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The kinetics of the oxidation of L-ascorbic acid (Hz A) by methylene blue was investigated in strongly
acidic media over the temperature range 22-40°C. The kinetic studies were carried out as a function of
different variables like concentration, pH, ionic strength and temperature. The rate was found to be a
linear relation with [H> A], [M.B.] and [H*]. Tonic strength dependence formation indicated complex
formation by monocationic and anionic species in solution. The reaction rate was greatly catalyzed by
the presence of trace amounts of copper (II) ion. Possible mechanisms for the catalyzed and uncatalyzed
reactions are proposed. Kinetic evidence for a specific catalytic effect by binding of alkali metal ions
to oxidant is also reported. The derived rate equations are in good agreement with the experimental

observations.

Introduction

The oxidation of ascorbic acid (Vitamin C) is a very important redox reaction, as it has interesting biological
properties and is also a powerful reductant. Ascorbic acid is a lactone with a 2,3-endiol group. The enolic
group imparts acidity to the molecule; the enol group at position 3 has a pK, of 4.1 and the enol at position
2 has a pK, of 11.6. It is very effective as a reducing agent and is quantitatively reversibly oxidized in
aqueous solution by different oxidizing agents. Ascorbic acid is susceptible to oxidation in both acidic and
basic media. The products of the oxidation depend largely on the pH of the reaction; however, its oxidation
by various oxidizing agents in acid solution produces dehydroascorbic acid, a lactone whose ring can be easily
hydrolyzed to give the free carboxylic group®.

A number of papers have been devoted to the oxidation of ascorbic acid in acidic and basic media with
various inorganic®>~7) and organic substrates(®?). However, the reduction of organic dyestuff with ascorbic

acid is very seldom reported(!?). Recently, Strizhak studied the kinetics of the catalytic and uncatalytic
oxidation of ascorbic acid by methylene blue, a cationic organic dyestuff, and reported the effects of the

n1112) However, his reports were

concentration of the reactants and pH of the medium on the reactio
somewhat limited in kinetic and mechanistic details. We have therefore extended the study to involve a

new pH range, ascorbic acid concentration, salt effects, ionic strength and temperature. Most interesting,
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however, is our observation that number of transition metals catalyzed the same reaction with variable
capability.
The present investigation describes the results of a comprehensive comparative study of the different

catalyzed oxidation reactions of ascorbic acid by methylene blue and proposes a new reaction mechanism

based partially on experimental results and partially on previously published results12).

Reagents and Equipment

A.R. grade ascorbic acid, methylene blue, potassium chloride, lithium chloride, sodium chloride, citric acid
and disodium hydrogen phosphate were used without further purification. All solutions were freshly prepared
in double distilled water and kept in darkness. A stock solution of Ho A and methylene blue were prepared
by dissolving appropriate amounts of these compounds in citric acid-disodium hydrogen phosphate buffer
system at pH = 2.20. pH measurements were performed with a digital pH meter (£ 0.01 pH) equipped with
combined glass and calomel electrodes. The desired temperature (£ 0.1°C) was maintained in the reaction

cell of the spectrophotometer by water circulating thermostatic bath.

Experimental

An excess of ascorbic acid was used in all cases in order to achieve pseudo-first order kinetic conditions. The

corresponding rate constants were evaluated from the plots of In (A¢-As) vs. time.

Results and Discussion
[H2A] Dependence

Initial concentrations of the reductant in the range 0.5x1072 to 3x10~2 mol. L™! were used to study the
influence of [HaA] with fixed 1.0 x 107° mol. L~ 'methylene blue at 32°C. The pH of the solution was 2.20.
The pseudo-first order rate constant increasesd with increasing ascorbate concentration. The plot of ks vs.
[HoAl; was linear with a small intercept (Fig. 1). This result implies that the reaction is first order with
respect to ascorbate concentration. The rate-determining step of the reaction can therefore be of the form
of eq. (1):

HoA + [M.B.] < Products (1)

The product of this reaction is M.B.-Ascorbate intermediate.

Effect of Methylene Blue

The effect of methylene blue concentration, shown in Fig. 2. The plots of k,s vs. methylene blue
concentration ranging from (0.5-2.0) x 107° mol. L~! show a linear relationship between ks and [M.B.].
This fact reveals also a first order dependence in the oxidant.

An overall second order rate equation will be expressed in the form

-d [M.B.] / dt = keps [M.B.] = ko [H2AJ:[M.B.]

where ko is the 2"¢ order rate constant, and [HaAl; indicates total concentration of all the forms of

L-Ascorbic acid and can be set as [HoA] + [HA™] in the working pH.
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Figure 1. Plot of kops vs. [HzA] showing the pseudo-
first-order dependence on the reductant. [M.B]=1x 107"
mol. L™1; pH=2.20; T=32°C

Effects of Ionic Strength

10° x [M.B.]/ mol. L1

Figure 2. Plot of kops vs. [M.B] showing the pseudo-
first-order dependence on the oxidant. [HaA]=1.5x 107°
mol. L™ pH=2.20; T=32°C

The effect of ionic strength on the reaction kinetics was investigated using varying concentrations of added
neutral salts of the type YCI (where Y = LiT, Nat, K*) at pH 2.20 and 32°C. Figure 3 shows that [K*]

had no effect on ks while the plots of kyps vs. [LiT] and [Na™] gave straight lines and slopes declined from

7.06 to 2.23 571
Scheme 1 at pH = 2.20

HoA _fe . AH- 4+ H* (1)
HoA + M.BT _ k1 HA®+ M.B® + HT (11)
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AMBY]/dt = MB* (koA + ko[ AB] + kyarp YKy p gy ars Y] / K g k[ AHC))}
where kl[HQA] + kQ[AH_] = ke
and kskyyp[AHT][YT] / (kyprp + ks[AHT]) = k,
50 kops = knetke [YT] (2)

Steps (I-V) have already been suggested (1) but they did not take into account all the experimental

observations related to salt effect in the reported work.
For the specific catalysis by two alkali metal ions steps (VI-VIII) must also be taken.

According to equation 2, the plots of the ks values vs. [Y ] give the values of slope (k.) and intercept
(kne). The value of k,. remains the same for all the metal ions utilized, but the slope k. decreases from
Lit to KT, which supports the suggestion of a specific catalytic effect by ion pair formation. The values
for the association constant ky ysp of equilibrium step (V) corresponding to that of [Li*] are calculated and

reported in Table 1.

Table 1. Ordinates kn. and k. of the linear regression eq. (2) according to the data of Fig. 3.

Y  kue/s ! ke/s7! Kyup/s~! Polarizability
at;/10%4C m?

Lit 1.52 7.06 1.0 0
Nat 1.51 2.23 0.32 0.17
K+ 1.50 0 - 0.82

Catalysis by ion pairing of alkali metal ions is a general feature common to many chemical reactions
between two charged species or an uncharged and a charged species (13715 In our studies, results show
that catalysis by ion pair formation increased the electronic repulsion between the reactants, since the ion

association constant ky psp became smaller with increasing cation size.

According the Debye-Huckel equation, the ionic strength dependence plot of log ky vs. p!/2 / (1+ ut/ 2)
gave a negative slope, confirming that complex formation takes place through the interaction of monocationic

species and an anionic species, (eq. 3) 16.

pH Effect

Kinetic runs were carried out at 32°C in citric acid/disodium hydrogen phosphate buffer systems with the
fixed ascorbic acid concentration over the pH range 2.00-3.00 at a constant ionic strength of 0.1 M KCI. The
rate of complex formation was found to have linear dependence on [H*]. This dependence is explained in
terms of eq. (3) and (4).
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Figure 3. Plot of kops vs. alkali-metal ion concentration Figure 4. Effect of [H+] on pseudo-first-order rate con-

showing a special effect. [M.B.]J=1 x 107° mol. L' stant. Other conditions as in Fig. 3.
[H2A]=1.5 x 1072 mol. L™"; pH=2.20; T=32°C

HoA < HA-+ HT (3)
[M.B]™ + HA~ — Complex (4)
The rate expression for the reaction in terms of k.;s is written as
kops=k1k, [HoA]r (K, + HT) (5)
where [HoA]r = [HoA]+ [HA™) (6)
Inversing equation (5) we obtain
ko = 1/ ki [HoAl7 + [HY] 1/kiK, [H2Alr (7)

Substituting the values of the dissociation constant K, obtained by potentiometric titration at different

—1

e V8. [HT] in accordance with eq. (7), the rate constant k;

temperatures(!”) by the slope of the plot of k
at 32°C is 24.90 s~1. The average value of rate constant k; calculated by using eq. (5) is equal to 24.66
s~1. These results indicate that there is no significant reaction of [M.B¥] with undissociated HyA under the

present experimental conditions.

Catalyst Dependence

Different transition elements, Cu (II), Fe (II), V (V), Cr (VI), Mn (II), Co (II), Pb (II), Zn (IT), Ni (II), T1
(I) and Hg (II), were tested as a catalyst for this reaction. The results show that Co (II), Pb (II), Zn (II),
Ni (II), T1 (I) and Hg (IT) have no catalytic effect on the rate of reaction while Cu (II), Fe (II), V (V), Cr
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(VI) and Mn (II) accelerate the reaction rate with varying catalytic activity (Fig. 5).

Variation of concentration of the catalyst in the range 0.1 ppm to 0.5 ppm was done at 32°C with
fixed 1.5 x 1072 M [HzA] and 1 x 1075 M [M.B] at pH 2.20. It was observed that the rate of reaction
between L-ascorbic acid and methylene blue was greatly accelerated by the presence of trace amounts of
copper (II) ions.

A plot of rate versus [Cu (II)], [Fe (IIT)], [V (V)], [Cr (VI)], [Mn (II)] gives a straight line with the
same values of intercept of about 12.40 s~!, which is equal to the rate of the uncatalyzed reaction. The
values of slopes are quite different: 26.15, 16.86, 12.53, 4.43 and 1.65 s=* for Cu (II), Fe (II), V (V), Cr
(VI) and Mn (II) respectively. Table 2 shows the comparison between the catalytic efficiency of Cu (IT) with
other transition metals. Here x indicate the ratio of rate constants of Cu (II) with other transition metals.

This observation infers that Cu (IT) has the maximum catalytic efficiency among all the metals used.

Table 2. x indicates the catalytic efficiency of Cu(II) compound with other suggested ions.

Transition metal ions X
Fe (I11) 1.55
V (V) 2.08
Cr (VI) 5.90
Mn (II) 15.86

Plots of ket vs. [Cu (IT)] showed a straight line with an intercept. The reaction was described by the

following equations:
-d[M.BT]/dt = keat [ M.B]
keat = Ko[Cu (ID)] + (kp + ke [Cu (I1)][H2A]+ )
keat. = kp [HaA]; + (K, + ke [H2A])[Cu (IT))
where [HoAJ; indicates the concentration of ascorbic acid at the initial stage of the said reaction ().

Preliminary experiments with 1.5 x 1072 mol. L~! [HA], 1x107° mol. L=! [M.B], 0.1 ppm to 0.5
ppm [Cu (II)] at pH 2.20 and 32°C indicate that the rapid formation of an intermediate ascorbate complex,
which subsequently decomposed to the products dehydroascorbic acid and intermediate. It was possible to
record the spectrum of intermediate species during the formation and decomposition process. Fig. 6 also
shows that by increasing the concentration of Cu (II) from 5.0 ppm, to 20.0 ppm the stability time of the

intermediate complex decreases.

Temperature Effect

Kinetic runs were performed over the temperature range 22-40°C. The thermodynamic parameters at 25°C

given in Table 3 show that the reaction is endothermic with positive values of AH7 and AG7.
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Figure 5. Decolorization rate curves of the catalytic Figure 6. Plot of Time vs. Abs. for different [Cu®"]

reactions. Other conditions as in Fig. 3. showing stability time of the intermediate complex.

Table 3. Thermodynamic parameters for the reaction between methylene blue and abcorbic acid.

Transition metal ions AH7 /kJ mol~!  AS7/kJ mol~! K=!  AG7/kJ mol~!

Absent 62.29 -92.17 89.76
VA 62.13 -92.34 89.65
Fet? 50.87 -127.84 88.96
Cut? 44.24 -138.90 85.63

Table 4. Thermodynamic and activation parameters for interaction of M.B™ and HA~

Catalyst Ea/kJ mol~?

Blank 64.77
Vo 64.61
Fet? 53.35
Cut? 46.72

Activation parameters for uncatalyzed reaction.
AH; = 438.147 kJ mol ™+

AH, = 457.851 kJ mol ™+

AS; = 1.214 kJ mol 'K~!

AS; = 1.137 kJ mol'K~!

Table 4 shows that the activation energy of catalyzed reaction increases with the size of transition

metals. The specific rate constants k; and ky for the uncatalyzed reaction indicate that the k; values (0.0015,
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0.0125 s~!) are much smaller than ko values (0.0064, 0.0587 s~!) at 32 and 36°C. This observation is very

close to the reported work (15-17),

A comparison of activation parameters (Table 4) corresponding to the specific rate constants k; and

ko shows that the activation process is enthalpy controlled, since enthalpy is higher for slower reactions, so

the AH, values larger than AH; values indicate stronger hydration for HA™ than that for HoA.

Acknowledgment

The authors are grateful to the Dean of the faculty of science, University of Karachi, for financial support.

10.

11.

12.

13.

14.

15.

16.

17.

18.

440

References

R. J. Wilson, A. E. Beezer, J. C. Mitchell, Thermochim. Acta 264, 27-40 (1995).

K. C. Rajanna, K. N. Reddy, U. Umesh Kumar, P. K. Sai Prakash, Int. J. Chem. Kinetic. 28, 153-64 (1996).
T. Pal, N. R. Jana, P. K. Das, Indian J. Chem., Sect A 33A, 760-2 (1994).

K. Per olav. B. Pedersen, Acta Chem. Scand. 48, 646-51 (1994).

N. Kagayama, M. Sekiguchi, H. D. Yasuhiro, Takagi Fanahashi, Sh., Inorg. Chem. 33, 1881-5 (1994).
Jose M. Leal, P. Doningo, B. Garcia, Ibeas, Saturnino. J.Chem. Soc., Faraday Trans. 89, 3571-7 (1993).
P. Martinez, J. Zuluaga, A. F. Rodriguez, Z.Phys. Chem. (Leipzig). 271, 597-601 (1990).

M. Verma, A. Chandak, K. C. Nand, Acta Cienc. Indica, Chem. 15, 125-32 (1989).

T. S. Rao, N. R. Kale, S. P. Dalvis, React. Kinet. Catal. Lett. 34, 179-84 (1987).

Jose Peral, Andrew Mills, J. Photochem. Photobiol. A. 73, 47-52 (1993).

P. E. Strizhak, Theoretical and experimental chemistry 29, 283-86 (1993).

P. E. Strizhak, Theoretical and experimental chemistry 30, 239-40 (1994).

A. Loupy, B. Tchoubar, D Astruc, Chem. Rev., 92, 1141 (1992).

M. J. Pregel, E. Buncel, J. Am. Chem. Soc. 10, 115 (1993).

O. R. Leevwenkamp, C. H. Vermaat, C. M. Plug, A. Buk, Pharm. Weekbl., Sci. Ed., 6, 195-99 (1984).
M. M. Taqui Khan, R. S. Shukla, Polyhedron, (10), 2711-15 (1991).

M. M. Taqui Khan, R. S. Shukla, Inorg. Chim. Acta, 149 , 89-94 (1988).

M. Kimura, A. Kobayashi, K Boku, Bull. Chem. Soc. Jpn., 55, 2068-73 (1982).



