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Abstract The kinetics of oxidation of riboflavin (RFH)

by sodium metaperiodate (IO4
-) in aqueous acidic medium

have been studied. The reaction showed first-order depen-

dence on both reactants and inverse dependence on [H?]

over the pH range 1.4–2.6. The deprotonated form of ri-

boflavin was found to be more reactive than its conjugate

acid, (RFH2
?). The polymerization of acrylonitrile pro-

vided evidence for an inner-sphere mechanism involving

iodine(VI) free radicals. The main oxidation products were

identified by TLC and mass spectra as lumichrome and

1-acetylglycerol. The effect of iron(II) on the rate of

oxidation was studied over the range (0.96–6.0) 9

10-6 mol dm-3, and the rate was found to decrease with

[Fe2?] over the range studied.

Introduction

Periodate oxidations play an important role in biological

determinations [1, 2]. They have been used in the spec-

trophotometric determination of glucose and fructose in

invert sugar syrups [1]. Sodium metaperiodate [IO4
-] has

been used for the oxidation of many inorganic [3–6] and

organic substrates [7, 8] through two-electron transfer,

[iodine(VII) ? iodine(V)]. Symons reported that the

oxidation of iron(II) by periodate proceeds via a series of

one-electron transfer steps, involving iodine(VI) free

radicals [9]. The polymerization of added acrylonitrile was

taken as evidence for the formation of free radicals, re-

sulting from one-electron transfer oxidation. Oxidations of

inorganic and organic substrates by periodate are reported

to proceed through an inner-sphere mechanism [3–5]. In all

cases, IO4
- was reduced to IO3

- [4–6, 10]. The kinetics of

oxidation of L-arginine by periodate have been studied

spectrophotometrically in alkaline medium at k = 280 nm

[11]. The reaction was first order with respect to [sub-

strate], [alkali], and [periodate]. The oxidation product of

the reaction was found to be the a-keto acid. The anionic

form of arginine (Arg-) was considered to be the reactive

species. The kinetics and mechanism of oxidation of

[CoII(HDTA)]4- (HDTA) = hexamethylenediaminete-

traacetic acid by periodate have been studied spectropho-

tometrically in aqueous acidic medium [12] under pseudo-

first-order conditions by taking a large excess of [IO4
-] at

pH 4.0 and temperature = 30 �C. The electron transfer

reaction between [CoII(HDTA)]4- and [IO4
-] obeys an

inner-sphere reaction pathway, in which a long-lived in-

termediate complex is converted into the corresponding

[CoIII(HDTA)]3- complex as final reaction product. Os-

mium(VIII)-catalyzed oxidation of DL-methionine by

sodium periodate (Per) was studied spectrophotometrically

at k = 280 nm in aqueous alkaline medium at 30 �C [13].

A microamount of osmium(VIII) was sufficient to catalyze

the reaction, which was first order in both [periodate] and

[osmium(VIII)]. The reaction rate decreased with increas-

ing [Met] and was independent of ionic strength and

[OH-]. Methionine sulfone was found to be the main

oxidation product. The kinetics and mechanism of

oxidation of norfloxacin (NF) by diperiodato-argen-

tate(III) (DPA) in alkaline medium were studied

spectrophotometrically [14]. The reaction exhibits 1:1
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DPA– NF stoichiometry, being first order in DPA, frac-

tional order in both NF and alkali, and negative fractional

order with respect to periodate. The main reaction products

were hydroxylated NF and Ag(I). A mechanism involving

free radicals was proposed. The kinetics of oxidation of

chloramphenicol(CHP) by diperiodato-cuprate(III) (DPC)

in aqueous alkaline medium were studied spectrophoto-

metrically [15]. This reaction exhibits 1:2 stoichiometry

(CHP–DPC) in alkaline medium. The reaction was first

order in both DPC and CHP and showed fractional order

dependence on alkali concentration. Increasing periodate

concentration decreased the reaction rate.

Riboflavin is a water-soluble vitamin involved in a range

of biologically important redox reactions. In the present

work, we report on a study of the kinetics and mechanism

of oxidation of riboflavin by sodium metaperiodate in

aqueous acid medium.

Experimental

Materials and methods

All chemicals used in this study were of reagent grade

(Analar, BDH, Fluka). Buffer solutions were prepared using

Na2HPO4 (0.1 mol dm-3) and citric acid (0.2 mol dm-3).

NaCl solution was used to adjust the ionic strength. Doubly

distilled water was used in all kinetic runs and preparations.

A stock solution of sodium metaperiodate (NaIO4, Aldrich)

was prepared by accurate weighing and wrapped with alu-

minum foil to avoid photochemical decomposition [9].

Riboflavin (Sigma) was used without further purification. A

stock solution of riboflavin was prepared by dissolving the

required weight in doubly distilled water, and NaOH

(0.1 mol dm-3) was added dropwise to form a clear yellow

to orange solution, which was kept in the dark to avoid its

photolysis. Riboflavin is light sensitive and unstable in al-

kaline solutions, but neutral and acidic solutions are stable

in the dark (3 % decomposition per month at 27 �C, pH

6.0).

Measurement of rate constant

As reported, riboflavin (RFH) shows absorption maxima at

225, 275, 370, and 450 nm at pH 7 [16]. The UV–visible

absorption spectra of the oxidation products of (RFH) by IO4
-

were followed spectrophotometrically for a definite period of

time using a Shimadzu 1700 p.c. spectrophotometer. Separate

solutions of riboflavin and periodate in the required buffers

were allowed to equilibrate separately at the required tem-

peratures in a water bath for ca. 20 min, then thoroughly

mixed and quickly transferred to an absorption cell. The rate

of reaction was followed by measuring the absorption of the

oxidation product (lumichrome) versus time at

kmax = 380–385 where the absorption was maximal at the

pH’s used (Fig. 1). In our pH range (pH 1.40–2.60), riboflavin

shows an absorption maximum at kmax = 445 nm, whereas

the band at 385 nm belongs to lumichrome as shown in Fig. 1.

On oxidation, the peak at 445 nm decreased, while the peak at

385 nm increased with time. The presence of one isosbestic

point at 420 nm indicates the presence of two absorbing

species at equilibrium. Pseudo-first-order conditions were

maintained in all kinetic runs using a large (tenfold) excess of

[IO4
-] over riboflavin. The pH of the reaction mixture was

measured using a 3505 Jenway pH meter.

Stoichiometry

A known excess of riboflavin (at least threefold) was added

to IO4
- in the required buffer. The concentration of the

unreacted riboflavin was measured after 24 h from the

onset of the reaction by dividing the absorbance at 445 nm

by its molar absorptivity at the employed pH. This ex-

periment showed that one mole of periodate was consumed

per mole of riboflavin, consistent with; Scheme 1.
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Fig. 1 Absorption spectra of the oxidation products at different

times. Curves (1–11) were recorded at 0.5, 1.5, 3.0, 4.0, 6.0, 7.0, 8.0,

10.0, 15.0, 20.0, and 25.0 min. from the time of initiation of reaction.

pH 2.20, I = 0.10 mol dm-3, T = 30 �C, [IO4
-] = 1.30 9

10-4 mol dm-3, and [RFH] = 1.30 9 10-5 mol dm-3
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Riboflavin Lumichrome

Scheme 1.

Product analysis

The products of the oxidative degradation of riboflavin in

aqueous acidic solution were studied by a combination of

UV–vis spectrophotoscopy, TLC, and mass spectra. TLC

of the oxidation product was carried out on 250-lm silica

gel G plates using the solvent system: (a) 1-butanol-acetic

acid–water (40:10:50 v/v) [17] organic phase and

(b) chloroform–methanol (9:2 v/v) [18]. The degradation

products were significantly influenced by pH. Ahmed et al.

[19] reported that lumichrome was the only major ri-

boflavin degradation product in neutral to acidic pHs.

When the pH of the solution was between 7 and 9, lumi-

flavin was also one of the major degradation products.

Formylmethyl-flavin (FMF) and carboxymethyl-flavin

(CMF) were reported as the other minor products [19].

Results and discussion

Oxidation of riboflavin by periodate was studied over the

pH range (1.40–2.60), (0.1–0.5) mol dm-3 ionic strength

and temperature range 20–40 �C for a range of periodate

and riboflavin concentrations. The reaction rate was mea-

sured at the onset of the slow reaction at fixed [IO4
-], ionic

strength, pH, and temperature. Plots of ln (A?–At) versus

time where A? and At are the absorbance of the oxidation

products at infinity and at time t, respectively, were linear

up to C90 % of the reaction. Values of the pseudo-first-

order constant, kobs, were calculated from the slopes of the

first-order plots. The stability of riboflavin toward the

buffer was checked by measuring the absorbance at

445 nm for different periods of time. The constancy of the

absorbance values indicates that there was no reaction

between riboflavin and the reaction medium.

The effect of riboflavin concentration on the reaction

rate was studied by varying the concentration over the

(0.80–5.00) 9 10-5 mol dm-3 range while keeping other

parameters at constant values. The constancy of kobs at

different riboflavin concentrations over the range studied

indicates that the reaction is first order with respect to ri-

boflavin concentration (Table 1). A plot of log (rate) versus

log [riboflavin] was linear with slope = 1.0 ± 0.1. The

effect of temperature on the reaction rate was studied over

the range 20–40 �C while keeping other parameters con-

stant. The kinetic data (Table 1) indicate that the reaction

rate increased with temperature over the range studied.

At constant [H?] and ionic strength, 1/kobs varies linearly

with 1/[IO4
-] at different temperatures (Fig. 2) over

the 20–40 �C range, with correlation coefficients r20 =

0.9988, r25 = 0.9996, r30 = 0.9998, r35 = 0.9999, and

r40 = 0.9998, where the subscripts are the temperatures in

�C. The rate of reaction is thus represented as,

rate ¼ a IO�4
� �

T

� ��
1þ b IO�4

� �� �� �
RHF½ �T ð1Þ

where [IO4
-]T and [RHF]T represent the total periodate and

riboflavin concentrations. Then,

kobs ¼ a IO�4
� �

T

�
1þ b IO�4

� �� �

or

1=kobs ¼ 1= a IO�4
� �� �

þ b=a ð2Þ

values of a and b were calculated at different temperatures

from the slopes and intercepts of the plots, respectively

(Table 2). Thermodynamic activation parameters including

the enthalpy DH� and entropy DS� associated with the

factor a were calculated using a least-squares fit to the

transition state theory equation as 12.56 kJ mol-1 and

-177.17 J K-1 mol-1, respectively. The electron transfer

step is endothermic, as indicated by the positive value of

DH�. The parameter DH� is a composite value including

the enthalpy of formation associated with the precursor

intermediate, [RFH - (IVII)], and the enthalpy of activa-

tion of the intramolecular electron transfer step. The

composite negative value of DS� may be attributed largely

to the substantial mutual ordering of the solvated water
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molecules of the equilibrium reactions and intramolecular

electron transfer step [20].

The effect of pH on the reaction rate was studied by

varying the pH between (1.40 - 2.60) at constant tem-

perature and ionic strength. The values of kobs (Table 3)

show that the reaction rate increased with pH over the

range studied, suggesting involvement of the deprotonated

form of riboflavin in the rate determining step. Plots of

1/kobs versus 1/[IO4
-] at different pH values were linear

with definite intercept, correlation coefficients 0.9991,

0.9998, 0.9998, and 0.9998, at pHs 1.40, 1.70, 2.2, and 2.6,

respectively (Fig. 3).

The effect of ionic strength was studied by varying the

ionic strength values using standard NaCl solution over the

(0.10–0.50) mol dm-3 range while maintaining other pa-

rameters constant. Values of kobs obtained at different ionic

strengths (Table 4) indicate that the reaction rate was inde-

pendent of this variable, supporting the conclusion that the

reaction occurs between charged and uncharged species.

When acrylonitrile was added to the reaction mixture in

a separate experiment, polymerization was observed after

1 day, indicating the presence of free radicals (IVI), con-

sistent with the oxidation taking place through a one-

electron transfer pathway. When acrylonitrile was added to

riboflavin in the required buffer but in the absence of pe-

riodate, no polymerization was observed after the same

period; hence, the polymerization is attributed only to the

presence of iodine(VI) free radicals.

As reported previously [16], riboflavin exists in ca-

tionic form (RFH2
?) at low pH (\4.0), neutral form

(RHF) at intermediate pH, and anionic form (RF-) at

high pH ([9.7). In our pH range (1.40–2.6), the most

probable reactive form of riboflavin is therefore (RHF2
?).

From the reported equilibrium constants of aqueous pe-

riodate solution, it is assumed that over the pH range

used, the periodate species likely to be present are IO4
-

and H4IO4
-. Kustin and Lieberman [21] reported that at

pH 4.2 and I = 0.1 mol dm-3, 99.8 % of periodate is

present as H4IO6
- plus IO4

- and the remaining 0.2 % as

H5IO6
-.

The mechanistic pathway for the oxidation of riboflavin,

(RFH2
?) by periodate over the pH range studied, (1.40–

2.60) may therefore be represented as follows (IVII repre-

sents [IO4
-] and H4IO6

-).

RFHþ2
� �

�
K1

RFH½ � þ Hþ ð3Þ

RFHþ2
� �

þ IVII
�
K2

RFH2 � IVII
� �

ð4Þ

RFH½ � þ IVII
�
K3

RFH� IVII
� �� ð5Þ

RFH2 � IVII
� �

�!k1
products slow ð6Þ

RFH� IVII
� �� �!k2

products slow ð7Þ

The main oxidation products of riboflavin were identi-

fied as lumichrome and 1-acetylglycerol, CH3–CO–

(CHOH)3H by TLC and mass spectra.

From the above mechanism,

Table 1 Dependence of the reaction rate on [RFH], [IO4
-], and

temperature at pH 2.2 and I = 0.1 mol dm-3

Temperature

(�C)

104 [RFH]

(mol dm-3)

103 [IO4
-]

(mol dm-3)

103 kobs

(s-1)

20 5.0 0.50 8.43

20 5.0 0.70 11.14

20 5.0 1.00 15.23

20 5.0 1.25 16.95

20 5.0 1.50 20.21

20 5.0 2.0 24.62

25 5.0 0.50 9.75

25 5.0 0.70 13.35

25 5.0 1.00 17.61

25 5.0 1.25 21.91

25 5.0 1.50 24.48

25 5.0 2.00 30.03

30 5.0 0.50 10.93

30 5.0 0.60 12.99

30 5.0 0.70 14.86

30 5.0 0.80 16.74

30 5.0 0.90 18.75

30 5.0 1.00 20.47

30 5.0 1.25 24.24

30 5.0 1.5 28.40

30 5.0 2.00 34.27

30 0.80 1.00 20.50

30 0.90 1.00 20.49

30 1.00 1.00 20.51

30 1.20 1.00 20.47

30 1.50 1.00 20.48

35 5.0 0.5 12.03

35 5.0 0.7 16.15

35 5.0 1.00 22.04

35 5.0 1.25 26.28

35 5.0 1.5 30.89

35 5.0 2.00 38.91

40 5.0 0.5 13.43

40 5.0 0.7 18.1

40 5.0 1.00 24.84

40 5.0 1.25 29.77

40 5.0 1.50 35.47

40 5.0 2.0 45.12
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rate ¼ k1 RFH2 � IVII
� �

þ k2 RFH� IVII
� ��

¼ RFH½ � IVII
� �

k1K2 Hþ½ �ð Þ þ K3K1k2ð Þf g
ð8Þ

If [RFH]T represents all the different forms of riboflavin,

then

RFH½ �T¼ RFH½ � K1 þ Hþ½ � þ IVII
� �

K2 Hþ½ � þ K1K3ð Þ
� �

ð9Þ

Substitution into Eq. (8) then gives

rate ¼ IVII
� �

RFH½ �T
�

k1K2 Hþ½ �ð Þ þ K1K3k2ð Þ
�

K1 þ Hþ½ �ð Þ
þ IVII
� �

K2 Hþ½ � þ K1K3ð Þ
�

and

kobs ¼ IVII
� ��

k1K2 Hþ½ �ð Þ þ K1K3k2ð Þ
�

K1 þ Hþ½ �ð Þ
þ IVII
� �

K1K3 þ K2 Hþ½ �ð Þg
ð10Þ

Since the deprotonated form of riboflavin, (RFH) is

considered to be more reactive than its conjugate acid in

this system, Eq. (10) reduces to Eq. (11)

kobs ¼ IVII
� ��

k2K1K3ð Þ
�

K1 þ Hþ½ �ð Þ
þ IVII
� �

K1K3 þ K2 Hþ½ �ð Þg
ð11Þ

and

1=kobs ¼ K1 þ Hþ½ �ð Þ
�

IVII
� �

K1K3k2ð Þ
� �

þ K1K3 þ K2 Hþ½ �ð Þ= K1K3k2ð Þf g ð12Þ

At constant [H?], Eq. (12) is consistent with Eq. (2),

where

a ¼ K1K3k2ð Þ= K1 þ Hþ½ �ð Þ
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Fig. 2 Plots of [IO4
-]-1 versus kobs

-1 at different temperatures
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Fig. 3 Plots of [IO4
-]-1 versus kobs

-1 at different pHs

Table 4 Effect of ionic strength on the reaction rate at [RFH] =

5.0 9 10-5 mol dm-3, [IO4
-] = 1.0 9 10-3 mol dm-3, pH 2.20

and temperature = 30 �C

I (mol dm-3) 103 kobs (s-1)

0.10 20.47

0.20 20.50

0.30 20.49

0.40 20.46

0.50 20.48

Table 2 Values of a and b at different temperatures

Temperature (�C) a (mol dm-3 s) b (mol-1 dm3)

20 19.60 306.47

25 21.74 212.17

30 23.98 184.65

35 26.31 185.52

40 29.41 154.7

Table 3 Effect of pH on kobs (s-1) at [RHF] = 5.0 9

10-4 mol dm-3, I = 0.1 mol dm-3 and T = 30 �C

103 [IO4
-] (mol dm-3) 103kobs (s-1)

pH 1.40 pH 1.70 pH 2.20 pH 2.60

0.50 8.66 9.95 10.93 12.73

0.70 11.46 13.48 14.86 15.76

1.00 16.09 18.52 20.47 21.86

1.25 18.06 21.67 24.24 26.53

1.50 21.10 24.92 28.40 30.47

2.00 26.03 30.04 34.27 37.11
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and

b ¼ K1K3 þ K2 Hþ½ �ð Þ= K1 þ Hþ½ �ð Þ

A plot of 1/a versus [H?] was linear with correlation

coefficient 0.9998, slope = 0.302 and intercept = 0.0389.

K1 was calculated by dividing the intercept by the slope as

0.128 mol-1 dm3 s. A plot of b/a versus [H?] was also

linear with correlation coefficient 0.9963, slope = 167.92

and intercept = 6.37. The value of k2 was calculated from

the reciprocal of the intercept as 0.156 mol-1 dm3 s-1,

while K3 was calculated by dividing the intercept of the plot

of b/a versus [H?] by the intercept of the plot of 1/a versus

[H?] as 163.8 mol dm-3. Substituting for the values of K1,

k2, and K3, the value of K2 was calculated from the slope of

the plot of b/a versus [H?] as 549.1 mol dm-3. Indeed an

inner-sphere mechanism seems to be the preferred, if not the

only pathway, in all periodate oxidations. Failure of pe-

riodate to oxidize [Fe(Phen)3]2? to [Fe(Phen)3]3? is in

keeping with the requirement for an inner-sphere mechan-

ism [22].

Kinetics in the presence of iron(II)

The oxidation with periodate can be catalyzed by cop-

per(II) and iron(II) [23]. At constant [RFH], [IO4
-], pH,

ionic strength and temperature, the effect of iron(II) on the

reaction rate was studied over the (0.96–6.0) 9 10-6

mol dm-3 range. The obtained values of kobs (Table 5;

Fig. 4) indicate that the reaction rate was inhibited by

iron(II). This is attributed to the formation of an iron(III)-

periodate complex which is less reactive than free pe-

riodate. The dependence of kobs on iron(II) concentration is

in agreement with Eq. (13);

1=kobs ¼ k3 þ k4 Fe2þ� �
ð13Þ

A plot of 1/kobs versus [Fe2?] was linear with a definite

intercept (Fig. 4). Values of k3 and k4 were calculated from

the intercept and the slope of the plot as 1.61 s and

2.21 mol-1 dm3 s, respectively. The reaction mechanism

in the presence of Fe2? may be represented by the fol-

lowing reaction scheme:

Fe2þ þ IVII ! Fe3þ þ IVI fast

Fe2þ þ IVI ! Fe3þ þ IV fast

Fe3þ þ IVII ! Fe3þ � IVII
� �

RFH½ � þ Fe3þ � IVII
� �

�

K4

RFH� Fe3þ � IVII
� �� �

RFH½ � þ IVII�!k5
products

RFH� Fe3þ � IVII
� �� �

�!k6
products

where IVII and IVI refer to periodate [IO4
-] and the free

radical [IVI], respectively.

From the above mechanism,

rate ¼ k5 RFH½ � IVII
� �

þ k6 RFH� Fe3þ � IVII
� �� �

If [RFH]T represents all the different forms of riboflavin

present, then

RFH½ �T¼ RFH½ � þ RFH � Fe3þ � IVII
� �� �

rate ¼ k5 RFH½ �T IVII
� ��

1þ K4 Fe3þ � IVII
� �

and

kobs ¼ k5 IVII
� ��

1þ K4 Fe3þ � IVII
� �

1=kobs ¼ 1=k5 IVII
� �� �

þ K4 Fe3þ � IVII
� ��

k5 IVII
� �� �

ð14Þ

At constant periodate, Eq. (14) is consistent with

Eq. (13), such that k3 = 1/k5[IVII] and k4 = K4/k5[IVII].

The value of K4 was calculated by dividing the slope by

the intercept of (Fig. 4), as 1.37 mol-1 dm3. The reported

ability of periodate to coordinate copper(III) and nick-

el(IV) [24] may confirm the role by which Fe2? inhibits

the reaction rate via the formation of an (Fe3? - IVII)

species.

Table 5 Effect of [Fe2?] on the reaction rate at pH 3.5,

[RFH] = 5.5 9 10-5 mol dm-3, [IO4
-] = 2.0 9 10-3 mol dm-3

and T = 30 �C

106 [Fe2?] (mol dm-3) kobs (s-1) kobs
-1 (s)

0.00 0.53 1.88

0.96 0.043 23.25

3.36 0.013 76.92

3.60 0.012 83.33

4.60 0.0096 104.16

6.00 0.0074 135.13

0.0 2.0x10-6 4.0x10-6 6.0x10-6
0

40

80

120

k ob
s-1

,s

[Fe2+],mol dm-3

Fig. 4 Plot of kobs
-1 versus [Fe2?]

384 Transition Met Chem (2015) 40:379–385

123



Conclusion

The kinetics of oxidative degradation of riboflavin by pe-

riodate have been studied under various conditions. The

reaction rate showed first-order dependence on both reac-

tants and increased with pH over the (1.4–2.9) range. In an

acid medium, riboflavin exists in its protonated form,

RFH2
?. However, the deprotonated form of riboflavin,

RFH was regarded as most reactive species over the pH

range studied. Periodate oxidation may occur through one-

or two-electron transfer pathways, but the detection of free

radicals is consistent with a one-electron transfer reaction.

The main oxidation products were lumichrome and

1-acetylglycerol. An inner-sphere mechanism in which the

deprotonated form of riboflavin bridges to periodate in a

step preceding the rate determining steps was suggested.

The reaction rate was inhibited by added Fe2?, probably

due to the formation of a Fe3? periodate complex which is

less reactive than free periodate.
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