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Abstract—Effect of the naphthalene 2-nitro-4,8-disulfonic acid preparative reduction conditions on the
naphthalene 2-amino-4,8-disulfonic acid yield and current efficiency is studied. In particular, the effects of
the electrolyte composition, cathode material, current density, temperature, the parent naphthalene 2-nitro-
4,8-disulfonic acid concentration are found out. The optimal conditions for the naphthalene 2-amino-4,8-
disulfonic acid preparative electrosynthesis in the ammonia-buffer solutions (pH 7.0—8.4) are determined.
The naphthalene 2-amino-4,8-disulfonic acid yield and current efficiency of 97.5—98.5% and 65.0—72.2%,
respectively, are obtained on scaled-up laboratory unit and pilot plant with a filter-press-type electrolyzer.
Based on the experimental data obtained in the scaled-up laboratory unit and pilot plant, the technology of
amino-C-acid electrosynthesis is developed. This technology is presented in the experiment-and-industry
regulations for the producing of the amino-C-acid and in the requirements specification for designing of a
pilot electrolyzer for the current load of 3 kA.
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INTRODUCTION

Naphthalene amino-disulfonic acids, in particular,
the acidic sodium salt of naphthalene 2-amino-4,8-
disulfonic acid (amino-C-acid), naphthalene
1-amino-3,6,8-trisulfonic acid (T-acid), isomeric
mixture of the naphthalene 1,6- and 1,7-aminosul-
fonic acids (Cleve-acids) are the most important
intermediate products in the dye industry [1, 2]. In the
industry, the acidic sodium salt of naphthalene
2-amino-4,8-disulfonic acid (NADSA) used to be
obtained by the reduction of the corresponding naph-
thalene 2-nitro-4,8-disulfonic acid (NNDSA), previ-
ously isolated from nitrosulfonic mass as diammo-
nium salt [3, 4], with cast iron filings. The NADSA
yield in the reduction stage is about 100%; in the stage
of extraction from the solution, 78—79%. The NADSA
production is a complicated multistage process that
includes the target sulfonic-acid isomer extraction
from reaction masses; it is fraught with a great amount
of nonrecycled solid and liquid waste products. In the
producing of 1 t of NADSA, 1.7 t of ferric slime is
emerged which is transferred to sludge settling tank
and cannot be recycled. Moreover, the amino-C-acid
yield and quality depend on the cast iron filings activ-
ity and preliminary treatment prior to the using in the
reduction process.

The bottleneck in the amino-C-acid production is
the stage of the corresponding NNDSA diammonium

salt reduction. The using of the NNDSA diammo-
nium salt catalytic hydrogenation does not remove all
disadvantages inherent in the above-described reduc-
tion method. Moreover, the NNDSA catalytic hydro-
genation requires using of noble-metal-based catalysts
as well as expensive equipment, i.e. autoclaves. Some
patents [5, 6] disclose information on the NNDSA
reduction as NNDSA magnesium or ammonium salt
by using Pd/C or Pt/C catalysts in the presence of
sodium formate aqueous solution and iron hydroxide
under the pressure of 5—30 bar, temperature 70—
120°C, and pH 4-5. The disadvantages of the
NNDSA diammonium salt catalytic reduction
induced searching for other reduction methods that
could compete favorably with traditional ones.

The electrochemical reduction of the NNDSA
diammonium salt could be such an alternative method
of NADSA production. However, scientific and patent
literature contains no information on the NNDSA
electrochemical preparative reduction; only data on
the isomeric naphthalene 1-nitro-4,8-disulfonic acid
and naphthalene 2-nitro-4,8-disulfonic acid polaro-
graphic reduction is at hand [7]. Meanwhile, the elec-
trochemical preparative reduction of technical iso-
meric mixture of 1,6- and 1,7-naphtylnitrosulfonic
acids to the corresponding naphthalene aminosulfonic
acids (Cleve-acids) in strongly acidic and ammonia-
buffer solutions at different cathodic materials was
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Fig. 1. Process flow diagram for the NADSA electrosynthesis in the scaled-up laboratory unit and pilot plant.

studied [8, 9]. The naphthalene 1-nitro-3,6,8-trisul-
fonic acid electrochemical reduction in strongly acidic
medium was studied more appropriately both under
the conditions of preparative and polarographic
reduction [10—12]. As the naphthalene nitrosulfonic
acid electrochemical reduction to the corresponding
naphthalene aminosulfonic acids was carried out in
different media judging by the literature publications
[8—12] whereas the NNDSA diammonium salt elec-
trochemical reduction has not yet been studied, in this
work we developed NADSA preparative electrosyn-
thesis from the corresponding nitro-compound, in
order to create electrochemical technology for the
amino-C-acids production.

EXPERIMENTAL

Polarization curves at glassy carbon (SU-2000)
electrode were recorded using a PU-1 polarograph
(Russia) in differential mode. The steady-state elec-
trode we used was end-face of glassy carbon rod, 2 mm
in diameter [13].

The cell was a conical glass vessel, with a volume of
20 cm?, provided with a jacket for temperature control.
A saturated calomel half-cell was the reference elec-
trode; all potentials are given with respect to this elec-
trode. Another saturated calomel half-cell was the
auxiliary electrode.

To obtain reproducible results, the glassy carbon
was polished with fine abrasive paper, then mirror-
polished with felt impregnated with glycerol—alumina
slurry. Upon washing with distilled water, the elec-
trode was exposed to concentrated sulfuric acid and
washed carefully again. Right prior to the recording of
each current—voltage curve the electrode was washed
with water and wiped with filter paper. The electrode
was dipped into electrolyte bulbed through with inert
gas to remove dissolved oxygen.

The supporting electrolytes were 0.1—1.0 N NaOH
solutions and ammonia buffer solutions with pH 7.0—
8.4, as well as 0.1—0.4 N ammonium chloride solu-
tions.
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The amino-C-acid preparative electrosynthesis in
galvanostatic mode was carried out in a glass labora-
tory electrolyzer with cathodic and anodic compart-
ments separated with MK-40 membrane. The tem-
perature-controlled glass electrolyzer had a ground-in
cap provided with nozzles for thermometer, sampling,
gas outlet from the cathodic and anodic compart-
ments, and the electrode current collectors.

The cathodes for the electrolysis were made of dif-
ferent construction materials; they were shaped as per-
forated cylinders with the surface area of 0.30 dm?.
Platinum plate served as anode. The electrolyzer oper-
ating volume was 0.060—0.070 L. The catholyte tem-
perature was assigned and kept by a U-15 thermostat
(Germany). The electrolyte solution was agitated by a
MM-3M magnetic stirrer (Russia).

To scale the NADSA electrosynthesis and refine its
conditions, we carried out the galvanostatic-mode-
electrolysis in a scaled-up laboratory unit and pilot
plant at the current load of 20 and 100 A, respectively.
Each of the units (Fig. 1) comprised an electrolyzer
(E-1), intermediate glass vessels for anolyte (V-1) and
catholyte (V-2) provided with jackets, two gear pumps
(P-1and P-2), phase separators (S-1 and S-2), current
rectifier, ammeter, voltmeter, and tubings with fixings.

The laboratory electrolyzer (E-1) was a two-com-
partment filter-press-type apparatus with the cathodic
and anodic compartments separated with MK-40
membrane (Russia). The cathode of the N3 nickel
perforated plate had working surface area of 1 dm?.
The anode was a lead-silver-alloy (~1.0% Ag) plate
with the same working surface area. The anolyte was
sulfuric acid (10%-solution). The anolyte and cathol-
yte supply and circulation in the corresponding elec-
trode compartments were provided with gear pumps
(P-1 and P-2) of a delivery of 150—180 L/h from the
temperature-controlled intermediate glass vessels
(V-1 and V-2, respectively). The catholyte volume was
0.25—0.30 L; that of anolyte was 0.15—0.20 L. The gas-
eous products emerged in the course of electrolysis
were separated in the phase separators: hydrogen was
separated from the catholyte (S-2); oxygen from the
anolyte (S-1).
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The current source was a VSA-5A-K rectifier
(Russia). The current in the circuit and voltage at the
cell and the filter-press electrolyzer were measured by
M2018 volt-milliammeters (Russia).

The pilot electrolyzer was a membrane filter-press-
type apparatus with two monopolar cells (Fig. 2).

Electrolyzers of this type have the highest capacity
among other known industrial electrolyzers [14]
which is very important for high-performance pro-
duction facilities such as the amino-C-acid produc-
tion is. Each cell comprised a cathode with the work-
ing surface area of 4 dm? and anode with the same
working surface area, separated with the MK-40 cat-
ion-exchanging membrane. The cathodes were N3
nickel plates; the anodes were manufactured of a
lead—silver alloy (~1.0% Ag) as the most strongly cor-
rosion-resistant material in sulfuric acid solutions at
the anodic polarization [15]. The possible anode life of
the lead—silver alloy (~1.0% Ag) under the conditions
of the naphthalene aminosulfonic acid synthesis is 3—
4 years. The lead alloying with silver favors the forma-
tion of lead dioxide tetragonal modification -PbO,
during the anodic polarization; its content in the oxide
film increased with the increasing of the silver content
in the alloy. The lead dioxide tetragonal modification
B-PbO, has smaller crystals as compared with the
rhombic modification a-PbO,, and this favors the
improving of the film protective characteristics.

The monopolar cells are separated with a polypro-
pylene distributive plug provided with nozzles in its
lower and upper parts for the supplying of electrolyte
into cathodic compartments of both cells and
removal of the electrolysis products therefrom. This
goal was advanced by the corresponding openings in
the cathodes.

The electrolyte entered to the anodic compart-
ments through the lower openings in the anodes and
side gates; the electrolysis products were removed
through the openings in the upper parts of the anodes
and side gates.

The pressure-tight combining of the electrolyzer
elements (the electrodes, rubber inserts, membranes,
gates, and the distributive plug) was provided using
press plates and tie bolts. Two upper tie bolts and a
stud were used in the mounting of the supporting arms
onto which the phase separators (for the separating of
liquid and gaseous electrolysis products) were placed.
The latter were manufactured of polyvinyl chloride.
The separators were provided with the corresponding
nozzles for the products’ supply and removal accord-
ing to the flow chart (Fig. 1).

The anolyte and catholyte supply and circulation
through the corresponding electrolyzer’s electrode
chambers from temperature-controlled intermediate
glass vessels (V-1 and V-2) were performed by two gear
pumps (P-1 and P-2) with a delivery of 200 L/h. The
catholyte volume was 4—6 L; that of anolyte was 2—3 L.
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Fig. 2. Pilot membrane electrolyzer for the current load of
100 A: (/) press plate; (2) spacer; (3) anode; (4) gate;
(5) membrane; (6) cathode; (7) distributive plug.

The gaseous products emerged in the course of elec-
trolysis were separated in the phase separators: hydro-
gen was separated from the catholyte (S-2); oxygen
from the anolyte (S-1).

The power source of the pilot plant was a
VAKG-18/9-320 rectifying unit (Russia).

The NNDSA diammonium salt as a slurry (the
assay percentage about 50—60%) was borrowed from
the existing industry: the Berezniki chemical plant.

For the polarographic studies and polarization
measurements, the NNDSA diammonium salt was
twice crystallized from distilled water with activated
carbon. The purified NNDSA diammonium salt was
light-creamy crystals with the assay percentage of
99.6—99.8%.

The naphthalene 2-amino-4,8-disulfonic acid
(NADSA) was obtained by electrochemical reduction
of the corresponding naphthalene nitrodisulfonic acid
diammonium salt both in acidic and ammonia-buffer
solutions according to the following reaction:
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SO;NH, SO;NH, SO;NH,
NO, 4 +4H* NHOH 2 +2n* NH,
- e + 2H,0.
SO;NH, SO;NH, SO;NH,

During the preparative electrolysis, we controlled
the initial nitro-compound and the reaction product
concentrations by using methods of polarography and
voltammetry [13].

The concentrations of the intermediate naphtha-
lene nitroso- and hydroxylaminodisulfonic acids were
determined in 0.1 M NaOH supporting solution by
differential-mode voltammetry [13]; the NADSA
concentration in the reaction solution and in the iso-
lated target product, by diazotization [1]. The reaction
solution obtained after the NNDSA diammonium salt
electrochemical reduction was preliminarily acidified
by concentrated sulfuric acid up to its concentration in
the solution of 30—40 g/L; then the solution was
charged to the temperature-controlled glass apparatus
with a gate mixer. Activated carbon was charged to the
apparatus at a temperature of 75—78°C and agitation;
the solution was treated with the activated carbon for
45—60 min. Then, the naphthalene aminodisulfonic
acids was filtered of the activated carbon and trans-
ferred to a clean apparatus. The NADSA purified
solution was added with sodium chloride at a tempera-
ture of 75—78°C and agitation; the sodium chloride
concentration was adjusted up to 70—80 g/L. The
obtained amino-C-acid suspension was agitated for
1.0—1.5 h at a temperature of 75—78°C. Then, without
a break in the solution agitation, the suspension was
cooled down to the room temperature. The NADSA
evolved from the solution as monohydric sodium salt.
The precipitated amino-C-acid was filtered-off by
using glass filter, pressed-up carefully and analyzed in
order to check the conforming of the obtained product
to the technical specifications of the TU 6-14-207-84.
The electrochemically obtained amino-C-acid in its
appearance, the content of the naphthalene 2-amino-
4,8-disulfonic acid monohydric sodium salt in the
slurry, the amount of insoluble residue, the diazo-C-
acid yield, and the latter’s solubility meets the require-
ments of the TU 6-14-207-84.

The cathode materials’ corrosion stability was
studied in ammonia buffer solution (1.1% NH,CI +
0.7% NH,OH) with pH 8.0—8.5 at a current density of

10—-30 A/dm?, temperature of 50—70°C, and the
NNDSA diammonium salt concentration of 0.35 M.
A 10%-sulfuric acid was the anolyte.

The studying of the cathode materials’ corrosion
stability was carried out in an electrolyzer with the
anodic and cathodic compartments separated with a
MK-40 cation-exchanging membrane. Samples of
different materials sized 40 X 10 X 3 mm were used as
cathodes; the anode was platinum plate sized 40 X 10 X
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1 mm. The power source was a VAKG-18/9-320 recti-
fying unit (Russia), the current in the circuit was mea-
sured by a M2018 volt-milliammeter (Russia).

The NNDSA diammonium salt solution volume
was calculated bearing in mind a 10-h testing of each
sample. Prior to experiment, the cathodic samples
were degreased in ethanol, washed with distilled water,
dried, and weighted accurate to 0.0001 g. After the
experiment has been over, the samples were washed
with water, dried at 100°C for 1.0—1.5 h, and weighted.
The sample corrosion was evaluated by the cathode
mass total loss (g/m?), i.e., the sample mass difference
prior to and after the experiment. As judged by the elec-
trode mass total loss, the corrosion rate (V, g/(m? h))
was calculated by the following formula:

_my—m

1
St 1)

where m,, is the initial sample mass, g; m, is the sample
mass after the electrolysis, g; S is the sample surface
area, m?; ¢ is the electrolysis duration, h. Then, the
corrosion depth index (V,4;, mm/year) was calculated
by the following formula:

Veai = w, (2)
Y

where Vis the corrosion rate, g/m? h; vy is the sample
specific mass, g/cm?; 8.76 is the conversion factor.

The amount of oxygen evolved in the electrochem-
ical cell in the course of electrolysis was determined by
the procedure described in the monograph [14]; in the
scaled-up laboratory unit and pilot plant by using a
GSB-400 gas meter (Russia).

RESULTS AND DISCUSSION

Because no data on the NNDSA diammonium salt
preparative electroreduction is at hand in a scientific
literature, the initial stage of the development of the
amino-C-acid electrosynthesis conditions required
detailed studying of the NNDSA diammonium salt
electrochemical behavior. This was carried out by the
methods of polarography, voltammetry, and the elec-
trolysis at controlled potential as well as the NNDSA
diammonium salt dilute solution electrolysis in a gal-
vanostatic mode. In these preliminary studies we
found that the NNDSA diammonium salt dilute solu-
tion (0.04 M) reduction is preferable to perform at a
nickel cathode in the ammonia-buffer solution
(pH 8.3). Here the obtained NADSA yield is 98.0%;
the current efficiency is 61.5%. At the same time, the
naphthalene 1-nitro-3,6,8-trisulfonic acid preparative
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Table 1. Effect of the electrolyte composition on the NADSA yield and current efficiency. NNDSA diammonium salt con-
centration 0.35 M, current density10 A/dm?2, temperature 70°C

Cathode material Electrolyte Yield, % Current efficiency, % Post—elf:ctrolysis
solution pH
Lead Water 94.3 49.0 3.94
NaCl 1.17%-solution 94.3 47.0 7.95
NH,CI 1.1%-solution 96.0 76.0 3.87
H2S04 5.0%-solution 68.9 35.2 0.77
H2S04 15.5%-solution 76.8 42.7 —0.04
Stainless steel Water 92.1 44.5 8.00
KhISNI10T NaCl 2.34%-solution 89.2 51.3 7.80
NH,CI 2.14%-solution 93.7 49.0 7.80
0.7% NH,OH + 2.14% NH,Cl 97.5 39.0 8.00
3.5% NH,OH + 2.14% NH,Cl 94.5 31.0 8.75

reduction to the corresponding naphthalene aminotri-
sulfonic acid occurs effectively in a strongly acidic
medium in a 15—17%-sulfuric acid supporting solu-
tion at lead or lead—antimony cathodes [8, 10, 16].
Therefore, it seems advisable studying solutions of dif-
ferent composition for the NNDSA diammonium salt
reduction (Table 1).

We can see from Table 1 that the NADSA yield at
the lead cathode depends on the electrolyte nature sig-
nificantly; it comes to 68.9—96.0%. A lower NADSA
yield in acidic solutions is explained by the fact that
under these conditions, along with the NADSA, the
corresponding nitroso- and hydroxylaminodisulfonic
derivatives are accumulated in the reaction solutions at
great amounts (20.0—24.0%); these derivatives cannot
be reduced because of the hydrogen-evolution com-
petitive reaction.

It was reported [1, 16—19] that arylhydroxylamines
are reduced by ferrous and cuprous salts at a high rate.
In the judgment of the authors of the publications, the
ferrous and cuprous salts catalyze the further reduction to
the amine thanks to the reversible reactions occurring in
the solution bulk: Fe’* 2 Fe?" and Cu?* 2 Cu*.

In the aromatic amine-compound electrosynthe-
sis, the iron and copper salts are often used as media-
tor-catalysts [16, 19]. When the NNDSA diammo-
nium salt is reduced at a lead cathode in a 10—15%-
sulfuric acid solution added with 0.08% ferrous sul-
fate, the hydroxylaminodisulfonic acid yield is lowered
from 20.0—24.0 to 8.7—11.9%; with the increasing of
the ferrous sulfate concentration up to 0.16% it further
decreased down to 4.5—6.4%. More increase of the
ferrous sulfate concentration in the solution has no
effect on the intermediate product yield, its concen-
tration in the reaction solution remains rather large,
about 5.6—6.0%.

The largest NADSA vyield and current efficiency
both at lead and Kh18N10T-stainless-steel cathodes

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 57

are achieved in the ammonium chloride and ammonia
buffer solutions, in which the post-electrolysis pH is
7.80—8.75. At that, with the increasing of pH, the
NADSA yield and current efficiency decreased drasti-
cally. Therefore, to optimize the ammonia buffer solu-
tion composition we studied the effect of the ammo-
nium hydroxide and ammonium chloride concentra-
tion on the NADSA electrosynthesis at an N3-nickel
cathode (Tables 2 and 3). As shown earlier [9], at this
cathode the naphthalene 1,6- and 1,7-nitrosulfonic
acids’ isomeric mixture reduction occurs effectively in
the ammonia buffer medium.

We can see in Table 2 that with the increasing of the
ammonium hydroxide concentration from 0.35 to
1.40% in the presence of 1.1% NH,CI, the NADSA
yield and current efficiency practically did not change;
they are 98.2—98.5% and 72.0—74.2%, respectively.
With the increasing of the ammonium hydroxide con-
centration in the solution of up to 5.0%, the target
NADSA vyield decreased down to 91.4%. The decrease
in the NADSA yield with the increasing of the ammo-
nium hydroxide concentration in catholyte is due to
the growth of the solution pH which favors formation
of dimeric side compounds [14] which manifests itself
through the appearance of resinous materials formed
during the electrolysis under such conditions.

As we can see in Table 3, at a change in the ammo-
nium chloride concentration from 0.32 to 1.87%, the
ammonium hydroxide concentration being kept con-
stant (0.7%), the NADSA yield and current efficiency
remained practically constant; they are 97.6—98.5 and
72.0—73.4%, respectively. It comes from the data pre-
sented in Table 3 that it makes the most sense to
reduce the NNDSA diammonium salt in the ammo-
nia buffer solutions containing 1.1-1.87% NH,CI +
0.35—-0.7% NH,OH which provides the catholyte pH
of 7.40—7.60 in the course of the electrolysis.
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Table 2. Effect of ammonium hydroxide concentration on NADSA yield and current efficiency. NNDSA diammonium salt
concentration 0.35 M, current density 10 A/dm?, temperature 70°C, cathode N3 nickel

Electrolyte composition Yield, % Current efficiency, % Catholyte pH
0.7% NH,OH 98.0 63.8 8.78
1.1% NH,CI 96.7 66.2 4.05
0.35% NH,OH + 1.1% NH,Cl 98.2 74.2 4.54
0.7% NH,OH + 1.1% NH,Cl 98.5 72.0 8.30
1.4% NH,OH + 1.1% NH,CI 98.1 73.1 8.60
5.0% NH,OH + 1.1% NH,CI 91.4 72.3 9.85

Table 3. Effect of ammonium chloride concentration on NADSA yield and current efficiency. NNDSA diammonium salt
concentration 0.35 M, current density 10 A/dm?, temperature 70°C, cathode N3 nickel

Electrolyte composition Yield, % Current efficiency, % Catholyte pH
0.32% NH,Cl + 0.7% NH,OH 98.1 73.4 8.77
0.55% NH,CI1 + 0.7% NH,OH 97.6 72.6 7.92
1.10% NH,CI1 + 0.7% NH,OH 98.5 72.0 7.60
1.87% NH,CI1 + 0.7% NH,OH 98.0 73.3 7.39

It comes from the data presented in Tables 1—3 that
the NADSA vyield and current efficiency is affected by
the cathode material nature in addition to the support-
ing solution composition. The effect of the cathode
material on the NADSA electrosynthesis was studied
in the ammonium chloride and the ammonia buffer
solutions. The cathode materials were as follows:
nickel (N3), titanium (VT1-0), lead, copper, stainless
steel Kh18N10T, steel St. 3, and stainless steel
EP-467. The results of the study are summarized in
Tables 4 and 5 and in Figs. 3 and 4.

We can see at Tables 4 and 5 that the NADSA yield
and current efficiency is affected by the cathode mate-
rial and electrolyte composition. The highest NADSA
yield and current efficiency in ammonium chloride
solution was observed at the lead, copper, and nickel
cathodes. Somewhat lower NADSA yield (90.0—
92.5%) at the titanium- and steel-3-cathodes is due to
the incomplete conversion of the initial nitro-com-

pound and intermediate product because of the
hydrogen intense evolution (Fig. 3).

In the ammonia buffer medium, as we can see in
Table 5, the majority of the studied cathode materials
demonstrate a high NADSA vyield (94.5-98.5%). An
exception to the above is the lead cathode at which the
target product yield is somewhat lower of 92.4%. The
cathodes made of titanium and EP-467 alloy give a
high NADSA yield, yet, a low current efficiency of
55.0 and 42.0%, respectively.

The NNDSA diammonium salt reduction at the
titanium cathode both in the ammonium chloride and
ammonia buffer solutions is accompanied by a high
electrode polarization which manifests itself in the
potential shift toward negative values (Figs. 3 and 4).

At the lead electrode in the studied electrolytes, the
NNDSA diammonium salt is reduced with a large
current efficiency (72.0—76.0%). Evidently, it is
caused by the higher overvoltage of a hydrogen evolu-

Table 4. NADSA yield and current efficiency at different cathode materials in 1.1%-solution of ammonium chloride.
NNDSA diammonium salt concentration 0.35 M, current density 10 A/dm?, temperature 70°C

Cathode material Yield, % Current efficiency, % Catholyte pH
Titanium VT1-0 90.0 54.0 6.60
N3 nickel 96.7 66.2 4.05
Steel St. 3 92.5 48.5 6.87
Lead 96.0 76.0 3.87
Steel Kh18N10T 94.5 60.0 4.20
Copper 97.1 60.3 4.20
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Table 5. The NADSA yield at different cathode materials in the ammonia buffer solution (1.1% NH,CI + 0.7% NH,OH)
with pH 8.3. NNDSA diammonium salt concentration 0.35 M, current density 10 A/dm?2, temperature 70°C

Cathode material Yield, % Current efficiency, % Catholyte pH
Titanium VT1-0 98.5 55.0 8.74
N3 nickel 98.5 72.2 8.95
Steel St. 3 95.0 65.5 8.95
Lead 92.4 72.9 9.05
Stainless steel Kh18N10T 94.5 52.1 8.80
Copper 98.0 68.8 8.90
Stainless steel EP-467* 98.0 42.0 8.60

* The EP-467 alloy chemical composition, %: C (0.12—0.18), Cr (15.0—16.5), Ni (2.0—2.5), Mo (0.9—1.3), N (0.03—0.1), Fe (the

remainder).

tion at the lead electrode [20]. Indeed, our measure-
ments of the evolved hydrogen volume showed that in
the course of the electrolysis at the lead electrode, the
hydrogen current efficiency is the lowest: about 25.0%
(Figs. 3 and 4). However, at copper and nickel which
have a low hydrogen evolution overvoltage [20], the
NNDSA reduction in an ammonia buffer solution also
show a relatively high current efficiency. The charac-
teristic feature of these metals is a formation of thin
spongy sulfide films at their surfaces during the elec-
trolysis. The films are likely to be the result of the
NNDSA diammonium salt’s partial desulfurization

which produced side products (SO§_, H,S, NiS, and
CuS). The same products are formed in the desulfur-
ization of sodium allylsulfonate at a nickel cathode in

—E,V
2.0

CE, %

1.5

1.0

0.5F

0,Ah

Fig. 3. Dependence of the cathode potential change in the
ammonium chloride 1.1%-solution on the passed charge
for different electrode materials: (/) titanium; (2) stainless
steel Kh18N10T; (3) nickel; (4) copper; (5) steel St. 3;
(6) lead, and dependence of the hydrogen evolution cur-
rent efficiency (CE) on the passed charge for different
electrode materials: (7)) titanium; (3)) nickel; (4;) copper;
(6;) lead. NNDSA diammonium salt concentration

0.35 M, current density 10 A/dmz, temperature 70°C.
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phosphate—borate buffer solutions [14]. During the
electrolysis of an ammonia buffer solution (0.55%
NH,CI+ 0.7% NH,OH) added with a 6.0 g/L sodium
sulfite, the nickel electrode surface is covered with a
sulfide film which increased the NADSA electrosyn-
thesis effectiveness. For example, at the current den-
sity of 15.0 A/dm? and the temperature of 70°C, the
NADSA yield and current efficiency at a nickel cath-
ode in the ammonia buffer solution (0.55% NH,CI +
0.7% NH,OH) is 95.0 and 56.6%, respectively; in the
presence of a 6.0 g/L sodium sulfite, 97.0 and 70.2%,
respectively. At that, we found that the post-electroly-
sis catholyte added with a sodium sulfite does not
practically contain any naphthalene hydroxylamino-
disulfonic acid which increased the target product

—E,V
2.0 CE, %

1.5

<

1.0

0.5

0,Ah

Fig. 4. Dependence of the cathode potential change in the
ammonia buffer solution (1.1% NH4CI + 0.7% NH,OH)
with pH 8,3 on the passed charge for different electrode
materials: (/) titanium; (2) stainless steel Kh18N10T;
(3) nickel; (4) alloy EP-467; (5) lead; (6) copper; (7) steel
St. 3, and dependence of the hydrogen evolution current
efficiency (CE) on the passed charge for different elec-
trode materials: (/7)) titanium; (3;) nickel; (5;) lead;
(61) copper. NNDSA diammonium salt concentration

0.35 M, current density 10 A/dmz, temperature 70°C.
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Table 6. Corrosion resistance of cathode materials in the ammonia buffer solution (1.1% NH,CI + 0.7% NH,OH) with

pH 8.0—8.5. The electrolysis duration 10 h

Cathode material ~ |Current density, A/dm?| Temperature, °C NNDSA Corrosion depth index,
concentration, M mm/year
10 50 0.35 0.16
10 60 0.35 0.26
10 70 0.35 1.40
10 80 0.35 4.00
15 70 0.35 1.50
20 70 0.35 4.50
N3 nickel 30 70 0.35 4.30
15 50 0.35 0.30
30 50 0.35 0.65
15 70 0.41 2.90
15 70 0.47 4.50
15 70 0.54 7.00
10 70 0.35 19.00*
Copper 10 50 0.35 0.32
Titanium VT1-0 10 70 0.35 0.005
Stainless steel 10 70 0.35 0.006
KhI8N10T
10 50 0.35 11.6
Steel St. 3 10 70 035 16.7
Alloy EP-467 10 70 0.35 0.35

* Ammonium hydroxide concentration 5.0%.

(NADSA) yield as a result of the intermediate product
conversion to the amino-compound.

All electrode materials demonstrated the potential
gradual shift toward negative values in the course of
the electrolysis (Figs. 3 and 4). In the ammonium
chloride solution, the passing of charge approaching
the theoretically required one for the NNDSA diam-
monium salt to be reduced to naphthalene hydroxyl-
aminodisulfonic acid (3.0 A h) affected the potential
of each of the studied cathodes but insignificantly.
Further reduction of a naphthalene hydroxylaminodi-
sulfonic acid into the NADSA resulted in the electrode
potential dramatic shift toward the cathodic location;
finally, on the passing of a charge required for the ini-
tial nitro-compound reduction to NADSA (4.5 A h)
the electrode potential takes on the extremely negative
value reaching that of a hydrogen evolution. There-
fore, the NADSA production in the electrolysis final
stage occurs in parallel with the predominant hydro-
gen evolution, which lowers the target process effec-
tiveness.

In the ammonia buffer solutions, we reached more
negative potential values at the studied cathode mate-
rials as compared with the ammonium chloride solu-
tion. However, the hydrogen evolution current effi-
ciency for nickel and copper cathodes decreased
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markedly (Fig. 4). This fact must increase the selectiv-
ity of the NN DSA diammonium salt electroreduction
to NADSA as is the case in the experiment. The rela-
tively high NADSA current efficiency at the copper
and nickel electrodes is likely to be due to both
decrease of the true current density because of devel-
oping copper and nickel spongy sulfides and the cath-
ode surface catalytic activity because of the copper and
nickel sulfides’ formation thereon.

For the copper cathode, the increase in the
NADSA vyield and current efficiency can be caused by
the involvement of the mediator-catalysts, the mixed
valent copper ions, to the reduction process. The cop-
per ions emerge because of the electrode corrosion
during the electrolysis; they mainly affect the stage of
naphthalene hydroxylaminodisulfonic acid reduction
to NADSA.

The cathode material choice is determined by not
only the NNDSA reduction effectiveness, but also by
the electrode corrosion resistance under the electroly-
sis conditions (Table 6). We studied the corrosion
resistance of those construction materials, which
based cathodes provided the larger NADSA elec-
trosynthesis effectiveness.

We can see from the data of Table 6 that VT'1-0 tita-
nium and Kh18N10T stainless steel demonstrated the
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Table 7. Effect of current density on NADSA yield and current efficiency and the electrolyzer capacity in the ammonia buf-
fer solution (1.1% NH,CI + 0.7% NH,OH) with pH 8.3. NNDSA diammonium salt concentration 0.35 M, cathode

N3 nickel
Temperature 50°C Temperature 70°C
Current density, A/dm?
yield, % current efficiency, % yield, % current efficiency, %
10 98.2 65.0 98.5 72.2
15 97.6 58.5 97.0 65.0
20 97.5 54.1 95.0 60.0
30 95.0 48.0 92.0 53.0
40 90.5 44.2 — —

highest corrosion resistance. However, the cathodes
manufactured of these materials give the NNDSA
diammonium salt reduction yield and current effi-
ciency of only 55.0 and 52.1%, respectively, while the
nickel cathode provided 72.2%. The corrosion depth
index for the nickel cathode increased with the
increasing of temperature, current density, and the
NNDSA concentration as well as that of ammonium
hydroxide. With the increasing of the ammonium
hydroxide concentration up to 5.0%, we observed
intense corrosive destruction of the nickel electrode
for which the corrosion depth index equals
19.0 mm/year. Evidently, for this reason the nickel
sample corrosion increases with the increasing of the
initial nitro-compound concentration because
the NNDSA diammonium salt hydrolysis increased
the ammonium hydroxide content in the reaction
solution. With the increasing of temperature, the
nickel corrosion resistance in the ammonia buffer
decreased as a result of a nickel chemical dissolution
with the ammoniate formation [21]. Therefore, the
nickel cathode can be only used at a current density of
10—15 A/dm? and a temperature of 50—60°C.

Thus, judging by the corrosion resistance and the
selectivity of the NNDSA diammonium salt electrore-
duction to the corresponding NADSA, we selected the
nickel cathode and ammonia buffer solution
(1.1% NH,CI1 + 0.7% NH,OH) with pH 8.0—8.3 for

our further studies.

The current density effect on the NADSA elec-
trosynthesis was studied at a temperature of 50 and
70°C. The results of this study are given at Table 7 and
Fig. 5. It comes from the obtained data that with the
increasing of the current density both at 50 and 70°C,
the NADSA vyield and current efficiency decreased
while the capacity and energy intensity of the process
increased significantly.

With the increasing of the current density the elec-
trode potential is shifted toward negative values more
rapidly that increased the fraction of current which is
consumed in the hydrogen evolution side-reaction
(Fig. 6). For instance, at a temperature of 50°C with
the increasing of the current density from 10 to
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40 A/dm? the NADSA reduction current efficiency
decreased from 65.0 to 44.2%; the hydrogen evolution
current efficiency increased from 32.0 to 55.0%.

The decrease in the NADSA yield with the increas-
ing of the current density is likely to be connected to the
electrode’s high negative potential (—1.82...—1.91 V)
observed at current densities of 20—40 A/dm?. At this
potential, the occurrence of side-reactions becomes
possible, in particular, the NNDSA diammonium salt
reductive desulfurization (Fig. 4). Moreover, at a cur-
rent density of 40 A/dm? the catholyte is alkalinized
significantly in the course of the electrolysis. At that,
the catholyte pH increased from 8.3 to 8.8. At the
same time, at the current density of 10—30 A/dm? the
catholyte pH increased to only 8.50—8.55. In more
alkaline solutions, dimer side-products can be formed
[14] which lower the target NADSA yield.

P, kg/(m* h) W, kW h/kg
]1 . 9
5F 18
41 2 17

1

2
3F ) 106
2F 45
°

1F 14
1 1 1 1 3

0 10 20 30 40

i, A/dm?

Fig. 5. Dependence of the electrolyzer capacity (P) change
at a temperature of 50°C (/) and 70°C (2) and the process
energy intensity (W) at a temperature of 50°C (/;) and
70°C (2;) on the current density in the ammonia buffer
solution (1.1% NH4Cl + 0.7% NH,OH) with pH 8.3.
NNDSA diammonium salt concentration 0.35 M, cath-
ode N3 nickel.
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Fig. 6. Dependence of the cathode potential change on the
passed charge in the ammonia buffer solution (1.1%
NH,CI+0.7% NH,OH) with pH 8.3 at a different current
density, A/dm2: (1) 10; (2) 20; (3) 40, and dependence of
the hydrogen evolution current efficiency (CE) on the

passed charge at a different current density, A/dm2:
(1)) 10; (2)) 20; (3;) 40. NNDSA diammonium salt con-

centration 0.35 M, temperature 50°C, cathode N3 nickel.

We can see from the data of Table 7 and Fig. 5 that
at a temperature of 70°C, the NADSA electrolysis cur-
rent efficiency and capacity are higher, the energy
expenditures lower than at a temperature of 50°C at
the same current density. However, with the increas-
ing of temperature and current density the nickel cath-
ode destruction is more intense (Table 6). Therefore,
for the NADSA electrosynthesis at a temperature of
50—60°C, the recommended current density is
10 A/dm? at a temperature of 70°C and 15 A/dm?.

At NNDSA reduction at nickel cathode in the
ammonia buffer solution (1.1% NH,Cl + 0.35%
NH,OH) with pH 7.5, 0.32 M, we studied changes in
the initial, intermediate, and final product concentra-

tion in the course of the preparative electrolysis
(Fig. 7).

At Fig. 7 we give typical cyclic voltammograms of
reaction solution sampled at 6, 7, 8, and 10 h after the
process start. With the scanning of the cathodic poten-
tial, we observed the reduction current peak 4 at £, =
—0.42V, that is at the potential more positive than that
of the NNDSA reduction peak (the peak B with E, =
—1.0 V). Presumably, the peak 4 must be ascribed to
the reduction of the naphthalene 2-nitroso-4,8-disul-
fonic acid produced under conditions of the prepara-
tive electrolysis to the corresponding naphthalene
hydroxylaminodisulfonic acid [22].

Under these conditions, NADSA gives an oxida-
tion current peak D at the voltammogram at E, =
+0.68 V with a height increased in the course of the
electrolysis.
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The NNDSA diammonium salt preparative reduc-
tion in strongly acidic medium (5—15%-sulfuric acid
solution) also shows the A4 peak in the voltammogram;
at a mercury dropping electrode the E,,, potential is
more positive than that at a glassy carbon electrode
which equals —0.32 Vin 0.1 N NaOH.

In the ammonia buffer solution (1.1% NH,CIl +
0.35% NH,OH) with pH 7.5, the NNDSA diammo-
nium salt is reduced to hydroxylamine derivative which
gives an oxidation current peak Cat £, = —0.30 V at an
anodic potential scanning from —1.35 V. Such an
anodic wave with £, = —0.28 V was observed [22] in
the trisodium salt of the naphthalene 1-nitro-3,6,8-
trisulfonic acid’s electroreduction at a gold ring-disc
electrode in 0.3 M NaOH + 60% (v/v) CH;CN alka-
line solution; it was related to the oxidation of the cor-
responding naphthalene hydroxylaminotrisulfonic
acid to a nitroso-compound. In water—ethanol solu-
tions, N-phenylhydroxylamine also can be oxidized
easily [23, 24] giving an anodic oxidation wave at
E, ;= +0.095...—-0.27 V over the supporting solution
pH range from 4 to 10. Therefore, the observed vol-
tammetric current peak C at Fig. 7 can undoubtedly be
ascribed to the naphthalene hydroxylaminodisulfonic
acid oxidation to the corresponding nitroso-com-
pound.

Nitrosobenzene was shown [23—25] to be revers-
ibly reduced polarographically in water—ethanol solu-
tions, with involvement of two electrons, to N-phenyl-
hydroxylamine over the potential range from +0.075
to —0.285 V when the supporting solution pH varied
from 4 to 10; nitrobenzene, from —0.415 to —0.74 V
over the same pH range. To confirm the suggested
nature of the 4 peak, we took cyclic voltammograms of
the NNDSA diammonium salt reduction at a glassy
carbon electrode in the supporting ammonia buffer
solution (1.5% NH,CI + NH,OH) with pH 7.5 upon
the potential changing in the cathodic direction from
+0.2 to —1.3 V and in the anodic direction from —1.3
to +0.2 V (Fig. 8).

We can see at Fig. 8 that the cathodic branches of
the cyclic voltammograms demonstrate a single irre-
versible current peak B of the NNDSA diammonium
salt’s four-electron reduction at £, = —0.83 V to the
corresponding hydroxylamine-compound. When the
cathodic potential scanning direction is reversed to
the anodic one starting from —1.3 and to +0.20 V, the
anodic branches of the cyclic voltammograms demon-
strated two oxidation current peaks C and .S. The value
E,, of the anodic peaks § (Fig. 8, curves /;, 2, and 3)
practically coincided with the E, value for the
NNDSA diammonium salt reduction (Fig. 8, curves 1,
2, and 3); it does not depend on the nitro-compound
concentration. It is about four times lower than the
cathodic peak (Fig. 8, curves /; and [); its height
increased linearly with the increasing of the NNDSA
diammonium salt concentration. This data points to
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Fig. 7. Cyclic differential voltammograms of reaction solution obtained in the NNDSA diammonium salt reduction conducted
at a glassy carbon in 0.1 N NaOH solution during electrolysis in the ammonia buffer solution (1.1% NH4Cl1 + 0.35% NH,OH)
with pH 7.5. Start time from the electrolysis: 6 h—1, I, I, Is; 7h—2, 2|, 25, 23; 8 h—3, 3|, 35, 33; 10 h—4, 4, 4,, 43. The D peak
is registered at the instrument sensitivity by ten times smaller than that of the A, B and C peaks registration. The electrolysis con-
ditions are as follows: NNDSA diammonium salt concentration 0.32 M, current density10 A/dmz, temperature 60°C, cathode

N3 nickel.

the reversible one-electron character of the oxidation
process [25]. Therefore, it should come as no surprise
that the anodic peaks .S represent a reversible process
of a radical-anion oxidation to the initial compound
[22]. The cathodic peak of the radical-anion forma-
tion is likely to be camouflaged by the summary four-
electron peak of the hydroxylamine-compound syn-
thesis. However, at Fig. 7 the anodic peak .S is not
observed; it is likely to be connected with a more com-
plicated composition of the near-cathode solution
layer and a higher concentration of the preparative-
electrolysis products as compared with the near-cath-
ode solution layer composition in the recording of the
cyclic voltammogram of the NNDSA diammonium
salt reduction at a glassy carbon electrode.

The anodic peak C (Fig. 8, curves I,, 2,, and 3,) of
the hydroxylamine-compound oxidation is observed
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over the same potential range as the peak C at Fig. 7;
its height increased linearly with the increasing of the
NNDSA diammonium salt concentration. Because it
is the nitroso-compound that emerged as the hydrox-
ylamine-compound oxidation product [22, 25], it
must be reduced during the potential scanning toward
a cathodic direction. Indeed, we can see at Fig. 8 that
at the potential re-scanning in the cathodic direction,
immediately after the reaching of the anodic-scanning
final potential (+0.2 B), the voltammogram shows a
cathodic peak 4 (curves 15, 25, and 3;) at £, = —0.3 V
which height increased linearly with the increasing of
the NNDSA diammonium salt concentration and
equals the naphthalene hydroxylaminodisulfonic
acid’s oxidation peak height at the same nitro-com-
pound concentration (Fig. 8). Therefore, the A peak at
Fig. 8, evidently, is connected with the reduction of
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Fig. 8. Cyclic differential voltammograms of NNDSA diammonium salt reduction at a glassy carbon cathode in the ammonia
buffer solution (1.5% NH4Cl + NH4,OH) with pH 7.5 (4) at a different nitro-compound concentration, M: (I) 3.8 X 10_4;

(2) 7.3 x 1074 (3) 10.4 x 10~*. Potential scan rate 20 mV/s.

the naphthalene nitrosodisulfonic acid produced in
the oxidation of the corresponding hydroxylamine
derivative. Judging by the data obtained, it is believed
that the cathodic peak A (Fig. 7) also reflects the
reduction of the naphthalene nitrosodisulfonic acid
emerged in the NNDSA diammonium salt preparative
electrolysis because the peak observation does not
require the potential re-scanning in the cathodic
direction.

In the preparative reduction of the naphthylnitro-
sulfonic acids’ isomeric mixture (nitro-Cleve-acids),
we also observed the formation of the corresponding
nitroso- and hydroxylamine-compounds in both
strongly acidic and ammonia-buffer reaction solutions
obtained during the electrolysis that can be registered
in the cyclic differential voltammograms recorded at a
glassy carbon electrode [9].

In the cyclic voltammograms (Fig. 9, curves 1, I,
1,, and I;) recorded at a glassy carbon electrode in the
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ammonia buffer solution (1.5% NH,Cl + NH,OH
with pH 7.5) with the potential scanning in cathodic
direction from +0.2 to —1.6 Vand in a reverse (anodic)
direction from —1.6 to +0.9 V, no NADSA production
has been registered. In all probability, the NADSA
which emerged during the recording of a cyclic vol-
tammogram is able to diffuse quantitatively from an
electrode surface to the solution bulk during the
anodic curve recording prior to the reaching of its oxi-
dation potential. The NADSA formation in a minor
amount is observed after a microelectrolysis at a
potential approaching that of the supporting electro-
lyte discharge (—1.6 V) for 30 min (curves 2,, 2,, and
25; the peak A) which was confirmed by the NADSA
spiking into the solution (Fig. 9, curve 3). The micro-
electrolysis at the potential of —1.6 V allows synthesiz-
ing large amounts of the target NADSA and observing
its anodic oxidation at the potential of +0.67 V. At the
same potential (see Fig. 7) we observed an anodic oxi-
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Fig. 9. Cyclic differential voltammogram of NNDSA diammonium salt reduction (7, I;, I, and 1) and a differential voltammo-
gram of oxidation of the NNDSA diammonium salt reduction products (peaks .S, C, and A4) formed at a potential of —1.6 V (2,
2, and 23) for 30 min, and a differential voltammogram of NADSA (3) in the ammonia buffer solution (1.5% NH4Cl + NH,OH)

with pH 7.5. NNDSA diammonium salt concentration 7.3 X 10~ M, NADSA concentration 1.5 X 10~ M, potential scan rate

20 mV/s.

dation of the NADSA obtained in the NNDSA diam-
monium salt’s preparative reduction.

We can see at Fig. 10 that upon the passing of a
charge approaching the theoretical value (4.4 A h), the
initial NNDSA diammonium salt concentration
decreased linearly and reached a high conversion fac-
tor (about 80%). At that, the B peak height in the vol-
tammogram decreased (Fig. 7).

We can see at Fig. 9 that the reaction intermediate
product concentrations first increased, reached maxi-
mum, then decreased rapidly upon the electrode
potential was reaching —1.1...—1.15 V (the 4 and C
peaks in the voltammogram disappeared by the end of
the electrolysis). Herewith, the potential was shifted to
the cathodic location abruptly down to —1.45 V. This
leads to further reduction of the initial and intermedi-
ate products into NADSA (which manifests itself in
the significant increase of the latter’s concentration in
the solution) as well as the hydrogen evolution. At
that, in the ammonia buffer reaction solution a small
amount (7—10 g/L) of the naphthalene nitrosodisul-
fonic acid can be registered during the 0.32—0.40 M of
the NNDSA diammonium salt reduction; to the end
of electrolysis, it disappeared completely, which, nat-
urally, results in the increase of the NADSA yield. At
the same time, in strongly acidic solutions, as was
mentioned above, the naphthalene nitroso- and
hydroxylaminodisulfonic acids are formed in the reac-
tion solutions up to their 20—24%-concentration. It
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Fig. 10. Dependence of the concentration changes for
NNDSA diammonium salt (/), NADSA (2), 2-hydroxyl-
amino-4,8-disulfonic acid (3), and naphthalene
2-nitroso-4,8-disulfonic acid (4) as well as the electrode
potential (5) and the hydrogen evolution current efficiency
(CE) (6) on the passed charge in the ammonia buffer solu-
tion (1.1% NH4CI + 0.35% NH4OH) with pH 7.5. The
electrolysis conditions: NNDSA diammonium salt con-
centration 0.31 M, temperature 60°C, current density

15 A/dm?, cathode N3 nickel.
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Table 8. Effect of temperature on NADSA yield and current efficiency in the ammonia buffer solution (1.1% NH,Cl + 0.7%
NH,OH) with pH 8.3. NNDSA diammonium salt concentration 0.35 M, current density 10 A/dm?, cathode N3 nickel

Temperature, °C Yield, % Current efficiency, % Hydrogen'e\'/olution Cathode potential change, V
current efficiency, %
50 98.2 65.0 32.5 —1.10...—1.57
60 97.5 71.2 27.4 —0.86...—1.52
70 98.5 72.2 27.5 —0.90...—1.50
80 96.5 74.8 24.5 —0.90...—1.50
90 92.8 75.5 23.0 —1.00...—1.47

Table 9. Effect of the initial NNDSA diammonium salt concentration on NADSA yield and current efficiency in the
ammonia buffer solution (1.1% NH,CI + 0.7% NH,OH) with pH 8.3. Temperature 70°C, current density 15 A/dm?, cath-

ode N3 nickel
NNDSA concentration, Yield, % | Current efficiency, % Hydrogen.e\.lolunon Cathode potential change, V
M current efficiency, %
0.35 97.0 65.0 34.2 —1.05...—1.58
0.41 98.0 70.4 28.4 —1.00...—1.52
0.47 97.5 81.8 16.2 —0.93...—1.45
0.54 97.0 78.0 20.5 —1.08...—1.67

does not seem possible to reduce them to the corre-
sponding amino-compound without using of a medi-
ator-catalyst, in particular, the ferrous sulfate.

NADSA is produced at the very beginning of the
electrolysis; however, its concentration is small, com-
parable with that of the intermediate nitroso- and
hydroxylamino-derivatives. With further continuing
of the process, the NADSA concentration in the reac-
tion mixture grows abruptly, as we see at Fig. 10 which
is due to the initial and intermediate products’ reduc-
tion as a result of the potential shift toward negative
values (curve 5). Upon the passing of the charge
approaching the theoretical value (4.4 A h), the further
NADSA catholyte concentration growth slowed down
because of the increase of the current fraction con-
sumed in the hydrogen evolution. Here, the hydrogen
evolution current efficiency increased from 12 to 28%
(curve 6).

Temperature effects on the NADSA electrosynthe-
sis were studied in the 50—90°C range (Table 8).

We can see at Table 8 that with the increasing of a
temperature from 70 to 90°C, the NADSA yield
decreased from 98.5 to 92.8%; the current efficiency
increased from 65.0 to 75.5%. The increase in the cur-
rent efficiency can be explained by the increasing sol-
ubility of the initial NNDSA diammonium salt as well
as the decreasing hydrogen evolution current effi-
ciency, probably, because the cathode potential shifts
toward less negative values. However, it is ill-advised
conducting the NADSA electrosynthesis at the tem-
perature of 80—90°C, despite the relatively high cur-
rent efficiency both because of the decrease in the
NADSA vyield and lowering of the cation-exchanging
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MK-40 membrane service life as well as the nickel
electrode corrosion acceleration (Table 6). Therefore,
it makes sense performing the NNDSA diammonium
salt reduction at the temperature of 50—60°C.

The NNDSA diammonium salt concentration
effect on the NADSA electrosynthesis was studied
over the 0.35 to 0.54 M concentration range (Table 9).
It comes from the data of Table 9 that the initial nitro-
compound concentration does not affect the NADSA
yield over the studied concentration range; the yield is
97.0-98.0%. However, with the increasing of the
NNDSA diammonium salt concentration from 0.35
to 0.47 M, the NADSA current efficiency grows from
65.0 to 81.8; after the further increase in the concen-
tration up to 0.54 M, the current efficiency decreased
down to 78.0%. The increase in the NADSA current
efficiency with the increasing of the nitro-compound
concentration can be explained by the current redistri-
bution between the hydrogen evolution side-reaction
and the target one in favor of the latter that is con-
firmed by the data concerning the hydrogen evolution
current efficiency. At that, the electrode potential
becomes less negative.

In the more concentrated NNDSA diammonium
salt solutions, the NADSA current -efficiency
decreased. It is likely to be caused by the decrease in
the diammonium salt NNDSA solubility. This ham-
pers the reduction and makes the potential more neg-
ative that increased the hydrogen evolution current
efficiency.

Judging by the obtained data, we concluded that it
is preferable to carry out the NADSA electrosynthesis
at the NNDSA concentration ranged within 0.35—
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Table 10. Results of the NADSA electrosynthesis scaling-up in the ammonia buffer solution (1.1% NH,CI + 0.35%
NH4OH) with pH 7.5. NNDSA diammonium salt concentration 0.35 M, temperature 60°C, current density 10 A/dm?,

cathode N3 nickel
Scaled—t.lp liaboratory unit, ca} holyte hpear Pilot plant, catholyte linear velocity in the
Laboratory electrolyzer velocity in the electrolyzer’s cathodic X .
electrolyzer’s cathodic compartment 0.03 m/s
compartment 0.06 m/s
yield calculated yield calculated
. current . current per isolating . current per isolating
yield, % efficiency, % yield, % efficiency, % | from solution, yield, % efficiency, % | from solution,
% %
97.5 71.2 98.2 60.0 84.4 98.0 46.0 88.2
98.5 72.2 98.0 56.0 89.9 97.0 51.0 89.0
80°C
98.0* 55.0 98.5 56.0 88.0 98.5 44.0 88.9
95.0%** 52.1 97.8 53.0 86.7 98.0 49.0 87.5
70°C
98.0 69.0 98.2%* 36.0 86.7 98.0 44.5 87.5
97.8 68.5 95.0* 40.0 88.7 97.9 44.2 88.0

* Cathode: titanium VT1-0.
** Cathode: stainless steel Kh18N10T.

0.41 M. At higher nitro-compound concentrations,
the current efficiency is larger, yet the nickel electrode
is subject to corrosion (Table 6).

Thus, the performed research allowed determining
the optimal conditions for the NADSA electrosynthe-
sis in the ammonia buffer solutions with pH 7.0—8.4.
They are as follows: the current density 10—15 A/dm?,
the temperature 50—70°C, the NNDSA concentration
0.35—0.41 M, the ammonium chloride concentration
1.1-2.2%, the ammonium hydroxide concentration
0.35—0.70%, the cation-exchanging membrane MK-
40, the cathode of the N3 nickel or Kh18N 10T stain-
less steel. These conditions were approbated using the
scaled-up laboratory unit and pilot plant; they pro-
vided the NADSA vyield and current efficiency of 97.5—
98.5 and 65.0—72.2%, respectively [26] (Table 10).

We can see from the data of Table 10 that the
NADSA yield recalculated per the reduction and iso-
lated from the reaction solution practically does not
depend on the scaling of the NNDSA diammonium
salt reduction process ; it is 95.0—-98.5% and 84.4—
89.0%, respectively. Moreover, the amino-C-acid
yield recalculated per the isolation from the post-elec-
trolysis reaction solution is significantly larger (see
Table 10) than that upon the NNDSA reduction with
the cast iron filings (78—79%) [3, 4].

It comes from the data of Table 10 that the NADSA
electrosynthesis at a nickel cathode occurs with a
larger effectiveness than at other studied metals.
Therefore, it is the N3 nickel that is recommended as
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a cathode material for the experimental-industrial
electrolysis.

In the pilot electrolyzer, the NNDSA diammo-
nium salt reduction occurs with a lower current effi-
ciency (44.0—46.0%) than in the simple laboratory
one (71.1-72.2%) or in the scaled-up laboratory unit
(56.0—60.0%). This lower current efficiency results in the
decrease of the plant capacity. For example, the labora-
tory electrolyzer specific capacity was 1.43 kg/(m? h) at
the current density of 10 A/dm? and the temperature of
50°C; by contrast, that of the scaled-up laboratory
unit and pilot plan was 1.0 and 0.80—0.93 kg/(m? h),
respectively. This current efficiency lowering is caused
by the low electrolyte linear velocity in the electro-
lyzer’s cathodic compartment because of the insuffi-
cient delivery rate of the used pumps. Our study of the
catholyte linear velocity effect on the NADSA at the
Kh18NI10T steel cathode showed the catholyte linear
velocity increase from 0.02 to 0.06 m/s to result in the
current efficiency increase from 37.0 to 48.0% at the
temperature of 60°C and current density of 10 A/dm?.

We can see at Table 10 that upon the temperature
increasing up to 70—80°C, the NNDSA diammonium
salt reduction process occurs with a higher current
efficiency at the same electrolyte linear velocity in the
electrolyzer cathodic compartment. However, the
increase in the temperature is undesirable from
the nickel cathode corrosion standpoint as well as the
MK-40 cation-exchange membranes limiting tem-
perature regime operation and the target product
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quality degradation because of the formation of resin-
ous side-products. Therefore, to increase the NADSA
current efficiency, the electrolyte linear velocity in the
electrolyzer cathodic compartment must be increased
with the use of a more productive pump.

Amino-C-acid produced in the pilot plant con-
forms with requirements of the TU 6-14-207-84 tech-
nical specifications. In addition, the amino-C-acid
qualities were tested in the PAO “Khimprom”
(Novocheboksarsk, Chuvashia, Russia) for the assay
percentage and impurities by using a thin-layer chro-
matography method. Another test was the synthesis of
the active Golden Yellow (2KKh) dye which is most
sensitive with respect to the quality of the intermediate
used. Additionally, we found that the yield and quality
of the dye prepared through the use of the electro-
chemically produced amino-C-acid well conform
with the process regulations and standard sample
qualities; the dyeing with the obtained dye conforms
with the TU 6-14-53-77 regulatory standard.

CONCLUSIONS

Judging from the obtained results, the following
conclusions can be drawn:

(1) The studying of the effects of condition on the
NNDSA diammonium salt preparative reduction to
NADSA, in particular, the electrolyte composition,
the cathode material, the current density, the tem-
perature, and the initial NNDSA diammonium salt
concentration allowed establishing the optimal condi-
tions for the NNDSA diammonium salt reduction to
NADSA in the ammonia buffer solutions with
pH 7.0—8.4. They are as follows: the current density
10—15 A/dm?, the temperature 50—70°C, the
NNDSA concentration 0.35—0.41 M, the ammonium
chloride concentration 1.1-2.2%, the ammonium
hydroxide concentration 0.35—0.70%, the cation-
exchanging membrane MK-40, the N3 nickel or
Kh18N10T stainless steel cathode. They provide the
NADSA vyield and current efficiency of 97.5—98.5 and
65.0—72.2%, respectively which were approbated
using the scaled-up laboratory unit and pilot plant
with a membrane electrolyzer of a filter-press type.

(2) The ammonia buffer solutions with pH 7.0—8.4
were shown to be more preferable for the NADSA pre-
parative electrosynthesis as compared with acidic ones
because they provided not only a higher engineering-
and-economic performance of the NNDSA diammo-
nium salt reduction but also are less corrosive, and this
simplifies the choice of the electrode and construction
materials for the electrolyzer and production facilities
for the amino-C-acid production.

(3) By using the experimental data obtained with
the scaled-up laboratory unit and pilot plant, an elec-
trochemical technology of the amino-C-acid produc-
tion is developed. It is shown in the experimental-
industrial regulations for the amino-C-acid produc-
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tion and in requirements specification for the design-
ing of experimental-industrial electrolyzer for the pro-
ducing of amino-C-acid. On its basis, the MMN-3-
NS-03 experimental-industrial membrane electro-
lyzer of a filter-press type at a current load of 3 kA is
drafted.

(4) The developed technology for the amino-C-
acid electrosynthesis allows increasing the product
yield recalculated per the isolating from reaction solu-
tion from 79.0 to 84.4—89.0%, cutting back the amount
of non-recyclable solid wastes from 1.7 to 0.2 t per 1 t of
the product, simplifying the technological process by
the excluding stages involving the cast iron filings
preparation, filtering, and iron sludge transportation,
improving working conditions, providing economic,
ecological, and social effect as well as producing the
amino-C-acid in conformity with requirements of the
TU 6- 14-207-84 technical specifications.
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