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Kinetic studies of the reduction of tris(oxalato)cobaltate(III) by L-ascorbic acid (H2A) were 
investigated as a function of pH, buffer composition, iron(II1) ion concentration and for differ- 
ent iron(II1) complexes (EDTA, CI-, bipy and phen). The redox process was followed at 
600 nm, (25.0 f O.l)”C, under pseudo-first-order conditions: [HzA] = 3.00 x lo-* M and 
[Co(C204):-] = 3.00 x lo-) M in the presence of [EDTA]=3.15 x lO-’M and ionic strength 
1.OM (NaCl). A strong pH dependence shows reactivity H2A < HA- < A2-. The Fe(III)/ 
EDTA complex catalyzes the reaction with HA- but not with A’- or HzA, showing a max- 
imum catalytic effect around pH 7.5. The pseudo-first-order rate constant is proportional to 
iron(II1) concentration in the range of (0.2-10.0) x M. EDTA has a significant effect on 
the catalytic ability of the iron(II1) ion while bipyridine and phenanthroline completely inhibit 
its activity. The order of catalytic activities is in agreement with the variation in reduction 
potential of the iron(II1) complexes for the different ligands. When Cu(I1) is used as a catalyst, 
EDTA completely inhibits its catalytic effect; in the presence of C1-, Cu(I1) is a better catalyst 
than Fe(II1). 

Keywords: Ascorbic acid; iron(iI1); tris(oxalato)cobaltate(II1); catalysis; kinetic studies 

INTRODUCTION 

The oxidation reactions of L-ascorbic acid (H2A) are of fundamental inter- 
est in biochemistry, electrochemistry, pharmacology and other fields, since 
it is a strong reducing agent in aqueous solution.’-3 

* Corresponding author. E-mail: ncoichev@quim.iq.usp.br. 
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520 A. FORNARO AND N. COICHEV 

Ascorbic acid has two acidic protons @K,=4.04 and 11.34). The acid- 
base and redox properties, based on the literature data, 1,4 involving the spe- 
cies H2A, HA-, A'-, the radicals HA' and A-', and the L-dehydro ascor- 
bic acid (AoX) are summarized in Scheme 1. Also included are the 
hydration and cyclization of Aox with formation of the bicyclic L-dehydro 
form, (bc)Aox. 

b x  ( b C h X  A- 

- 2{1.59v - j~o.o,9v - 0.39V -?I+ -H+ 
(bc)A€)x-_ze H A  eM HA- A*- / \ /  0.47V 

C)A€)X 
-?I+ H A . 4  A-' 2 bX 

- c  L I pK, = - 0.45 , 0.24V - - 0.16V 
SCHEME 1 
related species, at 25°C and ionic strength 0.2 M.Is4 

Reduction potentials vs. SHE and acidity constants for ascorbic acid and 

Studies on the oxidation reactions of L-ascorbic acid by different metal 
ion complexes, have proposed formation of the protonated ascorbate free 
radical, (HzA+' or HA') but not (A-*) in the rate-determining ~ t e p . ~ - ~  

Oxidation of L-ascorbic acid by [ C O ( C ~ O ~ ) ~ ] ~ -  was studied in basic 
(8 < pH < 10)' and acidic (3.2 < pH < 4.7)9 solution. The reaction in acid 
results in formation of L-dehydroascorbic acid (Aox) according to the 
overall reaction 1. 

1 

These studies indicate an outer-sphere electron-transfer reaction with no 
evidence for formation of a stable intermediate. The reaction rate is very 
dependent on pH. Oxidation of A*- is much faster than HA- and H2A.8.9 

Rate data for the reduction of several iron(II1) complexes and 
[Co(C204)3J3- by ascorbic acid are presented in Table I. The data show the 
strong influence of pH and the nature of the ligand. Iron(II1) complexes 
react much faster than [ C O ( C ~ O ~ ) ~ ] ~ - ,  which may explain the catalytic effect 
of an iron(II1) ion. 
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REDUCTION OF COBALT(II1) 52 1 

TABLE 1 Rate constant for a series of oxidation reactions of ascorbic acid 

Redox Dartners Rare constant a f  25°C (M-' s-') Reference 

1.2 10-4 
4.1 10-3 
7.0 x 10-3 

20 
10.8 

2 105 
6 x  lo* 

3.4 
1.7 x lo3 
2.8 103 
2.1 x lo4 

5.4 x 108 
8.2 x 

[PI 
191 

Present work 
PI 

Present work 

Another item to consider is the reaction of Fe(I1) with [CO(C~O~)~]~- ,  
which was investigated by several a ~ t h o r s . ' ~ - ' ~  When [C0(C204)3]~- was 
kept at 5.0 x 10-2M (about 30 fold excess over iron(I1)) the kobs value 
obtained for the redox reaction was 9.495-' and k = 189.9M-' s-'.'* 

Iron(II1) catalysis of the oxidation of ascorbic acid by dissolved 
~ x y g e n , ' ~ , ' ~  hydrogen peroxide'* and peroxide-bound chromium" were 
reported. 

In the present study the catalytic effect of iron(II1) on the reduction of 
[ C O ( C ~ O ~ ) ~ ] ~ -  by L-ascorbic acid was investigated in the presence of several 
complexing agents, in different buffers and over a large range of pH. Previous 
work done by Ohashi et al. in 0.2M perchloric acid, where the reaction is 
very slow, led to linear relationship of the initial rate of the reduction with the 
iron(II1) concentration. l 9  The present study provides an improved analytical 
method for iron(II1) at pH = 7.8 (HTIis+/TIis) in the presence of EDTA. 

EXPERIMENTAL 

Materials 

K3[C~(C204)3].3H20 was prepared according to the method described by 
Booth." L-ascorbic acid and all other chemicals were of analytical reagent 
grade (Merck or Aldrich) and used without further purification. 

All solutions were prepared with deionized, distilled water obtained from 
a Nanopure system. 

The iron(II1) stock solution' was prepared from Fez03 (99.999%) dis- 
solved in hydrochloric acid. The Cu(I1) stock solution was prepared from 
CuS04-5H20 and standardized with EDTA. 
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522 A. FORNARO AND N. COICHEV 

Several buffer solutions 0.4 M were prepared with: CH3COOH/CH3- 
COO- (PH 3.7, 4.4, 4.7 and 5.3); H,PO;/HPOi- (PH 6.3 and 6.9); 
tris(hydroxymethyl)aminomethane, HTris+/Tris (PH 7.4, 7.8 and 8.5); 
HCO;/CO:- (PH 9.2 and 9.6); citric acid/citrate, H2Cit-/HCit2- (PH 4.5 
and 5.9). Universal buffer mixtures*’ consisting of phosphoric acid, acetic 
acid, boric acid (0.18 M each) and sodium hydroxide were used for pH in 
the range of 3.0-10.0. The ionic strength, l.OM, of the buffer solutions 
were adjusted with NaCl solution. 

Working solutions were prepared by mixing 1 : 1 solutions of ascorbic 
acid and [ C O ( C ~ O ~ ) ~ ] ~ -  prepared immediately before use in a suitable buffer 
as follows: 

A solution of L-ascorbic acid (6.00 x lo-’ M) was prepared with or with- 
out iron complexes of ethylenediaminetetraacetate (EDTA), chloride (Cl-), 
2,2’-bipyridine (bipy) or 1 ,lo-phenanthroline @hen). Iron was introduced 
as iron(II), since it is rapidly reduced by the L-ascorbic acid. 

The solution of 6.00 x M [CO(C~O,)~]~- was prepared in the pres- 
ence or absence of 6.30 x M EDTA. 

Measurements 

pH measurements were performed with a Metrohm 654 pH meter equipped 
with a Metrohm glass combined electrode. 

Spectrophotometric measurements were performed on a Hewlett Packard 
HP 8452A (diode-array) spectrophotometer and thermostated at 
(25.0 f 0.l)OC by HP 89090A peltier temperature control accessory. The 
redox process was followed at 600 nm where the [ C O ( C ~ O ~ ) ~ ] ~ -  complex has 
amolar absorptivity of 150 k 10 M-’ cm-’, and where none of the other 
reactants or products absorb significantly. An excess of ascorbic acid was 
used in all cases to ensure pseudo-first-order conditions. The kinetic traces 
were recorded on an IBM compatible computer and analyzed with the 
OLIS KINFIT set of programs.22 The reported rate constants are the mean 
values of at least three determinations and subject to an average error of 
less than 5%.  Since the reaction rate was not affected by dissolved oxygen 
in solution, the kinetic runs were carried out in solutions without removing 
the dissolved air. 

RESULTS AND DISCUSSION 

The variation of [ C O ( C ~ O ~ ) ~ ] ~ -  concentration from reduction by 
L-ascorbic acid, in the presence or absence of iron(II1) ion, showed 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



REDUCTION OF COBALT(II1) 523 

pseudo-first-order behavior. The rate of reaction increased with iron(II1) ion 
concentration. 

pH Influence 

Uncatalyzed Reaction 

The catalytic effect of iron(II1) ion and acidity are shown in Figure 1. The 
experiments were carried out over a large range of pH, in universal buffer 
solution with excess EDTA. EDTA was added to avoid hydrolysis of 
iron(II1) and precipitation of Co(I1) oxalate at higher pH @H > 8). In the 
presence of EDTA and absence of catalyst (at pH-9) the reduction of 
[Co(C204)J3- by ascorbic acid is comparable to the results obtained by 
Martinez et al. 

PH 
FIGURE 1 Distribution coefficient (a) of L-ascorbic acid, K, = 3.2 x and 
K2=1.3x 10-"M, as a function of pH. pH dependence of kobs for the reduction of 
[Co(C204),l3- by L-ascorbic acid, without (0) and with [Fe(III)/EDTA]= 1.00 x w 4 M  
(m). [H2A] = 3.00 x 10-2M; [ C O ( C ~ O ~ ) ~ ] ~ -  = 3.00 x M; ionic 
strength = 1 .OM (NaCI), (25.0 f 0. IPC in universal buffer mixtures. 

M; [EDTA] = 3.15 x 
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524 A. FORNARO AND N. COICHEV 

The combination of kinetic data (log kobs vs. pH) and the distribution 
diagram of ascorbic acid confirms the reactivity order H2A < HA- < A'- 
(Figure l), as shown in the literature and expected by redox potentials 
(Scheme l).lS4 That is, at pH lower than 5 ,  where H2A and HA- are pres- 
ent, the reaction is slower even in presence of iron(II1). In the pH range 5-8, 
where HA- species predominate, the kobs is independent of the acidity. At 
pH 9-10 the reaction is much faster and the catalytic effect of iron(II1) is 
negligible. At higher pH decomposition of Aox becomes rapid, with the 
half-life for its decomposition decreasing from -4Omin at pH 6.7 to - 0.5 min at pH 8.6.23 

No experiments at pH lower than 3 were carried out, due to the decom- 
position of the tris(oxalato)cobaltate(III)24~25 and precipitation of 
H4EDTA.26 At this pH the catalytic effect of iron(II1) is negligible. 

The results presented in Figure 1 are in agreement with the following 
sequence of  reaction^:^'^ 

A'- + [C0(C204)3]~- + A-• + [C0(C204)3]~- kc 6 

H2A'*/HA'/A-* + [C0(C204)3]~- --t Aox + [ C O ( C ~ O ~ ) ~ ] ~ -  + 2H' 
fast 7 

The rate of disappearance of [ C O ( C ~ O ~ ) ~ ] ~ -  is given by the rate law in 
equation 8. 

For the experimental data at 3 < pH < 6 the rate law under pseudo-first- 
order conditions is given in 9, 
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REDUCTION OF COBALT(II1) 525 

which results in the expression for kobs given in 10, where [HzA], is the total 
ascorbic acid concentration. 

10 

Under limiting conditions (k, << kb), this expression can be written as 
equation 11. 

11 

According to equation 11 a plot of k& vs. [H+], for 3 < pH < 6, is linear. 
From the slope and intercept kb=7.0 x 10-3M-' s-l and K1 = 0.71 x 

M, respectively. These values are of the same order as those of the lit- 
erature kb = 4.1 x M at 
1.0 M ionic strength and 25°C.9 

For the experimental data at 8.5 < pH < 10 the rate law is described by 
the equations: 

M-' s - ' . ~  By pH titration Kl = 1.12 x 

12 

and 

13 

Considering K2 = 1.26 x lo-'' M,* the k, = 10.8 M-'s-' was obtained from 
the slope of the plot of kobs vs. [H+]-'. The literature value is k,= 
20 M-' s-I, in universal buffer mixtures and the ionic strength adjusted 
with NaC104.* 

Catalyzed Reaction 

The results from different pH and buffer media are presented in Figure 2. 
The kobs values depend linearly on the iron(II1) concentration according to 
equation 14, 

kobs = ksps[Fe(III)] -/- kunc 14 

where the intercept (kunc) is kobs for the uncatalyzed reaction and the slope 
(ksF) is the specific rate constant (M-I s-I) for the iron(II1) catalyzed 
reaction. 
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526 A. FORNARO AND N. COICHEV 

B 
Y 

[Fe(lll)/EDTA] 1 IC5 (M) 

FIGURE 2 Influence of pH, buffer and iron(II1) ion concentration on the kobs values. 
[H2A]=3.00 x IO-’M; [CO(C~O~)~]~ -=~ .OO x 10-3M; [EDTA]=3.15 x 10-3M; ionic 
strength = I.OM (NaCl), (25.0rtO.l)”C. Buffers: universal buffer pH (a) 4.5, (e) 6.8 and (I-) 
7.6; CH3COOH/CH3C00- (b) pH 4.5; H2Cit-/HCitZ- (c) pH 5.9; HzPO,/HPO:- (d) pH 6.9; 
H T ~ ~ s + / T ~ ~ s  (g) PH 7.8. 

The Fe(III)/EDTA complex catalyzes the reaction with HA- but not 
with A2- or H2A, and the curves, in Figure 1, are coincident at pH 9-10 
and pH < 3. 

Figure 3 shows the difference of the kobs values (taken from Figure 1) of 
the catalyzed and uncatalyzed reaction as a function of pH, which max- 
imizes at pH 7.5 where [H2A],=[HA-]. This is also observed from the 
dependence of kspe vs. pH. 

The characteristic pH dependence found in Figure 3 can be related to the 
acid-base equilibria of Fe(III)/EDTA in aqueous solutions. The Fe(III)/ 
EDTA complex, seven coordinate with one coordination site occupied 
by a very labile water molecule, will account for the efficient formation 
of the inner-sphere complex in equation 16. It was reported that 
[Fe(EDTA)(H,O)]-, exhibits one deprotonation step in the range pH 4- 1 1, 
which is assigned to reaction 15. The value of pKal varied between 7.2 
and 7.8 depending on the experimental conditions employed, especially the 
ionic strength of the medium. On increasing the pH, deprotonation of the 
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REDUCTION OF COBALT(II1) 521 

7 i  

B 

I 

x 
B 
n c 

i e 

FIGURE 3 
Figure 1) and kspe as a function of pH in universal buffer. 

Difference between kobs values for the catalyzed and uncatalyzed reactions (from 

coordinated water molecule produces a hydroxo monomer, that is substitu- 
tion inert, and accounts for the decrease in catalytic activity at pH > K2' 

[Fe(EDTA)(H20)]- + [Fe(EDTA)(0H)l2- + H+ K,] 15 

The weakly associated complex between Fe(III)/EDTA and ascorbate 
(equation 16) must be considered. Formation of this complex is followed by 
a redox reaction with ascorbic acid which results in the destruction of the 
complex. The reaction rate is governed by generation of the radical HA'.'' 

In the presence of iron(II1) as a catalyst and in the presence of EDTA the 
mechanism can be described by the sequence of reactions: 

Fe(III)(EDTA) + HA- + Fe(III)(EDTA)(HA-) 16 

Fe(III)(EDTA)(HA-) - Fe(II)(EDTA) +HA* 17 

Fe(I1)EDTA + [Co(C~04),]~- --+ Fe(II1)EDTA + Co2+ + 3C20:- 18 
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528 A. FORNARO AND N. COICHEV 

Fe(II1)EDTA + HA’ + Fe(I1)EDTA + Aox + H+ 20 

In the reaction sequence (16-20), the electron transfer reaction between 
Co(II1) and Fe(1I) is much faster than the reaction of Co(II1) complex with 
ascorbic acid, and the reaction of Fe(II1) with ascorbic acid is even faster 
(Table I). 

Effect of the Buffer Medium Composition Influence 

There is a marked influence of the buffer composition on the kobs value. 
For instance, according to the data in Figure 1, in the pH range of 5.5-8.0 
the kobs values are constant, while in Figure 2 the kobs values vary with the 
buffer composition. 

In HTris+/Tris the reaction is much faster and the H2PO;/HPO:- buffer 
has a inhibiting effect compared to universal buffer. In H2Cit-/HCit2- 
buffer (PH = 5.9) the results were similar to H,PO;/HPOZ- (PH = 6.9) 
buffer. At pH = 4.5 the kobs values obtained in CH3COOH/CH3C00-, 
H2Cit-/HCit2-(not shown in Figure 2) and universal buffer were the same. 
Higher kobs values were obtained in HTRIS+/TRIS (PH = 7.2-8.0) buffer, 
where the HA- predominates in solution. 

When HCO,/CO:- buffer solutions (PH = 9.2 and 9.6) were used, a very 
fast decomposition of Aox was observed with formation of brownish 
product. 

The influence of the nature of the buffer, on the catalyzed reaction, can be 
explained because a wide variety of iron(II1) complexes, including hydroxo 
complexes and other anions form according to the buffer and the pH used. 
Ogata and Kosugi explained the effect of additives on the rate in terms of 
“ligand effect” which includes coordination ability, trans effect and an 
instability effect of the anion.’* 

Ghosh and Gold” pointed out the presence of acetate complexes and 
hydroxo iron(II1) species at pH 4.4. As shown in Table I, the nature of the 
ligand has a large influence on the kinetics for reaction of iron(II1) with 
ascorbic acid. 

Hynes and Kelly” proposed formation of [Fe(H20)5C1]2+ which reacts 
significantly faster than [Fe(H20W3+ with H2A. As sodium chloride was 
used in our experiments to maintain the ionic strength a complex could be 
formed at low pH. 
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REDUCTION OF COBALT(II1) 529 

Influence of Iron(II1) Complex 

The catalytic effect of iron(II1) present as complexes, with EDTA, phen, 
bipy and C1- was investigated. A series of experiments presented in Figure 2 
show higher kobs values at pH 7.5; additional experiments were carried out 
on HTris+/Tris buffer. 

As shown in Figure 4, EDTA has a significant effect on iron(II1) as a 
catalyst, while bipy and phen completely inhibit its activity. This order of 
catalyst activities, depending on the attached ligand, is in agreement with 
the reduction potential for the complexes. The data in Table I1 show that 
the order of reducing power of the different iron(II1) complexes is: 
EDTA < chloride < bipyridine = phenanthroline. 

Although Fe(II)/EDTA is extremely oxygen sensitive and easily oxidized 
to Fe(III)/EDTA, experiments carried out in the presence and absence of 

25.0 

20.0 

h 
P 

k - 15.0 

b 
m 

F 

\ 

(I) 10.0 n 
9 

5.0 

0.0 

d 

I C  

! a,b 

0.0 2.0 4.0 6.0 8.0 10.0 

[Fe(lll)/L] / (M) 
FIGURE 4 kobp as a function of iron(II1) complex concentration in HTris+/Tris buffer (pH 
7.2) and absence of excess EDTA. [H2A] = 3.00 x 10-2M; [Co(C20.&l3- = 3.00 x IO-’M; 
ionic strength = 1 .O M (NaCI), (25.0 f 0.1)”C. L = (a) bipy, (b) phen, (c) Cl- and (d) EDTA. 
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530 A. FORNARO AND N. COICHEV 

TABLE I1 
complexes of Fe(III)/Fe(II) and CO(III)/CO(II)~~.~~ 

Formal reduction potentials vs. SHE for different 

Redox pariners E (Volts) 

Fe(phen)y + e- * Fe(phen)y 
Fe(bipy)p + e- * Fe(bipy)y 
Fe3+(aq) + e- Fe2+(aq) (HC1) 
Fe(EDTA)- + e- + Fe(EDTA)2- 
[ C O ( C ~ O ~ ) ~ ] ~ -  + e- * [ co (c~o~) , ]~ -  

1.12 
1.096 
0.77 
0.12 
0.57 

TABLE 111 /cob values as a function of the concentration of iron(II1) or copper(I1) 
complexes, [M/L]. [HlA] = 3.00 x M; ionic strength= 
1.OM (NaCl), (25.0 f 0.l)”C and HTris+/Tris buffer (pH 7.2). 

M; [Co(C204)3l3- = 3.00 x 

[M/L]/lO-’M k0b/1~-3 s-I 

Cu(II)/Cl- Fe(III)/Cl- Cu(II)/EDTA* Fe(III)/EDTA* 

0 
1 .o 
2.0 
5.0 

10.0 

0.95 0.95 0.53 0.53 
1.4 0.99 0.53 3.2 
1.9 1.2 0.54 5.6 
3.3 1.8 0.52 13.5 
5.4 2.7 0.53 22.3 

*[EDTA]=3.15 x lO-’M 

oxygen had the same values of the rate constants, since H2A was kept in 
large excess. 

The effect of Fe(III)/Fe(II) redox potential (Table 11) is on regenera- 
tion of the Fe(II1) catalyst according to equation 18. The relative values 
of the reduction potential for different Fe(III)/Fe(II) complexes and 
[CO(C,O,)~]~-/[CO(C~O~)~]~- show that only with [Fe(EDTA)I2- is the 
redox reaction indicated by equation 18 thermodynamically favored. 

We did similar experiments on the reduction of [CO(C~O&]~- by H2A 
using Cu(I1) instead of Fe(II1) at pH=7.2. Cu(I1) has bigger effect than 
Fe(II1) with chloride ligands, and, in contrast to Fe(III), EDTA completely 
inhibits catalytic activity of Cu(I1) (Table 111). The present results with 
Cu(I1) cannot be compared with the Davies studies32 which were done at 
pH=2.5 in perchlorate medium with the Cu2+ ion kept in 10 fold excess 
over [ C O ( C ~ O ~ ) ~ I ~ - .  

The Cu(I1) ion has been investigated as a catalyst for the oxidation of 
ascorbic acid by molecular In several studies by Taqui 
Khan and Martell the rate of this reaction is much faster catalyzed by 
iron(II1) chelates than by Cu(I1) chelate~.’~.’’ They proposed a pre-equilib- 
rium with complex formation similar to that described by the equations 16 
and 17. 
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The reaction of L-ascorbic acid with oxygen and other oxidizing agents 
is catalyzed by transition metal ions;’-3 sometimes solutions are stabilized 
by the addition of EDTA, which complexes the metal ions and arrests the 
catalysis. The present studies, show that for iron(II1) EDTA increases its 
catalytic activity. 
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