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OXIDATION REACTIONS OF NON-SATURATED DICARBOXYLIC ACIDS WITH
CERIUM (1V) IN AQUEOUS SOLUTIONS OF FERCHLORIC ACID

Studies were carried out on reaction rates of ci-
traconic, glutaconic and itaconic acids oxidation. An
influonce of concentration of particular reactans on
these reaction rates has been determined by naans of
amperomatric determination of cerium (1V) ions. Both,
stoichiometry and the products of oxidation havo been
eatabliahed. It was shown, that rate determining ste-
ps of the reactions mentioned above are determined by
two stages with comparable rates. Activation energies
of these steps have been determined in the case of
all Investigated acids. The most probable mechanism
of oxidation of these acids has been proposed.

Oxidation reactions of dicarboxylio acids by means of
strong oxidizers have been studied in numerous investigatio-
ns [1-12]., It was pointed out, that ability for electrophl-
11c stack of cerium (IV)ion is greater in the case, when the
polarisation of bonds in acid molecule is Increased. The pre-
sence of two methylenlc groups in dicarboxylic acid molecule
makea the polarisation such decreased that the oxidation by
meana of eerie perchlorate does not occur in practice [1 ! .
An Introduction of one or two hydroxyl groups in acid mole-
cule provokes that the oxidation of derivatives of hydroxy-
acids runs much more easier [1,6-9J. The presence of doub-
le bond should increase the reducing properties, however
this effect is leas with regard to hydroxyl group.

Only a few investigations of oxidation of nonsaturated
dicarboxylio acids with cerium perchlorate concern only the



maleinic and fumarlc aoida [10-12] < In the light of the last
sentence mentioned the investigation of both kinetics and me-
chanism of oxidation reactions of acids being upon our consi-
deration citraconic, glutaoonio and itaoonio acids by means
of cerium (XV) lons appears as a quits reasonable task* At
last, it remains to be seen that the acids being considered
by us differs to each other only in the placement of double
bonds and carbonyl groups.

Experimental

Technique of measurements and reagents

The measurements of the rate of oxidation reaction of
glutaconic, ltaconio and citraconic aoids by means of cerium
(XV) were carried out at 333 K with the help of the method de-
scribed earlier in preceding papers [13-14 ] =

The current concentration of the oxidizing agent in the
reaction has been determined amperometrically by Indirect me-
thod with sodium oxalate and by the potentlometric method
with iron (IX)ammonium sulfate in the case, when a great
excess of Investigated acid was applied.

Cerium perchlorate solutions in perchloric acid were ob-
tained according to the recipe by Sm 1 th and G < t z [15]»

Citraconic acid - pure of Pluka AG firm, was triply crys-
tallized from the mixture of ether and ligroin, next dried at
333 K temperature.

Glutaconic acid - pure of Pluka AG firm, was triply crys-
tallized frora the mixture of ether and benzene and dried to
constant sasB at 333 K temperature*

Itaconic acid - pure of Loba-Chemie firm, was triply
crystallized frora water and dried to constant mass at 333 K
temperature Solutions of investigated compounds were prepared
from weighed samples and their concentration was determined by
alkacimetric titration.

The chromatographic analysis of post - reaction mixtures
was taken on GCHF 18.3 gas chromatograph on Porapack Q column
at 323 K.



Results

The measurements enabling ua to determine the stoichiome-
try of the reaotlon of oxidizing non-aaturated dioarboxylic
acids were oarried out at 333 K temperature in 1.72 M solution
of perohlorlo acid. The reaction products were ldentified
chromatogrophicaly”™ It were oarbon dioxide and formio aoid in
the case of each investigated acid. It has been established
that the oxidation of cltraoonlo acid is connected with 12-ele-
ctron transformation while that of glutaoonio one with 16-ele-
otron transformation. At last, the oxidation of lItaoonic acid
la conneoted with 14-electron ore.

Thus, the oxidation reactions may be Introduced in a fol-
lowing form«
oltraconlo aoidt
HOOC-HC-C-GOOH + 12 Ce+4 + 6170 — »2C02+3 HCOOH + 12Ce+3 ¢ 12H+

gh3

glutaconio acidi
HOOC-C-CHCHgCOCH + 16Ce+4 + 6HgO — v4C0g + HCOOH ¢ 16Ce+3 & 16H*

H

itaconic acidt

HOOCCHg - C*CH2 + HOe*4 + 670:— »»3C02 + 2HCOOH + 14Ce+3+14H+
COOH

The rate of reaotlon of oxidizing the acids was studied at
various concentrations of reagents by the isolation method of
Oswald In 1.72 V solution of HCIO™ at 333 K. The order of rea-
ction in respect to a given acid was determined by the use of
variable concentrations far from the stoichiometric ones and
constant excess concentrations of cerium perchlorate. The or-
der of reaction in respect to a cerium perchlorate was deter-
mined by the use of a great stoichiometric excess of investiga-
ted acids and variable, low concentrations of cerium perchlora-
te.

The results of measurements are presented on figs. 1-6 in
the system of Ig as a function of time.
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The corresponding experimental rate constanta and half-ti-
mes of oxidation reaction were also determined*

It etriotly follows from the plots of Ig dependence on
time for citraoonio and glutaconlo acids (fig* 1,3,4) that
there are two steps limiting tks rats of oxidation* Calcula-
tions are given in tables 1,2 ,3.

Table 1* Effect of concentration of reagents on reaction re-
te in an oxidation of citraconlc acid* Temp* 333 K,
econo* of HCION m 1*72 M*

No Ce(C104)4 oltraconic v 17
acid step  in* 2
mole*dm~3*102 mole»dm*“3»103 man.
1 1,0 136 | 0,22 5
i1 0,33
2 1,5 136 | 0,20 5
11 0,33
3 2,0 136 | 0,17 6
1 0,32
4 3,0 136 [ 0,17 6
] 0,31 6
5 4,0 136 | 0,16 6
11 0,29
6 4,0 0.5 - 0,25 26
7 4,0 « 0,75 - 0,19 37
6 4,07 1,0 * 0,13 48
9 4,0 1,5 - 0,10 70
10 4,0 2,0 - 0,075 92

The analysis of the data taken from fig. 1,2 and table 1
leads to the conclusion that the oxidation reaction of citraco-
alc acid with cerium (1V) is of the first order in respect to
the oxidizer and of the zero one in respect to the reductor*
The oxidation runs in two steps, the first step is slower than
the second one. The results of the Kinetic investigations for
glutaeonic acid (fig* 3,4, tabl. 2) Indicate also two steps in
the runlng of the oxidation. The TFfirst step is the reaction of
the first order in reBpeet to cerium CIV) and that is of the



Table 2. Effect of concentration of reagents on reaction rate
in an oxidation of glutaoonio acid. Temp. 333 K, co-
nc. of HC104 - 1,72 M.

Ho Cs(C104)4 glutaoonio stop kg.10 *
acid , - " L/a
mole*dm-~.102 mole*dm“J.10 min. “1 -
1 1.0 40 | 0,79 9
11 - -
2 2.0 40 | 0,79 10
1 0,38
3 3,0 40 | 0,78 10
11 0,27
4 4,0 .40 | 0,78 10
11 0,21
5 5.0 40 | 0,78 10
11 0,16
6 4.0 0,25 - 0,89 6
7 4.0 0,50 | 0,48 12
11 0,89
8 4.0 1,00 | 0,25 24
11 0,87
9 4,0 1,50 | 0,19 35
11 0,86
10 4.0 2,0 0,13 46

zero one In respect to the acid. The second step is the reac-
tion of the zero order in respect to cerium (IV) and that is
of the first one In respect to the acid.

In the case of the use of great excesses of reagents the
oxidation of glutaoonio acid runs only in one step.

The oxidation reaction of itaoonic acid is of the first
ordfir in respect to the czldizer and of the zero one in res-
pect to the reductor and in the range of poaaible for obta-
ining concentrations no steps took place.

th* influence of the temperature on the rate of oxidation



Table 3. Effect of concentration of reagente on reaction rate
in an oxidation of itaconio acid. Temp. 333 K, conc.
of HC104« 1,72 M.

So Ce(Cl04). itaconic acid KE . T2
ntoleodm *102 mole*dm”=*10" min. ain.
1 4,0 0,25 0,263 3
2 4,0 0,50 0,147 5
3 4,0 1,00 0,074 10
4 - 4,0 1,50 0,058 - 14
5 4,0 2,00 0,040 18
6 1.0 25,0 0,93 7
7 2,0 25,0 0,92 7
8 3.0 25,0 0,92 7
9 4,0 25,0 0,91 8
10 5,0 25,0 0,91 8

reaction of non-saturated dicarboxylic acids has been studied
for reaction mixtures of the following composition» 4,0*10""tM
of Ce(C104)4, 1,72 K of HC104 and 1-10”~ of investigated acid
at 318 K, 333 K and 348 K temperatures. These measurements
has allowed to determine the activation energies of the sta-
ges limiting the rate of oxidation.

The energies are»
For citruconic acid»

1 step Ea

M

57,2 ¢1 kd/mole

Il step Ea 43,1 ;0,4 kJd/mole

For glutaconio acid»
I step E* m 47,5 (0,6 kJ/raole

Il step Ea - 38,7 (0,4 kd/mole

For itaconic acid*
Ba « 34,7 ¢0,2 kJ/mole



Discussion ofreaulta

The kinetic data for citraconic, glutaoonic and itaconic
adds show the mechanism of these reaction enough complicated.
We may distinguish two rate determining steps the course of
oxidation reaction of comparable rates.

Assuming, that one step is an oxidation of initial acid
and the second one is an oxidation of the Intermediate product
being obtained from the substrate in a n-olectron transforma-
tion we obtain the following kinetic equation describing the
course of the reaction!

if CCe(1V)" kiCCe(1V)*cac + k2CCe(IV)”Cip  C1)

wheret
CCe(lV) “ concentration of Ce(iv) in a given moment t
CaQ - concentration of the acid a given moment t

- concentration of the intermediate product a given
moment t

Puting in C1)

Cac " °ac ” n (CCeClV)~ CCe(lV))

Cip *S (CCo(JV) ~ QCe(1V))
where C°e(Hy” and C°c stand for initial concentrations of

cerium(lV)ions and the acid, respectively.
We obtains

< C
T

(2)
i (*. -h)

Integrating eq (2) with regard to boundary ccnditic awe o«t;i
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Because the Isolation method of Ostwald was used for ob-
taining the Kinetic data we may discuss only the Halting oa-
ses of the equation C3) *0 ,, .

B L - 9if?¥i - aquation (@)nay be aia-

piifled to a formi

4 CCe(IV)- B K1Ce * k1Cao +
kiCac ? N
+ iLfsaU z)) t C32)
1l case: Cgc «: q instead of eq (.3) we may write a

following expression*

10 CCeClV)aln [Ckg-k,) + (CcaClV)” CC«CIV)3“

(3b)
"Ce

The above equations are explaining the obtained kine-
tic data and also the plots of Ig dependence on time«

Citraconic acid

The plot of 1S.Ccgdv)ES @ function of time CFfig.l1) in
the case of C°c» 1 one can explain analysing the

equation (3a) , In a initial course of the reaction, for a ame«
11 values of t both logarithmic tenns of that equation make
considerable changes of Ig C4 values« Becouse kg is greater
than k1, the logarithmic term rises, while the concentration
of ceriuva(lV) decreases, at the same time, the second term of



ths aquation diminishes. Thia case corresponds to the first
sector with a amallar inclination. Along with the lapse of ti-
ae of the reaction the second tern of the equation becomes
prevailing, in general.

One may observe on the graph a seotor with a greater ino-
—-lination which corresponds to the equation«

cCe(IV)* conBt “(Vie + H *2 «CedV))1

In the case of the excess of Ce(1V)with regard to the fi-
eld the aero order of the reaction in respect to the reductor
may be observed. It ia in agreement with equation (3b). The
logarithmic term depends upon the aoid concentration only in
ths initial corse of the reaction and the expression

neCe(lV) ~ ®Ce(lV))e’e8 "rt~ly to cac value* second term
of that equation is independent on acid concentration, so it

means, that beyond the initial course of reaction the rate of
oxidation ia the zero order in respect to the reductor.

The analysis of (3a) equation in the imit of great con-
centrations of e?Q leads to an unexpected conclusion, that, In
this case the rate of the reaotion should be proportional to
the initial concentration of oltraconic acid. In order to che-
ck this supposition the additional aeries of measurements was
done. The constant concentrations of eerie perchlorate and al-
so variable ones being in a great excess in respect to stoi-
chiometric concentrations of the acid have been taken into ac-
count. The result», shown in table 4. confirm the iquity of
the adopted assumptions concerning the mechanism of the pro-
cess.

Therefore, mentioning the above results and discussion
one can accept the probable mechanism of the oxidation of ci-

traconic acidi

0
1 5 b ro® 2 h=C-COCH 1® 2C02+ 3HCOOH

HO-C-COOH ) )
glyoxalic acid

aethyltartaric acid



Table 4. Effect of Initial concentration of oitraconic acid
on reaction rate in on oxidation by cerium (IV).Twnp.
333 K, Ce(C104)4 - 4,0*10-2 M, HCIO™ - 1,72 K,

No oitraconic aoid V :D
mole » dm”’3*102 min.* 1

1 6,4 0,07

2 12,8 0,14

3 25,6 0,29--

4 38,4 0,43

5 51,2 0,52

The ataok of Ce(1V(ion on citraoconlc acid molecule and the
first stage of the oxidation of methyltartaric aoid should be
regarded as the two rate determining steps of oxidation*

Glutaconie acid

The obtained kinetic relationships one can explain in a
similar way as it was done in the case of citraconio acid as-
suming that two Hatting stepa with comparable ratos are pre-
sent, where k| > kg*

The analysis of equation(3a) shows, that for k~> kg both
logarithmic terms of the equation decrease in time, provoking
that in the iInitial course of the reaction, the sector with
a smaller inclination corresponding to the reaction of the fi-
rst order in respect to cerium (1V) is being observed (fig, 3)*

When the logarithmic term stops to vary in practice, the
sector with a greater inclination corresponding to the reac-
tion of the zero order in respect to cerium (1V) may be obse-
rved on the graph. The aero order of reaction in respect to
glutaconic acid being observed on fig. 4 can be substantia-
ted such as it was done in the case of oitraconic acid.

Beoouse of the small excess of cerium (IV)in respect to
the acid one must deal with equation 3 (not 3b )» The presu-
mable intermediate product of the oxidation of glutaconic
acid might be a , p -dihydroxyglutaric acid rising up from
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the addition of two hydroxyl groups to double bond carbon-ca-
rbon* Th« additional investigations have showed, that a«c ,,p -
dihydroxyglutaric acid is oxidized by Ce(lV)ions in a 14-ele-
ctron transformation forming 4 molecules of formic acid« The
partial order of the reaction in respect to that acid is equ-
al to one and activation energy of the value 40 (0,7 kJ/aol
is smaller then EA of the glutaconic acid. Thus, the a , ji -
-dihydroxyglutaric acid may stand for the intermediate produ-
ct* The next of the intermediate products can be the malonic
acid being oxidized by Ce(lV) in a 6-electron transformation
forming 2 molecules of COg and 1 molecule of HCOOH.

The partial order of the oxidation reaction by means of
Ce(1V) ions in respect to malonic acid 1b equal to one and
activation energy is 36 kJ/mol [1). The electronicity of
particular steps of the oxidation of glutaconio aoid indica-
ting, that the second step of oxidation is connected with 8-
electron transformation may be regarded as an additional co-
nfirmation of the obtained results.

Thus, one can establish the probable mechanism of the oxi-
dation of glutaconic acid»

H
H-C-COOCH RO-C-COOH COOH COOH
H—é CeCOH)S* HO-C-H
H-C-COOH 2 K- é—COOH COOH COOH

H mulonic

acid
<X , p -dihydroxyglu®
taric acid

4 CO2 + HCOOH
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Itaconic aold

The Kkinetic relationship obtained for ltaconio add are
similar to onea obtained for the aclda previously considered.
One can not oboerve the characteristic collapses on the gra-
phs (fig. 5,0. It ie caused by considerably greater rate of
the oxidation of itaconic acid. In this case, the logarythmic
term of equation (3a) goes to zero faster and it is not pos-
sible to.observe experimentally the initial sector with a
smaller inclination. The probable mechanism of the oxidation
raaotion of itaconic acid by meana of Ce(1V) ions involving
the rising of the derivative of dihydroxyacid in the first
stage and also the results of preceding investigations of
Ignacsak [1] may be introduoed in a following wayt

H
HgC-COOl 1 H-C-COOH
lccch CJigE. ho-o-cooh 2B1_COOH t ,,
cf, HO-C-H
J

ggjSBe» 3 C02 + 2HCOOH
* References

1. M.l g n a o z a k, Thesis for docent"s degree, University
of tédz (1971)

2. 7,A.Drufiont, W, AL Waters, J. Chem.Soc., 2465
(1954)

3. R. L, Yadar, W V. Bhagwat, J. Indian Chen.
Soc., 41, 389 Cl964)

4» X. K. Senegupta, 3. Ad i ty a, Z Fhyeik. Chem.,
28. 25 (1963)

5. Ch. P. Hubner, S R. Am e s, Bubl E.C., J. Am. Chem.
Toe., 68, 1621  (1946)

6.B. Kr iahaa, K, CC. Tewarii, J Chem. Soc., 3097
(1951).



WEraturufl mruuwi ulr uuniIimumuu ... T?

7. K. K. Senegup ta, 2. Physik. Cham., ¢2, 725 (1965)

8. K. K. Senegupta, K. Kalyan, Buli. Chm, Soc.
Japan ¢2, 293 (1969)

9. P Levesley ,W. AAWaters, J. Cham. Soc., 217

(1955)

10 U. lgnaczak, Soc. Scl. Lodz. Acta Cbim., 1zt 135
(1972)

11*M. Ilgnaczak, J. Dziegiec¢, Soc. Sci. Lodz.
Acta Chi»., 16, 69 /1971)

12. U. lgnaczak, J. Dziegiec¢, J. Sawicki,
Acta Univ. Lodz., 1 3 3 (1976}

13» M. lgnaczak, J. Dziegiec¢,, Roczniki Cham.,

6, 947 (1972)

14. li. 1gnaczak, J. Dziegiec¢, Soo. Scl. Lodz.
Aota Chilm,, 18, 141 (1973)

15 O,F. Smith, 0Oe tz., Ind. Eng. Chen, Anal. Ed., 2»

339  (1940)

Sabina Cieplak - Department of the
Science of Commodi-
ties, Economic Aca-
demy of Katowice

Maksymilian Ignaczak, Andrzej Grzejdziak - Depart-
ment of the General
and Inorganic Che-
miotry. University

of t6dz

S.Cieplak, M.lIgnhaczak 1 A.Grzejdziak

REAKCJE UTLENIANIA NIENASYCONYCH KWASOW DWUKARBOKSYLOWYCH
JONAMI Ce (1V)W WODNYCH RO2TWORACH KWASU NADCHLOROWEGO

Okreslono wptyw stezen poszczegdlnych reagentédw na szyb-
ko$S¢ reakcji utleniania kwaséw» cytrakonowcgo, glutakoncwago
i itakonowego wykorzystujac amperoiretryczne oznaczanie jo-
now Ce(1V). Wyznaczono stechiometrie oraz ustalono produkty
utleniania. Wykazano, iz reakcje te sg procesami, w ktdérych
stadia limitujace okreslone sg przez dwa etapy o poréwnywal-
nej szybkosci. Wyznaczone zostaty energie aktywacji tych
etapéw w przypadku badanych obiektéw oraz zaproponowano pra-
wdopodobny mechanizm reakcji utleniania kwao



