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OXIDATION REACTIONS OP CIS- AND TRAN3-AC0NITIC ACIDS WITH 
CERIUM (IV)IONS IN AQUEOUS SOLUTIONS OP PERCHLORIC ACID

The stoichiometry and products of oxidation have be­
en determined. Kinetics of oxidation reactions of cis- 
and trane-aconitic acid was investigated. By means of 
Ostwald'e method the partial orders of the reaction we­
re determined* It was shown, that the oxidation runs in 
two rate determining steps where the one of these steps 
may be regarded as a transformation occuring without pa­
rticipation cerium (IV)ions. Also activation energies of 
these steps have been determined. The moat probable me­
chanism of oxidation of these compounds was proposed.

Investigations of an oxidations of carboxylio acids by me­
ans of cerium (IV) perchlorate [1-6]prove, that these process­
es proceed easier in the presence of hydroxylio and carboxylic 
groups or a double bond in acid molecule.

Por example, oxalic acid reacts with cerium (IV) perchlo­
rate immediately at room temperature, while the glicolic one 
in the same conditions reacts slower and the oxidation of ace­
tic acid does not proceed in practise [1,7 ] •

Likewise, glutaeonic acid is oxidized with cerium (IV) io­
ns relativly easily, while the glutaoonic one does not undergo 
any transformation [1 ,8 ] .

The Investigations of non-saturatod dicarboxylic acids pro­
ve, that their oxidations runa through two rate determining 
steps, during the addition of two hydroxyl groups to a double 
bond at the initial stage [ 8 ] .

Only one tricarboxylic acid which has been investigated in 
the course of an oxidation reaction with cerium (IV) sulphate 
was the citric one* That process runs with the formation of 
both unstable intermediate complex and free radicals [2,3,9 j .



We took upon our investigations Isomers of ois- and traaa- 
aconitic aold which differ from the citric acid by the preson- 
oe of a double bond and the absence of one hydroxyl group,

Experimental 

Rsagents and the measurements technique

Cerium fIV) perchlorate solution in perchlorio acid was ob­
tained from cerium (iv)-aramonlum nitrate acoording to the reoi- 
pe of S m i t h and G e t z [ l O ] ,

Cie-aconitic acid - pure - of British Houses Ltd,, BDH La­
boratory Chemical Division was triply crystallized from hot, 
triply distilled water with an active carbon and then dried to 
.a constant mass at 333 K. Melting point of the final product 
was 398 K.

Trans-aconitic acid - pure - of Koch-Light Laboratories Ltd, 
Colnbrook - Bucks, England production was purified by triple 
crystallization from hot, triply distilled water with an active 
carbon, then dried to a constant mass at 333 K, Melting point 
of the final produot waa 467 K,

The solutions of acids in question were prepared from weig­
hed samples, their concentrations were determined alkallmetri- 
cally.

The measurements of the rate of cerium (IV) ions reactions 
with aconitic acids were carried out at 333 K temperature by 
the method described in previous papers [11-12 ] .

The concentration of cerium (IV) ions in the course of rea­
ction has been determined ampercmetrically or by potentlometrie 
method described earlier in paper [8 ],

The chronatographic investigations of post-reaction mixtu­
res were made on GCFH 183 gas chromatograph with the Parapack 
Q column at 323 K temperature.

Results

The stoichionetry of oxidation reaction of els- and trans- 
aconitic acids with cerium (lY) ions was determined at 333 K



in 1,72 M solution of perchloric acid in the presence of six­
ty-fold molar excess of the oxidizer. Using the chromatograp­
hy as an identification method it was pointed out that the 
carbon dioxide was the only one produot of the reaction.

It has been established that the oxidation of these two 
acids is connected with 18-electron transformation, so one 
can introduce the following scheme for that oxidation process«

C6H6°6 + 18CeClV)+ 6H20 ---->6C02 + 18Ce(jIl) + 18 H+

Some attempts were made in order to determine the general 
order of the reaction ( stoichiometric quantities of both oxi­
dizer and reductor according to their equivalent concentra­
tions have been applied in 3M solution of HCIO^ at 333 K ).
In the case of cis-aoonltic acid, these at temps have shown 
that the rate of oxidation of this compound at the above ra­
tio of ooncentrations is transient*

Becouse of the above fact it was impossible to make inve­
stigations with a satisfactory accuracy» Hence, only the ge­
neral order of the oxidation of trans-aconitic acid with cer­
ium ClV) ions ha3 been determined.

The results of the measurements leading to the determina­
tion of the general order of trans-aconitic acid oxidation 
are plotted on Pig. 1 in a system« lg ctCe(lV)as e function 
of time.

The partial orders of reaction in respect to acid upon in­
vestigation and also in respect to cerium (IV) ions for cis- 
and trans-aconitic acids have been determined by means of an 
isolation method of Ostv?ald in 1,72 M solution of HCIO^ at 
333 K temperature. The results of measurements are presented 
of fig» 2-5 in a system* lgc^ » f(t)»

The corresponding rate constants and half times of the 
reactions have been also calculated. In some measurements ee­
rie the plots of lgct dependence on time show in a district 
way, that there are two rate determining steps of oxidation. 
The results of calculations are presented in tables 1 and 2» 

The run of parallel lines and also the values of rat* eo- 
nstans and half-times prove, that the general order of oxida­
tion reaction of trans-aconitic acid with cerunClV.) loss is



01 3 6 10 15 21 36 56

?ig. 1. fhe dependence of l€cce(iv)" f(t) in the oxidation 
reaction of trans-aoonitio acid for a stoichiometric 
ratio of cerium (IV) ions and acid concentrations 
(applied concentrations - No. 1,3 - tabl« 1).



Pig. 2. The dependence of *Eccq(iv)" 111 oxidation
reaotion of trane-aconitio acid (applied concentratio- 
na - Ho. - 4,5 ,7 - table 1 ).
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Pig. 3. The dependence of lgcac - f(t) in the oxidation rea­
ction of tracs-aconitic acid (applied concentrations - 
Ho. 9,10,11 - table 1 ) .



i.g. 4* The dependence of 1Scce(IV)“ in oxi<3ation
reaction of cie-aconitic acid (applied concentratio­
ns - Ho. 1,2,4 - table 2 ) •



Pig, 5» The dependence of lgc&c» f(t) in the oxidation re­
action of cis-aconitlc acid (applied concentrations - 
No. 6,7,8 - table 2 ) ,

equal to 1, At the excess concentration of any reagent, one
can set on the plots lgct« fCt) the characteristic collapses 
confirming two step reaction. Easing on data in table 1 one 
»ay cose to conclusion that in the step the order of reaction 
in respect to cerium ClV)ions is equal 1 when, in respect to



Table 1. An Influence of reagent concentrations on the rate 
of oxidation of trane-aoonitic acid. Tamp. 333 K, 
1,72 M HC104.

Bo Ce C104 4 

mol'd®“3»10^
trane-aooniticacid
mol»dm”3» 103

step kg
min. “ 1

T1/2
min.

1 2,696 1,50 mm 0,020 37
2 4,044 2,25 - 0,021 36
3 5,402 3,00 - 0,021 36
4 1,0 30,0 I 0,122 6

5 2 ,0 30,0 I 0,066 10
II 0,121 6

6 3,0 30,0 I 0,049 14
II 0,121 6

7 4,0 30,0 I 0,034 20
II 0,120 6

8 5,0 30,0 I 0,026 27
II 0,120 6

9 4.0 0,25 I 0,070 10

10 4,0 0,50 I 0,070 10
II 0,031 22

11 4,0 1,00 I 0,069 10
II 0,014 49

12 4,0 1,50 I 0,069 10
II 0,008 37

13 4,0 2 ,00 I 0,068 10
II 0,004 173

acid is equal 0. In the case of cis-aconitic acid the jaencu« 
remente ahow, that the partial order of reaction in respect 
to cerium (IV) ions is equal Q( fig* 1» So. 1-5 ** table 2 ). 
However, when there ia cn exceed of oxidiaor, the run oi 
curves lgc^ * f(t)(fig. 5) and also values oi and ^1/2



Table 2. An influence of reagent concentrations on the rate
of oxidation of cis-aoonitio acid. Temp. 333 K, 1,72
H HC104

No Ce(C104) 4

inol*dnT^»102

cis-aconitio acid 
mol • dm”3» 10^

Btep V 10.
min. ’ 1

1/2
mln.

1 1,0 30,0 0,57 12
2 2 ,0 30,0 •a 0,32 21
3 •3,0 30,0 mm 0,23 32
4 4,0 30,0 mm 0,16 42
5 5,0 30,0 - 0,13 52
6 4,0 0,25 I 0,088 79

II 0,31 22

7 4,0 0,50 I 0,087 80
II 0,30 23

8 4,0 1,00 I 0,087 80
II 0,29 24

9 4,0 1,50 I 0,086 81
II 0,29 24

10 4,0 2,00 I 0,085 81
II 0,30 23

(No. 6-10, table 2) show, that the oxidation of cie-aoonitio 
acid with cerium (IV)ions proceeds in a two steps with diffe­
rent rates and it is the first order reaction in respect to
acid.

An influence of the temperature on rate of reactions in 
question has been determined with the help of solutions of the 
contentt 4,0»10*2M Ce(CIO^, 1,0*10"^ aoid, 1,72 M HC104 at 
temperatures 318, 333 and 348 K.

These measurements allowed to determine activation ener­
gise of stages limiting the rate of oxidation. They arei
for cis-aconitic acid I step ■ 52,7 +0,5 kJ/mole

II step SA « 44,9 +0,8 kJ/mole



for trans-aoonitio aoid I step EA« 44,3 +0,8 kJ/aole
II step Ea »33,8 +1»0 kJ/mole

Diecuaaion of résulta

The kinetics parameters of oxidation process of ois- and 
trans-aconitic acids (zeroth order of reaction in respect to 
cerium ions and the first one in respeot to reductfcr) show, 
that one of the steps limited the rate of reaction is a tra­
nsformation of intermediate product occuring without partici­
pation of cerium ions.

Becouse the transformation of the initial aconitic acids 
in a solution, when there is no cerium ions, is in practise, 
impossible, that step must proceed by means of intermediate 
product.

The initial stage of the oxidation process characteristic 
for non-saturated compounds may be regarded, in a most proba­
ble manner, as a formation of unstable complex of the acid 
with cerium (iv) ions, when, at the same time, the double bo­
nd between carbon atoms shatters (8) .

So, the general scheme of the reaction can be introduced 
in a following way»

A HC f H A  final products
1 * -2  3

fast

Changes of tho reagent concentrations in respect to tima can 
be described by equations»

i£1 (A)(Ce(lV)) + k3CHA> vCe (IV))

" * k^(A")CCe(l7))

1 ^ 2 2 -  .  kgCHC) -  k_2 Cha)  -  k ,  C A ) C c e ( iv ) )



* k (luXCe(lV)) + k_2(KA) - kg (HC)

With the assumption k, 3>k0 dctli
} 2 . 0

k2CHC)
end (HA) « — ■*

k3 (Ce(lV)) + k_2

Thus, aquation desoribing the chango of cerium ioinrs in re- 
Bpect to tice will take a form*

-dc„./'TlM , f k, (Ce (IV))
* » & • « * » ♦  kaO.^ 4 ^ — a .

Taking into account the above scheme of the reaction and 
also oV'ioue assumptions (k3 » k _ ?) one is in position to 
write the final equation describing the changes of oerium Civ)
ions concentration*

k ,  C A )C C e(lV ))  + k̂ , (HC) c o

At the step I the concentration of intermediate product 
is, in practise, equal.0, probably the process proceeds thro­
ugh the stage’of unstable complex* aconitic acid-Ce(lV), whe­
re the excess of concentration of acid or cerium (IV) ions do­
es not influence on complex concentration. Therefore, it is 
easy to explain the first order of the process at the step I. 
In the course of reaction the concentration of intermediate 
product increases, eo tha second term of oquation (1) is res­
ponsible for its rate. When the value of rate constant of step
II is greater (kg >  k-j) (cis-aconitio acid) then one can ob­
serve on experimental curves an apperance of characteristic 
collapses with greater slope (fig, 5, table 2) .

In a similar way, the ordering of the process and run of 
kinetics curves can be explained in the case of trona-aconltic 
acid* The characteristic collapses on curves lgcac is a fun­
ction of time with excess concentration of ccsrlum (IV) ions 
which have a smaller slope may be regarded moat likely, as a



result of a smaller value of rate constant of II step (kg<k,j}. 
The step II undergoing without participation of cerium (IV) 

ions is probably the dehydratation of intermediate product wi­
th formation of derivative non-saturated acid which is parti- 
oulary susceptible on attact of oxidizer«

In conclusion, the initial stages of oxidation process of 
these two acids may be introduced in a following form

Differences in the rates of step II for cis- and trans-aco- 
nitic acid may be explained by the run of equilibrium reaction 
of dehydration of the trans-acid due to its spatial structure.

As the next stage of the oxidation process will be the sha­
ttering of double bond in 3-hydroxyaconitic acid and tranefor- 
mation of 1,3-dihydroxycitric acid.

The stoichiometry and the occurence of COg as ths only one 
product of the reaction determine the fora of the next stops» 
particulary the ahattering of C-C bonds in S-electron formation 
which forms 3 molecules of oxalic acid being oxidized quickly 
to a carbon dioxide.

H-|-COOH
C-COOH

H
HO-C-COOH

Ce(lV)
HO-C-COOH

h 2- C-COOHCOOH
2«, k.,

IL, -C-COOH

cis-aconitio acid 3-hyd roxycltric 
acid

H

HO-C-COOH
H-C-COOH

HO-C-COOH HO-C-COOH
H

3-hyd roxyac onitic 
acid



H-C-COOH
IIC-COOH
IHO-C-COOH
H

2«

H
IHO-C-COOH
IHO-C-COOH
IHO-C-COOH
IH

1,3-dihydroxycitric acid

?110- C-COOH
IHO-C-COOH
I

HO-C-COOH
IH

COOH
CeC-IVl-. 3 I .C«CIY1- 6 C02
8e COOH 6e
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REAKCJE UTLENIANIA KWASÓW CIS- I TRANS-AKONITOWYCH 
JONAMI CeClV) W WODNYCH ROZTWORACH KWASU NADCHLOROWEGO

Wyznaczono stechiometrię oraz ustalono produkty reakcji u- 
tlenienia. Zbadano kinetykę reakcji utleniania kwasów cis- i 
trans-akonitowych nadchloranem cerowym. Wyznaczono przy pomocy 
metody Ostwalda oząstkowe rzędy reakcji. Wykazano, iż przebie­
ga ona w dwóch stadiach limitujących azybkodó utleniania, przy 
ozym jedno ze stadiów jest przemianą zachodzącą bez udziału 
Jonów cerowych.

Wyznaczono również energię aktywacji etapów reakcji. Za­
proponowano najbardziej prawdopodobny mechanizm procesu.


