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The well-known Koutecky's equation cannot be used to describe
the polarographic kinetic currents of acetaldehyde in aqueous solu-
tions since the diffusion contribution of the depolarizer from the
bulk solution is not considered. The rate constants of dehydration
reaction of acetaldehyde hydrate derived from Koutecky's equati-
ons are larger as compared with the data obtained by other (non-
polarographic) methods. Koutecky's equation modified by us taking
into account the diffusion contribution of the depolarizer from the
bulk solution allows one to obtain the rate constants of the dehydra-
tion of acetaldehyde hydrate close to the ones found by non-
polarographic methods.

In addition, we present a detailed consideration and analysis of the
equilibrium constants of the hydration reaction of acetaldehyde
found by different methods in order to choose the most reliable
constant for kinetic calculations.

Key words: dehydration reaction, acetaldehyde, polarographic kine-
tic currents.

INTRODUCTION

Analogously to formaldehyde,! the polarographic kinetic current of acet-
aldehyde in aqueous solutions, detected by the direct current polarography
(DCP), is caused by the preceding electrode chemical reaction of the dehy-
dration of acetaldehyde hydrate (gem-diol):23

ky;—H,0

CH,CH(OH), —*=H0 , oy, cHo —+25+2H,0

C,H.OH +20H" (1)



658 YA. I. TUR'YAN

where k4 is the rate constant of the dehydration reaction of acetaldehyde
hydrate.

For the study of the kinetics of the chemical reaction (scheme (1)), the
DCP technique can be regarded as the electrochemical trapping technique.
In comparison with similar chemical techniques (for example, with the for-
mation of semicarbazone or hydrazone), the advantage of the electrochemi-
cal trapping technique is that the rate constant of the corresponding chemi-
cal reaction can be evaluated only from one kinetic current measurement.

Unlike formaldehyde,! the DCP technique has not yet been applied for
determination of the rate constant of the dehydration reaction of acetalde-
hyde hydrate. Perhaps, the reason is the large diffusion contribution of the
depolarizer (as aldehyde form, see reaction (1)) from the bulk solution to the
overall polarographic kinetic and diffusion currents. In this case, the usual
Koutecky's equation*5 (Eq. (2)) is not suitable for determination of the k&,
value.67

S /(i -2 i) = 0886[k (14K, )z, / (K, )] )

In Eq. (2) ) i*and ) i‘are the average kinetic and diffusion limiting
currents, respectively, ¢; is the drop time of the dropping mercury electrode,
K, is the equilibrium constant of the hydration reaction of acetaldehyde
(Eq. 3).

K, = [CH;CH(OH),|/ [CH;CHO] = k,/k4 (3)

Taking into account the diffusion contribution of the depolarizer (in the
case of acetaldehyde it is CH;CHO) from the bulk solution, we have modi-
fied Koutecky's equation (Eq. (2)):167

R -IXa @RI (T - T i) =0886[k,(1+ K, )4 / K,)]"° (@)

Use of Eq. (4) has allowed us to obtain the correct values of k4 for glyox-
ylic acid,® pyruvic acid,” ethyl pyruvate” and formaldehyde.!

In this work, the correct value of k4 has been derived for the dehydration
reaction of a acetaldehyde hydrate from Eq. (4). Moreover, a detailed analysis
of equilibrium constants, i.e., K;, found by different methods has been per-
formed.

It should be noted that the estimation of K, is necessary not only for de-
termination of &, by the polarographic method using Eq. (4) but also that
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other methods could be used since the dehydration reaction of acetaldehyde
hydrate is a reversible reaction of the pseudo-first-order.®

EQUILIBRIUM CONSTANTS OF THE HYDRATION
REACTION OF ACETALDEHYDE

Table I presents the K;, values from the studies of Bell,? Le Henaff,'° and
Sorensen and Jencks,!! and other data. Analogously to Ref. 11, the K, val-
ues have been recalculated to 25 °C (Table I) on the basis of ALH = — 5.1 keal
mol~! (cp. with Refs. 14,15,18,21,23,25,30).

Detailed analysis of Kj, values derived from different works showed that
the most reliable K; values are 1.17-1.23, obtained by Sorensen and
Jencks!! from the rate constants using different methods (Table I). Taking
this into account, we have selected the K; values in the range of 1.06-1.28
(values in Table I without brackets) to use them in further calculations. The
average value of K; found by spectrophotometric measurements (7 values)
and by nuclear magnetic resonance measurements (4 values) is K, = 1.19 +
0.05.

Our recalculation of the data from Ref. 23 (Raman spectroscopic me-
thod) to Cy,o ~100% and to 25 °C did not give the correct Ky, value (Table I)
because of the high concentration of acetaldehyde and hence a lower concen-
tration of H,O. These influences could be taken into account by introducing
the activity coefficients which has not been done in Ref. 23.

In DCP, the kinetic current of sufficiently fast electrode chemical reac-
tions cannot be used for precise determination of the equilibrium constants
of these reactions. Therefore, instead of the DCP method, the linear sweep
voltammetry has been applied by Valenta®! for determination of the K, va-
lue of the hydration reaction of formaldehyde. However, Dirscheri and Berg-
meyer,? as well as Barnes and Zuman,? have used DCP for determination of
K, of acetaldehyde at pH = 7 (Table I) when the kinetic contribution in the
total kinetic current is insignificant.

In Ref. 2, the influence of the height of the mercury reservoir (Hy,) on
the kinetic component of ZZII‘ at pH = 7 has been neglected and the equa-
tion for K determination has been derived:

Kh = 1_[((2 lTld )1 - (Z Zld)2 )/ ((Z ilk )1 - (Z Zlk )2 )] (5)
where indexes »1« and »2« correspond to the values of Z i* and Z it at dif-

ferent values of Hy,. The values of Zflk have been measured and the Zfld
values have been calculated from Ilcovic's equation. The K; value found
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from Eq. (5) (Table I) has been overstated, probably because of the non-buf-
fer solutions used for the determination of the ) 7 values (Table 4 in Ref.
2) when additional catalysis (autocatalysis) by OH~ ions takes place.??

Neglect of the Hy, influence on the kinetic component of Zi'lk at a low
value of this component does not allow the use of Eq. (5) in different condi-
tions. For example, at pH >9, such assumption of the insignificant Hy, in-
fluence on the zzlk is impossible and therefore Eq. (5) cannot be used for
determination of the K, value. In contrast to this, Eq. (4) and the similar
equations,3® but only for the freely dropping mercury electrode, do not de-
mand fulfilment of the indicated limitation and therefore have an advan-
tage over Eq. (5).

In Ref. 3, the K, value has been calculated by equation (6) for the solu-
tion at pH =7 when the kinetic contribution to Zilk can be neglected.

K, =0 -> )Y (6)

It was found? that K;, = 1.0 (20 °C), which has been recalculated by us to
25 °C (K, = 0.9) (Table I). K, =1.09 (25 °C) has been determined by us by
Eq. (6) on the basis of data from Ref. 2 at pH = 6.5-7.5 (the z i," value was
calculated using Ilcovic's equation). These K, values (especially the one ob-
tained from Ref. 2) are close to the correct K} value found from the other
methods: K; = 1.19 £ 0.05 (25 °C) (Table I). This is a result of the insignifi-
cant influence of the kinetic contribution to Zi'lk at pH = 7. However, this
influence could not be fully excluded and therefore these K, values were
lowered. An attempt? to calculate the kinetic contribution led to a higher K,
value, equal to 2.6 (25 °C) (Table I). It should be noted that a correct calcu-
lation of the kinetic contribution to Z i demands to know the K, value and
the rate constant of the dehydration reaction. This means that the inde-
pendent determination of the K, value is impossible in this way.

KINETICS OF THE DEHYDRATION REACTION
OF ACETALDEHYDE HYDRATE

The kinetics of the dehydration reaction of acetaldehyde hydrate from
DCP data (scheme (1)) has been studied by us using Eq. (4) in buffer solu-
tions (general acid-base catalysis).!!

To determine the k4 values, we have used two Z i,* vs. pH dependencies
of the S-shaped form obtained by Dirsheri and Bergmeyer? and Barnes and
Zuman.? From Ref. 2 only the ) ;" values extrapolated to zero time have
been used. In Ref. 34, the dependence of Z i* vs. pH is significantly distinct
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and for this reason and also because of the absence of the capillary charac-
teristic, these data have not been used for the £, determination.

The plots of D i vs. pH at 11 <pH <7.5 in Ref. 2 and at 12 <pH <7.0 in
Ref. 3 at 20-25 °C reveal that Zilk values are pH independent. The upper
plot corresponds to the diffusion limiting current,® which has been confir-
med by our calculations using Ilcovic's equation. In Ref. 2, the value of this
current is slightly lower than that found from Ilcovic's equation.

In spite of the closeness of the acid dissociation constants of acetalde-
hyde hydrate and formaldehyde hydrate,?® unlike formaldehyde,! the maxi-
mum on the upper plot of the Z i,* vs. pH dependence has not been obser-
ved for acetaldehyde at 20-25 °C.23 This is caused by the considerably
higher value of the rate constant of the dehydration reaction the acetalde-
hyde hydrate in catalysis by OH™ ions (see below). At a low temperature (2
°C), this maximum has been also detected for acetaldehyde.?

We have used the dependencies of Zilk on pH at 25 °C from Tables 1 in
Ref. 2 and Ref. 3. These data are shown in Table II.

Analogously to Ref. 2, the diffusion coefficient of actetaldehyde D = 1.31
x 10 cm? st at 25 °C (Ref. 36) has been used for the calculation of ) 7!
from Ilcovic's equation. As a result, the value of Z i = 11. 66 pA (based on
the data of Ref. 2) and Zi’ld = 2.18 pA (from the data of Ref. 3).

Three K, values have been used, in the estimation of k4 i.e., 1.14; 1.19;
1.24 (the average K, value is 1.19 £ 0.05; Table I). At the same time, only K,
= 1.19 has been used for the k4 calculations by Koutecky's equation (2) (data
in brackets).

In Table II &,"° = k,(pH = 6.5-7.5) and k,°" = k, /[OH"] (pH = 9-11)
are shown at different pH. For all cases, the k; values were found by the
modified Koutecky's equation (4). The independence of deZO and kdOH on pH
(Table II) reveals the predomination in these conditions of the H,O and OH™
catalysis, respectively. The deZO and kdOH values are close to the corre-
sponding values found by other (non-polarographic) methods (Table III). At
the same time, the values of deZO and kdOH calculated by Koutecky's equa-
tion (2) are considerably higher, especially at pH = 6.5-7.5 where the kinetic
contribution is low (Table II).

Error in the £,"° determination is rather large (Table II) even in case of
a small error in the K, estimation because of the low kinetic contribution
and hence the closeness of the » 7* and » ;'/(1+K,) values in Eq. (4).
Therefore, the de20 value (Table II) has been found only approximately.

Fluctuation in the k,°" value determined from the data in Ref. 3 (Table
II) has been caused by the scattering points on the zzlk vs. pH curve.
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TABLE II

Determination of the rate constants of the dehydration of acetaldehyde hydrate
from polarographic data and of the stationarity condition of the diffusion and
chemical reactions (25 °C)?

Zflk from Ref. 2 Zilk from Ref. 3
pH cp.= 1.0 x 10 mol dm™ Cpe= 2.0 x 10~ mol dm™
t, =0.755 s t;=31s
Zik kdOH « 10_4 dezo % 103 ; Zzlk kdOH % 10-4 ;
pA  (moldm™ s gt MR AT (moldmP)TsT HPTHR
6.5 5.58 23x14 1.4
' ' (919) '
23+14
75 558 - 14 - - -
(919)

9.0 - - - - 1.45 1.0+£0.1 3.1

9.45 - - - - 1.70 2.0+0.2 5.5

95 7.80 14+0.1 3.1

' ' (14) '
1.6+£0.1
9.7 8.25 - 3.8 - - -
(13)

9.8 - - - - 1.70 0.91 £ 0.07 5.5

10.15 - - - - 1.80 0.85 £ 0.07 7.4
1.6+£0.1
104 9.50 - 6.8 - - -
(8.4)

1045 - - - - 1.85 0.64 £ 0.05 8.8
11.0 - - - - 2.10 5.0+ 0.3 34.4

The kdOH values for acetaldehyde (Table II) are about one order higher
than those for formaldehyde.! This explains the absence of the maximum in
acetaldehyde solutions of high pH on the curve of zzlk vs. pH at 20-25 °C,
as indicated above.

In conclusion, we consider the availability of the stationarity of the dif-
fusion and chemical reactions to be necessary’ for using Eq. (4) when the
condition » 7 >> > 7" is not fulfilled.

This stationarity condition is determined by the correlation:3?

ip/ g 23 (7
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TABLE III

The rate constans of the dehidration reaction of acetaldehyde hydrate determined
from non-polarographic data (25 °C)?

k" x107
m 3.6 1.2 1.7 -

k120 % 103
% 3.6 4.1 5.1 3.4
Method” T C S Ch
Ref. 37 8 11 38

& Qur recalculation to Kp = 1.19.
b T, termal; C, calorimetry; S, spectrophotometry; Ch, chemical.

where up and up are the thickness of the diffusion and reaction layers,
respectively. For the calculation of the up/up value in the case of
appreciable diffusion contribution of the depolarizer, the following equation
has been derived by us:’

up/ ug =1.309y K, (8)

where
y =25/ (X' - 25") 9)

The up / ug values calculated by Eq. (8) are presented in Table II As it
can be seen, the condition (7) is carried out at pH between 9.0 and 11.0. This
means that the stationarity of the diffusion and chemical reactions takes
place and the Eq. (4) could be used for the 24 determination. At pH = 6.5-7.5
this stationarity is disturbed (Table II). This is, one of the reasons why the
deZO value could be estimated only approximately.

CONCLUSIONS

From the 25 determinations of the equilibrium constants of the hydra-
tion reaction of acetaldehyde (K ), the most reliable eleven values have been
selected for the kinetic calculations with an average value of K; =1.19 +
0.05 at 25 °C.

On the basis of the modified Koutecky's equation,®’ taking into account
the diffusion contribution of the depolarizer from the bulk solution, the rate
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constants of the dehydration reaction of acetaldehyde hydrate in the cataly-
sis of OH~ ions (k,°") and H,O molecules (k,"°) have been determined us-
ing the polarographic kinetic currents. The found values of kdOH and deZO
were close to those derived by other (non-polarographic) methods, while
deZO was estimated only approximately.

The possibility of applying the modified Koutecky's equation for the cal-
culation of the rate constants of the dehydration reaction of acetaldehyde at
pH >9.0 (kdOH) has been confirmed by the availability of the stationarity of
the diffusion and chemical reactions.
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SAZETAK

Studij kinetike dehidratacije acetaldehida u vodenim otopinama
s pomoc¢u polarografskih kinetickih struja

Yakov I. Tur'yan

Polarografske kineti¢ke struje acetaldehida u vodenim otopinama ne mogu se
opisati poznatom jednadzbom Kouteckoga, jer se u njoj zanemaruje doprinos difuzije
depolarizatora iz glavnine otopine. Konstante brzine dehidratacije acetaldehid-hi-
drata izrac¢unane jednadzbom Kouteckoga vece su od vrijednosti dobivenih nepola-
rografskim metodama. U ovom radu izvedena je modificirana jednadzba Koute-
ckoga, koja ukljucuje i utjecaj difuzije depolarizatora i omogucuje toénije racunanje
konstante brzine dehidratacije acetaldehid-hidrata. Rezultati njezine primjene u
skladu su s vrijednostima koje su dobivene nepolarografskim metodama. Osim toga,
analizirane su konstante ravnoteze hidratacije acetaldehida odredene razli¢itim me-
todama i preporucena je najpouzdanija konstanta koju treba rabiti za racunanje
kinetickih parametara.



