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C yenvio ycmaHnoeaeHUs ONMUMAbHBIX MEMNEPAMYPHO-KOHUECHMPAUUOHHBIX RAPAMEn -
P08 npouecca KOHGEPCUOHHO20 ROJIyUeHUs (hopmuama dapus é padome uzyuenvt pazosvie pasHo-
secus 6 uemulpexKoMnonenmuoi ¢3aumnoii cucmeme Ba**, Na* / NOs~, HCOO™ — H,0 npu 25 °C.
Hccenedosanus ocyuecmensaiu u3omepmudecKum Memooom ceuenus, 6 Kauecmee uauueckozo
ceolicmea HcuOKoil hazvl uCnONBb306aIU NOKA3AMeENL HpeaomaeHus. Boioop memnepamypol uc-
cnedosanusn 00ycioeien mem, Ymo 6 cjayuae Peaiu3auuu nPouecca 6 NPOMbILUIEHHBIX YC10GUSX
3ampamol IHepzuu 6yoym munumanvuvimu. Hiyuenue ¢hazoevix pasnogecuii ¢ ouazonaibHwix
paspeszax NaHCOO — Ba(NOs); — H,0 u NaNO; — Ba(HCOO); — H20 nokaszano, umo 6 obeux
CUCIeMax RPUCynmCmeyem 001acms KpUCmaiiu3auuu coau, KOmopas He AGAAemcs UCXO0OHbIM
KOMHOHEHMOM, YMO CE6UOCMENbCMEYem 00 OMCYMCMEUU 6 UCCAeOYeMOll 63AUMHOU cucmeme
cmabunvhou ouazonanu. B uemvipexxomnonenmuoii cucmeme 6ce conu Kpucmaniuzyiomcs 6
0e3600H0m cocmoanuu. boavwyro yacme ouazpammol 3anumarom 001acmMU KPUCMANAUIAUUY
Humpama u gpopmuama dapus, 061acMU KPUCMANTUZAYUY HUMPAMA U hopmuama Hampus He-
3HAYUMEILHBL 6CIEOCHBULE bICOKOU PACMEOPUMOCHU IMuUX coteil. Pacmeopbl, omeeuarowue co-
CMasam 36MOHUUCCKUX MOYEK, AIAIOMCA KOHZDYIHMHO HACLIWEHHbBIMU. AHAIU3 ROSIYUEHHBIX
OaHHBIX NOKA3A]l, ¥MO HeCMAOUNBbHOI RAPOIL COJell AGNACMCA hopmuam Hampus u Humpam oa-
Pus, MaK KaK ux ooaacmu Kpucmanauzauuu He umerom ooweii zpanuyol. Illapa coneii popmuam
Oapus u HUMPAmM HAMPUSL ABJIAEHICA CIAOUBHOIL, YO0 HOOMEEPICOAEHt 803MOICHOCHLL HPOHLe-
Kanust 00MeHHOIL PeaKyuu 6 CmopoHy oopazosanus gpopmuama oapus. Iloayuennvie Ixcnepumen-
manbHble OAHHbIe NOKA3AU RPUHWURUATLHYIO 603MONCHOCHb HOAYUEHUA hopmuama bapus u3
HuUmpama 6apus u popmuama Hampus, a MAKIcCEe NO3BOAUTU 0OOCHOBAMb RAPAMEMPbL HPpoUecca
KoHgepcuu.

KaroueBsbie ciioBa: opMHUaThl 1 HUTPATHI Oapys U HATPHS, B3aWMHast BOJHO-COJIEBast cUCTeMa, (ha3oBast
JuarpaMmma, KOHBEpCHUs coliell, rpaduecKie paciyeTsl, TEMIIepaTypHO-KOHIEHTPAlMOHHBIE ITapaMeTphI
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Phase equilibria in the four-component reciprocal system Ba®*, Na*/ NOs~, HCOO™ - H,0
at 25 °C were studied to establish the optimal temperature-concentration parameters of barium
formate conversion production. The isothermal section method was used, the refractive index was
used as physical property of liquid phase. The choice of temperature is due to minimum energy
costs when implementing the process in industrial conditions. The study of phase equilibria in the
NaHCOO - Ba(NOs). — H.0 and NaNO3 — Ba(HCOO), — H,0 systems showed that in both systems
there is field of salt crystallization, which is not initial component, which indicates absence stable
diagonal in studied four-component system. In four-component system, all salts crystallize in an
anhydrous state. Most of diagram is occupied by crystallization regions of barium nitrate and bar-
ium formate, crystallization regions of sodium nitrate and sodium formate are insignificant due to
the high solubility of these salts. Solutions corresponding to the compositions of eutonic points are
congruently saturated. Analysis of data obtained showed that sodium formate and barium nitrate
are unstable pair of salts, since their crystallization regions do not have common boundary. A pair
of barium formate and sodium nitrate is stable, which confirms the possibility of exchange reaction
in direction of barium formate formation. The obtained experimental data showed fundamental
possibility of barium formate obtaining from barium nitrate and sodium formate, and also made it

possible to substantiate the parameters of the conversion process.

Key words: barium formate and nitrate, sodium formate and nitrate, reciprocal water-salt system, phase
diagram, salt conversion, graphic calculations, temperature and concentration parameters
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INTRODUCTION

Using physicochemical analysis to build phase
diagrams of polycomponent systems makes it easier to
determine the temperature and concentration parame-
ters of phase separation processes. Data on the mutual
solubility of salts in a given temperature range allow
us to theoretically support the sequence and modes of
individual stages of technological processes such as
lithium [1, 2] and boron [3, 4] compound extraction
from natural brines, manganese extraction from indus-
trial waste [5, 6], soda production waste disposal [7],
extractive distillation processes [8] and synthesis of
heat storage materials [9].

Conversion is the most environmentally safe
and simple method to obtain water-soluble salts. Using
two salts of the reciprocal system as starting materials,
the exchange reaction produces two other salts as the
final product. Salt production based on salt metathesis
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reactions includes stages of salt crystallisation and so-
lution evaporation. The optimal temperature-concen-
tration parameters for salt production are established
based on solubility diagrams of multicomponent recip-
rocal water-salt systems.

Metal formates are used in a variety of indus-
tries due to their unique properties. Because saturated
solutions of potassium and sodium formates have neg-
ative crystallisation temperatures, these salts are part of
antifreeze additives and coolants [10]; calcium formate
is used as a cement modifier [11], chlorine-free ferti-
liser, E238 preservative in the food industry, in veteri-
nary medicine, etc. Formates of transition and rare
earth metals are used as starting materials to produce
high-temperature superconductors, catalysts, and na-
nosized metal powders and their oxides [12, 13].

The problem of using and processing limited-
demand production waste and by-products is currently
relevant. For example, sodium formate (crystalline or
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as a saturated solution), a by-product of pentaerythritol
and chloroform production [14], can be used as a start-
ing component in the production of metal formates.

It has been proven that potassium formate can
be obtained through salt metathesis reactions:

KAn + NaHCOOS KHCOO + NaAn,

where An — SO4*, COs?, HCO; [15, 16]. The conver-
sion process at optimal temperature and concentration
parameters revealed that potassium formate, due to its
high solubility, remains in the solution. The sodium
salt settles out, and after separation, a saturated solu-
tion of potassium formate with a low impurity content
is obtained.

The following reaction allows for the produc-
tion of alkaline earth metal formates by conversion:

MAn; + 2NaHCOO S M(HCOO); + 2NaAn,

where M — Mg, Ca, Sr, Ba, An— ClI  or NOs". The study
of phase equilibria in diagonal sections of the quater-
nary systems MAn, — NaHCOO - H,0 at 25 °C re-
vealed that, in addition to the initial salt crystallisation
fields, there is a crystallisation field of an alkaline earth
metal formate. To date, the quaternary reciprocal sys-
tems Ca?*, Na*//Cl- (NOs), HCOO" — H,0 have been
studied, and a conversion method for obtaining cal-
cium formate has been developed [17-19].

Quaternary reciprocal systems that include for-
mates of other alkaline earth metals and sodium should
be examined in order to determine the optimal temper-
ature-concentration parameters of salt conversion. For
example, highly pure barium formate can be used to
manufacture capacitor materials and high-temperature
superconductors. Ceramics and other high-tech indus-
tries can also benefit from it.

There is a well-known method for producing
barium formate by reacting crystalline barium car-
bonate with formic acid, which includes evaporation of
the reaction mass, separation of the end product, its pu-
rification, and drying. A number of patents describe
conversion methods for producing barium formate
from sodium formate and salts or barium hydroxide in
an aqueous solution using the reaction:

BaAn; + 2NaHCOO S Ba(HCOO), + 2NaAn,

where An —ClI, POs*, S%, SO4#, OH". Thus, crystalline
barium formate and sodium salt are obtained by using
various barium salts.

This paper presents the findings of a phase
equilibria study in the quaternary reciprocal system
Ba?*, Na*/NO3-, HCOO™ — H,0 at 25 °C and confirms
the possibility of producing barium formate from so-
dium formate and barium nitrate by conversion.
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EXPERIMENTAL PART

We used the following salts in the study: so-
dium formate (technical grade, Metafrax Chemicals,
Russia) purified by double recrystallisation followed
by drying at 105 °C to constant weight; sodium and
barium nitrates and barium formate (analytical grade,
LLC "REAHIM JSC", Russia).

We used the isothermal section method [20] to
study the solubility in water-salt systems in order to
obtain comparable experimental data. The method is
based on the determination of any easily measurable
physical property of the liquid phase of weighed mix-
tures prepared from the system’'s components at a given
temperature. These mixtures must fall somewhere
along the composition triangle. Following the meas-
urements, a functional dependence is graphed, which
connects the physical property and the content of one
of the system components. On the graph, each type of
equilibrium corresponds to a different functional line.
Points of line intersection indicate the composition that
corresponds to the boundary of different phase fields.
We determined the salient points using graphical inter-
polation based on a linear approximation of individual
sections of the obtained dependences. The described
method determines solubility with an accuracy of 0.5
wt.%. We used the refractive index as a physical prop-
erty of the liquid phase because it is easily measured
and yields accurate results.

We conducted the experiment as follows.
Tightly sealed test tubes containing weighed mixtures
(5.0000 g each with an analytical balance weighing accu-
racy of £0.0002 g) were thermostated at 25 °C + 0.2 °C
until equilibrium was established. The equilibrium was
indicated by the consistency of the liquid phase's re-
fractive index over time. For two or three samples of
one solution, the refractive index was measured on
NPD-4546 (JSC "Kazan Optical and Mechanical
Plant”, Russia) refractometer with an accuracy of
+0.0005. The accepted value was the arithmetic mean
of all measurements.

RESULTS AND DISCUSSION

The following reaction can be used to obtain
barium formate by conversion:

Ba(NOs), + 2NaHCOO S Ba(HCOO), + 2NaNOs.

The value of the solubility product of recipro-
cal salt pairs can be used to estimate the reaction direc-
tion [21]. The equality of the solubility products of the
salts of each of the reversible pairs is a necessary con-
dition for the solution saturated simultaneously with
four salts, according to the van 't Hoff rule. If the solu-
bility product of one of the salt pairs is greater than the
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other at a given temperature, then these salt pairs are in
unstable equilibrium with one another. One salt pair
shifts from sediment to solution, forming a second salt
pair. Reference data in salt-water binary systems were
used to calculate the solubility products of salts in the
temperature range of 0-75 °C [22, 23].

According to Table 1, the solubility product of
a salt pair with barium formate is greater than that of a
salt pair with barium nitrate. Thus, the production of
barium formate by conversion is impossible because
the equilibrium in the salt metathesis reaction will be
shifted towards the formation of sodium formate and
barium nitrate. However, such a theoretical calculation
does not always allow making a final decision on the
feasibility of the conversion process.

Table 1
Solubility products of reciprocal salt pairs (mol/1000 g
of water)
Taoauua 1. llpon3BegeHusi pacTBOPMMOCTH B3aMMHBIX
nap coJeii (M0oab/1000 r Boabl)

t, °C[[Ba(NO3).]*- [NaHCOO]J*] [Ba(HCOO),]* [NaNOs]*
0 1.18-10° 8.57-10°

25 281-10° 3.41-10°

50 2.27-10° 1.30-10°

75 131105 5.14-10°

H,0, wt.%

2

80

60
1
40 1 1 1 1
0 20 40 0 60 80 100
NaHCOO wt.% Ba(NO,),

Fig. 1. Isotherm of solubility of the Ba(NO3)2. — NaHCOO — H20
system at 25 °C Crystallisation lines: 1-E1 — NaHCOO, E1-E2 -
Ba(HCOO)2, E2-2 — Ba(NOs):

Puc. 1. M3otepma pacteopumoctu cuctembl Ba(NOz)2 — NaHCOO
— H20 mpu 25 °C Jlunvn xpucrammmsanyy: 1-e1 — NaHCOO, el-e2
—Ba(HCOO)2, e2-2 — Ba(NOs):

Thus, we examined the solubility in the ternary
systems Ba(NOs), — NaHCOO — H,0 and Ba(HCOO);
— NaNOs; — H;0, which are diagonal sections of the
quaternary reciprocal system Ba?*, Na*//HCOO-, NOz
— H20. Further research will be carried out at 25 °C
because, in this case, the process's implementation in
an industrial environment will require minimal energy
consumption.

According to studies, in both diagonal sec-
tions, there is a crystallisation field of a salt that is not
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the initial component of the system (Fig. 1, 2). Thus, at
25 °C, there is no stable diagonal line in the Ba?*,
Na*//HCOO-, NOs™ — H,0 system. The phase diagram
of the quaternary system can be used to reach a final
conclusion about the possibility of obtaining barium
formate and determine the concentration parameters of
the process.

H,0, wt.%
80
1
60 e,
2
eZ
40 1 1 1 1
0 20 40 60 80 100
Ba(HCOO), Wt.% NaNO,

Fig. 2. Isotherm of solubility of the Ba(HCOO)2 — NaNOz — H20
system at 25 °C Crystallisation lines: 1-E1 — Ba(HCOO)2; E1 —-E2
— Ba(NOza)2; 2-E2 — NaNO3
Puc. 2. U3otepma pactBopumoctH (cucremsl Ba(HCOO)2 —
NaNOs — H20 npu 25 °C Jlunnu kpucramm3anuu: 1-el —
Ba(HCOO):; el1-e2 — Ba(NO3)2; 2-e2 — NaNO3

2NaHCOO 2NaNO,
100 T
2 El 3 OE2
80
1
60
40
20
0 ‘ ‘ ‘ ‘
0 20 40 mol.% 60 80 100
Ba(HCOO), Ba(NO,),

Fig. 3. Perspective projection of the phase diagram of the quater-
nary reciprocal system Ba?*, Na* // HCOO-, NOs" — H20 at 25 °C
Puc. 3. IepcniekTnBHas npoekuus (a3oBoit fHarpaMMBbl 4eThIpEX-
KOMITOHEHTHOH B3auMHOI cructembl Ba?*, Na* // HCOO", NOs — H20
npu 25 °C

Experiment data on solubility in contour sys-
tems and sections allowed us to make a phase diagram
of the Ba?*, Na*//HCOO", NOs; — H,0 system (Fig. 3,
Table 2). It has been established that all salts crystallise
in anhydrous form at 25 °C. The crystallisation fields
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of Ba(NOs), and Ba(HCOO); take up the majority of
the diagram. The crystallisation fields of NaHCOO and
NaNO3 are insignificant due to high solubility of
these salts.

The lines of doubly saturated solutions cross at
invariant equilibrium points E;-E>. Congruently satu-
rated solutions correspond to eutonic compositions.
During isothermal evaporation of salt solutions, solid
phase crystallisation will end at point E,, where the
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sediment will contain a mixture of NaNOs, Ba(HCOO),,
and Ba(NOs)s.

The phase diagram analysis revealed that the
unstable pair at 25 °C is NaHCOO-Ba(NOs),, because
the crystallisation fields of these salts do not share a
common boundary. The stability of the Ba(HCOO), —
NaNOszsalt pair confirms the possibility of the exchange
reaction progressing to the formation of Ba(HCOO),.

Table 2
Composition of the saturated solutions of the Ba?*, Na* // HCOO", NOs — H20 system at 25 °C
Taauna 2. CocTaB HachIlleHHbIX pacTBopoB cucreMbl Ba**, Na* // HCOO", NOs — H20 npu 25 °C
In saturated solution, mol.% N2 Salt composition of the solutions, mol.% |Equilibrium
NaNO3;|NaHCOO[Ba(NO3),[Ba(HCOO),[H,0] °  [NaNO3;|NaHCOO[Ba(NOs),[ Ba(HCOO), | solid phase
NaHCOO +
0.0 22.9 0.0 0.5 76.5(1.3975 0.0 97.8 0.0 2.2 Ba(HCOO),
NaHCOO +
0.5 22.5 0.0 0.5 76.6/1.3945 2.0 96.1 0.0 2.0 Ba(HCOO),
NaHCOO +
1.7 20.8 0.5 0.0 76.9|1.4010| 7.5 90.4 2.1 0.0 Ba(HCOO);
NaHCOO +
6.8 19.7 0.0 0.5 73.0|1.4050| 25.0 73.0 0.0 1.9 Ba(HCOO);
Ba(NO3), +
0.0 0.0 1.7 5.6 92.7/1.3850| 0.0 0.0 23.2 76.8 Ba(HCOO);
Ba(NO3), +
0.0 2.4 2.4 4.2 91.1/1.3810| 0.0 26.5 26.5 47.0 Ba(HCOO),
Ba(NO3), +
3.9 4.8 0.0 3.9 87.5/1.3915| 31.0 38.0 0.0 31.0 Ba(HCOO),
Ba(NOs), +
6.4 10.2 1.8 0.0 81.6|1.3880| 34.9 55.3 9.7 0.0 Ba(HCOO),
Ba(NOs), +
10.1 12.7 1.8 0.0 75.41.4020| 41.2 515 7.2 0.0 Ba(HCOO),
NaNOs +
15.8 0.0 0.6 0.0 83.6|1.4150| 96.6 0.0 3.4 0.0 Ba(NO3),
NaNOs +
154 0.6 0.6 0.0 83.51.3910| 93.1 3.4 3.4 0.0 Ba(NO3),
NaNOs +
15.7 6.5 0.9 0.0 76.9(1.4070, 67.9 28.3 3.8 0.0 Ba(NO3),
NaNOs +
8.6 18.8 0.0 0.0 72.7|11.4070| 31.4 68.6 0.0 0.0 NaHCOO
NaNO; +
11.2 14.0 0.8 0.0 74.1|1.4080 43.1 53.9 3.0 0.0 Ba(HCOO);
NaNO; +
10.7 16.3 0.0 0.9 72.1|1.4130| 38.2 58.4 0.0 3.3 Ba(HCOO);
NaHCOO +
19.31 | 40.959 0.0 1.2 38.5/1.4080| 31.4 66.6 0.0 2.0 Ba(HCOO).
+ NaNO3
Ba(NOs3), +
3332 | 31.96 0.0 2.7 32.0{1.4020| 49.0 47.0 0.0 4.0 Ba(HCOO).
+ NaNOs

We determined the concentration parameters
of the Ba(HCOO); production using the phase diagram
of the quaternary system Ba?*, Na*//HCOO", NOs —

ChemChemTech. 2023. V. 66. N 8

H>O (Fig. 3). To crystallize Ba(HCOO), from the ini-
tial reaction mixture, its composition must fall within
the crystallization field of this salt and be located on an
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unstable diagonal line between points 1 and 2. In this
case, as a result of the exchange reaction, Ba(HCOO);
will be released into the solid phase, and the mother
liquor's composition will lie on the line of doubly sat-
urated solutions relative to Ba(HCOO), and NaHCOO
(Ex—point 2) or relative to Ba(HCOO),and NaNO; (E1—
point 3). Graphical calculations showed that if the ini-
tial mixture composition is close to point 1, and the re-
sulting mother liquor composition is close to point 3,
the maximum yield of Ba(HCOO), is possible. The
NaHCOO:Ba(NOs), ratio in point 1 is 2.2:1, which
corresponds to the stoichiometric coefficients in the
previously mentioned salt metathesis reaction. The
method’s disadvantage is a large amount of forming
mother liquor, which is nearly twice as heavy as the
Ba(HCOO); sediment.

CONCLUSIONS

The mutual solubility of salts in the quaternary
reciprocal system Ba?*, Na*/NO3;~, HCOO™ — H,0 at
25 °C was studied for the first time. The concentration
boundaries of salt crystallization fields were deter-
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mined, as were the coordinates of triple-saturated eu-
tonic points. The system does not form crystalline hy-
drates, double salts, or solid solutions at the tempera-
ture used in this study. The Ba(HCOO), — NaNO; —
H,O system is the stable diagonal.

The fundamental possibility of obtaining
Ba(HCOO), from NaHCOO and Ba(NO3), by the con-
version method is demonstrated using experimental
data on the mutual solubility of salts and graphical cal-
culations on the phase diagram.
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