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KINETICS AND MECHANISM OF OXIDATION OF
COBALT (1) BY IRON (IIl) IN THE
PRESENCE OF 1,10 PHENANTHROLINE

Bassem F. Shraydeh'
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ABSTRACT

The kinetics of oxidation of cobalt (II) by iron (I} in the presence of 1,10
phenanthroline has been investigated spectrophotometrically. Hydrogen ions exhibited an
inhibitory effect on the rate of the reaction while 1,10 phenanthroline showed an accelarating
effect. The order with respect to iron (I11) was found to be unity. On the other hand, the order
with respect to cobalt varies with its concentration being 0.3+ 0.004 at high concentration and
0.79£0.019 at low concentrations. A plausible mechanism was postulated and a rate law was
derived that accounted for the various experimental results obtained.

INTRODUCTION

The presence of ligands as complexing agents would in
general modify oxidation reduction potentials so as to stabilize certain
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oxidation states whereby the oxidation of cobalt(I) by Fe*" is quite
decidedly unfavorable and does not occur if the species are simple
aquated ions, However on complexation with 1,10 phenanthroline, the
formal reduction potential of the cobalt species in greatly diminished
while that of the iron species is appreciably increased; consequently
the oxidation of cobalt(Il) by iron(Ill) becomes highly favorable.
Really the enhanced oxidation strength of iron(Il) salts in the
presence of 1,10 phenanthroline was utilized for the determination of
cobalt %, Although the analytical application of this important
reaction has been studied', there exists no reports concerning its
kinetics and mechanism. Hence a detailed kinetic study was made
and the results are hereby discussed.

EXPERIMENTAL

All solutions were prepared from deionized waterand
analytical reagent grade chemicals. The source of hydrogen ions was
nitric acid. Potassium nitrate was used for the preparation of the
solution and standardized compleximetrically.

To offset possible hydrolysis, dilute solutions of ferric nitrate
were prepared daily and standardized as required. A O.IM stock
solution of 1,10 phenanthroline was prepared by dissolving the
appropriatc amount in absolute ethanol. In all the kinetic runs, ortho-
phenanthroline was taken in large excess in comparison to iron(IIl)
and cobalt(Il) so that the decrease in the concentration of the ligand
through complex formation with iron(1l) and cobalt(I) was negligiblc.
The kinetic study was conducted with a Pye-Unicam Sp8-100 spectro-
photometer equipped with kinetic facilities and fitted with a
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thermostated cell holder (+ 0.1°c) and using 10 mm silica and quartz
cells.

RESULTS
Products and Stoichiometry:

The product of the oxidation was confirmed to be ferroin. This was
verified from the superimposable absorption spectra obtained with the
product of the reaction and the complex prepared separately by
mixing iron(If) and phenanthroline in stoichiometric ratio. Hence the
course of the reaction was followed by measuring the optical density
of the product ferroin at S10nm. Stoichiometry determination was
achieved by mixing (5 x10”° M) of the iron(III) with (3 x10° M) of
cobalt(I) in the presence of phenanthroline (4 x10°M) and H*
(0.07M), thus reacting a known excess of iron(Ill) with cobalt(lI).
On completion of the reaction, the absorbance was found to be 0.33
which corresponds to 3 x10°M of Fe*'?. This result indicated that one
mole of Fe(IIl) reacted with one mole of cobalt(1I).

KINETIC ORDERS

Kinetic runs were performed under the condition phen >> Co?*
> Fe* thus isolating the latter. To avoid any effect of light, the
reactants were thermostated in dark 25 ml vessels. When thermal
equilibrium has been achieved, the reaction was started by adding
Fe** the last.
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A plot of In (A, - A) where A,_ and A, are the absorbances at
infinity and at time t respectively, against time was linear suggesting
a unity order with respect to Fe*. This result was further verified by
the differential method where a plot of log rate against log
concentration of Fe®' gave a straight line of a slope of 0.97 + 0.04.

The psecudo first order rate constant (k,) referred to in this work was
calculated from the slope of the straight line plot of (In A_ - A)
against time under the conditions above. The order with respect to
cobalt could be misleading if only integral method analysis was
employed. The second order plot of _1_ vs. time (where a= [Fe(III)]
a-x

= [Co (I)] = 5 x 10°M) was linear. Since the order with respect to
Fe’* was confirmed above to be unity, this suggests that the order
with respect to cobalt was also unity. However the true picture was
revealed from the differential method which showed that the order of
cotalt changes with its concentration being 0.79 t 0.019 at low
concentrations and 0.30 + 0.004 at higher concentrations. Figure (1).
This change of order failed detection by the integral analysis where
at low concentration of cobalt (5 x10°M) an overall order of nearly
1.8 fitted fairly well in a second order equation. This result is
different from that used by using 2,2-bipyridy] as the, ligand®.
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Figure 1 : A plot of log rate versus log concentration of [Co®']
(Fe”] = 5 x 10°M, {phen] =4 10°M,,
fH] = 6.89 x 10°M, EtOH = 20% (V/V)
Temp. = 25°c.,
a. order = 0.79 £ 0.019
b. order = 0.30 x 0.004

Effect of various reagents and parameters:

Inspection of Table (1) shows that phenanthroline accelarates the
reaction while hydrogen ions have an inhibiting effect. All the work
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Table (1): Effect of various reagents and parameters on reaction rate

Second order conditions:

Fe(IIl) = Co(Il) = 5 x 10°M
EtOH = 20% (V/V) cell (glass)
First order conditions :

Fe(lll) = 5 x 10°M

Co(ID) =5 x 10* M cell (glass)
EtOH =20% (V/V)pu=0.25

Temp/"c_| 10° xk,(S") k (M!S [phen x 10°M] | [H' x 10°M]

2.50 7 4.00 6.98

28.0 53 4.00 6.98

28.0 0% 4.00 6.98

340 28 4.00 6.98

340 40 8.00 6.98

340 65 12.00 6,98

34.0 4.1 4.00 6,98

34.0 5.0% 4.00 6,98

34.0 5.0%* 4.00 6,98

34.0 1.6 4.00 19.00

34.0 05 4.00 25.06

34.0 0.6* 4.00 25.06 J,
artz ce =

. (Adding Co** the last)

performed in this study applies when the reaction was started by
adding Fe’* the last. However when some runs are made by adding
Co’" the last different rates were obtained suggesting that the order
of addition is crucial. Also the reaction seems to depend on the type
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of vessel for different rates are obtained by using glass and quartz
cell. The effect of temperature showed that the second order rate
constant decreases with increasing temperature.

DISCUSSION

It is believed that the active oxidising agent in this work is a
1:2 complex between Fe*' and the ligand. This complex forms on
direct mixing and has been reported in the literature®). This complex
is different from ferriin where the latter cannot be obtained by direct
reaction of Fe** and the ligand but only by the oxidation of ferroin.

Furthermore the use of the direct reaction complex in studying
the kinetics of oxidation of organic compounds has been established
in the literature’>* Milburn and Vosburgh'® proved that Fe(IIT) does
not dimerize if present at concentrations less than 1.0 x10°M. Since
the iron (III) concentration employed in the kinetic study is equal to
5 x10® M then it is reasonable to assume that there is no appreciable
dimerization occuring under the conditions of the investigation.
Besides, the hydrolysis is suppressed since the ligand is present in
large excess and the concentration of hydroxylated iron(IIT) could be
neglected also in view of the low hydrolysis constant (3.1+ 0.2). The |
greater oxidising ability of Fe(IlI) when mixed with 1,10 phen-
anthroline is presumable due to its stabilizing the lower valence state
Fe(II) through back bonding with a consequent increase in the redox |
potential of Fe(Ill) / Fe(Il) system. The catalysis by 1.10
phenanthroline may also be duec to the possibility that electron
transfer is facilitated by the n-electron system present in the ligand. |
In view of the above discussion and in the absence of dimerization
and hydrolysis then the first s2tep in the mechanism should be the
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formation of the active oxidising agent complex which can be
represented as thus.

Fe(aq) ¥ +2phenH* -—F—*—)re en) ) +28*
-] ph (Pbx 2

Where phenanthroline exists in singly protonated form at high
acid concentration as reported®. In view of the high stability
constant of Co(phen) 3* (log B = 16.02) it is then postulated that
cobalt (II) exists mainly in the form Co(phen) }* which participates
in the reaction. The rate-determining step in this mechanism is
thought to be the attack of the active oxidising agent Fe(phen) J'(X)
on the cobalt (II) species above.

On The basis of the above discussion the following mechanism is
postulated.

Fo'' (aq) +2 X ,p en)3'+2H"
‘e’ (aq) +2phen e(p.bxn 2
Pe(phen))*+Co(phen)?* —X _, co(phen)t+re(phen)it

X

re(phen)i* + H phen*f228py (phen)?*+m*

On the application of the equilibrium treatment the mechanism
leads to the rate law
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-d - kK& [Pe(IXIT)] [Co(II)] [phen]?
dt [Pe(III)] [£1% s X [pbenl?

This rate law accounts for the orders of unity with respect to Fe(IIl)
and Co(Il) at low concentrations of cobalt. It also accounts for
inhibition by H" and accelaration by phenanthroline. The accurence
of the [phen)’ term in the rate law suggests that the active oxidising
agent is a 1:2 complex between Fe’* and the ligand 1,10
phenanthroline as described. The decrease of rate constant with
temperature may be due to the decomposition of the active oxidising
agent described in the mechanism at high temperatures. The decrease
of order of cobalt at high concentrations may be due to the involve-
ment of a side reaction which decreases the concentration of cobalt
(II) such as adsorption. The extant of adsorption may differ in silica
and quartz cells which reflect the different rates in these vessels.
However, more work need to be made on this point before making
any conclusions.
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