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The paper presents the results of pH, redox, and conductometric studies on the acid-base in-
teraction during sulfur dioxide chemisorption by aqueous solutions containing 0.1 mol/L mono-
ethanolammonium (MEA-1/3CA) and polyethylenepolyammonium (PEPA-1/3CA) citrates, as well
as buffer solutions of monoethanolamine — monoethanolammonium citrate (MEA-1/6CA)and poly-
ethylenepolyamine - polyethylenepolyammonium citrate (PEPA-1/6CA), in comparison with sodium
citrate. The composition of the compounds formed during SO, absorption by Na,Cit, MEA-1/3CA,
PEPA-1/3CA, MEA-1/6CA, and PEPA-1/6CA solutions at 273-313 K was determined. For the same
amount of absorbed sulfur dioxide, an increase in specific electrical conductivity (z) with rising tem-
perature was observed in SO,-Na,Cit-H,0 and SO,-MEA-1/3CA-H,O solutions within the 273-313 K
range. However, in the SO,-MEA-1/3CA-H,0, SO,-PEPA-1/3CA-H,0, SO,-MEA-1/6CA-H,0O, and
SO,-PEPA-1/6CA-H,O systems, a decrease in Aa was noted upon heating to 303 K, which is attri-
buted to their ion-molecular composition.

Based on developed mathematical models, the ion-molecular component composition of
SO,-MEA-1/3CA-H,0 and SO,-MEA-1/6CA-H,O solutions was determined at 283-313 K. The con-
centration and thermodynam1c constants for the formation of ionic associates were calculated:
(NH,CH,CH,0H),SO,, {NH CH,CH,OHH{HOC,H,(COOH),(COO")} (Ia),

{N H3CH2CHZOH}2{HOC H (COOH)(COO ), (IIa)

{N H3CH2CHZOH}2{HOC3H4(COOH)2(COO‘)} (Ib),

{NH,CH CH,0H} {HOC H,(COO") } (IIfa),

as well as ion-molecular associates:
{NH,CH,CH,OHH{HOC H (COOH) } (Ib),
{NH,CH,CH,0H},{N H,CH,CH,OH} {HOCH,(CO0").} (IVa),
{NH,CH,CH ,0OH},{N H,CH,CH OH} ,{HOC,H (COO") } (IVb).

In SO,-MEA-1/3CA-H,O solutions, as the temperature increases, bond rearrangement occurs in
jonic associates ITa and Ib as indicated by the absence of a clear temperature dependence of p 3],
along with the strengthening of ITa and Ib. Conversely, in SO, —-MEA-1/6CA-H,O solutions, increas-
ing temperature leads to the weakening of the bonds in compounds Ia, IlIa, IVa, and IVDb, while in
compound Ib, the bonds strengthen.

Keywords: sulfur dioxide, ammonium citrates, acid-base interaction, ion associates, ion-molecular
associates.
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INTRODUCTION. For sanitary air puri-
fication from acidic gases (particularly SO,),
absorption and adsorption methods using
various chemisorbents are widely used [1, 2].
Previously, the authors [3, 4] studied the ac-
id-base interaction of sulfur dioxide with mo-
del aqueous solutions of organic N-containing
bases (AM), including monoethanolamine
(MEA) and polyethylenepolyamine (PEPA), to
develop chemisorbents for acidic gas filtration
in respiratory protection [3-5]. To prevent the
evaporation of volatile MEA from the surface
of impregnated fibrous chemisorbents (IFCS)
under the flow of a gas-air mixture, polybasic
acids (particularly citric acid (CA)) were added
to the impregnating aqueous solutions based
on MEA. This modification enhanced the pro-
tective characteristics of IFCS against SO, ex-
posure [5]. Additionally, aqueous sodium cit-
rate solutions (HOC(CH,COONa),COONa;
Na,Cit) have been identified as effective
chemisorbents for this gas [6-8].

Methods of pH-, redox- and conductomet-
ric titration have been successfully applied to
determine the reactivity of model aqueous AM
solutions towards SO, and CA, allowing for the
calculation of their ion-molecular composition
and formation constants of weakly dissocia-
ted compounds (such as ammonium sulfites,
hydrosulfites, pyrosulfites; and ion-molecular
complexes) 3, 4, 9].

In [9] the acid-base and electrochemical
behavior of Na,Cit - CA - H O, MEA - CA -
H O, and PEPA - CA - H,O solutions were
analyzed using pH-metric and conductomet-
ric data. The study determined the influence
of amine type and temperature on the ionic-
molecular composition, ionic strength, and
structural characteristics of these systems. It
also identified key factors (component ratios

and temperature) affecting the formation cons-
tants of ionic associates. In [10], the influence
of water content and MEA on the physical and
chemical adsorption of sulfur dioxide by IFCS
samples based on citrate-monoethanolammo-
nium buffer systems was investigated. Com-
petitive adsorption of H,O and SO, by the sur-
face of the indicated IFCS was noted. However,
no comprehensive data exists in the literature
regarding the interaction of sulfur dioxide with
ammonium citrates.

Given this gap, the present study aims to de-
termine the composition and relative stability
of the products formed during the interaction
of sulfur dioxide with aqueous solutions of so-
dium citrate, monoethanolammonium citrate
(MEA-1/3CA), and polyethylenepolyammoni-
um citrate (PEPA-1/3CA), as well as with buffer
solutions of monoethanolamine - monoetha-
nolammonium citrate (MEA-1/6CA) and po-
lyethylenepolyamine - polyethylenepolyam-
monium citrate (PEPA-1/6CA). To achieve
this goal, a pH, redox, and conductometric
study of the above interactions was carried out.

EXPERIMENT AND DISCUSSION OF
RESULTS. In this study, monoethanolamine
(MEA), sodium citrate (Na,Cit), and citric
acid (CA) of “chemically pure” classification,
as well as polyethylenepolyamine (PEPA)
(CAS 29320-38-5) without preliminary pu-
rification were used. Their characteristics are
given in Table 1. Additionally, gaseous sul-
fur dioxide was supplied from a cylinder. As
chemisorbents, aqueous solutions of Na,Cit,
MEA-1/3CA, MEA-1/6CA, PEPA-1/3CA, and
PEPA-1/6CA with a Na* ion or amine nitrogen
concentration of 0.1 mol/L were used. Aque-
ous solutions of MEA-1/3CA and MEA-1/6CA
were prepared by adding a CA solution to an
MEA solution at a molar ratio of components
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of 1.0:3.0 and 1.0:6.0, respectively. Aqueous
solutions of PEPA-1/3CA and PEPA-1/6CA
were prepared similarly. The procedure for
pH-, redox- and conductometric titration of
aqueous solutions with gaseous sulfur dioxide
is described in detail in [20].

Figures 1-8 present the pH, redox, and
conductometric titration curves for 0.1 mol/L
aqueous solutions of Na,Cit, MEA-1/3CA,
PEPA-1/3CA, MEA-1/6CA and PEPA-1/6CA
with gaseous sulfur dioxide.

PH o
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7.0
6.0
5.0

4.0

2.0

On the integral pH-metric titration curves
(Fig. 1, 2) of aqueous solutions of sodium
citrates, monoethanolammonium, and poly-
ethylenepolyammonium with gaseous sulfur
dioxide, a single jump is observed at the mo-
lar ratios Q(SO,):Q(Na) = (0.86 + 0.97):2.00,
Q(SO):Q(N,.) = (0.92 + 0.98):2.00 and
Q(80,):Q(N,,,,) = (0.63 + 0.81):2.00. These
correspond to the peaks on the differential
curves (see, for example, Fig. 4a) and contrast
with the MEA and PEPA solutions [3], which
exhibit two effects.

0.04

0.06 0.08 0.1

Q(S0y), mol/l

Fig. 1. Integral pH-metric titration curves of a 0.1 mol/L Na,Cit aqueous solution with gaseous SO, at
different temperatures (T, K): 273 - 1; 283 - 2; 293 - 3; 298 — 4; 303 - 5; 313 - 6.

This behavior is due to the weakly alkaline
nature of the initial citrate solutions (Fig. 1-2;
pH 7.61 + 8.82 (Na,Cit), 6.32 + 6.50 (MEA-1/
3CA), and 4.80 + 5.42 (PEPA-1/3CA)). The
observed effects on the differential curves oc-
cur in an acidic environment (Table 2; pH 3.60
+ 3.94 (NaCit), 3.30 + 3.96 (MEA-1/3CA)
and 2.81 + 3.74 (PEPA-1/3CA)) and are as-

https://ucj.org.ua

sociated with the formation of hydrosulfites
of the corresponding cations. Deviations of
the Q(SO,):Q(Na), Q(SO,):Q(N,,,), and
Q(S80,):Q(N,_,,) ratios from the stoichiometry
value (1.00:2.00) are due to additional interac-
tions, particularly the stepwise protonation of
citrate ions in the specified pH range [9, 20].
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Fig. 2. Integral pH-metric titration curves of a 0.1 mol/L MEA-1/3CA (a) and PEPA-1/3CA (b) aqueous
solution with gaseous SO, at different temperatures (T, K): 273 - 1; 278 - 2; 283 - 3; 288 - 4; 293 - 5;
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Fig. 3. Integral pH-metric titration curves of MEA-1/6CA (a) and PEPA-1/6CA (b) aqueous solutions
with gaseous SO, at different temperatures (T, K): 273 — 1; 278 — 2; 283 — 3; 288 — 4; 293 — 5; 298 - 6; 303 - 7;

308 -

8;313 -09.
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Table 1.
Physicochemical characteristics of the starting compounds.

Name Citric acid Sodium citrate Mono- . Polyethy!ene

ethanolamine polyamine
Designation CA Na, Cit MEA PEPA

OHO OH Na' O*o\ o
Structural O o Na' OH * *
formula HO, O}j(?/ HNT \[\AN/]:
OH +
Na OH
o 0

General HOC.H,(COOH). HOC.H, (COON NH,CH,CH,OH NH-(CH,CHNH) -H
formula 3 4( )3 3 4( a)3 2t z'( 20 )k-
M, g/mol 192.12 258.06 61.08 42.0
pK, 3.13;4.76; 6.39 [12] 3.13;4.76; 6.39 [12, 16] 9.20 [1] 9.21 18]
Melting 153 [12, 13] 300 [16] 1051, 17] -32.0 [18,19]
point, °C ’ T ) ’
Boiling
point, 5C 310 [14] - 170.3 [1, 17] Decompos. [18, 19]
P, Pa (20 °C) 2.21-10° [13] 0 53 (1, 17] <1.33[18, 19]
lgP -1.64 [15] -1.72 [16] -1.31[1, 17] -3.67 [18, 19]

In the case of MEA-1/6CA solutions, two
jumps are observed on the integral pH-met-
ric curves (Fig. 3a; Table 2) and two maxima
on the differential pH-metric curves (e.g.,
Fig. 4b) at the ratios Q(SO,):Q(N,,.,) = (0.34
+0.52):2.00 and (0.49 = 0.63):1.00. In contrast,
PEPA-1/6CA solutions (Fig. 3b; Table 2) exhi-
bit only one effect on the corresponding curves
at Q(S0,):Q(N,,,) = (0.68 + 0.86):2.00. This
difference arises from the more alkaline nature
of the initial MEA-1/6CA solutions (pH 9.53 +
9.74) compared to PEPA-1/6CA solutions (pH
7.76 + 8.67).

Analyzing the data shown in Fig. 1-3, the
pH values of chemisorption systems at 293 K
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can be arranged in the following sequence:

- for Q(SO,) < 0.02 mol/L MEA-1/6CA
> PEPA-1/6CA > MEA-1/3CA > Na3Cit >
PEPA-1/3CA;

- for 0.02 < Q(SOZ) < 0.05 mol/L MEA-1/
6CA > MEA-1/3CA > Na3Cit > PEPA-1/6CA >
PEPA-1/3CA;

~ for 0.05 < Q(SO,) < 0.10 mol/L MEA-1/
3CA > MEA-1/6CA > NaSCit > PEPA-1/6CA >
PEPA-1/3CA.

These results indicate that at SO, concent-
rations above 0.05 mol/L, solutions based on
monoethanolammonium citrate exhibit the
highest efficiency in binding this toxicant.
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Fig. 4. Differential pH-metric titration curves of 0.1 M Na,Cit (1a), MEA-1/3CA (2a), PEPA-1/3CA
(3a), MEA-1/6CA (1b) and PEPA-1/6CA (2b) aqueous solutions with gaseous SO, at 298 K.
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Fig. 5. Redox-metric titration curves of 0.1 mol/L Na,Cit (a) and MEA-1/3CA (b) aqueous solutions
with gaseous SO, at different temperatures (T, K): 273 - 1; 283 - 2; 293 - 3; 298 - 4; 303 - 5; 313 - 6.
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Fig. 6. Differential Redox-metric titration curves of 0.1 mol/L Na,Cit (a) and MEA-1/3CA (b) aqueous
solutions with gaseous SO, at 288 K (b), and 293 K (a).

Negative Az values suggest the formation
of weakly dissociated compounds in the SO, -
Na,Cit - H,0O, SO, - MEA-1/3CA - H,0, and
SO, - MEA-1/6CA - H,O systems (Fig. 7 - 9;
Table 3). In PEPA-containing solutions, posi-
tive Az values (Q(SO,) > 0.05 mol/L; T = 273 -

0.2 r
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£ 2
&) —A—3
g s
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283 K) indicate an increase in the degree of
dissociation of existing species (H,0, SO,-H,O,
HSO;), the formation of new strongly dissocia-
ted compounds, and an increase in the mobili-
ty of newly formed ions [3, 11, 20], as discussed
below.

Fig. 7. Conductometric titration curves of 0.1 M
Na,Cit aqueous solutions with gaseous SO, at dif-

0.10  ferent temperatures (T, K): 273 - 1; 283 - 2; 293 - 3;

303 - 4; 313 -5.
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In the SO, - MEA-1/3CA - H,O system
(Fig. 8a; Table 3), the relative decrease in Az
with increasing sulfur dioxide content up to
0.040 mol/L (at 303, 283 K) and 0.050 mol/L
(at 273, 278, 293, and 313 K) is attributed to
the formation of monoethanolammonium
sulfite, similar to findings in [3, 20]. Further
increases in Q(SO,) are accompanied by a rel-

Az.C m/m

0.04 0.06

0.08
Q(S0Oy), mol/l

0.10

a

ative increase in the specific electrical conduc-
tivity, driven by the formation of monoetha-
nolammonium hydrosulfite and pyrosulfite.
As the temperature increases within the 283-
303 K range, a relative decrease in Az is ob-
served at the same Q(SO,) values in the 0.01 +
0.05 mol/L region.
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Fig. 8. Conductometric titration curves of 0.1 M MEA-1/3CA (a), and PEPA-1/3CA (b) aqueous
solutions with gaseous SO, at different temperatures (T, K): 273 - 1; 278 - 2; 283 - 3; 293 - 4; 298 - 5;

303 -6;313-7.
Table 2.

Characteristics of pH-metric titration curves of Na,Cit, MEA-1/3CA, PEPA-1/3CA,
MEA-1/6CA, and PEPA-1/6CA aqueous solutions with gaseous SO,.

T, K Ist maximum 2nd maximum
Q(SO,) : Q(Na/N) pH dpH/dpQ(SO,) Q(SO,) : Q(Na/N) pH dpH/dpQ(SO,)
Na,Cit
273 0.429 3.88 8.21 - — -
283 0.429 3.60 7.32 - - -
293 0.476 3.90 8.56 - — -
298 0.404 3.62 7.15 - — -
303 0.486 3.81 7.60 - — -
313 0.476 3.94 7.49 - — -
10 ISSN 2708-129X. VKp. Xim. XypH., 2025
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T, K 1st maximum 2nd maximum
Q(SO,) : Q(Na/N) pH dpH/dpQ(SO,) Q(SO,): Q(Na/N) pH dpH/dpQ(SO,)
MEA-1/3CA
273 0.472 3.78 13.47 - - -
278 0.472 3.78 18.71 - - -
283 0.458 3.96 14.51 - - -
288 0.472 3.55 14.97 - - -
293 0.486 3.30 18.51 - - —
298 0.458 3.61 13.33 - - -
303 0.472 3.47 10.48 - - -
308 0.486 3.30 15.43 - - -
313 0.458 3.65 10.15 - - -
PEPA-1/3CA
273 0.404 3.30 3.73 0.543 2.79 4.26
278 0.315 3.66 3.62 0.515 2.94 4.43
283 0.315 3.74 3.62 0.515 2.97 4.03
288 0.572 3.04 448 - - -
293 0.458 3.07 3.57 - - -
298 0.572 2.82 4.49 - - -
303 0.543 2.81 341 - - -
308 0.515 2.92 4.03 - - -
313 0.343 3.16 2.90 - - -
MEA-1/6CA
273 0.172 7.75 16.92 0.572 3.64 16.61
278 0.200 8.67 8.96 0.601 3.9 14.16
283 0.172 7.75 10.74 0.572 3.5 21.10
288 0.258 7.63 15.05 0.629 4.32 19.80
293 0.200 8.26 18.97 0.543 3.94 15.33
298 0.200 7.77 14.79 0.486 4.58 13.67
303 0.200 7.91 10.91 0.572 3.94 13.02
308 0.129 8.02 8.41 0.486 3.92 12.91
313 0.229 7.61 10.0 0.601 4.15 14.16
313 0.343 3.16 2.90 - - -
PEPA-1/6CA
273 0.372 3.42 7.48 - - -
278 0.486 3.51 8.36 - - -
283 0.372 3.68 8.34 - - -
288 0.315 4.18 7.25 - - -
293 0.372 3.98 7.48 - - -
298 0.372 3.61 7.19 - - -
303 0.429 3.28 6.01 - - -
308 0.404 3.66 6.84 - - -
313 0.3432 3.75 6.35 - - -
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Table 3.
Characteristics of conductometric titration curves of MEA-1/3CA, PEPA-1/3CA,
MEA-1/6CA, and PEPA-1/6CA aqueous solutions.

I-th effect [I-th effect [II-th effect IV-th effectr
LK Qs0):QN) Az, QES0,):QN)  Ax,  Q(S0):QN) Az,  Q(S0):QN) Aw,
(curve shape) Cm/m  (curve shape) Cm/m?  (curve shape) Cm/m?' (curve shape) Cm/m
MEA-1/3CA

273 0200 (bend)  -0.35  0.510 (bend) -0.608  0.740 (bend) -0.276 - -

278 0.480 (bend)  -1.06  0.540 (bend) -1.060 0.710 (bend)  -0.760 - -

283 0.071 (bend)  -0.06  0.400 (min)  -0.510  0.710 (bend)  0.020 - -

293 0.043 (bend) -0.114  0.457 (min)  -0.640  0.570 (bend)  -0.565 - -

298 0428 (min)  -0.833  0.570 (bend) -0.729  0.714 (bend)  -0.503 - -

303 0400 (bend) -0.895 0.510 (bend) -0.885 0.740 (bend) -0.510 - -

313 0.171 (bend) -0.156  0.457 (min)  -0.415  0.686 (bend) -0.130 - -

PEPA-1/3CA

273 0.143 (bend) -0.192  0.404 (min) -0.258 0.715 (bend)  0.332 - -

278 0.072 (max)  0.002 0429 (min) -0.259 0.715 (bend)  0.221 - -

283 0.057 (bend) -0.017 0.143 (bend) -0.078 0.400 (bend) -0.096  0.744 (bend)  0.734

293 0.572 (bend) -0.717 - - - - - -

298 0572 (bend) -0.222 0429 (min) -0.520 0.486 (bend) -0.498  0.629 (bend) -0.506

303 0400 (min) -0.729  0.486 (bend) -0.699  0.686 (bend) -0.700 - -

313 0.086 (min)  -0.090  0.129 (max) -0.070  0.286 (bend) -0.110  0.400 (bend)  -0.12

MEA-1/6CA

273 0.110 (max)  0.026  0.486(min)  -0.38  0.714 (bend)  0.134 - -

278 0.110 (min)  0.086  0.466 (bend) 038  0.514 (min)  -0.520 0.714 (bend)  -0.030

283 0.100 (max) 0.220 0.486 (min) -0.21 0.714 (bend)  0.160 - -

293 0.170 (max) 0.040 0.514 (min) -0.29  0.714 (bend)  0.140 - -

298 0428 (min) -0.215  0.200 (max) -0.074  0.486 (min) -0.480 0.714 (bend) -0.043

303 0.043 (min) -0270 0.710 (max)  -024  0.151 (bend) -0.280  0.540 (bend)  -0.780

313 0.071 (min)  -0.070  0.020 (max) 0.04 0.543 (min)  -0.200  0.628 (bend)  -0.20

PEPA-1/6CA

273 0.143 (bend) -0.248  0.468 (min)  -0.432  0.743 (bend) -0.182 - -

278 0.071 (bend) -0.013  0.310 (bend) -0.236  0.400 (bend) -0.236  0.743 (bend)  0.434

283 0.100 (bend) -0.068  0.143 (bend) -0.015 0.400 (min)  -0.231  0.710 (bend)  0.258

293  0.200 (bend) -0.313  0.314 (bend) -0.326  0.428 (min)  -0.381  0.743 (bend) -0.159

298  0.143 (bend) -0.364  0.428 (min)  -0.540  0.629 (max)  -0.396 - -

303  0.400 (bend) -0.701  0.714 (max)  -0.661 - - - -

313 0.017 (min) -0.123  0.129 (bend) -0.129  0.429 (bend) -0.148  0.571 (bend) -0.038
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a
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0.08 0.10
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b

Fig. 9. Conductometric titration curves of 0.1 mol/L MEA-1/6CA (a) and PEPA-1/6CA (b) aqueous
solutions with gaseous SO, at different temperatures (T, K): T (K): 273 - 1; 278 - 2; 283 - 3; 293 - 4;

298 - 5;303 -6;313 - 7.

At the same Q(SO,) values, an increase
in o with rising temperature (273-313 K) is
observed for SO, - Na,Cit - H,0O and SO, -
MEA-1/3CA - H,O solutions. In contrast, in
SO,- MEA-1/3CA - H,0, 50, - PEPA-1/3CA -
H,0, SO, - MEA-1/6CA - H,O and SO, -
PEPA-1/6CA - H,O systems (Figs. 8, 9), A=
values decrease upon heating within the 283-
303 K range. his behavior is attributed to the
ionic-molecular composition of the studied
systems, which is discussed below.

When sulfur dioxide is absorbed by an
MEA-1/6CA solution, Az acquires positive
values (Fig. 9a) only in specific sections of
the Az = f{Q(SO,)) curves at: 273 K (0.005 <
Q(S0,) <0.020 mol/L), 278 K (0.002 < Q(SO,) <
0.020 mol/L), 283 K (0.002 < Q(SO,) <
0.030 mol/L), 293 K (0.012 < Q(SO,) <
0.025 mol/L) and 313 K (0.013 < Q(SO,) <

https://ucj.org.ua

0.025 mol/L). Under other experimental con-
ditions, Aee < 0 Cm-m’'. For PEPA-1/6CA
solutions, Aa values remain negative (Fig. 9b)
during SO, chemisorption, except at T = 278
and 283 K (curves 2 and 3) when Q(SO,):Q(N)
> 0.55.

Unlike pH-metric curves (Fig. 3), conducto-
metric curves (Fig. 9; Table 3) exhibit three or
four effects. When sulfur dioxide is introduced
into the MEA-1/6CA solution, a decrease in Az
is observed within 0.020 < Q(SO,) < 0.050 mol/L
across the studied temperature range (Fig. 9a).
Further addition of SO, leads to a Ae in-
crease up to Q(SO,) = 0,070 mol/L (except at
T = 293 K), after which the Az = f{Q(SO,))
dependencies reach stationary regions.

The addition of SO, to the PEPA-1/6CA solu-
tion leads to a decrease in Aa within 0.010 <
Q(8O,) < 0.040 mol/L across the studied

13
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temperature range (Fig. 9b). When Q(SO,) ex-
ceeds (0.040 + 0.045 mol/L), Az values begin
to increase.

Each Az = f(Q(SO,)) curve for SO, che-
misorption in the studied solutions at a given
temperature exhibits distinct effects (Fig. 9; Ta-
ble 3).

The uniformity of acid-base and electro-
chemical behavior in solutions containing
sodium, monoethanolammonium, and poly-
ethylenepolyammonium citrates is confirmed
by the overlapping initial sections of the
dpH/dpQ(SO,) - Q(SO,) and A= - Q(SO,)
curves (Fig. 4, 10).

0.2
-1
0
—A—2
E -0.2 —-o-3
g
© .04 4
&
<]
-0.6 -5
-0.8
2 | 1 Il 1 |
0.00 0.02 0.04 0.06 0.08 0.10
Q(S0Oy), mol/l

Fig. 10. Conductometric titration curves of 0.1 mol/l Na,Cit (1), MEA-1/3CA (2) and PEPA-1/3CA (3)
MEA-1/6CA (4), and PEPA-1/6CA (5) aqueous solutions with gaseous SO, at 293 K.

Physicochemical models of SO, interaction with
MEA - CA - H,0 and PEPA - CA - H,O solutions.

According to [9], in aqueous MEA-1/3CA
solutions, the following processes take place:

water autoprotolysis (reaction 1), MEA proto-
nation (reaction 2), and stepwise dissociation
of CA (reactions 3-5). Additionally, the forma-
tion of ionic associates occurs:

{N'H,CH,CH OH}{HOC H,(COOH) (COO")} (Ia),
{N'H,CH,CH,0H},{HOC,H,(COOH)(COO") } (ITa),

{§y H,CH,CH,0H},{HOC,H, (COOH),(COO")} (IIb),

{NH,CH,CH,OH},{HOC H, (COO"),} (Illa), as well as the ionic-molecular associate
{NH,CH,CH,0H}HHOC,H,(COOH),} (Ib) (reactions 6-10).

14
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2H,0 72> H,0" + OH- (1)
1/Ka

NH,CH,CH,OH + H,0* < N'H,CH,CH,0H + H,0 (2)
HOC,H,(COOH), + H,0 &2 HOC,H,(COOH),COO" + H,0* (3)
HOC,H (COOH),COO" + H,0 22 HOC,H,(COOH)(COO"), + H,0" (4)
HOC,H,(COOH)(COO"), + HO = HOC,H,(COO"), + H,0" (5)
N H,CH,CH,0H + HOC,H,(COOH),(CO0") £2 (©)

= {N'H,CH,CH,0HHHOC,H,(COOH) (COO")}
N H,CH,CH,0H + HOC,H,(COOH), £> )

2 {N'H,CH,CH,0HH{HOC,H,(COOH) }

2N H,CH,CH,0H + HOC H,(COOH)(CO0"), ¢ (8)

= {NH,CH,CH,0H} {HOC,H,(COOH)(CO0") }
2N H,CH,CH,OH + HOC H,(COOH), (COO") £ )

3
< {NH,CH,CH,OH},{HOC H,(COOH),(COO")}
3NH,CH,CH,0H + HOC H,(CO0"), 2 (10)
2 (NH,CH,CH,OH},{HOC H,(CO0") }

When $02 interaFts with MEA-1/3CA - 2NH,CH,CH,OH + SOZ-HZOé
H0 solutions, reactions 11-18 occur, lead- (NHSCHZCHZOH)ZSO3

ing to the formation of sulfur dioxide hydrate, NH,CH,CH,OH + SO -H.0 /3& 1)

sulfite, hydrosulfite, and pyrosulfite anions, N
as well as monoethanolammonium sulfite < (NH,CH,CH,OH)HSO, Bus

(IS), hydrosulfite (IIS), and pyrosulfite (IIIS) 2NH,CH,CH,OH +2(SO,-H,0) &= (18)
(3, 20]. z2 (NH,CH,CH,0H) §,0, + H,O

(16)

27275

SO &2 S0? (11) SO, - Na,Cit - H,0 solutions
Based on [3, 4, 11, 20], the interaction of

% . 12 b bl b >
507+ H,0&=250,H,0 (12) citrate ions with SO, hydrate results in the for-
SO,H,0 + H,0 Kﬁl HO"+HSO; (1 3) mation of sulfite and hydrocitrate anions (re-
s action 19). Additionally, the reaction of sulfite
2HSO; 25,07 + H,0 (14) jons with SO, in water leads to the formation
K of hydrosulfite ions (reaction 20). These pro-
- S5O + SO 15
HSO;+ H,0 &2 H,0" + 507, (15) cesses are responsible for the initial jumps ob-
when SOj, SOF - sulfur dioxide in the gas served on the pH-metric titration curves of so-
phase and dissolved in water, respectively. dium citrate aqueous solutions (Fig. 1).

https://ucj.org.ua 15
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When HOC,H,(COOH)(COO"), ions in-
teract with SO, hydrosulfite and dideprotona-
ted citrate anions are formed (reaction 21). Hyd-
rosulfite ions are also generated through the
dissociation of «sulfuric» acid (reaction 13).
Reactions 13 and 21 are responsible for the se-

SO,*H,0 + HOC,H,(COOH)(CO0"), - HSO; + HOC,H,(COOH),(COO")

SO, - MEA-1/3CA - H,O solutions

The replacement of sodium citrate with mo-
noethanolammonium citrate in chemisorption
solutions introduces additional reactions 22-23.
Alongside the reactions occurring in the SO, -
Na,Cit - H,O system, this system also allows
for the interaction of the ionic associate (mono-

{N'H,CH,CH,0H},{HOC,H (COO"),} + SO,'H,0 — {N H,CH,CH,0H},(S0?) +

(19)
(20)

cond jumps on the pH-metric titration curves
and the minima on the conductometric curves.
Additionally, at pH 4.5-6.0, hydrosulfite ion
dimerization (reaction 14) leads to the forma-
tion of pyrosulfite ions, causing the first jumps
on the redox-metric curves (Fig. 5a).

(21)

ethanolammonium citrate) with SO,, which is
responsible for the first jumps on the pH-met-
ric curves (Fig. 2a). At pH 4,0-6,0, the reaction
between SO, and monoethanolammonium ca-
tions in water produces an ionic associate — am-
monium sulfite (reaction 23), leading to mini-
ma on the conductometric curves (Fig. 8 a).

(22)

+ NH,CH CH OH + HOC,H,(COOH) (COO")

2N H,CH,CH,0H + SO,"H,0 + 2H,0 - {N H,CH,CH,0H},(SO%) + 2H,0"

The multicomponent nature of SO, -
MEA-1/3CA - H,O solutions, resulting from
the formation of H-bonded ionic associates,
leads to variations in redox-metric curve
shapes at different temperatures.

SO, - PEPA-1/3CA - H,O solutions.

The interaction of SO, with polyethylene-

{NH,(CH,CH,NH) H} {HOC,H, (COO") }
- {NH,(CH,CH,NH,) H} (SO?), ., + NH,(CH,CH,NH) H +

(23)

polyammonium citrate (reaction 24) leads to
the formation of polyethylenepolyammoni-
um sulfite, polyethylenepolyamine, and di-
hydrocitrate ions. This process causes jumps
in the pH-metric curves (Fig. 2 b) and breaks
or minima in the conductometric curves
(Fig. 8 b).

+ (k+1)SO,-H,0 + H,O -

k+1

(24)

+ (k+1)HOC,H,(COOH),(COO") + H,0

The component composition of SO, - MEA-1/
3CA - H,O solutions.

Considering the law of mass action (equa-
tions 1 - 18), along with the material balance

16

equations for nitrogen (25), citrates (26), and
sulfur (27), and the electroneutrality condition
(28), a system of mathematical equations (1-
18, 25-28) is established.
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Q.= [NH,CH CH,0H] + [NH,CH,CHOH] + C,_ + C, +2C, +2C,, +

(25)
+ 3CIIIa+ 2(:IS + CIIS + 2C:IIIS
Q, = [HOC,H,(COOH),] + [HOC,H, (COOH),CO0 ] + [HOC,H,(COOH)(COO), 1 + )
[HOCH,(COO),]+C_+C +C +C, +C
Q(SO,) = [SO,-H,0] + [HSO;] + 2[S,02] + [SOX] + C, + C, + 2C (27)
[H'] + [NH,CH,CH,0H] + C, + C, = [OH"] + [HSO;] + 2[S,0%] + 2-[SOZ] (28)

where C,, = [(NH,CH,CH,OH) SO,], C,, = [(NH,CH,CH OH)HSO ],

= [(NH,CH,CH,0H)

27275

C
C,, = [{NH,CH,CH,0OHH{HOCH, (COOH),}],

C,, = {NH,CH,CH,OH},{HOC,H,(COOH)(CO0"),}1,
C

C

nb:[

Solving this system using pH-metric data
(Fig. 2 a) and incorporating the pK_ values of
CA and MEA (Table 1) enabled the calcula-
tion of the component composition of SO, -
MEA-1/3CA - H,O solutions (Fig. 11).

According to the obtained data, as Q(SO,)
increases from 1.4-10° to 1.4-102 mol/L, arise in
the relative content of monoethanolammonium
cation (curve 6) is observed due to the dissocia-
tion of ionic associate IITa (Fig. 11, curves 4, 7).
In the region where ionic associate IIIa and
ionic-molecular associate IIb form (Table 2),
the total SO2 content increases the cation’s par-
tial binding into ammonium sulfite IS (curve 8).
When ionic associate IIb transitions into com-
pound ITa Q(SO,) > 0.26 mol/L, the relative con-
tent of IS decreases (curve 8), while the binding
of monoethanolamine and citrate in Ila increa-
ses sharply (curves 4 and 7). Across the calcula-
ted section of the pH = {Q(SO,)) curve, arise in
the molar fraction of hydrosulfite ions (curve 9;
Q(SO,) > 0.01 mol/L) is observed, along with a
decrease in ammonium sulfite content (curve
10) relative to the total SO, concentration. The

https://ucj.org.ua

$,0.], C, = [{NH,CH,CH OH}{HOC H,(COOH),(COO)}],

{NH,CH,CH,0H} {HOC,H, (COOH) (COO)}],
. = {NH,CH,CH OH} {HOC H,(COO") }.

relative content of SO, hydrate, sulfite, and py-
rosulfite ions, as well as free MEA, does not ex-
ceed 0.7%.

Ni
09 |
0.8 |\
0.7 | &
0.6 |
05 |
04 |
03 |
02 |
01 |&

0.03 0.04

Q(S0O;), mol/l

0 0.01 0.02

Fig. 11. Partial distribution diagrams of dif-
ferent forms of interaction in the SO, - MEA-1/
3CA - H,O system depending on Q. at 293 K.
N. - molar fraction of Cit* (1), HCit* ), H,Cit
(+3), C,+C, +C, .4 7),NHCHCHOH (5),
N H,CH,CH,0OH (6), C (8, 10), HSO;(9) relative
to the total content of citrates (1-4), nitrogen (5-8)
and sulfur (9, 10).
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The concentration constants for the forma-
tion of ionic associates (B, B, - B, B, and
B,;,) have been calculated. Under the experi-
mental conditions, these formation constants
exceed 10.

The concentration and thermodynamic con-
stants (B,) for ammonium sulfite formation
in SO -MEA-1/3CA-H,O solutions are nearly
identical to those in SO, - MEA solutions [3,
20]. The dependences of pp, (for compounds
Ib, Ila, and IIla) on ionic strength (u, M)
follow a linear relationship (equation 29),
whereas the dependence of pf,, = flu) is
more complex (equation 30). The parameters

Table 4.

of these equations are provided in Table 4.
p/)’i =A +B-u (29)
pB, =A, + B>+ C-u (30)

By definition [21], the coefficients A, in
equations 29 and 30 represent the negative
decimal logarithms of the conditional ther-
modynamic constants (- 3, ). As tempera-
ture increases, bond rearrangements occur in
ionic associates Ila, IIla, and compound Ib,
as indicated by the lack of a clear dependence
of pf,.= f(T). Additionally, compounds Ila
and Ib exhibit increased stability, as reflected
in the A, values of equation 29 (Table 4).

The values of the coefficients A, B, in equation (29) for compounds Ib, IIa, and IIIa,
and A, B, C, in equation (30) for associate IIb in SO, - MEA-1/3CA - H,O solutions *

T, K A, R? Q(S0,):Q,
IIIa
288 -12.53 28.5 0.9142 0.0715+0.172
293 -16.16 41.93 0.9384 0.0715+0.129
303 -9.078 16.76 0.9735 0.0572+0.257
313 -15.10 38.30 0.9492 0.0572+0.486
ITa
283 -5.55 9.18 0.9868 0.072+0.143
293 -8.10 21.6 0.9690 0.286+0.515
Ib
283 -17.44 69.80 0.9839 0.400+0.515
288 -20.24 87.86 0.9653 0.343+0.458
303 0.05 - 0.315
ITb
A, B, C, R? Q(80,):Q,
283 -21.11 115.72 -191.1 0.9900 0.172+0.372
288 -13.28 63.59 -88.61 0.9993 0.200+0.315
293 -9.083 0 23.97 0.7959 0.172+0.257
303 -1.730 0 0 - 0.286

"R? is the value of the approximation reliability.

18
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. . . T
With rising temperature, the absolute pf|

values decrease, following a relationship de-
scribed by equation 31 within the 283-303 K
range.

pB. =264,15 - 88312/T,

1Ib
where T is the absolute temperature, K.

(31)

Composition of SO, - MEA-1/6CA - H,O
solutions

For MEA-1/6CA solutions, in addition to
reactions 1-24, there is also the potential for-
mation of ion-molecular associates I'Va and
IVb, as described by equations 32 and 33.

- _ lgl\/a
3NH,CH,CH,OH + 3N H,CH,CH,OH + HOC,H,(COO"), &

+ (32)
< {NH,CH,CH,OH},{N H,CH,CH,0H} {HOC H,(COO") },

2NH,CH,CH,OH + 4N H,CH,CH,OH + HOC,H,(COO"), 2>

- (33)
< {NH,CH,CH,0H} {NH,CH CH,0OH} {HOC H,(COO") }.

Based on experimental data (Fig. 3a) and
a mathematical model that incorporates the
law of mass action (equations 1-18, 32, 33),
along with the material balance equations for
nitrogen (34), citrates (35), and sulfur (27), as

Q.= [NH,CH,CH,OH] + [NH,CH,CH,OH] + C_+ C +2C +2C  +

well as the electroneutrality condition (36), the
ionic-molecular composition of SO,~MEA-1/
6CA-H,O solutions was determined (for
example, Fig. 12).

(34)
+ 3CIIIa + 2'CIS + CHS + 2CIIIS + 6C1Va + 6CIVb
Q, = [HOC,H,(COOH) ] + [HOC H,(COOH),COO | + [HOC,H,(COOH)(COO),] + 35
t [HOC3H4(C007)3] + CIa + CIb t CIIa t CIIb + CIHa + CIVa T CIVb
[H*] + [NH,CH,CH,0H] + C + C, + C,,, = [OH] + [HSO;] + 2[S,0%] + 2:[SO>]  (36)

ne C,,, = {NH,CH,CH OH} {N H,CH,CH OH} ,{HOC H,(CO0") },
C,,, = {NH,CH,CH,OH} {N H,CH,CH OH} {HOCH,(COO") }.

N;

09 -3 1
0.8 @2
07 -3
0.6 | =4 . e :

i Fig. 12. Partial distribution diagrams of
05 | ; . . oo

iR different forms of interaction in the SO,-
3: a7 MEA-1/6CA—HZQ system dep.ending on
: B QSO2 at 293 K. Ni - molar fraction of Cit>
02 t o9 (DJHCIt" (2), HCit 3), C- (4, 7),
01 r —+« 10 NH,CH,CH,0H (5), NH,CH,CH,0H (6),
0 C, (8, 10), HSO; (9) relative to the total

content of citrates (1-4), nitrogen (5-8) and

0.03 sulfur (9, 10).

0.02 0.03
Q(SO,). mol/l

0 0.01
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According to the calculations (Fig. 12), the
chemisorption of sulfur dioxide by an MEA-1/
6CA aqueous solution occurs due to its binding
to monoethanolammonium sulfite IS (curve
10) at Q(SO,) < 0.0572 mol/L, following reac-
tion 37. This process is accompanied by:

2{NH,CH,CH OH},{N H,CH,CH OH},{HOC ,H (CO0").} + 3S0,-H,0 >
3(NH,CH,CH,OH) SO, + 2HOC,H,(COO"), + 6N H,CH,CH OH

With further SO, addition, the relative
content of hydrosulfite anions (curve 9) and

(NH,CH,CH,0H),S0, + SO,-H,0 > 2N H,CH CH,OH + 2HSO;

In this case:

The mole fraction of the IS compound re-
lative to total nitogen (curve 8) reaches a maxi-
mum at Q(SO,):Q, = 1.0:4.0;

The mole fraction of citrate anions (curve 1)
reaches a maximum at Q(S0O,):Q,, = 1.0:10.0,
accompanied by partial protonation of citrate
anions with the formation of HOC H,(COOH)
(COO"), (curve 2) and dihydrocitrate anions
(curve 3).

The relative content of HOC,H (COOH)
(COO7), (curve 2) reaches a maxi-
mum at Q(SO,) = 0.0286 mol/L, while
HOC,H,(COOH),COO" (curve 3) increases
throughout the studied range.

The content of unbound MEA (as a free
base), undissociated CA, sulfite and pyrosulfite
anions, and SO,-H,O does not exceed 0.02 re-
lative units. Notably, ionic associates ITa and
IIb are not formed during the chemisorption
of SO, in the studied concentration (Q(SO,))
and temperature ranges, unlike in the MEA-1/
3CA solution.

The concentration dependences p =
f(Q(SO,)) exhibit complex behavior due to
the multicomponent nature of the chemisorp-

20

An increase in the molar fraction of citrate
anions (curve 1) and monoethanolammonium
cations (curve 6).

A decrease in the relative content of com-
pound IVa (curves 4, 7).

(37)

monoethanolammonium cations (curve 6) in-
creases due to reaction 38.

(38)

tion system during SO, absorption (at 283-
288 and 298-313 K). However, at 293 K, only
the ion-molecular complex I'Va is formed be-
tween MEA and CA, leading to a linear de-
pendence:

W= 0,0177 + 1,0261-Q(SO);

n = 14; R* = 0,9940. (39)

Using the obtained component composition
data for SO,-MEA-1/6CA - H,O solutions,
the concentration constants for the formation
of compounds IIIS, Ia, Ib, IIIa, Iva, and IVb
were calculated. The dependence pf,, = f(u)
is described by equation 29, with parameters
provided in Table 5.

With increasing temperature, bond weake-
ning is observed in compounds Ia, IIIa, IVa
and IVb, as indicated by an increase in pp,
values, which are numerically equal to the
A, coefficients in equation 29 (Table 5). Con-
versely, the stability of complex Ib increas-
es. The concentration and thermodynamic
constants f, . for SO -MEA-1/6CA-H O
and SO,-MEA-1/3CA-H,O solutions show
no significant difference compared to SO, -
MEA solutions [3, 20].
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Table 5.

The values of the A, B, coefficients in equation (29) for compounds Ia, Ib, IIIa, IVa,
and IVb in SO, —~MEA-1/6CA-H,O in solutions™

T, K A, B, R? Q(S0,):Q,
Ia
303 -5,44 79,27 0,9954 0,315+0,458
313 19,11 -274,7 0,9890 0,286+0,400
Ib
283 -3,94 6,63 0,9895 0,315+0,949
288 -5,08 -9,78 0,9741 0,257+0,486
IIIa
288 -17,33 -102,56 0,9978 0,0715+0,200
313 -6,873 41,14 0,9995 0,0286+0,143
IVa
293 -12,16 -45,31 0,9885 0,014+0,529
313 22,835 -382 0,8303 0,172+0,257
IVb
283 -18,14 15,30 0,9920 0,072+0,286
303 18,23 -377,0 0,9935 0,175+0,263

‘R? - the value of the approximation confidence.

CONCLUSIONS.

This study, based on pH, redox, and con-
ductometric analyses, evaluates the acid-base
interaction during the chemisorption of sulfur
dioxide by aqueous solutions of monoethanol-
ammonium and polyethylenepolyammonium
citrates in comparison with sodium citrate.

The composition and relative stability of the
reaction products formed during SO, interac-
tion with aqueous solutions of Na,Cit, MEA-1/
3CA, PEPA-1/3CA, MEA-1/6CA, and PEPA-1/
6CA were determined. It was shown that in
the presence of ammonium citrates (MEA and
PEPA), the following species are formed: ionic
associates Ia, Ila, IIb, IIIa; ion-molecular as-
sociates Ib, IVa, IVb; and ammonium sulfites,

https://ucj.org.ua

hydrosulfites, and pyrosulfites. The component
composition, as well as the concentration and
thermodynamic constants of these associates,
were calculated. In SO,-MEA-1/3CA-H,O
solutions, increasing temperature enhances the
relative stability of compounds IIa and Ib. In
SO,—~MEA-1/6CA-H,O solutions, the stability
of compounds Ia, IIla, IVa and IVb decrea-
ses, while Ib increases with rising temperature.
Adding CA to the SO,—~MEA-H,O system in
MEA:CA ratios of 3:1 and 6:1 has no significant
effect on the concentration and thermodyna-
mic constants of ammonium sulfites formation.

The results obtained will be applied in the
development of chemosorbents for respiratory
protection.
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CKNAL TA BIJHOCHA CTIAKICTb NPOAYKTIB
B3AEMOJIi AIOKCMAY CIPKK 3 BOAHUMN

PO3YNHAMW LIUTPATIB MOHOETAHOJI-
AMOHIH TA NONMETUNEHMONMNIAMOHIKO

P. €. Xoma, K. B. lluzanenxo,
T. C. Benuvxoscvka, IO. B. Iuxos,
C. B. Boosincovxuii

Oodecvkuti HayioHanvHUll yHiéepcumem imeHi
L. I. Meunuxkosa,

eyn. Jleopsancoka, 2, Odeca 65082, Yxpaina
email: rek@onu.edu.ua

B pobori HaBemeHo pesymbratu pH-, pe-
TOKC- Ta KOHIYKTOMETPUYHOTO HOCMTiJKEeH-
HA KUCTOTHO-OCHOBHOI B3a€MOJII IIPU XEMO-
copOuii fiOKCUAY Cipky BOZHUMY PO3YMHAMMU
Ha OocHOBi 0,1 MO/Ib/1 IUTpPATiB MOHOETAHO-
namoHiro (MEA-1/3CA) Ta mosnieTuneHIoni-
amoHito (PEPA-1/3CA), a takox 6ydepuu-
MIJ PO3YMHaMM MOHOETAHONMaMiH — LUTpaT
moHoetanonamoHiro (MEA-1/6CA) Ta moi-
eTWJIEHIIONIIaMiH — LMUTpPaAT IO/ieTUIEHIIONI-
amonio (PEPA-1/6CA) y nopiBHAHHI i3 nuT-
paToM Harpir. BcTaHOBNIEHO CKIaf CIIONYK,
[0 YTBOPIOWTbCA mpu nornuHanHi SO, pos-
unHamu Na Cit, MEA-1/3CA, PEPA-1/3CA,
MEA-1/6CA, PEPA-1/6CA npnu 273 - 313 K.
3a omHUX i TMX caMUX 3Ha4eHb KiTbKOCTi ITO-
IJINHYTOTO HNiOKCUAY CipKu) [id PpO34YMHIB
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SO,-Na,Cit-H O ta SO,-MEA-1/3CA-H,O
BigMideHO 36i/bIIEHHA 3HAYE€Hb MIMUTOMOIL
e/IeKTPOIPOBiAHOCTI (&) 3 pOCTOM TeMIle-
patypu npu 273-313 K; sHayeHHsa Az 3men-
wryrothes B cuctemax SO,-MEA-1/3CA-H O,
SO,-PEPA-1/3CA-H,O, SO,-MEA-1/6CA-
H,O ta SO,-PEPA-1/6CA-H,O mig yac Ha-
rpianHA npu 283-303 K, mo cnpuyumHeHO
IXHIM JIOH-MOJIEKYIAPHUM CK/IajoM. Ha ocHo-
Bi po3po0/IeHNX MaTeMaTYHIX MOJeNell po3-
PaxoBaHO JOH-MOJEKYIAPHUI KOMIIOHEHT-
Huit ckimap posunuis SO,- MEA-1/3CA-H,O
ta SO,-MEA-1/6CA-H,O npn 283-313 K Ta
KOHIIEHTpaliifHi 1 TepMOAMHAaMi4HI KOHCTaH-
T YTBOPEHHs IOHHUX acOL[iaTiB:
(NH,CH,CH,0H),SO,, {NH,CH,CH,OH}
{HOC (COOH) (COO )} (Ia)
{NH CH CH OH}
{HOC H (COOH)(COO ),} (ITa),
{NH CH CH,OH},
{HOC H (COOH) (COO )} (IIb),
{NH CH CH OH} {HOC,H,(COO"),} (IlIa),
a TaKOXX i0H-MOJIEKY/IAPHMX acOLjiaTiB
{NH CH,CH OH}{HOC H,(COOH),} (Ib),
{NH,CH, CH OH} {NH CH CH,OH},
{HOC H (COO ).} (IVa) {NH CH CH LOH},
{NH CH CH OH} {HOC,H (COO ), } (IVb)
Y posunnax SO,-MEA- 1/3CA—HZO 3 po-
CTOM TeMIlepaTypu Bin6yBaeTbca neperpymny-
BaHHA 3B A3KiB y ioHHuX aconiatax IlataIb, Ha
10 BKa3ye BIICYTHICTb YiTKOI TeMIIepaTypHOI
3a7IeKHOCTI P, @ TAKOX 3MiITHEHHS CIIOMTYK
IIa ta Ib. B posunnax SO -MEA-1/6CA-H O
3 MiIBUILIEHHAM TeMIepaTypu Bin6yBaeTbCH
nocmabneHHs 3B’ A3KiB y crionykax Ia, I11a, I'Va
ta IVb, a y cionyni Ib, HaBmaku, mocuieHHs.

KnrouoBi cmoBa: fiokcup cipku, aMoHie-

Bl LIMTpaTy, KMUCIOTHO-OCHOBHA B3a€MO[id,
10HHI acoliaTy, I0H-MOJIEKY/IAPHI acoLiaTIL.
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