, the current decay disap-
peared, and the polarograms recorded in solutions
with рН 1.96–5.3 demonstrate two waves; at that, the
height of the 2nd wave comes to 1/3 of the summary
limiting current. With the increasing of the indifferent
electrolyte рН, the height of the 2nd wave decreased;
at рН 6.2, the wave disappeared completely, so, a sin-
gle wave is registered in the polarogram. The рН
dependence of the 1st wave limiting current in the
1.96–4.5 pH range is rather complicated; at pH > 4.5
the current appears being рН-independent (Fig. 1).

With the increasing of pH, the half-wave potential
Е1/2 of the 1st wave shifts to more negative values
(Fig. 1); that of the 2nd wave does not change, it
equals –1.0 to –1.05 V. The рН-dependence of Е1/2 is
S-shaped. In the 3.0–8.0 рН range, ∆Е1/2/∆рН
equals 70 mV/рН. In the solutions with the рН
exceeding 8.0, the Е1/2 value of the 1st wave remains
unchanged; it equals –0.80 V.
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
The dependence of the 1st wave current Id in the
0.1 N sulfuric acid solution on the square root from
the mercury column height and the nitro-compound
concentration are represented by lines crossing the ori-
gin; the temperature coefficient of the 1st wave limiting
current in acid solutions is 1.3–1.6%/degree, which
points to a diffusion nature of the 1st wave current.

In the ammonia buffer solutions with рН 4.95–8.6,
the naphthalene 1-nitro-6-sulfonic acid is reduced
forming a single wave in polarograms. At that, the lim-
iting current and Е1/2 value do not vary over the stud-
ied рН range (Table 1).

The limiting current of the naphthalene 1-nitro-6-
sulfonic acid reduction wave in the ammonia buffer
solution with рН 8.6 depends in linear fashion on the
concentration, the line crossing the origin. The
dependence of Id on the square root from the mercury
column height intercepts the abscissa axis; the tem-
perature coefficient is 0.7–0.8%/degree. The data
evidence the presence of adsorption component in
the naphthalene 1-nitro-6-sulfonic acid reduction
current.

The number of electrons participating in the elec-
trode process was estimated by the comparing, under
identical conditions, of the wave heights for the naph-
thalene 1-nitro-6-sulfonic acid and α-nitronaphtha-
7  No. 1  2021
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lene that is also reduced, similarly to other naphtha-
lene nitrosulfonic derivatives [6, 7], in strong acidic
medium to the corresponding amino-compound in a
single six-electron stage via hydroxylamine intermedi-
ate; in alkaline medium, in a four-electron stage to
hydroxylamine compound. At that, the naphthalene
1-nitro-6-sulfonic acid wave height, both in strong
acidic and alkaline medium, equals that of the
α-nitronaphthalene. Therefore, it is believed that the
naphthalene 1-nitro-6-sulfonic acid polarographic
reduction in the strong acidic medium also proceeds
in a single six-electron stage to the corresponding
naphthalene 1-amino-6-sulfonic acid; in alkaline
RUSSIAN JOURNA

Table 2. pН effect on the naphthalene 1-nitro-6-sulfonic
acid polarographic reduction in Britton–Robinson buffer
solutions. The naphthalene 1-nitro-6-sulfonic acid concen-
tration 2.8 × 10–4 М, temperature 20°С

* Еp and Ip are given for the 2nd cathodic peak.

рН
Cathodic peak Anodic peak

–Еp, V Ip, mm Еp, V Ip, mm

0.1 N Н2SO4 0.39 120 +0.24 31

1.96 0.42 102 +0.20 29
2.70 0.47 100 +0.15 30
4.50 0.56 98 +0.10 30
5.30 0.59 94 +0.03 30
6.20 0.63 91 0.00 30
7.20 0.66 82 –0.02 29
8.30 0.71 68 –0.10 25
9.40 0.73 64 –0.15 24
10.30 0.76 57 –0.20 24
11.00 0.77 54 –0.23 24
0.1 N NaOH 0.80 35 –0.35 18

1.04* 26*
medium, in a four-electron stage to the corresponding
naphthalene hydroxylaminosulfonic acid.

The very presence of the nonseparated six-electron
reduction wave for the α-nitronaphthalene [7], naph-
thalene 1-nitro-3,6,8-trisulfonic acid [6], and naph-
thalene 1-nitro-6-sulfonic acid is likely to be
explained by the formation in the strong acidic solu-
tion of an active electrophilic intermediate, a carbo-
nium ion mesomere that is produced in the naphthyl
sulphonic hydroxylamine surface protonation and
subsequent dehydration (bearing in mind the quinone
imine structure):
NH

–H2O

4HNO3S

2HN+OH

4HNO3S
H

2e + 2H+

NH2

4HNO3S
,

The naphthyl sulphonic hydroxylamine is reduced 2-nitro-4,8-disulfonic acid in 0.1 N sulfuric or hydro-

at the same potentials as the initial nitro-compound.

Similar intermediate used to be produced in the
N-hydroxylamine phenol dehydration; it is easier
reduced as compared with the initial compound [8].
On this reason, the о- and p-nitrophenols are polaro-
graphically reduced right to amine, showing a single
six-electron reduction wave. And yet, we showed that
the polarographic reduction of the naphthalene
chloric acid solution proceeds in two stages, similarly
to nitrobenzene and its derivatives [9], with the sum-
mary consuming of six electrons. Here, first a four-
electron wave is observed, which produced naphthyl
sulphonic hydroxylamine; then, a two-electron wave
of its further reduction to the corresponding nitro-
compound is registered at more negative potentials.
The observed difference in the polarographic behavior
of the naphthalene 2-nitro-4,8-disulfonic acid and
α-nitronaphthalene and its sulfonic derivatives in
strongly acidic medium is likely to be explained by the
impossibility of formation of the carbonium ion
mesomere, which is caused by the specifics in the
naphthalene nitrodisulfonic acid molecule structure.

The Naphthalene 1-Nitro-6-Sulfonic Acid 
Electroreduction at Glassy Carbon Electrode

Cyclic polarization curves taken in 0.1 N solution
of sulfuric acid or Britton–Robinson buffer solutions
with рН 1.96–11.0 show a single irreversible peak of
the naphthalene 1-nitro-6-sulfonic acid reduction
current (Table 2), like the curves recorded at dropping
mercury electrode. With the increasing of the solution
рН the peak height decreased; at a 0.1 N NaOH solu-
tion, the peak is split into two approximately equally
high peaks.

When the potential sweeping is reversed from the
potential of –1.3 V, the anodic peak is registered at
potentials from –0.35 to +0.24 V, depending on the
supporting electrolyte solution рН. The peak is due to
the oxidation of intermediate product, the naphtha-
lene 1-hydroxylamino-6-sulfonic acid formed during
the naphthalene 1-nitro-6-sulfonic acid reduction.
Moreover, the nitro-compound reduction final prod-
L OF ELECTROCHEMISTRY  Vol. 57  No. 1  2021
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Fig. 2. Differential voltammograms of the naphthalene
1-amino-6-sulfonic acid oxidation at glassy carbon elec-
trode in different supporting electrolyte solutions:
(1) 0.1 N H2SO4; (2) Britton–Robinson buffer solution
with рН 5.2; (3) 0.1 N NaOH. The naphthalene 1-amino-
6-sulfonic acid concentration 3.8 × 10–4 М.
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uct, the naphthalene 1-amino-6-sulfonic acid, is oxi-
dized in 0.1 N Н2SO4 solution at more positive poten-
tial: +0.65 V; with the increasing of the supporting
solution рН the value of Еp shifts to cathodic direc-
tion, which points to the facilitation of the naphtha-
lene 1-amino-6-sulfonic acid oxidation in alkaline
medium (Fig. 2).

We see from Table 2 that the potential of the naph-
thalene 1-nitro-6-sulfonic acid reduction peak shifts
to more negative values with pH; over the 8.3–14.0 pH
range it depends but scarcely on рН and comes to
‒0.71…–0.80 V. Such a dependence is observed at the
dropping mercury electrode as well (Fig. 1). At that,
both at the dropping mercury and glassy carbon elec-
trodes the naphthalene 1-nitro-6-sulfonic acid elect-
roreduction proceeds nearly at the same potentials.

In Table 3 we give results of our studies in the рН
effects on the naphthalene 1-nitro-6-sulfonic acid
electroreduction at the glassy carbon electrode in
ammonia buffer solutions with рН 7.45–10.30 and
constant ionic strength.

It follows from the data presented in Tables 2 and 3
that the naphthalene 1-nitro-6-sulfonic acid elect-
roreduction in weakly alkaline ammonia buffer solu-
tions proceeds at the potentials approaching those
observed in the Britton–Robinson buffer solutions.
However, the reduction current peak height in the lat-
ter is markedly lower than in the ammonia buffer solu-
tions; the difference increased with the increasing of
the supporting solution рН. For example, the naph-
thalene 1-nitro-6-sulfonic acid reduction limiting
current in the Britton–Robinson buffer solution with
рН 10.3 is 57 mm, whereas in the ammonia buffer
solution of the same рН it equals 70 mm.

Aromatic sulfonic acids are strong acids (in their
strength, the sulfonic acids approach sulfuric and
hydrochloric acids [3]), in the solution bulk they exist
as dissociated acids. Therefore, we studied the effect of
the solution ionic strength on the naphthalene
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5

Table 3. pН effect on the naphthalene 1-nitro-6-sulfonic acid
nia buffer solutions at constant ionic strength. The naphthale

* Еp and Ip are given for the 2nd cathodic peak.

рН Supporting solution composition

7.45 0.01 N NH4OH + 1.99 N NH4Cl
8.40 0.1 N NH4OH + 1.9 N NH4Cl
9.30 0.5 N NH4OH + 1.5 N NH4Cl
9.70 1.0 N NH4OH + 1.0 N NH4Cl

10.30 1.5 N NH4OH + 0.5 N NH4Cl
~12.0 2 N NH4OH
1-nitro-6-sulfonic acid electroreduction in 0.1 N
NH4OH solution added with NH4Cl (Fig. 3).

We see from Fig. 3 that with the increasing of ionic
strength the irreversible current peak of the naphtha-
lene 1-nitro-6-sulfonic acid reduction shifts toward
less negative potentials. In particular, with the increas-
ing of the electrolyte concentration from 0.01 to 1.0 N
the value of Еp becomes by 100 mV more positive. At
that, the cathodic current peak height increased sig-
nificantly; the products of the naphthalene 1-nitro-6-
sulfonic acid reduction are likely to be the correspond-
ing naphthyl sulphonic hydroxylamine, which is evi-
denced by the anodic current peaks of its oxidation to
the corresponding nitroso-compound [4, 5] at the
potentials of –0.14…–0.25 V (the А2 peaks), and the
radical-anion (the А1 peaks) that is oxidized reversibly
to the initial compound at the potentials approaching
the Ер value for the naphthalene 1-nitro-6-sulfonic
acid; the peaks are observed during the potential
sweeping in the anodic direction from –1.4 V. Note
that the naphthalene 1-amino-6-sulfonic acid forma-
tion is not recorded here.
7  No. 1  2021

 polarographic reduction at glassy carbon electrode in ammo-
ne 1-nitro-6-sulfonic acid concentration 2.8 × 10–4 М

Cathodic peak Anodic peak

–Еp, V Ip, mm –Еp, V Ip, mm

0.67 87 0.11 37
0.70 87 0.16 37
0.72 85 0.21 37
0.74 81 0.23 37
0.77 70 0.26 34
0.79 32 0.35 29
1.00* 22*
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Fig. 3. Cyclic voltammograms of the naphthalene 1-nitro-
6-sulfonic acid reduction at glassy carbon electrode in
0.1 N NH4OH solution added with NH4Cl, N: (1) 1.0;
(2) 0.1; (3) 0.01. The naphthalene 1-nitro-6-sulfonic acid
concentration 2 × 10–4 М, temperature 20°С.
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However, voltammograms taken both in strong
acidic 0.1 N Н2SO4 solution (Fig. 4) and ammonia
buffer solution (0.7 N NH4Cl + NH4OH) with рН 8.4
(Fig. 5) after the microelectrolysis at the glassy carbon
RUSSIAN JOURNA

Fig. 4. Classic voltammogram of the naphthalene 1-nitro-6-sulf
naphthalene 1-nitro-6-sulfonic acid reduction (2), as well as diff
6-sulfonic acid reduction products formed at different potentials
differential voltammogram of naphthalene 1-amino-6-sulfonic a
fonic acid concentration 2.5 × 10–4 М, the naphthalene 1-amino
ning rate 20 mV/s.
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electrode for 10–30 min at potentials –1.0…–1.2 and
–1.2…–1.4 V, respectively, with subsequent potential
sweeping in the anodic direction, show not only the
oxidation peaks of the naphthyl sulphonic hydroxyl-
amine derivative (peak А2) and radical-anion (peaks А1),
but also the naphthalene 1-amino-6-sulfonic acid oxi-
dation peak. The latter was confirmed by the spiking of
the naphthalene 1-amino-6-sulfonic acid to the solu-
tion (Fig. 4, curve 6 and Fig. 5, curve 5). We see from
Figs. 4 and 5 that the ratio of the formed hydroxyl-
amino- and amino-compounds depends on the
potential applied for the naphthalene 1-nitro-6-sul-
fonic acid reduction. At the potentials of limiting cur-
rents both in acidic and ammonia buffer solution the
naphthalene 1-nitro-6-sulfonic acid reduction occurs
with the formation of naphthyl sulphonic hydroxyl-
amine; at the potentials approaching the indifferent
electrolyte discharge potential, of the naphthyl sul-
phonic hydroxylamine and the naphthalene 1-amino-
6-sulfonic acid. At that, with the increasing of the
cathodic potential the naphthyl sulphonic hydroxyl-
amine concentration decreased, that of naphthalene
1-amino-6-sulfonic acid increased. Because the
naphthalene 1-nitro-6-sulfonic acid reduction
L OF ELECTROCHEMISTRY  Vol. 57  No. 1  2021

onic acid reduction (1), cyclic differential voltammogram of the
erential voltammograms of oxidation of the naphthalene 1-nitro-
 for 30 min: Е = –0.7 V (3); Е = –1.0 V (4); Е = –1.2 V (5), and
cid (6) in 0.1 N Н2SO4 solution. The naphthalene 1-nitro-6-sul-
-6-sulfonic acid concentration 1.9 × 10–4 М, the potential scan-
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Fig. 5. Classic voltammogram of the naphthalene 1-nitro-6-sulfonic acid reduction (1), cyclic differential voltammogram of the
naphthalene 1-nitro-6-sulfonic acid reduction (2), as well as differential voltammograms of oxidation of the naphthalene 1-nitro-
6-sulfonic acid reduction products formed at different potentials for 30 min: Е = –1.2 V (3); Е = –1.6 V (4), and differential vol-
tammogram of naphthalene 1-amino-6-sulfonic acid (5) in ammonia buffer solution (0.7 N NH4Cl + NH4OH) with рH 8.4.
The naphthalene 1-nitro-6-sulfonic acid concentration 2.5 × 10–4 М, the naphthalene 1-amino-6-sulfonic acid concentration
1.9 × 10–4 М, the potential scanning rate 20 mV/s.
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involves protons, we studied its reduction at the glassy
carbon electrode in solutions with different acidity in
the presence of proton donors of different chemical
nature. In Table 4 we show results of the naphthalene
1-nitro-6-sulfonic acid electroreduction in various
supporting electrolytes at the glassy carbon electrode
and the potentiostatic-mode microelectrolysis at the
limiting-current potentials.
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5

Table 4. The naphthalene 1-nitro-6-sulfonic acid potentiostat
electrolytes. Concentration 2 × 10–4 М, the microelectrolysi

Supporting solution 
composition

Еp, V Ip, μΑ

0.1 N H2SO4, рН 0.15 –0.65 1.16

1 N КСl, рН 6.9 –0.83 1.16

1 N NH4Cl, рН 4.4 –0.75 1.32

1 N NH4Cl + NH4ОН, рН 7.5 –0.80 1.3
It follows from the data of Table 4 that in the stud-
ied indifferent electrolyte solutions the product of the
naphthalene 1-nitro-6-sulfonic acid reduction on the
glassy carbon electrode at the potentials correspond-
ing to the limiting current of the recorded wave is the
corresponding hydroxylamino-derivative. Along with
the latter compound, at the potentials approaching
that of the supporting electrolyte discharge (from ‒1.6
7  No. 1  2021

ic reduction at glassy carbon electrode in different supporting
s duration 30 min, temperature 20–22°С

Electrode potential, V Electrolysis products

–0.7 Hydroxylamine

–1.0…–1.2 Hydroxylamine and amine

–0.9 Hydroxylamine

–1.6 Hydroxylamine

–0.9 Hydroxylamine

–1.6 Hydroxylamine and amine

–0.85 Hydroxylamine

–1.6 Hydroxylamine and amine
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Fig. 6. Polarization curves of the naphthalene 1-nitro-6-
sulfonic acid reduction in ammonia buffer solution
(0.22 N NH4Cl + NH4ОН) with рН 8.3 recorded at the
titanium (1), copper (2), nickel (3), and lead (4) cathodes.
The naphthalene 1-nitro-6-sulfonic acid concentration
4 × 10–2 М.

0.7

0.5

0.3

0.1

1.1

0.9

1.3

4
3

2
1

–E, V
0.3 0.5 0.7 0.9 1.1 1.30.10

I, A
to –1.7 V) we observed the naphthalene 1-amino-6-
sulfonic acid formation. Similar results were obtained
in 0.1 N H2SO4 solution as a supporting electrolyte.
However, in 1 N КСl solution even at the potential of
–1.6 V we did not observe any further reduction of the
naphthalene hydroxylaminosulfonic acid to the corre-
sponding amino-compound.

In NH4Cl solutions and the ammonia buffer solu-
tions with рН 7.5–8.6 the process of the naphthalene
m-1-nitro-6-sulfonic acid electroreduction not only is
shifted to more positive potentials as compared with
those for KCl solutions, but also further reduction of
RUSSIAN JOURNA

Table 5. Results of naphthalene 1-nitro-6-sulfonic con-
trolled-potential acid electroreduction at nickel electrode in
ammonia buffer solution (0.22 N NH4Cl + NH4ОН) with
рН 8.3. The naphthalene 1-nitro-6-sulfonic acid concen-
tration 4 × 10–2 М, temperature 25°С

Cathode potential, 
V

Yield, %

naphthalene 
1-amino-6-
sulfonic acid

naphthalene 
1-hydroxylamino-

6-sulfonic acid

–0.50 – 84.0
–0.70 – 84.7
–1.10 78.2 15.0
–1.30 92.5 –
the hydroxylamino-derivative to amine is facilitated.
This is likely to be caused by the high proton-donating
ability of  as compared with water (in the KCl
solution the role of proton-donating groups is player
by water molecules), which makes possible the pro-
tonation of nitro- and hydroxylamino-groups, recom-
bination of the naphthalene 1-nitro-6-sulfonic acid
anions with the proton-donors, as well as possible

 participation in the formation of electroactive
species (ionic pairs) with the naphthalene 1-nitro-6-
sulfonic acid anions [9].

In the presence of ammonium chloride, nitroben-
zene is chemically reduced to aniline with higher yield
than in the presence of other electrolytes (MgCl2,
CaCl2, Na2SO4, KCl); the positive effect is even stron-
ger in the case of α-nitronaphthalene reduction [10].
Under these conditions, in the presence of ammo-
nium chloride the solution рН falls within 7.6–8.4;
with calcium chloride, within 11.0–11.75.

As shown earlier [4], the preparative electroreduc-
tion of the nitro-Cleve’s acids’ technical mixture pro-
ceeds more efficiently at cathodes made of lead, cop-
per, titanium, and nickel. Therefore, we used these
metals as cathodes for the naphthalene 1-nitro-6-sul-
fonic acid electroreduction in potentiostatic mode.
Preliminarily, we measured polarization curves of the
naphthalene 1-nitro-6-sulfonic acid reduction at
these cathodes in ammonia buffer solution (0.22 N
NH4Cl + NH4ОН) with рН 8.3 (Fig. 6).

We see from Fig. 6 that the naphthalene 1-nitro-6-
sulfonic acid reduction polarization curves measured
at titanium, copper, nickel, and lead electrodes show a
single reduction current wave with Е1/2 –0.93, –0.72,
–0.48, and –0.45 V, respectively. The naphthalene
1-nitro-6-sulfonic acid reduction wave heights are
approximately similar.

The naphthalene 1-nitro-6-sulfonic acid potentio-
static reduction was carried out in ammonia buffer
solution with рН 8.3 at a nickel cathode because the
naphthalene 1-nitro-6-sulfonic acid reduction pro-
ceeds with a smaller polarization thereon. Also, the
nitro-Cleve’s acids’ technical mixture is elect-
roreduced most effectively in this medium [4]. Results
of the studies are summarized in Table 5. Depending
on the applied potential, the potentiostatic electrolysis
at the nickel cathode produced in the post-electrolysis
solutions, along with the naphthalene 1-amino-6-sul-
fonic acid, also a corresponding naphthyl sulphonic
hydroxylamine. The latter, as we see from Table 5 and
Fig. 7, is formed with a high yield (84.0–84.7%) at the
electrode potentials–0.5…–0.70 V, approaching the
half-wave potential.

At more negative cathode potentials (–1.1…–1.3 V),
first, hydroxylamino-derivative accumulates in the
solution, reaching a maximum at a naphthalene
1-nitro-6-sulfonic acid full conversion into naphtha-
lene 1-amino-6-sulfonic acid. At that, the more nega-

+
4NH

4NH+
L OF ELECTROCHEMISTRY  Vol. 57  No. 1  2021
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Fig. 7. Dependences of changes in the naphthalene
1-nitro-6-sulfonic acid (1–4), naphthalene 1-hydroxyl-
amino-6-sulfonic acid (11, 21, 31, 41), and naphthalene
1-amino-6-sulfonic acid (311, 411) concentrations on the
duration of electrolysis in ammonia buffer solution (0.22 N
NH4Cl + NH4ОН) with рН 8.3 at different potentials of
nickel cathode: (1) –0.50; (2) –0.70; (3) –1.1; (4) ‒1.3 V.
The naphthalene 1-nitro-6-sulfonic acid concentration
4 × 10–2 М.
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tive the electrode potential, the less is the naphthalene
hydroxylamine sulfonic acid concentration in the
solution during the electrolysis: the naphthalene
1-amino-6-sulfonic acid forms starting right from the
process onset.

In Table 6 we give results of the reduction of the
studied naphthalene nitrosulfonic acids in galvanos-
tatic mode. It follows therefrom that the naphthalene
1-nitro-6-sulfonic acid dilute solution reduction in
galvanostatic mode in ammonia buffer solution with
рН 8.3 at a current density of 1.0 А/dm2 and tempera-
ture 25°С occurs with a naphthalene 1-amino-6-sul-
fonic acid yield of 93.3% and current efficiency of
71%, like in the case of the controlled-potential elec-
trolysis. However, the reduction of the nitro-Cleve’s
acids’ isomeric technical mixture gives lower naphtha-
lene aminosulfonic acid yield (77.8%) and current
efficiency (58.2%). In addition, the post-electrolysis
solution contains nonconverted intermediate naphthyl
sulphonic hydroxylamine (with a yield of 11.2%).

The Naphthalene 1-Nitro-6-Sulfonic Acid 
Preparative Electroreduction

The results presented in Table 6 gave occasion to
the more detailed studying in the effects of different
technological parameters on the process of the naph-
thalene 1-nitro-6-sulfonic acid reduction; these fac-
tors are the cathode material, solution рН, current
density, and temperature.

The cathode materials used were: copper, nickel,
lead, and the Kh18N10Т stainless steel. Results of the
study are given in Table 7 and Figs. 8 and 9.

We see from the data of Table 7 that the naphtha-
lene 1-amino-6-sulfonic acid yield and current effi-
ciency do depend on the cathode material nature. The
lowest yield of the target product and its current effi-
ciency are observed at the lead cathode. The low effec-
tiveness of the naphthalene 1-nitro-6-sulfonic acid
reduction at this cathode is likely to be due to the
decrease in the actual current density because of the
lead electrode corrosion in the alkaline solution,
which leads to increase in the cathode surface area.
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5

Table 6. The naphthalene 1-nitro-6-sulfonic acid galvanosta
NH4ОН) with рН 8.2. Cathode: nickel, current density 1.0 A
acid concentration 0.05 М

* The technical isomeric mixture of nitro-Cleve’s-acids contains na
sulfonic acid (51.0%), and naphthalene 1-nitro-8-sulfonic acid (3.5

Naphthalene nitrosulfonic acid
Naphthalene 1-amino

yield, %

materials yield c

Naphthalene 1-nitro-6-sulfonic 
acid

93.3

Technical isomeric mixture 
of nitro-Cleve’s-acids*

77.8
The decrease in the current density leads to the cath-
ode potential shift toward less negative values, as seen
from Fig. 8. And this potential shift hampers further
reduction of the intermediately formed hydroxyl-
amino-derivative to the naphthalene 1-amino-6-sul-
fonic acid. Here the naphthalene hydroxylamine sul-
fonic acid yield comes to about 41.0%.

For all electrode materials, as seen from Fig. 8, we
observed gradual potential shift to more negative values
as the initial naphthalene 1-nitro-6-sulfonic acid has
been consumed. However, when the charge passed
approached the theoretical value (~0.3 А h), the potential
7  No. 1  2021

tic reduction in ammonia buffer solution (0.22 N NH4Cl +
/dm2, temperature 25°С, the naphthalene 1-nitro-6-sulfonic

phthalene 1-nitro-6-sulfonic acid (40.5%), naphthalene 1-nitro-7-
%).

-6-sulfonic acid Naphthyl sulphonic hydroxylamine 
yield, %

urrent efficiency materials yield current efficiency

71.0 – –

58.2 11.2 7.7
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Fig. 8. Dependence of cathode potential on the consumed
charge for different cathodic materials: (1) lead; (2) nickel;
(3) copper; (4) Kh18N10Т stainless steel. The naphthalene
1-nitro-6-sulfonic acid concentration 4 × 10–2 М, current
density 1.0 A/dm2, temperature 25°С, indifferent electro-
lyte—ammonia buffer solution (0.2 N NH4Cl + NH4ОН)
with рН 8.2.
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Fig. 9. Dependences of changes in the naphthalene
1-nitro-6-sulfonic acid (1), naphthyl sulphonic hydroxyl-
amine (2), naphthalene 1-amino-6-sulfonic acid (3) con-
centrations and electrode potential (4) on the passed
charge. The naphthalene 1-nitro-6-sulfonic acid concen-
tration 4 × 10–2 М, current density 1.0 A/dm2, tempera-
ture 25°С, cathode—N3 grade nickel, indifferent electro-
lyte—ammonia buffer solution (0.2 N NH4Cl + NH4ОН)
with рН 8.3.
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of the studied cathodic materials differed insignificantly
(by 50–100 mV) and came to –0.50…‒0.75 V. More-
over, the initial naphthalene 1-nitro-6-sulfonic acid
conversion is 75–80%; the reduction product is naph-
thalene 1-hydroxylamino-6-sulfonic acid whose yield
reached 82–88% (Fig. 9). Further reduction of the
formed naphthyl sulphonic hydroxylamine to naph-
thalene 1-amino-6-sulfonic acid occurs at more nega-
tive potentials: –1.1…–1.3 V.

It follows from the obtained results that the most
effective naphthalene 1-nitro-6-sulfonic acid reduc-
tion to the corresponding amine occurs at the nickel
electrode, and this gave occasion to accept this elec-
trode for further studies.

The α-naphthyl hydroxylamine instability in acidic
and alkaline media [11] involves the Gattermann rear-
RUSSIAN JOURNA

Table 7. The cathode material effect on the naphthalene
1-amino-6-sulfonic acid yield and current efficiency. The naph-
thalene 1-nitro-6-sulfonic acid concentration 4 × 10–2 М, cur-
rent density 1.0 A/dm2, temperature 25°С; supporting elec-
trolyte: ammonia buffer solution (0.2 N NH4Cl + NH4ОН)
with рН 8.2

The cathode material Yield, % Current efficiency, %

Nickel 86.5–90.3 56.2–71.0

Copper 80.0–85.0 33.0–40.4

Kh18N10Т steel 84.5 60.0

Lead 54.8 31.0
rangement in acidic medium; formation of dimeric
products, in alkaline one. Bearing in mind the insta-
bility, we studied рН effects in ammonia buffer solu-
tions (0.2 N NH4Cl + NH4ОН) and in 0.2 N NH4Cl
solution, added with hydrochloric acid down to a pre-
set рН value, on the yield of naphthalene 1-amino-6-
sulfonic acid. We give results of the study in Table 8
and Fig. 10.

We see from the data given in Table 8 that with the
increasing of the solution рН from 1.5 to 8.2 the target
naphthalene 1-amino-6-sulfonic acid yield and the
current efficiency increased from 61.2 to 86.5% and
from 26.7 to 56.2%, respectively. Further increase of
the solution рН leads to the decreasing of both naph-
thalene 1-amino-6-sulfonic acid yield and current
efficiency.
L OF ELECTROCHEMISTRY  Vol. 57  No. 1  2021

Table 8. The catholyte рН effect on the naphthalene 1-amino-
6-sulfonic acid yield and current efficiency. The naphthalene
1-nitro-6-sulfonic acid concentration 4 × 10–2 М, current
density 1.0 A/dm2, temperature 25°С, cathode: nickel N3

Catholyte рН Yield, % Current efficiency, %

1.5 61.2 26.7
5.0 76.0 40.7
8.2 86.5 56.2

10.0 76.6 43.6
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Fig. 10. Dependences of changes in the naphthalene
1-nitro-6-sulfonic acid (1–4), naphthyl sulphonic
hydroxylamine (11, 21, 31 and 41), and naphthalene
1-amino-6-sulfonic acid (111, 211, 311 and 411) concentra-
tions on the passed charge at different solution рН: (1, 11,
111) 1.5; (2, 21, 211) 5.0; (3, 31, 311) 8.2; (4, 41, 411) 10.0.
The naphthalene 1-nitro-6-sulfonic acid concentration
4 × 10–2 М, current density 1.0 A/dm2, temperature 25°С,
cathode—N3 grade nickel.
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Table 9. Current density effect on the naphthalene 1-amino-
6-sulfonic acid yield and current efficiency. The naphthalene
1-nitro-6-sulfonic acid concentration 4 × 10–2 М, current
density 1.0 A/dm2, temperature 25°С, cathode: nickel N3,
supporting electrolyte: ammonia buffer solution (0.2 N
NH4Cl + NH4ОН) with рН 8.2

Current density, 
A/dm2 Yield, % Current efficiency, %

1.0 86.5 56.2
2.5 89.7 42.4
5.0 93.5 39.0
The naphthalene 1-nitro-6-sulfonic acid conver-
sion rate, as we see from Fig. 10, is practically рН-
independent over the studied pH range; upon the
passing of theoretical charge (0.3 А h), the naphtha-
lene 1-nitro-6-sulfonic acid conversion degree is
about 85.0–90.0%.

At the same time, the concentration of the formed
intermediate product (naphthyl sulphonic hydroxyl-
amine) depends on the solution рН; it is maximal in
the рН range 5.0–8.2. We obtained the maximal
naphthalene 1-amino-6-sulfonic acid yield over this
catholyte рН range.

The naphthyl sulphonic hydroxylamine concentra-
tion decreased drastically both in the acidic (рН 1.5)
and alkaline (рН 10.0) media, its yield does not exceed
30%, which leads to the decreasing of the naphthalene
1-amino-6-sulfonic acid yield. The observed naphthyl
sulphonic hydroxylamine instability in acidic and
alkaline solutions, like that of α-naphthyl hydroxyl-
amine [11], is likely to be due to the proceeding of the
Gattermann rearrangement in acidic medium; to the
formation of dimeric side products, in the alkaline one.

Thus, in the ammonia buffer solutions with
рН 7.0–8.2 the naphthyl sulphonic hydroxylamine is
stable, therefore, the naphthalene 1-amino-6-sulfonic
acid, the product of the naphthyl sulphonic hydroxyl-
amine further reduction, is produced with higher
yield.

In Table 9 we give results of the studying of the cur-
rent-density effects on the naphthalene 1-nitro-6-sul-
fonic acid reduction process.

We see from Table 9 that with the increasing of the
current density from 1.0 to 5.0 А/dm2 the naphthalene
1-amino-6-sulfonic acid yield increased from 86.5 to
93.5%; the current efficiency decreased from 56.2 to
39.0%. With the increasing of the current density the
electrode potential is shifted sharply to –1.4…–1.5 V,
which increased the current fraction consumed in the
hydrogen evolution. Additionally, at the current den-
sity of 5.0 А/dm2 the electrolysis produced α-naph-
thylamine. Evidently, at still more negative electrode
potentials electrolytic desulphonation occurs, which
lowers the naphthalene aminosulfonic acid yield in
long-term electrolysis.

In Table 10 we present result of the studying of tem-
perature effects on the naphthalene 1-nitro-6-sulfonic
acid reduction process.

We see from Table 10 that with the increasing of
temperature from 25 to 60°С the naphthalene
1-amino-6-sulfonic acid yield and current efficiency
decreased from 86.5 to 57.3% and from 56.2 to 29.0%,
respectively. With the increasing of temperature the
electrode potential becomes less negative, which ham-
pers further reduction of the naphthyl sulphonic
hydroxylamine to the naphthalene 1-amino-6-sul-
fonic acid and brings into being optimum conditions
for the side-reactions of condensation involving the
initial reagents and intermediate products (Fig. 11)
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
[12, 13]. The dimeric condensation products’ forma-
tion is revealed by the solution coloration observed
after its electrolyzing at elevated temperatures, as well
as in the ammonia buffer solution with рН 10.0.

In Fig. 12 we give data on the distribution of prod-
ucts of the naphthalene 1-nitro-6-sulfonic acid in the
course of its electroreduction at different tempera-
tures. We see from the figure that the initial nitro-
compound concentration to high conversion degree
decreased proportionally to the electrolysis duration;
it depends on the temperature but insignificantly. At
7  No. 1  2021
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Fig. 11. Dependence of cathode potential on the passed
charge at different temperatures, °С: (1) 25; (2) 40; (3) 60.
The naphthalene 1-nitro-6-sulfonic acid concentration
4 × 10–2 М, current density 1.0 A/dm2, cathode—
N3 grade nickel, indifferent electrolyte—ammonia buffer
solution (0.2 N NH4Cl + NH4ОН) with рН 8.2.
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Fig. 12. Dependences of changes in the naphthalene
1-nitro-6-sulfonic acid (1, 2), naphthyl sulphonic hydrox-
ylamine (11, 21), and naphthalene 1-amino-6-sulfonic
acid (111, 211) concentrations on the passed charge at dif-
ferent temperatures: (1, 11, 111) 25°С, (2, 21, 211) 60°С.
The naphthalene 1-nitro-6-sulfonic acid concentration
4 × 10–2 М, current density 1.0 A/dm2, cathode—
N3 grade nickel, indifferent electrolyte—ammonia buffer
solution (0.2 N NH4Cl + NH4ОН) with рН 8.2.

0.032

0.040

0.048

0.024

0.016

0.008

1

2

211

111

11

21

0.15 0.30 0.45 0.60 0.75 0.900 Q, A h

c, M
the same time, the concentration of the naphthyl sul-
phonic hydroxylamine intermediate, first, increased
linearly, reached its maximum, then, decreased read-
ily after the reaction mass has been exhausted in the
nitro-compound.

The naphthyl sulphonic hydroxylamine concentra-
tion depends significantly on the temperature; it
decreased readily upon its increasing up to 60°С. At
that, the naphthyl sulphonic hydroxylamine yield does
not exceed 25.0%; that of the naphthalene 1-amino-6-
sulfonic acid comes to 57.3%. Seemingly, at elevated
temperatures, as well as in ammonia buffer solutions
with рН 10.0, we have simultaneous nitro-compound
electroreduction and the corresponding naphthyl sul-
phonic hydroxylamine conversion to the naphthalene
1-amino-6-sulfonic acid, which is confirmed by the
latter’s formation starting with the electrolysis onset
(Figs. 10, 12). The simultaneity of the transformations
may be explained by the occurring of the naphthyl sul-
RUSSIAN JOURNA

Table 10. Temperature effect on the naphthalene 1-amino-
6-sulfonic acid yield and current efficiency. The naphtha-
lene 1-nitro-6-sulfonic acid concentration 4 × 10–2 М, cur-
rent density – 1.0 A/dm2, cathode: nickel N3, supporting
electrolyte: ammonia buffer solution (0.2 N NH4Cl +
NH4ОН) with рН 8.2

Temperature, °С Yield, % Current efficiency, %

25 86.5 56.2
40 62.0 31.5
60 57.3 29.0
phonic hydroxylamine disproportionation reaction,
which produced nitroso-compounds and amines. This
reaction discovered by Bamberger is characteristic of
aromatic hydroxylamino-derivatives and depends on
reaction medium (it is catalyzed by both acid and base),
the substituents nature, and temperature [14–16]; also,
it can be initiated by oxygen traces and iron com-
pounds [17].

Thus, the reduction of the naphthalene 1-nitro-6-
sulfonic acid dilute solutions in the galvanostatic
mode produced the same final compounds as the con-
trolled-potential electrolysis. The naphthalene 1-nitro-
6-sulfonic acid is reduced most effectively at nickel
and Kh18N10Т-steel electrodes in the ammonia buf-
fer solution with рН 7.0–8.2 at temperature of 25–
30°С and current density of 5.0 A/dm2.

The discovered conditions of the naphthalene
1-nitro-6-sulfonic acid and Cleve’s acids’ isomeric
mixture [4] electrosynthesis were approbated by
using an enlarged laboratory setup with a filter-press
cell (Table 11).

The data presented in Table 11 shows that the
naphthalene 1-nitro-6-sulfonic acid is reduced under
the preparative electrolysis conditions, giving the
L OF ELECTROCHEMISTRY  Vol. 57  No. 1  2021
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Table 11. Naphthalene nitrosulfonic acid preparative reduction in ammonia buffer solution (0.4 N NH4Cl + NH4OH) in
a filter-press cell. Concentration 0.4…– 0.48 М, cathode: Kh18N10Т stainless steel, the catholyte linear velocity 0.06 m/s

* Portion loading of the nitro-compound.

Nitro-compound рН Temperature, 
°С

Current density, 
A/dm2 Yield, % Current 

efficiency, % Recovery, %

Naphthalene 1-nitro-6-sulfonic 
acid

8.0 30–32 10.0 92.0 42.0 76.0
7.5 30–32 10.0 90.0 38.0 75.5
7.5 30–32 10.0 87.6 38.0 69.0
7.0 50–55 10.0 72.8 30.0 80.0

Technical isomeric mixture of 
nitro-Cleve’s-acids

8.0 25–30 10.0 94.0 27.0 43.7
7.5 30–32 10.0 89.6 44.0 43.0
7.5 30–32 5.0 94.0 48.4 40.3
7.5 50–55 10.0 85.6 34.0 39.5
7.4 60–62 5.0 85.0 44.7 39.0
7.0 60–62 10.0 93.8* 30.5 41.3
8.5 60–62 10.0 93.6* 32.5 41.0
naphthalene 1-amino-6-sulfonic acid with a yield of
87.0–92.0% and current efficiency of 38.0–42.0%.
With the increasing of temperature from 30 to 55°С
the naphthalene 1-amino-6-sulfonic acid yield
decreased down to 72.8%. The yield of the naphtha-
lene 1-amino-6-sulfonic acid isolated from post-elec-
trolysis solution does not depend on the reduction
conditions; it comes to 69.0–80.0%.

The preparative reduction of the nitro-Cleve’s
acids’ mixture produced Cleve’s acids with a yield of
85.0–94.0%. A lower yield of naphthalene aminosul-
fonic acids is reached at temperature 50–60°С. How-
ever, at the nitro-Cleve’s acids’ portion loading during
the reduction process, the Cleve’s acids’ yield
increased up to 93.6–93.8% (at the temperature of
60–62°С), as is sometimes the case during the chem-
ical reduction [1, 18, 19]. In the post-electrolysis solu-
tion the ratio of the isomeric naphthalene aminosul-
fonic acids (measured by the high performance liquid
chromatography on a per the amine sum basis) is:
1,6-Cleve’s acid 44–45%, 1,7-Cleve’s acid 40–45%,
1,8-Peri-acid 8–10%. After the chemical reduction of
nitro-Cleve’s acids the reaction mixtures have the
same isomeric composition.

However, the Cleve’s acids’ yield upon their recov-
ery from the post-electrolysis solutions (Table 11) is
39.0–43.7% (cf. with 52.0–56.0% at the chemical
reduction [19]); in addition, the Cleve’s acid spread
isolated from the reaction masses after the existing
industry procedure is enriched with the 1,7-Cleve’s
acid isomer (80–90% of the amines’ summary
amount). The relatively low yield of the Cleve’s acids’
recovery from solutions, as well as the changes in the
naphthalene aminosulfonic acids’ isomeric composi-
tion in the isolated product, are likely to be due to the
side-products formed in the course of the electrolysis
and registered in the cyclic voltammograms taken in
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the post-electrolysis solutions [4], as well as those
formed in the preceding stages of the naphthalene sul-
phonation and nitration, in particular, to α-nitronaph-
thalene reduced to α-naphthylamine during the elec-
trolysis. This is confirmed by the reduction of naph-
thalene 1-nitro-6-sulfonic acid isolated from the
nitro-Cleve’s acids’ isomeric mixture and purified by
re-crystallization from water, which gives a yield of
69.0–80.0% for the naphthalene 1-amino-6-sulfonic
acid recovery from solution. In addition, the lowering
of the Cleve’s acids’ recovery from solution can be
related to their oxidation products, as well as side-
products. A post-electrolysis amino-derivative-con-
taining solution darkens instantly in air producing res-
inous substances. Our studies of the naphthalene ami-
nosulfonic acids’ oxidation at glassy carbon electrode
showed that the naphthalene 1-amino-6-sulfonic acid
is much readily oxidizable than naphthalene 2-amino-
4,8-disulfonic acid and 1-amino-3,6,8-trisulfonic
acid, which can be recovered from solutions with a
yield of 88–90% [20] and 70–80% [21], respectively.
In particular, in a Britton–Robinson buffer solution
with рН 5.2 Еp for the naphthalene 1-amino-6-sulfonic
acid oxidation at glassy carbon electrode is +0.50 V; for
the naphthalene 2-amino-4,8-disulfonic acid, +0.83 V;
for the naphthalene 1-amino-3,6,8-trisulfonic acid,
+0.77 V. Additionally, the intermediately formed
naphthyl sulphonic hydroxylamine, a nonstable prod-
uct, which is accumulated in the course of the electroly-
sis depending on its conditions (Figs. 10 and 12), can
remain in the electrolysis reaction products (Table 6)
[4]. We see from Figs. 3–5 that the naphthyl sulphonic
hydroxylamine is oxidized to the corresponding
nitroso-compound even easier than the naphthalene
1-amino-6-sulfonic acid both in acidic and weakly
alkaline media. At that, dimeric side-products can
also be formed [12], which are likely to hinder the
7  No. 1  2021
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recovery of target isomeric naphthalene aminosul-
fonic acids from solutions.

At the same time, the α-naphthyl amine, one of the
side-products, containing in the technical isomeric
mixture, is more readily oxidizable then the naphtha-
lene 1-amino-6-sulfonic acid. For example, in ammo-
nia buffer solutions (0.4 N NH4Cl + NH4OH) with
рН 8.4 the values of Еp for the 1-amino-6-sulfonic
acid and α-naphthyl amine oxidation at the glassy car-
bon electrode are +0.23 and +0.10 V, respectively.

The obtained results allow concluding that import-
ant factors for the nitro-Cleve’s acids’ technical iso-
meric mixture effective electrochemical reduction and
the Cleve’s acids’ isolation from reaction solutions are:
the preliminary cleaning of the nitro-Cleve’s acid ini-
tial solution and arrangement of conditions excluding
oxidation of the produced naphthalene aminosulfonic
acids, the intermediate and side products during the
electrolysis and at the stage of the Cleve’s acid ex-
solution, in particular, the realization of these techno-
logical stages under nitrogen atmosphere.

CONCLUSIONS
The obtained results allow deriving the principal

conclusions:
(1) General features of the naphthalene 1-nitro-6-

sulfonic acid electrochemical reduction in acidic, as
well as ammonium-chloride and in ammonia buffer
solutions were found by the methods of polarography
and voltammetry at glassy carbon electrodes, micro-
electrolysis in potentiostatic mode at glassy carbon,
and electrolysis at controlled potential and in galva-
nostatic mode.

(2) It has been established that the naphthalene
1-nitro-6-sulfonic acid, like the α-nitronaphthalene
and naphthalene 1-nitro-3,6,8-trisulphonic acid, is
polarographically reduced in a strong acidic medium
to the corresponding naphthalene 1-amino-6-sulfonic
acid in a single six-electron stage via an intermediately
formed hydroxylamine. The very presence of the sin-
gle six-electron wave is likely to be explained by the
easiness of reduction of the carbonium ion produced
in the dehydration of protonated hydroxylamine-
derivative with iminoquinoid structure.

(3) The polarographic reduction of the naphtha-
lene 1-nitro-6-sulfonic acid nitro-group in strongly
acidic medium includes a preceding surface proton-
ization; it starts at positively charged dropping mer-
cury electrode surface. Deceleration of the process at
negatively charged dropping mercury electrode sur-
face manifesting itself as a decrease of the polaro-
graphic current is related to anionic character of the
species being reduced, which is caused by the presence
of acidic sulfonic group in the molecules.

(4) The naphthalene 1-nitro-6-sulfonic acid
anionic nature in neutral and alkaline solutions mani-
fests itself as complicated form of polarization curves
RUSSIAN JOURNA
recorded both at a dropping mercury and glassy car-
bon electrodes and their changing characteristics
depending on the supporting electrolyte concentra-
tion, nature, and рН.

(5) The nature of separate stages of the naphtha-
lene 1-nitro-6-sulfonic acid reduction is established
using the methods of microelectrolysis in potentio-
static mode at glassy carbon electrode and electrolysis
at controlled potential and in galvanostatic mode, as
well as aminoacid electroreduction at glassy carbon.
The intermediate and final reaction products are
found and identified, namely: the naphthalene
1-nitro-6-sulfonic acid radical-anions, naphthalene
hydroxylamino- and aminosulfonic acids.

(6) The parameters recommended for the naphtha-
lene 1-amino-6-sulfonic acid preparative electrosyn-
thesis are: ammonia buffer solutions with pH 7.0–8.2,
the current density 5–10 A/dm2, temperature 30–
32°C, and the concentration of naphthalene 1-nitro-
6-sulfonic acid 10–13%. They provide the target prod-
uct yield of 87.0–93.5% and the current efficiency of
38.0–42.4% on the N3 grade nickel and Kh18N10Т
stainless steel cathodes. At that, the naphthalene
1-amino-6-sulfonic acid recovery from post-electrol-
ysis solution is 69.0–80.0%, independently of the
reduction conditions.

(7) To increase the Cleve’s acid recovery from the
post-electrolysis solutions, preliminary cleaning of the
initial nitro-Cleve’s acid technical isomeric mixture is
required, as well as arrangement of conditions exclud-
ing the oxidation of the produced intermediate and
side products during the electrolysis and at the stage of
the target Cleve’s acid ex-solution.
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