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Abstract—Potentio- and conductometric titration was used to study the interaction in sulfur(IV) oxide–
ethanolamines–water systems in comparison with the previously obtained pH-metric data on how the corresponding 
onium sulfi tes, hydrosulfi tes, and pyrosulfi tes are formed. The ionic and molecular compositions of these solutions 
were calculated. Correlations between the characteristics of pH-metric titration curves of aqueous solutions of 
ethanolamines with sulfur(IV) oxide and the relative stability of onium sulfates were revealed.

DOI: 10.1134/S1070427212110067

This study proceeds with the systematic effort aimed 
to develop the theoretical foundations for catching of 
acid gases with organic bases [1]. It has been shown 
that ethanolamines (Am) and aqueous solutions of 
ethanolamines and their carboxylates are promising 
SiO2 chemisorbents [2–6].

According to pH-metric titration data, the interaction 
in sulfur(IV) oxide–ethanolamines–water systems is 
accompanied by the formation of the corresponding 
onium sulfi tes (at a SO2 : Am component ratio 1 : 2), 
hydrosulfi tes, and pyrosulfi tes (SO2 : Am = 9 : 10) [6, 
7]. The fact that the second peak in the differential 
pH-metric curves obtained in titration of aqueous 
solutions of Am with gaseous sulfur(IV) oxide does 
not correspond to the expected equimolar ratio (1 : 1) 
is due to the hydrosulfi te–pyrosulfi te equilibrium [6, 7]. 
A qualitative characterization of this equilibrium can 
be provided by redox potentiometry [8]. A successful 
experience of joint use of conductometry and redox 
potentiometry for determining the composition of the 
compounds being formed is known [9].

It should be noted that only data on the relative 
stability of ethanolammonium sulfi tes in aqueous 

solutions were reported in [6]. There is no information 
about the ionic-molecular composition of sulfur(IV) 
oxide–ethanolamines–water systems.

A topical task in this context is to reveal existence 
regions of various sulfur-containing molecular and ionic 
forms in aqueous solutions, the nature of equilibria 
between these forms, and relative stabilities of the 
complexes being formed.

To study these aspects of the process of sulfur(IV) 
oxide chemisorption by aqueous solutions of organic 
bases, we examined the interaction of SO2 with aqueous 
solutions of ethanolamines by independent methods of 
potentio- and conductometry and subjected previously 
obtained experimental data [6] to mathematical 
processing in order to determine the ionic-molecular 
composition of absorbing systems and to reveal 
correlations between characteristics of pH-metric 
titration curves and the relative stability of the complex 
salts being formed.

EXPERIMENTAL

As starting substances served reagents of for-syn-
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thesis grade from Merck: monoethanolamine (MEA), 
methylmonoethanolamine (MMEA), diethanolamine 
(DEA), methyldiethanolamine (MDEA), and trietha-
nolamine (TEA). The procedures of potentiometric and 
chronoconductometric titration were described in detail 
in [9, 10]. Potentiometric measurements were made with 
a pH-121 pH-meter. The measurement accuracy of the 
redox potential was ±1 mV. Conductometric measure-
ments were made with an Ekspert-002 conductometer 
(relative error ≤0.5%).

The measurements were made at 273–313 K. As 
model solutions served 0.1 M aqueous solutions of the 
Am specifi ed above.

The amount of the reacting SO2 was determined 
iodometrically [11] by the Schoniger method [12].

The curves of potentiometric and conductometric 
titration of 0.1 M solutions of Am with sulfur(IV) oxide 
are shown in Figs. 1–3. The integral potentiometric 
titration curves (Figs. 1 and 2a) show two jumps to 
which correspond dips in the differential curves (Fig. 4).

The nonmonotonic behavior (presence of breaks) of 
the potentio- and conductometric dependences (Figs. 1–3 
can be attributed to the formation of compounds with 
various compositions and structures between SO2, sulfur 
oxyanions, and ethanolamines in water [9].

It should be noted that the dip positions in the 
differential potentiometric curves (Fig. 4, Table 1) 
coincide to a fi rst approximation with the peak positions 
in the corresponding pH-metric curves [6]. According 
to the data in Fig. 4 and Table 1, the fi rst peak in the 
differential redox-metric titration curves corresponds to 
the molar ratio SO2 : Am ≈ 1 : 2 and to the formation of 
ethanolammonium sulfi tes (AmH)2SO3 (I). The second 
extremum (dip) corresponds to an SO2 : Am ratio of 
1 : 1, and its appearance is due to the formation of 
ethanolammonium hydrosulfi tes (AmH)HSO3 (II) and 
pyrosulfi tes (AmH)2S2O5 (III) [6]. The binding in these 
cation-anion complexes occurs due to the electrostatic 
interaction and ion–ion hydrogen bonds.

According to Raman spectroscopic and UV spectro-
photometric data [13], the hydrosulfi te ion is dimerized 
in an aqueous solution into the pyrosulfi te ion:

                                          K*

2HSO3–    S2O52– + H2O.                     (1)

The equilibrium constant K* is 0.111–0.132. The 
[S2O52–]/[HOSO2–] ratio strongly depends on the pH of 
the medium and SO2 concentration QSO2 [14], as well as 
on the possible presence of additional components (e.g., 
amides) [8].

Fig. 1. Potentiometric titration curves of aqueous solutions of (1) MEA, (2) DEA, (3) TEA, and (4) MDEA with gaseous SO2 at (a) 293 
and (b) 313 K. cAm = 0.1 M; the same for Fig. 3. (E) potential and (QSO2) concentration; the same for Figs. 2 and 4.

(a) (b)

QSO2, M QSO2, M

E, mV E, mV
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The run of the redox-metric curves (Figs. 1 and 
2a) can be understood as follows. Presence of ions 
containing sulfur in various oxidation states (4 in the 
case of sulfi te and hydrosulfi te; 4 and 6 for pyrosulfi te) 
in the SO2–H2O system changes the redox potential in 
the system [14]:
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It was noted in [15] that two sulfur atoms in the 
structure of S2O52– are nonequivalent (S–O bond orders 
dependent on the effective charge of a sulfur atom, are 
~1.50 and ~1.65). Two kinds of S–O bonds having an 
intermediate nature (between single and double) were 
discussed in [16]. The structural formula of pyrosulfi te 
acid (nonexistent in free form) [17], which can be used to 
judge about the structure of the S2O52– ion, corresponds 
to that shown in the scheme.

The content of sulfonate ions in the SO2–H2O system 
is negligible [13], and the above-described change in the 

potential must be described by the Nernst equation

                                     2.3RT          [S2O52–]
E = Eo + –——– log ———— ,                     (2)

                                       nF            [HOSO2–]

here E and Eo are the equilibrium and standard electrode 
potentials of the S2O52–/HOSO2– pair, respectively; R, 
universal gas constant (8.314 kJ mol–1 K–1); T, absolute 
temperature (K); n, change in the oxidation state of the 
S atom (2); and F, Faraday number (96 485 C mol–1).

The S(IV) → S(VI) transition in the forward reaction 
(1) is indicated by the calculated value (0.059 V) of the 
constant Θ [numerically equal to the pre-logarithmic 
factor Θ = (2.3RT)/F in the Nernst equation under the 
standard conditions] according to potentiometric data 
[14].

With consideration for the fact that compound II 
contains hydrosulfi te ions and the protonated form of 
Am and there are pyrosulfi te ions and protonated form 
of Am in compound III, the Nernst equation takes the 
form (3) at 0.05 M ≤ QSO2 ≤ 0.10 M for the SO2–Am–
H2O system:

                2.3RT         [S2O52–]        2.3RT           cKIII
E = Eo + –——– log ———— + –——– log —— ,     (3)
                  nF           [HOSO2–]        nF              cKII

where cKII and cKIII are the equilibrium concentrations 

Fig. 2. (a) Potentio- and (b) conductometric titration curves of an aqueous solution of MEA with gaseous SO2. (Δæ) Electrical 
conductivity. T (K): (a) (1) 273, (2) 293, (3) 303, and (4) 313; (b) (1) 273, (2) 278, (3) 283, (4) 293, (5) 303, and (6) 313.

(a) (b)

QSO2, M QSO2, M

Δæ, S m–1E, mV
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of compounds II and III, respectively.
With consideration for the data from [8], the fact 

that the redox potential of the system grows as QSO2 is 
raised from 0.05 to 0.10 M (pH < 7) (Figs. 1 and 2a) [6] 
is apparently due to the relative increase in the content 

of pyrosulfi te ions (or compound III), compared with 
hydrosulfi te ions or compound II). By contrast, the 
decrease in E is due to the increase in the content of 
hydrosulfi te ions and compound II relative to that of 
pyrosulfi te ions and compound III, respectively.

The process of sulfi te auto-oxidation in alkaline media 
[18] by the free-radical mechanism [19] does not occur 
with aminoalcohols involved. An experiment aimed to 
assess the oxidation resistance of sulfi te compounds in 
air in sulfur(IV) oxide–ethanolamines–water  systems 
demonstrated that no sulfate ions are formed during a 
long time (up to three years).

The concentration dependences Δæ = f(QSO2) are 
shown in Figs. 2b and 3 [Δæ = æ3 – æ2 –æ1, where æ1 
is the electrical conductivity (S m–1) of the Am–H2O 
system; æ2, conductivity (S cm–1) of the SO2–H2O sys-
tem; and æ3, conductivity (S cm–1) of the SO2–Am–H2O 
system]. To the positions of extrema in the differential 
pH- and potentiometric curves (Figs. 1 and 2a) [6] cor-
respond breaks in the Δæ = f(QSO2) curves (Figs. 2b 
and 3).

The negative values of Δæ (Figs. 2b and 3) are indic-
ative of the formation of weakly dissociated complexes 
in SO2–Am–H2O systems [20]. For the system with 
MEA, the decrease in conductivity, Δæ (Fig. 2), with 

Fig. 3. Conductometric titration curves of aqueous solutions of (1) MEA, (2) DEA, (3) TEA, and (4) MDEA with gaseous SO2 at (a) 
293 and (b) 313 K. (Δæ) Electrical conductivity and (WSO2) concentration.

Fig. 4. Differential potentiometric titration curve of an aqueous 
solution of MEA with gaseous SO2 at 273 K. c0MEA = 0.1 M.

QSO2, M QSO2, M

(a) (b)Δæ, S m–1
Δæ, S m–1

QSO2, M

dE
/d

Q
SO

2, m
V

/M



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  85  No. 11  2012

1671ON  INTERACTION  OF  SULFUR(IV)  OXIDE

the sulfur(IV) dioxide content increasing to 0.050 M at 
273 and 278 K (curves 1 and 2) is due to the formation 
of monoethanolammonium sulfi te, and that at 0.057 M < 
QSO2 < 0.100 M at 273 (curve 1) and 0.050 M < QSO2 < 
0.100 M at 278 K (curve 2), to the formation of mono-
ethanolammonium hydro- and pyrosulfi te. At other tem-
peratures used in the experiment (283, 293, 303, and 
313 K) (Fig. 2b, curves 3–6), the formation of these 
weakly dissociated compounds or lower mobility ions 
is accompanied by a decrease in Δæ. The portions of the 
curves in Figs. 2b and 3, for which an increase in Δæ 
is observed, correspond to accumulation of compounds 
characterized by a increased degree of dissociation or 
mobility [15]. The plateaus in the Δæ = f(QSO2) curves 
(Figs. 2b and 3) are observed because the accumulation 
of sulfur(IV) oxide in the SO2–Am–H2O systems is not 
accompanied by any change in the degree of dissocia-
tion of the onium complexes being formed or in their 
mobility.

The peak positions in the differential pH-metric titra-
tion curves for MEA, DEA, MDEA, and TEA [6] coin-
cide to a fi rst approximation with the dip positions in the 

differential potentiometric curves (Table 1) and those of 
the breaks in the Δæ = f(QSO2) curves (Figs. 2b and 3).

It is impossible to obtain any unequivocal informa-
tion about the composition of the compounds being 
formed from the run of the integral potentiometric curves 
in (Figs. 1 and 2a), despite their being characterized by 
certain extrema. The composition of onium sulfates, hy-
drosulfi tes, and pyrosulfi tes being formed is determined 
by the peak positions in the differential pH-metric titra-
tion curves and dip positions in the differential potentio-
metric curves. It is noteworthy that the conductometric 
titration data [Δæ = f(QSO2) dependences] on the whole 
agree with the results furnished by potentiometry.

Noteworthy are the deviation of onium sulfi tes from 
stoichiometry (1 : 2) in redox-metric experiments and 
that of hydrosulfi tes and pyrosulfi tes (1 : 1) in pH-
metric experiments. In the second case, deviations from 
the expected composition of the complexes may be due 
to the attainment of equilibrium (1), which apparently 
changes the ionic strength of the solution (no supporting 
electrolytes are used in this study). This results in 
that the activity of H+ ions noticeably changes upon 

Table 1. Positions of dips in differential potentiometric titration curves of 0.1 M ethanolamine solutions with gaseous sulfur(IV) 
oxide

Т, K
First dip Second dip

SO2 : Am E, mV dЕ/dpQ(SO2), mV SO2:Am E, mV dЕ/dpQ(SO2), mV

Monoethanolamine (pKa 9.20) 

273 1.0 : 2.0 –50.0 –886.4 1.0 : 1.0 –128.0 –1760

293 1.0 : 2.0 –30.0 –333.6 1.0 : 1.0 –136.5 –1930 

303 1.0 : 2.0  –4.0 –158.7 1.0 : 1.0   –63.0 –4351

313 1.0:2.0 50.0 –158.8 1.0 : 1.0   –72.0 –2490

Diethanolamine (pKa 8.80) 

293 1.0 : 1.8 –3 –621 1.0 : 1.0 –80 –4732

313 1.0 : 1.8 38 –195 1.0 : 1.0 –69 –3277

N-Methyldiethanolamine (pKa 8.50) 

293 1.0 : 2.0 –4 –263 1.0 : 1.0 –70 –4160

313 1.0 : 2.0 57 –270 1.0 : 1.0   25 –4538

Triethanolamine (pKa 7.80) 

293 1.0 : 1.8 –15 –182 1.0 : 1.0 –98 –2503

313 1.0 : 1.8   32   –88 1.0 : 1.0 –60 –1440
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a comparatively small change in the concentration of 
hydrosulfi te and pyrosulfi te ions.

Thus, to the extrema in the differential potentiomet-
ric curves of titration of aqueous solutions of trietha-
nolamines with gaseous sulfur(IV) oxide correspond 
breaks in the conductometric curves Δæ = f(QSO2), in 
agreement with the data of [9]. The use of pH-, potentio-, 
and conductometry, whose data confi rm and supplement 
each other, makes it possible to obtain consistent and 
objective information about the composition of onium 
compounds formed in sulfur(IV) oxide–ethanolamines–
water systems [7].

The equilibria in these systems were calculated using 
the experimental data [6], as described in [9]. Using the 
results obtained, we constructed component composition 
diagrams for the systems under study. Figure 5 shows the 
fraction distribution diagram for various forms produced 
in the SO2–HOCH2CH2NH2–H2O system, depending 
on the total content of sulfur(IV) oxide at 293 K. With 
increasing content of SO2 in solution (from 5 × 10–3 to 
5 × 10–2 M), the molar fractions of onium sulfi te (Fig. 5, 
curve 8) and ethanolammonium cation (curve 6) grow 
with respect to the total content of nitrogen due to the 
decrease in pH and to the binding of free MEA (curve 7) 
into the forms specifi ed. Simultaneously, the relative 
content of sulfi te anions increases (Fig. 5, curve 3) 
due to the dissociation of onium sulfi te: changes in the 
molar fractions of (HOCH2CH2NH3)2SO3 (curve 5) 
and SO32– relative to the total content of sulfur are 
antibate. The molar fractions of SO32– (Fig. 5, curve 3) 

and HOCH2CH2NH3+ grow symbately. In the QSO2 
concentration rage specifi ed above, the content of 
SO2·H2O, HSO3–, S2O52– (Fig. 5; curves 1, 2, and 4) is 
negligible. The fraction distribution diagrams for various 
forms in systems with MEA at other temperatures and 
with other ethanolamines are similar.

The dependences of the negative decimal logarithm 
of the complexation constants of ethanolammonium 
sulfi tes [Eq. (4)] on the ionic strength μ (M) of solutions 
[21] are linear (Fig. 6) and are described by Eq. (5):
                                                   β

2Am + SO2·H2O  (AmH)2SO3,               (4)
pβi = Ai + Biμ.                             (5)

The coeffi cients of Eq. (5) are listed in Table 2.
According to the defi nition [21], the coeffi cient Ai in 

Eq. (5) is a negative decimal logarithm of the thermody-
namic complexation constant β. The ethanolammonium 
sulfates can be arranged in order of decreasing stability 
in aqueous solutions (Table 2, values of Ai) as follows: 
MMEA (9.60) > MEA (9.20) > DEA (8.88) > MDEA 
(8.50) > TEA (7.80).

This order of the ligands is correlated with their 
basicity. The values in parentheses are those of pKa, 
which is the negative decimal logarithm of the ionization 
constant of the protonated form of a base:
                                            Ka

AmH+    Am + H+.                          (6)

For the sulfi te complexes, the variation of the stability 

Fig. 5. Dependence of the relative amounts of various forms of 
the components in the SO2–NH2CH2CH2OH–H2O system on 
QSO2 at 293 K. (Ni) Molar fraction. Nl = [H2O·SO2]/QSO2, N2 = 
[HSO3–]/QSO2, N3 = [SO32–]/QSO2, N4 -–- (2[S2O52–])/QSO2, N5 = 
[(HOCH2CH2NH3]/QSO2, N6 = [HOCH2CH2NH3+]/QAm, N7 = 
[HOCH2CH2NH2]/QAm, N8 = [(HOCH2CH2NH3)2SO3]/QAm.

Fig. 6. Dependence of pβ on the ionic strength μ in the SO2–
NH2CH2CH2OH–H2O system at 293 K.

QSO2, M

μ, M
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and that of temperature are antibate (Table 2) [6].
With increasing total content of SO2 in the sulfur(IV) 

oxide–ethanolanmines–water systems, the ionic 
strength grows due to the accumulation of sulfi te anions 
and ethanolammonium cations. In the process, the 
concentration constants β decrease, which is indicated 
by the values of Bi in Table 2 (>100). For the systems 
with MEA, the concentration component Bi of the 
constant β decreases with increasing temperature.

A comparison of pH-metric titration characteristics: 
height of the portion of the pH-metric titration curve 
between the mid-point of the titration jump and its 
end (ΔpH1/2) (Fig. 7a), peak value in the differential 
curve (dpH/dpQSO2), and area under the portion 
of the differential curve between the points of the 
corresponding peak and the following dip in the curve 
(S1/2) (Fig. 7b) with the stability β of the onium sulfates 
revealed the following correlations (Fig. 8, Table 3).

According to the data obtained (Table 3), the peak 

values in the differential titration curves vary symbately 
with the stability characteristics pβ of the sulfi te 
compounds; no relationship of this kind is observed 
between the peak areas in the differential titration curves 
and pβ (Table 3).

The fact that the peak values in the differential 
titration curves vary symbately with the stability of 
the onium sulfates being formed and with the basicity 
pKa suggests that, presumably, Coulomb interactions 
substantially contribute to the stabilization of these ion 
complexes.

In the given case, the differential curve of the pH-
metric acid-base titration is asymmetric near its extrema, 

Table 2. Values of the coeffi cients Ai and Bi in Eq. (5) for 
ethanolammonium sulfi tes (r2 is the correlation coeffi cient 
between pβi and μr2, and N is the number of points)

Т, K Аi ± ΔAi Вi ± ΔBi r2 N

N-Methylmonoethanolamine (pKa 9.60) 

293 –20.43 ± 0.09 100.4 ± 6.2 0.998 12

313 –17.37 ± 0.07 162.8 ± 7.3 0.994 12

Monoethanolamine (pKa 9.20) 

283 –20.65 ± 0.08 198.5 ± 6.8 0.998 14

288 –20.31 ± 0.10 193.6 ± 6.5 0.992 14

293 –19.74 ± 0.11 114.5 ± 7.5 0.985 13

303 –18.84 ± 0.12 132.6 ± 7.3 0.984 13

313 –16.63 ± 0.12 117.5 ± 7.1 0.978 14

Diethanolamine (pKa 8.80) 

293 –17.38 ± 0.07 143.5 ± 6.5 0.998 13

313 –13.00 ± 0.15   48.9 ± 5.1 0.941   8

N-Methyldiethanolamine (pKa 8.50) 

293 –16.28 ± 0.07 136.2 ± 6.3 0.998 14

Triethanolamine (pKa 7.80) 

293 –15.23±0.09 190.3±9.2 0.964 13

313 –13.98±0.17 200.2±9.8 0.935 13

Table 3. Parameters describing the relative stability of 
ethanolammonium sulfates in aqueous solutions

T, K
dрН/dpQSO2 pβ ΔG, 

kJ mol–1 Peak area 
S1/2 

ΔpH1/2
data of [6]

N-Methylmonoethanolamine (pKa 9.60) 

293 39.6 –20.43 –114.54 0.223 1.64

313 15.5 –17.37 –104.03 0.146 0.98

Monoethanolamine (pKa 9.20) 

283 37.3 –20.65 –111.82 0.315 2.16

288 26.7 –20.31 –111.92 0.205 1.32

293 22.8 –19.74 –110.67 0.180 1.19

303 20.2 –18.84 –109.23 0.155 1.02

313 15.1 –16.63 –101.63 0.138 1.01

Diethanolamine (pKa 8.80) 

293 15.3 –17.38 –97.44 0.145 1.03

313 7.71 –13.00 –77.86 0.080 0.61

N-Methyldiethanolamine (pKa 8.50) 

293 9.53 –16.28 –91.27 0.137 0.98

Triethanolamine (pKa 7.80) 

293 14.8 –15.23 –85.39 0.116 0.75

313 3.85 –13.98 –83.73 0.087 0.66
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namely, peaks (Fig. 7b). An analysis of the experimental 
data [6] did not reveal any mutual correlation between 
the total surface area under the differential pH-metric 
titration curve and the complexation constant β. Possibly, 
this is due to the hydrolytic processes occurring in the 
system, which has been noted previously [6].

At the same time the run of the dependences we 
obtained (Fig. 8) shows that, with the stability of onium 
sulfi tes of ethanolamines increasing within the ranges 
13.00 ≤ –pβ ≤ 16.28 and 18.84 ≤ –pβ ≤ 20.65, the 
pH-metric curve characteristics ΔpH1/2 and S1/2 grow 
symbately. Within the range 16.28 ≤ –pβ ≤ 18.84, no 
noticeable changes in ΔpH1/2 and S1/2 are observed. 
These data (Fig. 8) can be used to develop a procedure 
for proximate assessment of the relative stability of 
onium sulfi tes.

CONCLUSIONS

(1) Redox potentiometry and conductometry were 
used to confi rm previously obtained pH-metric data on 
the composition of products formed in chemisorption of 
sulfur(IV) oxide by aqueous solutions of monoethanol-
amine, N-methylmonoethanolamine, diethanolamine, 
triethanolamine, and N-methyldiethanolamine at 273–
313 K. This interaction is accompanied by the formation 
of sulfi tes, hydrosulfi tes, and pyrosulfi tes of the corre-
sponding ethanolammonium cations, with the stability 
of the sulfi tes decreasing with increasing temperature.

(2) It was shown that the stability of the sulfi te 
complexes varies symbately with the pKa values of 
ethanolamines.

Fig. 7. (a) Integral and (b) differential pH-metric titration 
curves of an aqueous solution of MEA with gaseous SO2 [7]. 
c0MEA = 0.1 M, T = 283 K. (QSO2) Concentration.

Fig. 8. Dependences of (a) ΔpH1/2 and (b) S1/2 on the stability β of onium sulfi tes.

(a)

(b)

QSO2, M

(a) (b)
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(3) The molecular and ionic composition of sulfur(IV) 
oxide–ethanolamines–water systems was calculated 
using previously obtained pH-metric data.

(4) It was demonstrated that the revealed mutual 
correlations between the areas under the differential 
pH-metric curves of titration of aqueous solutions with 
sulfur(IV) oxide, on the one hand, and the stabilities of 
onium sulfates, on the other, enable a qualitative estimate 
of the effi ciency of SO2 binding into onium sulfates, 
without making additional calculations on the basis of 
pH-metric titration data. This circumstance may prove of 
use in development of methods for sanitary purifi cation 
of air to remove sulfur(IV) oxide, regeneration of 
chemisorbents, and utilization of sorption products.
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