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Da3zoevie pasnogecus, pacmeopumocmsv U IPhexm 6vicaIUAHUA MACTAHOU KUCTIONbL
ObLIU U3YUEHbl GU3YATLHO-NOIUMEPMULECKUM MEMOOOM 6 CMECAX KOMNOHEHMOE MPOHON CU-
cmemvl HUMpam Kaaus — 600a — maciaanasn kucioma ¢ unmepeane 5-100 °C. Ioaumepmot ghaso-
8bIX COCIOARUIL ObLIIU ROCMPOEHBL HO 08EHAOUAMU CEUEHUAM MPeyeoabHUKa cocmaea. B cmecax
KOMHOHEHm 08 Obliu 00HapyHcensl cnedyrouue Qhazoevie COCMOAHUA: 20MO2EHHbIE U HACLIUEH-
Hble pacmeopvl, MOHOMEKMuKa u paccioenue. Onpedenena memnepamypa 00pazo6anus Kpumu-
yeckoil HoObl MoHOmeKkmuueckozo cocmoauus (18,0 °C). Imo munumanvnas memnepamypa cy-
WeCmE06aHUA OYX JHCUOKUX (ha3 6 mMPeXKOMNOHEeHMHbIX cmecax. Temnepamypuan 3a6ucumocms
COCMagoe6, OMeeyaruux KpUmuiecKumM mouKam pacmeopumocmu, 0via Haioena Memooom om-
HouweHus 00vemoe Hcuokux ¢as. Pacmeopumocms KomMnonenmog 6vina onpeoeiena npu mpu-
Haoyamu memnepamypax u usomepmuueckue gazosvie ouazpammol nocmpoenst npu 5,0, 18,0,
25,0, 50,0, 70,0 u 100,0 °C. Tononozuueckaa mpaucghopmayus hazoeoit ouazpammsl MPoiHO
cucmemyl ¢ U3MEHEHUEeM memMnepamypsvl XapaKmepra 014 MPOUHbIX CUCHEM C GblCAUBAHUEM
080UIHOIl 20M02eHH O HCUOKOCHHOU cucmembl. Cocmagwsl HcUOKUX (haz MOHOMEKMUYECKo20 Co-
cmoanusa onpedenensl epaguuecku. Koagppuyuenm pacnpedenenun macaaHoi KUcjiomol mexcoy
IMuMu Qazamu paccuuman npu RAMU MEMNEPAMypPax KaK OMHOUIEHUE KOHUECHMPAyuil Kuc-
ao0mul 8 opzanuueckou u 600nou ¢azax. Haiioeno, umo r¢hghexm evicanueanus macianou Kuc-
JIOMbl 3HAYUMENLHO 803DACINAEH C YEeUYEHUEM MEMNEPAMYPbl, YMO CEAZAHO C USMEHEHUEM
pacmeopumocmu HUmMpPaAma Kaiusa 6 pacmeopax. Ihghekmuenocms Humpama Kaiua KaK evica-
Aueamenss MacasHou KUCJ10mol U3 ee 600HbIX PACMEOPOE CPAGHUBAEMCA C PAHEE UCCIe006aH-
HBIMU CUCIEMAMU CONb—600A—MACAAHAA Kucnoma. Ommeuaemea 603MONCHOCIb YCHEUIHO20
npuUMeHeHus HUMpPaAma Kaausa O KOHUEHMPUPOBAHUA MACTAAHOU KUCTOMbl DU Ouoxumuue-
CKOM cnocofe npou3eo0cmea u3 dpooOUIbHbIX PACHEOPO8.
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Phase equilibria, solubility and the salting-out effect of butyric acid were studied by the
visual-polythermal method in mixtures of the components of the ternary system potassium nitrate —
water — butyric acid in the range of 5-100 °C. Polytherms of phase states in twelve sections of the
triangle composition were plotted. The following phase states were found in mixtures of compo-
nents: homogeneous and saturated solutions, monotectic and delamination. The formation tem-
perature of the critical tie line of monotectic state (18.0 °C) is determined. It is the minimum tem-
perature of existence of two liquid phases in three-component mixtures. The temperature depend-
ence of the compositions of solutions corresponding to the critical solubility points were found by
the phase-volume ratio method. The solubility of the components was determined at thirteen tem-
peratures and isothermal phase diagrams were plotted at 5.0, 18.0, 25.0, 50.0, 70.0 and 100.0 °C.
The topological transformation of the phase diagram of a ternary system with a temperature change
is characteristic of these systems with the salting-out of a binary homogeneous liquid system. The
compositions of the liquid phases of monotectic state were graphically determined. The butyric acid
distribution coefficient between these phases was calculated at five temperatures as the ratio of acid
concentrations in the organic and aqueous phases. It was found that the effect of salting-out butyric
acid increases significantly with rising temperature, which is associated with a change in the solu-
bility of potassium nitrate in solutions. The efficiency of potassium nitrate as a salting-out agent of
butyric acid from its aqueous solution is compared with the previously studied salt — water — butyric
acid systems. The possibility of the successful application of potassium nitrate for the concentration

of butyric acid in the biochemical method of production from fermentation solutions is noted.

Key words: phase equilibria, solubility, phase diagram, salting-out, monotectic state, butyric acid,

potassium nitrate

JJst uuTupoBaHus:

Uepkacos JI.I'., Kaparynoea M.A., lllenc }O.A., banaban C.H., [lanununa B.B. ®a3oBbie paBHOBECHS, PACTBOPUMOCTh U
3¢ ekt BrIcaNuBaHUs B TPOHHON CHCTEME HUTPAT Kallusi—BoJa—MaciisiHas Kuciora B mHTepBaie 5—100 °C. H3s. 8y306. Xu-
must u xum. mexnonoaust. 2023. T. 66. Beim. 9. C. 36—45. DOI: 10.6060/ivkkt.20236609.6805.

For citation:

Cherkasov D.G., Karagulova M.A., Sheps Yu.A., Balaban S.N., Danilina V.V. Phase equilibria, solubility and salting-out
effect in the ternary system potassium nitrate — water — butyric acid in the range of 5-100 °C. ChemChemTech [lzv. Vyssh.
Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2023. V. 66. N 9. P. 36—45. DOI: 10.6060/ivkkt.20236609.6805.

INTRODUCTION

Recently, much attention has been paid to bio-
chemical methods for obtaining organic substances
from available natural raw materials. Butyric acid is
one of the important products, whose production by
butyric fermentation [1, 2] is very promising due to its
greater environmental friendliness and almost unlim-
ited raw material base compared to the traditional
method of oxidation of butyric aldehyde or butanol [3].
Various types of lignocellulosic biomass have been
proposed as raw materials for the biochemical method
[1, 2], which are either obtained on purpose or formed
as waste from other industries. The butyric acid pro-
duced by this method is often referred to as "biobutyric
acid." The works [4-8] discuss improvements in micro-
bial production of butyric acid, including modification
of strains by genetic engineering and the development
of new fermentation processes. The studies compare
the yield of the product and its purity, the productivity
of the use of raw materials, reducing the yield of by-
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products of biosynthesis. To expand the raw material
base, it is proposed to use new sources as a substrate
for the production of bio-butyric acid, for example,
food waste [9] and hydrolysate of ground coffee rich in
galactose [10].

The cost of producing biobutyric acid is rather
high, but despite this, the manufacturers of food sup-
plements or pharmaceuticals [1] prefer it. Butyric acid
and its derivatives play an important role in the work
of the gastrointestinal tract [11, 12]. Violation of its
synthesis in the body can provoke the development of
irritable bowel syndrome. Drugs capable of enzymati-
cally releasing butyric acid in the gastrointestinal tract
have shown their effectiveness in metabolic diseases
such as diabetes [13].

The production of butyric acid by the biochem-
ical method remains unprofitable and uncompetitive
due to the difficulty of extraction, since its concentra-
tion in fermentation solutions is rather low (usually no
more than 8 wt%). Concentration by traditional meth-
ods, such as distillation, is not effective due to the high
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boiling point of the acid (163.5 °C; [3]). Therefore, re-
searchers’ attention is turned to the development of less
expensive methods, including liquid extraction, extrac-
tive fermentation, electrodialysis, pervaporation, and
salting-out [14, 15].

Selective extraction of butyric acid from the
broth was carried out using a silicone membrane [16].
lonic liquids [17], octyl acetate [18], as well as trioctyl-
amine with natural sunflower and soybean oils as dilu-
ents have been proposed to be used as extractants of
butyric acid [19]. The combination of extraction of iso-
butyric acid by polyethylene glycols with salting with
sodium sulfate showed high efficiency [20, 21].

Salting-out is one of the most technically sim-
ple and least expensive methods. When certain salts are
added to fermentation solutions, delamination into two
liquid phases occurs, one of which (upper) concen-
trates biobutyric acid. The task of researchers is to se-
lect the optimal salt and conditions for its effective
concentration from fermentation solutions. In few
studies [14, 15], attempts were made to select salting-
out salts for butyric acid from aqueous solution. Fu et
al. [14] proposed to use such salts as NaH;POs,
(NH4)2SOs, CaCl, to isolate butyric acid from model
solutions containing additional acetic acid. It has been
established that the process using NaHPO, as a salt-
ing-out agent in the presence of ethanol as an extractant
is highly efficient. Dan et al. [15] studied the effect of
a number of chlorides (NaCl, KCI, MgCl;-6H-0, and
CaCl,) on dilute solutions of butyric acid in water. It
was found that the value of the distribution coefficient
of butyric acid in the studied mixtures decreased in the
series CaCl, > MgCl,-6H,0 > NaCl > KCI. Its value in
the ternary system calcium chloride — water — butyric
acid decreased with increasing temperature, namely: at
15 °C it was 21.41, while at 45°C it was only 16.89.
The combined effect of the salting-out agent K:HPO4
and an extractant (aliphatic alcohols) on aqueous solu-
tions of a number of monocarboxylic acids was studied
by Yan et al. [22]. Data on the reduced yield of butyric
acid from its solution when increasing temperature or
decreasing the solution acidity are given. High recov-
ery rates of butyric acid (more than 90%) were
achieved by performing a second step of salting-out ex-
traction with NaH,PO, as a salting-out agent and n-bu-
tyl acetate with ethanol as extractants [23].

Some works [14, 15, 22, 23] provide no phase
diagrams for the studied systems containing butyric
acid. The phase diagram is a tool to allow optimizing
the isolation processes of various substances, including
butyric acid, from their aqueous solutions with high ef-
ficiency. In [24] determined the position of the mono-
tectic triangle and the binodal curve on the diagram of the
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sodium chloride — water — butyric acid system at 25 °C
using isothermal titration. Four tie lines were built on
the delamination field, diverging like a fan towards the
binary water — salt system. The effect of salting-out of
butyric acid with sodium chloride in this system was
not evaluated.

In our laboratory, the influence of sodium
chloride (in the range of 10.0-60.0 °C) [25], potassium
chloride (in the range of 5.0-80.0 °C) [26] and cesium
nitrate (in the range of 5.0-100.0 °C) [27] on the phase
behavior of the binary water — butyric acid system was
previously studied using the visual-polythermal
method. For each ternary system, isothermal phase di-
agrams were plotted for several temperatures and the
distribution coefficients of butyric acid between the
equilibrium liquid phases of monotectic state were cal-
culated. The possibility of using sodium and potassium
chlorides to concentrate butyric acid from its dilute so-
lution was discussed [25, 26]. For the ternary cesium
nitrate — water — butyric acid system [27], the for-
mation temperature of the critical tie line of monotectic
state (96.2 °C) was found and the low efficiency of
CsNO; for salting-out butyric acid was shown. Despite
this, cesium salts can be effective salting agents of
some organic substances from aqueous solutions [28].

Thus, in previous works based on the study of
model three- and four-component systems, some salts
were proposed to be suitable for concentrating butyric
acid from its aqueous solution by salting-out. The
range of salts studied is mainly limited to chlorides of
some alkali and alkaline earth metals, as well as hydro-
and dihydrophosphates of alkali metals. The effect of
other salts, in particular, nitrates, on the phase behavior
of the binary water — butyric acid system has not been
sufficiently studied.

This work is devoted to the study of phase
equilibria and determination of the solubility of the
components in the ternary potassium nitrate—water—bu-
tyric acid system in the range of 5-100 °C in order to
evaluate the efficiency of using potassium nitrate as a
salting-out agent for concentrating butyric acid from its
aqueous solution.

Binary systems involved in the studied ternary
system

The ternary KNOs—H,0—-C1HgO, system under
study includes three binary systems. Let's briefly char-
acterize them.

The binary water — butyric acid system is ho-
mogeneous throughout the entire temperature range of
its liquid state and belongs to eutectic-type systems
(32.5 mol.% water, —12.5 °C) [29]. The ice crystalliza-
tion branch on the phase diagram has been established
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to be gentle. It was established [30] that there is a met-
astable delamination range with an upper critical so-
lution temperature (UCST) at —3 °C (mixtures with
39 wt.% butyric acid) in this binary system. The ice
crystallization curve has an extended horizontal sec-
tion around -2 °C above the delamination range.
Above this temperature, homogeneous mixtures of the
two components are in a covertly delaminating state,
i.e. are microheterogeneous [30]. Phase equilibria and
the solubility of the components of the binary water —
butyric acid system in the range of —10-0 °C were stud-
ied in most detail in [25]. It has been established that a
eutectic phase reaction occurs in mixtures of the com-
ponents at —9.5 °C. The content of butyric acid in the
eutectic mixture is 94.2 wt.%, which differs from that
given by [29]. A metastable delamination range was
found in the ice crystallization field, bounded by a tie
line curve with an upper critical point (UCST =-3.7 °C,
37.3 wt.% CsHs0O,).

Agueous solutions of butyric acid have been
studied in detail for a number of physicochemical and
thermodynamic properties. Romero et al. [31] experi-
mentally found the enthalpy of dissolution of butyric
acid in water at 293.15, 298.15, 303.15, and 308.15 K.
The results obtained were used to evaluate solute — sol-
vent and solute — solute interactions and the hydropho-
bic behavior of butyric acid in water. The density and
surface tension of dilute aqueous butyric acid solutions
were measured at 293.15, 298.15, 303.15 and 308.15 K
[32]. The apparent and excess molar volumes were cal-
culated from experimental data depending on the com-
position at each temperature. The apparent molar vol-
umes were calculated, based on the obtained data on
the density in dilute agueous solutions of butyric acid
at 298.15 K [33].

The solubility diagram of the KNO3;— H0 sys-
tem is characterized by eutectic equilibrium at —3.0 °C,
whose solid phases are ice and potassium nitrate. This
salt is highly soluble in water and has a positive tem-
perature solubility coefficient [3]. No data on the solu-
bility of potassium nitrate in butyric acid have been
found in the reference literature. We have found that
the solubility of this salt in butyric acid does not exceed
0.05 wt.% within the temperature range studied.

EXPERIMENTAL

Materials

High-purity deionized water (electrical resis-
tivity of 18.2 MQ-cm at 25 °C) was obtained using wa-
ter filtration and purification equipment Gamma
SMART (Synergy UV); Butyric acid of pure grade
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(JSC "Ecos-1", TU 6-09-530-75) was dried over cal-
cined magnesium sulfate for 5 days. Then the desiccant
was filtered off and the filtrate was distilled in a plant
with a 0.5 m high dephlegmator; the fraction with a
boiling point of 163.3-163.5 °C to be collected. The re-
fractive index of the purified butyric acid preparation
matched the reference data (n® = 1.3977) [3]. It was
measured on an IRF-22 refractometer with an error of
+1-10%,

Potassium nitrate of analytical grade (Vekton
JSC, GOST 4217-77), which was additionally recrys-
tallized and finely ground in an agate mortar, was used
in the work. The salt was thoroughly dried first in air and
then in vacuum over phosphorus (V) oxide at 100 °C to
constant weight. Thermogravimetric analysis showed
the absence of moisture in the prepared salt sample.
The obtained preparations of the salt and butyric acid
were stored in a dry atmosphere.

Apparatus and Procedure

In component mixtures of the ternary potas-
sium nitrate—water—butyric acid system, the solubility
and phase equilibria were studied by the visual-poly-
thermal method in sealed heat-resistant glass ampoules
(6 ml in volume) under the pressure of solvent vapors
and air in the temperature range 5-100 °C. Since the
volume of the gas phase was always small (about 2-3 ml),
the change in the composition of liquid mixtures due to
evaporation of water and butyric acid with an increase
in temperature did not significantly affect the tempera-
tures of phase transitions in condensed phases.
Changes in the boiling point of water in the presence
of other components were not investigated. The re-
search procedure is detailed in [34]. Sealed glass am-
poules with mixtures were alternately placed into a
Lauda A-100 ultrathermostat with transparent walls
(working liquid being distilled water, the research
range being 0-70 °C) or a Mechanic Medingen U-10
ultrathermostat (working liquid being glycerol, the re-
search range being 70-110 °C). The temperature in the
thermostats was maintained with an accuracy of 0.1 °C.
It was measured with an LT-300-N electronic labora-
tory thermometer with an accuracy of 0.1 °C. The heat-
ing and cooling of the working liquids was carried out
at a low rate (about 0.5 °C/min) near the phase transi-
tion temperature.

The procedures for the visual-polythermal
study to determine the temperatures of phase transi-
tions in the formation of a second liquid phase ((+S 5
S U1+ltS and € S €1+02) and the dissolution of crys-
tals (£1+02+S S £1+0; and £+S S 0) differed [34]. In
both cases, the error in determining the transition tem-
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perature did not exceed +0.1 °C. The criterion for es-
tablishing equilibrium in heterogeneous mixtures was
the reproducibility of measurements of phase transition
temperatures. According to the previously described
procedure [34] with the phase-volume ratio method,
the compositions of mixtures of three components
were found where critical phenomena and equal vol-
umes of two liquid phases (£1 and £2) were observed in
equilibrium with the solid phase and without it at the
phase transition temperature. Using thermal analysis
(Paulik—Paulik—Erdey OD-102 derivatograph) and X-
ray diffraction (DRON-8T diffractometer), it was es-
tablished that the equilibrium solid phase was individ-
ual potassium nitrate over the entire temperature range
of our study.

The obtained polythermal data were used to
graphically determine the solubility of the components
and to plot isothermal phase diagrams for a number of
selected temperatures using the methodology devel-
oped earlier [34]. The solubility of the components was
determined with a relative error of 0.5-1.0%.

RESULTS AND DISCUSSION

Polythermal studies

Ternary mixtures, whose compositions varied
along twelve sections of the concentration triangle,
were studied for the ternary potassium nitrate — water —
butyric acid system.

Mixtures of the components in a number of
sections were prepared with a constant mass ratio of
butyric acid and water: 15.00:85.00 (section I, 14 mix-
tures), 28.00:72.00 (section IlI, 16 mixtures),
41.00:59.00 (section I, 13 mixtures), 56.00: 44.00
(section 1V, 13 mixtures), 71.00:29.00 (section V, 13
mixtures), 80.00:20.00 (section VI, 12 mixtures), and
89.00:11.00 (section VII, 7 mixtures) and they con-
tained a known variable amount of potassium nitrate.
Mixtures of the components of other sections had a
variable content of butyric acid and a fixed mass ratio
between potassium nitrate and water: 35.00:65.00 (sec-
tion VIII, 27 mixtures), 41.00:59.00 (section IX, 4 mix-
tures), 53.00:47.00 (section X, 3 mixtures), 68.00:32.00
(section XI, 8 mixtures), and 72.00:28.00 (section XII,
6 mixtures).

The types of the polytherm of phase states
along sections 1-VI are similar. Each polytherm has
four fields of phase states corresponding to the follow-
ing states: homogeneous solutions (), liquid — liquid
equilibria (€1+22, £1is the organic phase, £, the aqueous
phase), liquid — solid (£+S), and liquid — liquid — solid
(monotectics £1+€2+S). All fields on the polytherms are
separated from each other by smooth lines. Fig. 1(a)
exemplifies the polytherm of section I. The polytherm
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of section VII (Fig. 1(b)) is the solubility line of potas-
sium nitrate in mixtures of water and butyric acid of
constant composition, which separates the field of a
homogeneous liquid state £ from the field of saturated
solutions €+S (S is KNO3).

Phase equilibria in mixtures of the components
along sections IX and X were studied in a narrow tem-
perature — concentration range in order to determine
the phase transition temperature of €1+, S € and the
delamination field boundary on isothermal phase dia-
grams. The polytherms of these sections are smooth
lines separating the field of delamination £:+(; and the
field of the homogeneous-liquid state £ (no figures are
shown).

Mixtures of the components along sections
VI, X1l and XII were studied to clarify the boundaries
of the monotectic and delamination fields; therefore,
the same phase states occur in them. For example, the
polytherm along section VIII (figure 1(c)) consists of
four curves separating the fields of states: liquid — solid
(€1+S, €2+S), liquid — liquid — solid monotectics
(£1+L2+S), liquid — liquid (£1+£2) and homogeneous so-
lutions (£). The curve separating the £:+S, £2+S and
L1+€2+S fields consists of two branches joining at the
critical point KS. This point corresponds to the mixture
with equal volumes of two liquid phases in equilibrium
with potassium nitrate crystals (S) at 18.0 °C. This tem-
perature is the minimum one for the existence of two
liquid phases in the ternary system under study, i.e. po-
tassium nitrate delaminates mixtures of water and bu-
tyric acid above 18.0 °C only. The point KS belongs to
the critical tie line of monotectic state.

t'c
110

(a) t’c

110

(b) tC

1M0p

(c)

20 90 F

70

50

10 10p

0 1:0 4‘0 G‘D 1;0
C,H,0,, wt.%

Fig. 1. Phase state polytherms in sections I (a), VII (b), and VIII

(c) of the composition triangle of the ternary potassium nitrate—

water—butyric acid system
Puc.1. TTonurepmsl pa3oBbix coctosiauii o ceuenusm | (a), VII
(b) u VIII (C) KOHIEHTPAIOHHOTO TPEYTOJbHUKA TPOHHOMU CH-
CTEMbI HUTPAT KaJIud—BOAa—MaciigHas KUCJIoTa

20 40 60
KNO,, wt.%

1 2 3
KNO,, wt.%

To plot the temperature dependence of the
composition of the critical liquid-liquid equilibrium
solution, mixtures of the components of six additional
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cross sections were prepared and examined. The mix-
tures of these sections were chosen so that they had a
variable known content of potassium nitrate and a con-
stant mass ratio of water and butyric acid for each sec-
tion, namely: 65.00:35.00; 64.50:35.50; 64.00:36.00;
63.70:36.30; 63.30:36.70; and 62.70:37.30.

t,°C
110
90 F
70
50F
30F
w0lKS KS
10 1‘5 2‘0 2.5 2.8 * 3‘0 - 3.2
KNO,, wt.% CH,0, wt%

Fig. 2. Potassium nitrate and butyric acid contents in the critical
solutions with liquid-liquid equilibrium as a function of tempera-
ture in the ternary potassium nitrate—water—butyric acid system
Puc.2. ConepxaHue HUTpaTa Kamusl U MAaCISTHOW KUCTIOTHI B KPH-
TUYECKUX PAaCTBOPAX PaBHOBECUS KUIKOCTb—KHUIKOCTb B TPOH-
HOH cHCTEME HUTPAT KaJIUA—BOda—MaciigHasd KUCJI0Ta B 3aBUCHU-
MOCTH OT TEMIIEPaATypPhl

In critical solutions, the content of potassium
nitrate increases, while that of butyric acid decreases

(a) KNO, (b)

D.G. Cherkasov et al.

with increasing temperature (Fig. 2). The dependences
obtained start at 18.0 °C at the point KS corresponding
to the composition of the liquid phase (the critical end
point) of the critical tie line of monotectic state.

Solubility and isothermal phase diagrams

The solubility values of the components at the
chosen temperatures were found graphically from the
polythermal data (Table 1). The solubility of potassium
nitrate in water at these temperatures was not measured
by us; they are reference data.

Isothermal phase diagrams of the ternary sys-
tem potassium nitrate — water — butyric acid were plot-
ted at six temperatures (5.0, 18.0, 25.0, 50.0, 70.0 and
100.0 °C, Fig. 3(a-f)). Their analysis will reveal the
topological transformation of its phase diagram with a
change in temperature. In the range of 5.0-18.0 °C, the
diagram is characterized by the presence of a solubility
line separating the field of homogeneous liquid state £
and that of saturated solutions £ + S (for example, on
the isotherm at 5.0 °C, Fig. 3(a)). An increase in tem-
perature leads to the point K (critical end point) appear-
ing on the solubility line at 18.0 °C, and the critical tie
line KS of monotectic state appears on the field of sat-
urated solutions (Fig. 3(b)). The point K corresponds
to the mixture with equal volumes of the identical or-
ganic (1) and aqueous (£2) phases. The composition of
this critical solution (12.5 wt.% KNOs, 57.0 wt.% H.0,
and 30.5 wt. % C4HsO2) was determined graphically on
the concentration triangle from the point where the crit-
ical tie line KS intersects the solubility line at 18.0 °C.

) KNO,

e

HO " CH0, HO

e CHO; H0 3 0 - 0 'E.H.D,

Fig. 3. Isothermal phase diagrams (wt.%) of the ternary potassium nitrate—water—butyric acid system at 5.0 (a), 18.0 (b), 25.0 (c), 50.0 (d),
70.0 (e) and 100.0 °C (f). The solid lines separate fields of phase states. The dotted lines indicate the position of sections I-XII in the
concentration triangle
Puc.3. M3otepmuyeckre (ha3oBbie auarpaMmmMsl (Mac.%) TPOHHON CHCTEMbI HUTPAT KaJnsi—Boja—MacisHas kuciora npu 5,0 (a), 18,0 (b),
25,0 (c), 50,0 (d), 70,0 (e) u 100,0 °C (f). CronHble THHUM pa3aeisioT mojs Gpa3oBbiX cocTosHU. [TyHKTHPHBIE IMHUN YKa3bIBAIOT
nosioxkenue cedeHuit [-X1I Ha KOHIIEHTPALMOHHOM TPEYTOJIbHUKE
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An increase in temperature (the isotherm at
25.0 °C, Fig. 3(c)) leads to the critical tie line KS trans-
forming into the triangle ¢:+€2+S of monotectic state.
Two of its sides are adjacent to the fields of saturated
solutions €1+S, £»+S, and the third side is adjacent to
the small delamination field €1+, with the critical
point K. A further increase in temperature leads to no
qualitative changes in the phase state isotherms of the sys-
tem (the isotherms at 50.0, 70.0 and 100.0 °C, Fig. 3(d-f)).
Quantitative changes are observed due to an increase
in the salting-out effect of salt and an increase in tem-
perature: the delamination field expands, while the
fields of saturated solutions shrink.
Table 1
Solubility of the components of the ternary potassium
nitrate — water — butyric acid system, wt.%
Taobnuya 1. PacTBOPpMMOCTHL KOMIIOHEHTOB TPOHHOI cH-
CTEMbI HUTPAT KaJIMsA—BoAa—MacCjasiHasg Kucjaora, mac.%

Saturated solution composition
t, °C 1 2 3

KNO;3 H.O C4HgO2

14.2 85.8 0.00

10.9 75.7 13.4

8.9 65.6 255

5.0 7.0 54.9 38.1

’ 4.7 419 53.4

2.9 28.2 68.9

1.6 19.7 78.7

0.5 10.9 88.6

17.3 82.7 0.00

13.1 73.9 13.0

10.8 64.2 25.0

8.5 54.0 375

100 5.7 41.5 52.8

3.3 28.0 68.7

1.8 19.6 78.6

0.5 10.9 88.6

22.5 77.5 0.00

16.8 70.7 125

14.1 61.8 24.1

12.52 57.08 30.52

18.0 11.3 52.3 36.4

7.4 40.7 51.9

4.0 27.8 68.2

2.1 19.6 78.3

0.6 10.9 88.5

24.0 76.0 0.00

17.7 70.0 12.3

145 60.6 24.9

11.8° 57.6° 30.6°

20.0 11.7 52.1 36.2

7.9 40.5 51.6

4.2 27.8 68.0

2.2 19.6 78.2

0.7 10.9 88.4

42

1 2 3
272 728 0.00
203 67.7 120
15.0 612 238
125" 57.0° 305"
250 11.9 52.0 36.1
8.8 201 51.1
5.0 275 675
25 195 78.0
0.7 10.9 88.4
314 65.6 0.00
216 66.6 11.8
155 60.8 237
131 56.6° 30,37
30.0 121 519 36.0
9.1 200 50.9
5.4 274 672
28 194 778
0.8 10.9 853
39.0 61.0 0.00
32.9 611 6.0
232 653 115
16.6 60.0 23.4
14.49 55.6° 30,07
400 129 514 357
9.6 398 506
6.8 270 66.2
35 193 772
1.0 10.9 88.1
440 56.0 0.00
32.9 611 6.0
243 643 114
18.0 59.0 23.0
15,75 54.6° 29,75
500 13.9 50.8 353
101 39.6 503
73 26.9 658
44 191 765
12 10.9 87.9
52.0 48.0 0.00
326 605 6.9
26.1 62.8 111
194 58.0 226
17.0° 535" 2950
60.0 151 50.1 348
108 392 50.0
76 26.8 656
53 18.9 76.8
15 108 87.7
58.0 42.0 0.00
51.6 457 27
38.8 55.8 5.4
700 323 60.1 76
281 611 108
22.0 56.2 218
18,39 52,5 292"
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1 2 3
16.4 49.3 34.3
11.6 38.9 49.5

700 7.9 26.7 65.4
5.6 18.9 75.5
1.7 10.8 87.5
62.8 37.2 0.00
51.4 45.6 3.0
38.6 55.6 5.8
315 58.6 9.9
30.1 59.4 10.5
22.8 55.6 21.6
80.0 19.6° 51.3° 29.1°
17.8 48.5 33.7
12.3 38.6 49.1
8.4 26.6 65.0
5.7 18.9 75.4
2.0 10.8 87.2
66.9 33.1 0.00
51.3 45.4 3.3
38.2 55.0 6.8
32.4 57.5 10.1
31.2 57.9 11.0
24.8 54.1 21.1
9.0 21.0° 50.0° 29.0°
19.2 47.7 33.1
13.2 38.2 48.6
8.7 26.5 64.8
6.0 18.8 75.2
2.2 10.8 87.0
71.1 28.9 0.00
51.1 45.4 3.5
37.7 54.3 8.0
34.5 55.7 9.8
29.9 55.5 14.6
26.4 53.0 20.6
1000 22.3" 48.8"° 28.9°
20.8 46.7 32.5
14.3 37.7 48.0
9.4 26.3 64.3
6.4 18.7 74.9
24 10.7 86.9

Notes: @ Composition corresponding to the critical end point of
the critical tie line of monotectic state

b Composition corresponding to the critical point of liquid-lig-
uid equilibrium

[Ipumeyanus: * cocTaB, COOTBETCTBYIOUIMH KPUTHUECKOM KO-
HEYHOM TOYKE KpHTI/I‘IECKOfI JIMHUHU MOHODBTCKTHUYECCKOI'O CO-
CTOSITHHUSL

b cocTaB, COOTBETCTBYIOIMH KPUTHUYECKOH TOUKE PAaBHOBECHS
JKHAAKOCTh-KUIKOCTh

Salting-out effect of butyric acid

The salting-out effect of butyric acid from its
aqueous solutions can be quantified by analyzing the
compositions of the equilibrium liquid phases of mon-
otectic state. For this, the distribution coefficient of

ChemChemTech. 2023. V. 66. N 9
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butyric acid over these phases is calculated using the
formula:
_ CcuHgo, (1)

Ka= Ceyngoa(2)’ @)
where Cc,n,0,(¥1) isthe content of butyric acid in the
organic phase (wt.%), C¢,u,0,(¥2) the content of bu-
tyric acid in the aqueous phase (wt.%).

The compositions of the liquid phases in equi-
librium with the solid phase were found graphically at
five temperatures (Table 2). The coefficients of butyric
acid distribution between these phases were calculated
by Eq. (1). The growing of the salting-out effect of po-
tassium nitrate on a mixture of water and butyric acid
with increasing temperature is reflected as a significant
increase in the content of butyric acid in the organic
phase of the monotectic state and the value of the dis-
tribution coefficient. The increase in Kqwith tempera-
ture can be explained by the weakening of the intermo-
lecular interactions of the components in the binary
water — butyric acid system due to the destruction of
hydrogen bonds and an increase in the salt concentra-
tion in the aqueous phase of monotectic state. The com-
bined action of these two factors leads to promotion of
the salting-out effect, which reaches its maximum at
the highest temperature of the study range (100.0 °C).

Table 2
Compositions of the liquid phases of the monotectic
state and the butyric acid distribution coefficients Kq in
the ternary potassium nitrate (1) — water (2) — butyric
acid (3) system
Taobauya 2. CoctaBbl KUAKHX (pa3 MOHOTEKTHYECKOTO
COCTOSIHUS U KO3(pPUIHEHTHI pacnipee/ieHUs] MacJsi-
HOI kucJ0Thl Kd B TPOiiHOM clcTeMe HUTPAT KaJus —
BOAA — MaCJsAHasA KHCJIOTA

Compositions of the liquid phases in Distribution
equilibrium with solid KNO3 wt.% .

t, °C - coefficient,
Aqueous phase Organic phase K
VDA OT@]E) ’

18.0 | 12.5|57.0|30.5|12.,5|57.0 | 30.5 1.0

25.0 |21.4|67.4|11.2| 85 |38.9|52.6 4.7

50.0 | 423|542 | 35| 6.1 |225|71.4 20.4

70.0 |555|42.1| 24 | 53 |16.5|78.2 32.6

100.0 {69.3(295| 1.2 | 3.5 | 10.5|86.0 71.7

In the studied ternary system with potassium ni-
trate, the distribution coefficient of butyric acid (Table 2)
at 25.0 °C is lower than in the systems with previously
studied chlorides of sodium (61.2; [25]), potassium
(22.1; [26]) and calcium (~20; [15]). With an increase
in temperature, the salting-out effect of potassium ni-
trate, due to the higher temperature coefficient of salt
solubility, increases faster than in the system with po-
tassium chloride. Therefore, at temperatures above 70 °C,
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the distribution coefficient is higher in the system with
potassium nitrate than with potassium chloride [26].
The decrease in the distribution coefficient with tem-
perature in the ternary systems with sodium [25] and
calcium [15] chlorides leads to potassium nitrate being
the best salting-out agent of butyric acid above 60 °C.
In the ternary system with cesium nitrate [27] the dis-
tribution coefficient is only 3.9 at 100 °C due to the
weak salting-out effect of this salt.

CONCLUSIONS

The studied ternary potassium nitrate — water —
butyric acid system is a second example of systems
with salting-out of butyric acid, in which it was possi-
ble to establish the formation temperature of the criti-
cal tie line of monotectic state. However, in the system
with cesium nitrate [27] the formation temperature of
the critical tie line is significantly higher (96.2 °C) than
in the system under study (18.0 °C). This can be ex-
plained by the larger crystallographic radius of the ce-
sium ion and the lower degree of its hydration in com-
parison with the potassium ion. Our analysis of the iso-
thermal phase diagrams of these ternary systems with
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potassium and cesium nitrates with temperature changes
shows an analogy in their topological transformations.
The plotted isotherms confirm a fragment of the general
scheme of the topological transformation of the phase
diagrams of ternary salt — binary solvent systems [34]
for the case of salting-out of binary liquid homogeneous
systems with a temperature change.

It has been established that potassium nitrate is
a good salting-out agent of butyric acid from its aque-
ous solution at temperatures above 70 °C. The results
obtained in our study can replenish databases on phase
equilibria and solubility in ternary salt — two solvents
systems and find practical application in the processes
of concentration and isolation of biobutyric acid from
its aqueous fermentation solutions.
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