u] =,

Bueueno ocobausocmi peuuxuiney mamro-
6020 po3uUHY 6 MexHOoJ02i 0depicanns (epa-
mig(VI). Bcmanoeneno, w0 207106HUM YUHOM
Ha cmynine ouucmxu 6i0 Odanacmuux awiowie
8naUBAIOMb MeMnepamypa ma KOHUeHmpayis
yey. Bueueno pozuunnicmo K,FeO,, KCI, K,SO,,
KNO, 6 npucymnocmi eéeauxozo naoauwmry OH
1ioHi8. 3anponoHO6aHO MEXHON02IMHI PIUleHHS
w000 PeUUKNIHZY KOHUEHMPOBAHUX TYHCHUX
Po3uunie 0na piznux cnocobie cunmesy depa-
mig(VI)

Kntouosi crosa: odepscanns cnoayx Fe(VI),
2inox0pum, eneKmpocunmes, peyuKiine, mam-
K08Ull po3uun

= yu

H3yuenvi ocobennocmu peyuxaumea mamoy-
H020 pacmeopa 6 mexHoa02uu noayueHus gep-
pamos(VI). Ycmanoeneno, umo ocHo8HOe 61U~
Hue HA CMmenetb 0UUCMKY 0m OAJLIACMHBIX AHU-
0HO08 0Ka3bl6AIOM meMnepamypa u KoHyenmpa-
uus weaouu. Usyuena pacmeopumocms K,FeO,,
KCl, K,S0,, KNO, ¢ npucymcmeuu 6010020
usbvimxa OH~ uonos. Ilpeonoicenvt mexmnono-
2uMecKue pewlenus no PeUuKaIUHzY KOHUeHmpu-
POBAHHBIX WETIOUHBIX PACMEOPOB 05 PA3TIUY-
HbLx cnoco6oe cunmesa peppamos (VI)

Knouesvte cnoea: nonyuenue coedune-
nuii Fe(VI), eunoxnopum, 3snexmpocumnmes,
PpeuuKaunz, MamouHslil Pacmeop

0 0

1. Introduction

Ferrates(VI) are new “green” oxidants, which due to
their unique properties are used in many spheres, such as
industrial ecology [1-4], organic and inorganic synthe-
sis [5, 6], batteries production [7], etc. The widespread use
of ferrates and their large-scale production are largely cut
down by the high price that has currently developed in the
market of iron(VI) compounds. It should be noted that
the price for ferrates of reactive purity (=97 % Fe(VI)) for
scientific purposes in some degree has speculative character
(100—-150 USD per 1 g), because now there is a rush demand
caused by the increased attention of many scientists from
different countries to ferrate technologies [2—4, 7]. At the
same time, the price of commercial ferrates (90 % Fe(VI))
for the industry is much lower. Nevertheless, for successful
competition with traditional reagents, it is still high. This
stimulates further research on the modernization of fer-
rates(V1) technologies aimed at reducing the cost of these
compounds.

As a result of this, actual studies are devoted to the
search of ways to improve the recycling technology of con-
centrated alkaline solutions, which accumulate in large vol-
umes after crystallization and recrystallization of potassium
ferrate. During the development of the appropriate process-
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es, it is necessary to take into account that the composition
of the mother liquor is broadly determined by the method
of ferrates(VI) production. Therefore, for the chemical
(hypochlorite) or electrochemical methods, technological
decisions for recycling will have their own peculiarities
according to the differences in the composition of the liquid
phases in which the base product is synthesized.

2. Literature review and problem statement

One of the ways to reduce the cost of Fe(VI) compounds
production is the recycling of concentrated alkaline solu-
tions, which are used in large quantities to create conditions
that ensure the stability of Fe(V1) derivatives in an aqueous
medium. However, this issue is not given enough attention.
In the papers [8, 9], devoted to the technologies of obtaining
ferrates, a special role is assigned to the purity of the used
alkali metal hydroxides, which is due to the use of very
concentrated alkaline solutions (14—16 M OH") for Fe(VI)
synthesis. The requirements for the initial alkaline solu-
tions used in various technological operations (synthesis,
crystallization, recrystallization, etc.) are virtually identical
regardless of the method of Fe(VI) compounds production.
Solutions must be purified as much as possible from heavy




metal compounds (especially cobalt, nickel, chromium, etc.),
organic compounds and reducing agents [5, 10]. Otherwise,
the yield and purity of the target product will be significantly
reduced. The treatment of concentrated alkalis with a flow of
direct electric current, offered in [11] and adapted for Fe(VT)
technology [9], allows reducing the content of heavy metal
impurities to a safe level. To eliminate the negative effect of
inorganic and organic compounds, which are capable of in-
teracting with the target product, it has been offered to use
strong oxidizers (O,, H,0,), which do not contaminate the
alkaline solution with the products of redox reactions [2, 5].

On the basis of the prepared on a special technology
alkali, a hypochlorite solution is prepared at first, into
which solid salts of Fe (more often the crystalline hydrate of
iron(I11) nitrate) are added [2, 5, 8]:

2Fe(NO,),9H,0,+3CIO +100H —
—2FeOQ? +3Cl +6 NO; +23H,0, )

followed by precipitation of solid potassium ferrate [5, 8]:

2KOH , +FeO; —K,FeO, +20H". 2

® 4©)

After the technological cycle in the mother liquor, due to
chemical reactions ballast anions and impurities are inevita-
bly accumulated, the sources of which are iron-containing
raw materials as well as hypochlorite. As we can see from
the equation of chemical reaction (1), the main impurities
are NO, and CI anions. It is reported in [2, 8] that if spent
alkali is used for Fe(VI) synthesis without any purification,
so the purity of the obtained ferrate falls to 12 % due to the
constant accumulation of impurities. Therefore, impurities
should be removed before reusing the mother liquor. The
authors [8] noted that specially purified from chlorides and
nitrates alkali wastes can be reused to prepare K,FeO, with
a purity and yield above 90 and 60 %, respectively after ten
recycles. Therefore, such purification is recommended in
order to reduce the cost of potassium ferrate. It should be
noted that these recommendations refer only to the synthe-
sis of ferrates from iron(I1T) nitrate and do not affect other
cheaper iron compounds, in particular, chlorides, sulfates or
hydroxides:

2FeCl.

1 F3CI0 +100H —2Fe0? +9CI+5H,0,  (3)

Fe,(SO )y, t3CIO+100H —
—2FeQ; +3Cl +3S02 +5H,0, (4)

2FeO(OH),,+3CIO +40H —2Fe0? +3CI+3H,0, (5)

whose use in the economics may be more practical [12].

In addition, the use of 11 M potassium hydroxide solutions
for recycling, proposed in [8], does not meet the requirements
for modern technologies, in which it is recommended to use
solutions with a higher KOH concentration [2, 5, 10]. More-
over, it can be assumed that such low values of the yield of the
target product, obtained in [8] are also due to the accumula-
tion of soluble and insoluble heavy metal compounds in the
system, the formation of which is justified in [10, 13].

There is no information in the literature on the recycling
of mother liquors after electrochemical synthesis.

The collection of described above facts predetermines
the need for continuing research in this direction and

efforts concentration in increasing the profitability of ob-
taining Fe(VI) compounds by introducing a recycling op-
eration into the technological cycle for the production of
ferrates(VI).

3. The aim and tasks of the study

The aim of this study is to investigate the recycling of the
spent mother liquor to improve indexes of ferrates synthesis
and to reduce the cost of releasing the target product.

To achieve this aim, it was necessary to solve the follow-
ing tasks:

—to determine the solubility of the target product
K,FeO, and some salts (KCI, K,SO,, KNO,), accumulating
as ferrates are synthesized in the mother liquor, in the pres-
ence of a large excess of KOH;

— to investigate the influence of the main factors (tem-
perature and concentration of OH anions), which determine
the efficiency of ballast salts removal and, ultimately, recy-
cling in general;

—to consider the practicability of recycling of concen-
trated alkaline solutions for various methods of obtaining
ferrates(VI).

4. Materials and research methods for the purification
of concentrated alkaline solutions from impurities of
different nature

4. 1. Materials, substances and devices used for the
synthesis of ferrates by chemical and electrochemical
methods

For the preparation of base alkaline solutions, we used
KOH (reagent grade), NaOH (especially pure) and twice
distilled water. Ferrates solutions were prepared in two
ways — by hypochlorite and electrochemical methods rep-
resented in [5, 7, 9, 12]. To implement chemical synthesis,
we used Fe(NO,),9H,0, Fe,(S0,),9H,0, FeCl,-6H,0,
FeO(OH) reagents with a purity degree not lower than
reagent grade. For transpassive dissolution, we used rect-
angular shape samples (S=32 cm?), made of cast iron and
steel of various grades, which composition is determined by
ARL 3460 Optical Emission Spectrometer (Switzerland).
The polarization of the electrodes was carried from direct
current source B5-47 (Russia) to control the amount of elec-
tricity at constant current integrator IPT-1 (Belarus). The
process was carried out in reactors of polymethylmethac-
rylate and polytetrafluoroethylene. The temperature of the
working solutions was monitored and maintained using ul-
tra thermostat U-2 (Germany) with an accuracy of +0.1 °C.

4. 2. The determination of ballast salts solubility and
cleaning mother liquors from impurities

The solubility of KCI, K,SO,, KNO, (all reagents with
the reagent grade purity) in KOH was investigated by the
method recommended in [14, 15]. Solutions purification
from precipitation and suspended particles was performed
under vacuum using a Buchner funnel and Bunsen flask
with filters made of polymer materials that are stable in solu-
tions, which contain ferrates of alkali metal hydroxides. If
necessary, mother liquors were treated with a flow of direct
electric current to remove heavy metal compounds [9, 11].



4. 3. The analysis of the mother liquor components

The ferrates analysis was carried out by the ampero-
metric titration method given in [16] with one indicator
electrode. The concentration of other anions in the mother
liquor was adjusted by using standard procedures recom-
mended in [17].

Electronic spectra of solutions absorption were prepared
by spectrophotometer Specord M 40 (Germany) in sealed
quartz cuvettes with an absorbing layer thickness of 1 cm.

3. The results of the recycling studies of concentrated
alkaline solutions

Mother liquor, which remained after the redox reactions
and the recovery of solid K,FeO,, was the main object of
investigation in this work. It is natural to assume that the
method of ferrates(VT) synthesis must influence the compo-
sition of spent mother liquor. Obviously, it will determine the
need and technological decisions for recycling.

5. 1. The determination of the solubility of potassium
ferrate in an alkaline medium

As a rule, the spent mother liquor contains some of
FeO?", which has not passed in the solid phase in the pro-
cess (2). To reduce the unproductive losses of the target
product, actions must be taken that the amount of dissolved
potassium ferrate in the filtrate was minimal. There are not
enough data on K,FeO, solubility in an alkaline medium,
they are contradictory and are obtained for disparate condi-
tions [8, 14, 15], so at the first stage of the investigations its
solubility has been studied in conditions, which are identical
in composition used for the synthesis of Fe(VI) compounds.
The results of these researches are presented in Fig. 1.
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Fig. 1. K,FeO, solubility dependence on the temperature in
KOH solutions, M: 1 —12.0; 2 — 14.3; 3 — 16.1

As it is clear from Fig. 1, near-equilibrium concentration
of potassium ferrate does not depend only on the tempera-
ture of the solution, but also on the concentration of back-
ground electrolyte. On the qualitative level, the obtained
dependences correspond to the data of [8, 14, 15], some of
the discrepancies may be due to the differences in the purity
of the K,FeO,samples used.

3. 2. Recycling of mother liquors resulting from chem-
ical synthesis of Fe(VI) compounds

At the next stage of the research, under the same condi-
tions four options of hypochlorite synthesis were performed
from the various iron(IIl) compounds: Fe(NO,),9H,0,
Fe,(SO,),9H,0, FeCl,-6H,0, FeO(OH), which are fre-

quently used for the preparation of Fe(VI) compounds. Af-
ter the reactions 1, 3—5 and room-temperature filtration of
the formed precipitation, a complex analysis of spent mother
liquors was carried out, the results of which are presented
in Table 1.

Table 1
The content of basic and ballast anions in
mother liquors at 20 °C
Concentration, M
Precursor
OH- | FeO* | cCI NO; | sor
Fe(NO,),9H,0 13.0 4.3-10% | 0.166 0.191 0
Fe,(SO),9H,0 | 135 | 3.810% | 0.163 0 |2910°
FeCl,-6H,0 13.4 3910° | 0.165 0 0
FeO(OH) 14.3 3.310° | 0.157 0 0

As it follows from the data of Table 1, in the mother
liquor, apart from OH™ anions, there are chlorides (CIO™ re-
duction products), as well as some ballast anions (nitrates,
sulfates or chlorides). As we should expect, the nature of
ballast anions is determined by the type of used starting
iron(I1T) compounds.

It is advisable to purify the mother liquor for reuse in the
production cycle by using the effect of salting out various
substances in the presence of large amounts of alkali metal
hydroxides. The solubility of some salts in concentrated al-
kaline solutions is shown in Fig. 2.
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Fig. 2. Solubility of ballast salts in the mother liquor at:
a—0°C; b—20°C; 1— KNO,; 2 — KCl; 3 — K,SO,

As it is seen from the data in Fig. 2, the solubility of
ballast salts is significantly affected by the temperature and
concentration of potassium hydroxide. In order of decreas-
ing solubility, the salts can be arranged in the following
phenomenological series: KNO,-KCI-K,SO,. It should be
noted that the solubility of the target product is comparable
only to the solubility of potassium sulfate (Fig. 1, 2), so the
mother liquor will be purified during the salting-out process
as a result of co-crystallization of both salts.

The content of other ballast salts in the system after the first
stage of salting out is sufficiently large (Table 1), therefore, it is
obvious that for deeper purification it is necessary to reduce the
temperature and increase the concentration of alkali. Therefore,
for the purification of solution from nitrates and chlorides, it is
expedient to carry out two stages of salting out — one at room
temperature and the other at low temperatures.



The solutions obtained after the reaction (5) (the pre-
cursor of FeO(OH)), are most suitable for recycling because
they contain a minimum amount of ballast salts (only chlo-
rides). Moreover, in the process of synthesis based on other
precursors, the consumption of OH™ anions is approximately
2.5 times as large (Table 1).

3. 3. Recycling of mother liquors resulting from elec-
trochemical synthesis of Fe(VI) compounds

In the process of transpassive dissolution of iron in alka-
line medium (concentrated NaOH or KOH solutions):

Fe+80H —6¢ —FeO? +4H,0, (6)

along with the target product, extraneous anions accumulate
in small amounts, which is due to the presence of heavy metal
impurities in used electrode materials. It has been established
that the main impurities in the liquid phase are manganese
and chromium oxoanions (MnO?, CrO; ) (Table 2).

Table 2

The content of manganese and chromium oxoanions in the
mother liquor after electrosynthesis

o, % C-10°, M
No. | Electrode material
Mn Cr MnO? CrO?
1 | Low-carbon steel 0.38 0.032 0.2 0
2 | Open-hearth iron |  0.88 0.137 0.9 0.1
3 | Low alloyed steel |  0.95 0.143 1.3 0.15
4 Foundry iron 0.88 2.83 1.1 3.4

Note: current density is 5 mA/cm?, electrolysis time is 10 hours

These results do not go against the works [6, 10, 13],
which inform about the inclusions of manganese and chro-
mium in the crystalline ferrates prepared by electrochemical
and chemical methods.

In addition, due to the uneven dissolution of the elec-
trodes, the formation of so-called anodic sludge takes place,
accelerating decomposition of ferrates. Therefore, in order
to eliminate the negative effect of insoluble Co, Ni, Cr, Mn
compounds, etc., contained in the sludge [10, 13] and the
transition of some its components (Cr, Mn) into the liquid
phase, it is necessary to reduce the contact time of the latter
with the mother liquor, for example, by means of periodic or
continuous filtration.

As arule, in order to reuse KOH solutions after separation
of the target product, it is only sufficient to correct the elec-
trolyte by the concentration of potassium hydroxide. Howev-
er, if the initial solution was NaOH, then after the process-
es (6) and (2) the mother liquor, which is an aqueous solution
of sodium and potassium hydroxides, it can not be separated
into individual components, so, it can not be recycled.

6. Discussion of the results of the mother
liquor recycling research

It should be noted that the practicability of recycling is
much higher when cleaning is based on physical methods,
because its implementation costs are minimal. That is why
for the purification of mother liquor, the salting-out oper-

ation has been chosen as the main technological decision,
which effectiveness is regulated by the changing of tempera-
ture. Low-temperature salting-out is well suited for this sys-
tem, as for removing of ballast salts (or target product) from
the mother liquor there is no need to add a special salting-out
agent — its role is performed by the main component of the
solution — potassium hydroxide, which cleaning is the main
task of recycling.

As it follows from Fig. 1, for the fuller extraction of the
target product after synthesis from the mother liquor, it
is necessary to use low temperatures. However, it must be
taken into account that the solubility of ballast salts also
reduces with increasing KOH concentration and decreasing
temperature (Fig. 2). Therefore, the first stage of recovering
solid K,FeO, is expedient to carry out at room temperature,
when the main part of the target product will precipitate.
During the second stage of salting out (low-temperature
area), the precipitation will mainly contain ballast salts. Such
technological decision, unlike those proposed in [5, 8], will
simplify the purification of the target product from ballast
salts. The experiments showed that as a result of low-tem-
perature salting out, the potassium sulfate (its content after
purification does not exceed 0.3 g/1) can be removed from
the mother liquor, in addition to ferrates(VI). At the same
time, such complete removal of nitrates and chlorides was
not achieved even at 0 °C. However, the residual concentra-
tion of these anions of ~10 g/1 in the mother liquor after the
second stage of purification is also an acceptable result. With
such content in the system, nitrates and chlorides do not
have a noticeable negative effect on the synthesis.

It is important to note that the use of iron(I1T) oxohydrox-
ide FeO(OH) instead of crystalline hydrates of salts has sev-
eral advantages. In the synthesis, this precursor does not form
additional ballast anions (reactions 1, 3—5). Besides, it is char-
acterized by the lowest consumption of OH™ anions, so only
2 moles of KOH are consumed to form one mole of the target
product, while for Fe(III) salts, 5 moles are required. There-
fore, these facts allow us to consider that FeO(OH) is the best
iron-containing precursor for the synthesis of ferrates.

It is necessary to emphasize that in [8] it is proposed to
purify alkaline solutions containing 11 M potassium hydrox-
ide, which are formed as a result of the mixing of the spent
mother liquor with more dilute (3 M KOH), washing solu-
tions. However, such technological decision is inexpedient,
as the composition of the purified mother liquor (11 M) in
the main component does not correspond to the initial solu-
tion (14 M) necessary for synthesis, i. e., the main principle
of recycling is the identity of the compositions.

As it was mentioned above, recycling of KOH based on
mother liquors after electrosynthesis has no problems. Only
a careful selection of electrode materials (cast iron and steel
with a minimum content of technological impurities of heavy
metals and complete exclusion from the redistribution of
alloy ferroalloys) is necessary. In these solutions, even after
prolonged electrolysis, extraneous anions are contained in
permissible amounts that do not have a significant effect
on the technological parameters of electrosynthesis and the
quality of the target product. Therefore, after the separation
of K,FeO, from the mother liquor, only the normalization of
the latter over the OH™ anions is necessary.

So, it should be focused on the synthesis of K,FeO,
based on sodium hydroxide. During performing techno-
logical operations, it is much more difficult to work with
NaOH solutions compared to KOH, especially in the area



of low temperatures, which is due to higher viscosity values.
Besides, after performing the main steps of the technologi-
cal cycle (reactions 1 and 2 or 5 and 2), the mother liquor,
without regard to the method of obtaining ferrates, is a
hard-to-separate mixture of sodium and potassium hydrox-
ides, which makes it practically unsuitable for recycling. And
the absence of the latter leads to low competitiveness of this
production technology. Therefore, despite the higher price
of KOH, a preference for the production of potassium ferrate
should still be given to the mother liquor based on potassium
hydroxide, rather than NaOH.

It is obvious that the scope of NaOH should be limited to
obtaining either ferrate-containing alkaline solutions or crys-
talline BaFeO,, when for ferrates precipitation from the moth-
er liquor barium hydroxide should be used, but not KOH:

Ba(OH),+FeO* —BaFeO,+20H . (7

In this case, the production of the target product (barium
ferrate) and the purification of the mother liquor from ex-

traneous anions are combined in one process, since BaFeO,
resulting from the reaction (7) will include insignificant
amounts of BaMnO,, BaCrO, and BaCO,.

7. Conclusions

1. The peculiarities of mother liquors recycling in various
technologies of obtaining ferrates(VI) are considered. As a
basic technological decision for precipitation of K,FeO, and
purification of spent alkaline solutions, it has been suggested
to use two-stage salting out in concentrated KOH solutions
(the first stage is at room temperature and the second one is
at low temperatures).

2.1t has been shown that the solubility of ballast salts
with increasing alkali concentration and decreasing tem-
perature reduces in the KNO,—KCI-K,SO, series.

3. It has been established that recycling of mother liquors
is much more effective if alkaline solutions based on KOH are
used for synthesis, and FeO(OH) is used as an iron precursor.
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