Chinese Journal of Chemistry, 2004, 22, 515—520

Microcalorimetric Investigation on the Kinetics of the
Oxidation of Ascorbic Acid with Hydrogen Peroxide
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Based on the thermokinetic theory, a novel thermokinetic research method—self-function regression method,
which could be used to determine the kinetic parameters k;, k, and k-; of the complex reaction: B+
C—I

—1
peroxidewas investigated at pH=5—7 and T=298.15 K, and the kinetic parameters k;, k,and k-; were obtained
with this method. The kinetics of the reaction was investigated in detail. The kinetic parameters of the oxidation of
ascorbic monoanion (HA ™) and ascorbic dianion (A%") with hydrogen peroxide were 3.33X 10 3 s %and 25.48 s *at
298.15 K, respectively. The molar enthalpy change for the reaction was —554.64 kJ - mol~* in phosphate buffer

D]ﬁ(Z_) P, was proposed in this paper. The kinetics of the reaction of ascorbic acid (H,A) with hydrogen

Article

solution at pH 7 and at 298.15 K.
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Introduction

Ascorbic acid is till attractive due to its wide-rang-
ing role in biological processes and chemica fields.
Consequently the knowledge of the kinetics of ascorbate
reduction is highly desirable. In previous papers'™
spectroscopy and electronics methods were generally
used to study the oxidation of ascorbic acid, and only a
first-order reaction rate constant was obtained by these
methods. Since the reaction is a complicated process
involving severa reactive species, the previous studies
were still not enough. Based on thermokinetic theory,
the self-function regression method, which could be
used to determine the kinetic parameters of complex
reactions, was proposed and discussed in detail in this
paper. The oxidation of ascorbic acid by hydrogen
peroxide in buffer solution was also investigated with
conduction calorimeter.

Theory and method

Thermokinetic research method for the reversible-
consecutive fir st-order reaction

Analytical equation of thermoanalytical curve of
the reversible-consecutive first-order reaction A
reversible-consecutive reaction can be expressed as:

B+C @@(ﬂl}l@ | ok p Q)
—1
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where B and C are the reactants; I, P are the intermedi-
ate and the product, respectively; k;, k-1 are the rate
constants of the forward reaction and the backward re-
action for the first step reaction, respectively; k; is the
rate constant of the second step.

Tian's equation is generally used in heat conduction
calorimeter'**®

A‘Z—erKA:Q )

and the total heat power Q of reaction systemis
Q =—V(AH,r,+AH,r,) 3

where 4 isthe height of thermoanalytical curve, anditis
proportional to the temperature difference between the
reaction system and the surroundings, A, K are con-
stants of thermokinetic system. ry, r, are the reaction
rates for the first and second step, respectively; V is the
volume of reaction system; AH;, AH, are the molar en-
thalpy changes of the first and the second step reactions,
respectively.

If only B and C are present at the beginning of reac-
tion in a sample cell and the initiating concentration of
B isfar in excess of that of C, Bi>>C,, according to the
theoretical basis of chemical reaction kinetics and ther-
mokinetics, the analytical equation of thermoanalytical
curve of the reversible-consecutive first-order reaction
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can be proved that
A=Ce™+Ce™+Ce™ 4)
where
c= ACYV (AAH, +A,0H, —k B,AH,)
AK—A)A,A) ,
c,= ACV (A AH, +A,AH, —k B,AH,)
AK—A)A,A,) ’
_ _K
C,=—(Ct+C,), k= n (5)
and

/\1: % El(lﬁBo —H(z + k71)+[(k180 +k2 —|—k71)2 _4k180k2]}2%
0 O
(6)

A= KB, ) (6B, L) kBT
0 U

()

The self-function regression method for the re-
versible-consecutive first-order reaction The
mathematical form of the analytical Eg. (4) of the
reversible-consecutive first-order reaction is the same as
that of the irreversible consecutive first-order reaction
taking place in the conduction calorimeter.®> For a
chemical reaction occurring at constant temperature, C;
and C, are constants, therefore the damping constants Ay
and A, can be calculated according to the method pro-
posed in our previous paper.?*® In this paper, the modi-
fication for the self-function regression method was
suggested as follows.

Supposing 4;, 4i+; and 4+, are one group of height
values of thermoanalytical curve, which have the same
time interval Aty=tj+;—tj=tj+,—tj+1, and 4;, djr1, djr2
are the other group of height values which have the
same time interval At;, and the time interval between
the i-group and the j-group is Aty A=t —ti=tj+1—ti+1
=tj+o—tj+2, then from Eq. (4) it can be proved that

A=(@+B)A.—aBA YA —y(@+B)A  HaBy,.,

®
Rearrangement of Eq. (8) leadsto

A_VAJ' = (a+ﬁ)(4+1_ij+1)_aﬁ(4+2_VAj+2) 9

where a=¢e", B=g’ y=¢ (10)
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In Egs. (8) and (9), 4, 4., 4., 4, 4.y,
4., ae al thermoanalytical curve data, hence the
three unknown values of «a,  and y can be calculated.
Therefore the parameters A; and A, can be calculated.

Calculation of the kinetic parameters ky, k, and
k-1 for reversible-consecutive first-order reaction
From Egs. (6) and (7), we have

At A2=kiBo+ko+k-q (11)
A1 Ao=kiBo * ko (12)

From Egs. (11) and (12) it can be seen that A;+A;
and A; * A, are linear with By, therefore the kinetic pa-
rameters k;, ko and k-1 in model (1) can be obtained by
least square method from a series of A;, A, and corre-
sponding B.

Thermokinetic studies for the reaction of ascorbic
acid with hydrogen peroxide

The simplified model (Eqg. (13)) The process
for ascorbic acid oxidized to dehydroascorbic acid (A)
is complex. H)A/HA ™~ can undergo a reversible Micha
elis two-step oxidation-reduction process with the for-
mation of a free radical A Ths an intermediate.* Ascor-
bic acid has two pK,values (4.04 and 11.34)*for suc-
cessive ionizations in agueous solution.

Thus HA  is the dominant form and the predomi-
nant reactive species at pH=5—7.>%° So the oxidation
process may be simplified to

k k
—— | M2 P (13)

HA™+H,0, =
—1

If the concentration of H,O, is far in excess of that
of ascorbic acid, ¢, o >>¢, ., the process (13) can be
treated as the reversible-consecutive first-order reaction
and the parameters A; and A, can be obtained. From Eqgs.
(11) and (12), the rate constants ki, k; and k-, can be
calculated by least square method. In Egs. (11) and (12),
BO: CHZOZ .

The detailed analysis of the reaction of ascorbic
acid with hydrogen peroxide To account for the
pH effect, further detailed mechanism of the reaction
must be taken into consideration. In fact HA~ and A%
are all important reductants in the range of pH=5—7.
And free radicals AU and [OH will be involved in
the reaction.

_ k
HA +H,0, M- AUFOH+H,0 AH, (14
k
A* +H,0, M2 ABFOH+OH™  AH, (15

K

HA +OHM* - AHHH,0 AH, (16)
K

A* +OH D * - ATHOH™ AH, (@17)

2A D lELAZ*JrA AH, (18)

Scheme 1



Ascorbic acid

where AH;, AH,, AH3, AH4, AHs are the molar enthal-
pies of reactions (14)—(18), respectively. In this work
only the ascorbic acid and hydrogen peroxide were pre-
sent in the sample cell at the beginning of the reactions
and the initiating concentration of hydrogen peroxide

was far in excess of that of ascorbic acid, ¢, o >>c, ,;
because the [OH isavery reactive free radical in reac-
tion, it can be treated with steady-state theory,
d[ [OH ]/dt=0; ATisrelatively unreactive toward other
chemical compounds,* so its concentration may be
treated as constant ¢, to some extent; and if assuming
ke[HA ] >>kq[A? "], the thermoanalytical curve equation
of the reaction of the ascorbic acid with hydrogen per-
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A= De ™+D,e ™ +De™" (19
2 2k
Where Al +A2 — k1CH202 _l_ 2CH202 ‘|‘2k5% (20)
61 02
2
A= ( klg*zoz 420G ) 2k, 21)
1 2
0,= 1+[H+] + Ko, (22)
' Ka, [H]

g,= 1401 M1

oxide can be deduced based on the chemical kinetics (23)
and the above-stated theory. Ka, KakKa,
VC,,C 0
D,= w1 Ko an, 1 K a1 R py  BRK G
/\(A k)(}\ /\2) 9 6 62 0 ezks zka O
0
@, rokec KD an K 4ok, g
6 " 6, 6, 8 6 D (24)
V¢
= o, ZA[klAH klAH3+k2AH2+k2AH K, (K +k, —)AH D/\(k A)]D
A(A, —K) 0, 0, 6, 9 LK, VC,i.0,C,n B
D,=—(D,+D,) g
In this work every reaction occurred in the buffer substituted for Eq. (25)
solution at constant temperature. Hence AH;, AH,, AH3,
AH4, AHs, 64, 65, A1 and 1, were all constants for each 2% ¢ 2% ¢
reaction. Consequently D; and D, were also constants. L27HO, 4 227H.0, (29)
According to above-stated method, the constants Ay, 45 N (Ko Fen0,)  G(K, te0)
can be calculated from Eq. (19).
— kl—l + k12 — k2,—1 + k2,2
5 2% where K , K —— =2 |f the
Iet kchzo2 + ZCHZOZ — k- (25) k11 m = k
6, o, equilibriums of the first step in Egs. (27) and (28) can
1 1
reach rapidly, the P and —— will be the associ-
ko = ks (26) , L. ,
ated constants of H,O, with HA~ and A“, respectively.
According to Egs. (20), (21), (25) and (26),  Assuming K, = K, = K, Eq. (29) becomesinto
k andk; can be obtained from A; and A,. That k isvar- 2 ]&ZCHZOZ 24, ¢, o o
ied really with ¢, and that L is linear with G, 0, (Kntcuo) 6:(Kyteuo) (30)
indicate that the complex HA™ H202/A -H,0, may be
formed in the reaction, hence Egs. (27) and (28) could 2k, +2k s
be substituted instead of Egs. (14) and (15). let 6. & k (31)
4 K, Rearranging Eq. (30), we have
HA~ +H,0, : HA - H,0, I -
K 1_ 1, K,
== =+ (32
ATHOH+H,0 27) K K Keyp,
1. . .
A* +H.O, ) AZ-H.0, |:|I|:|k2’2—> Eqg. (32) shows that K is linear with Cro,
21 Therefore k"and K, can be obtained from the inter-
Aﬂ+@H+HZO (28) cept and the slope. Consequently, ki, and k;, can be

According to Egs (27) and (28), Eq. (29) should be

caculated from Egs. (22), (23) and (31) by using
k" values at different pH.
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Enthalpy change of reaction of ascorbic acid with
hydrogen peroxide

Integrating Eq. (2) with respect to time from 0 to o,
we obtain

KA=Q.,, (33)

where A is the total area under thermoanalytical curve,
and Q,, is the total heat effect for a reaction. K can be
obtained by electric calibration,™ therefore the Q., can
be calculated from the area A. Consequently the reaction
enthalpy change AH, can be determined from Q.. and
the quantity of the reacted ascorbic acid.

Experimental

Reactants

Ascorbic acid, 30% hydrogen peroxide, sodium hy-
droxide, potassium diphosphate, potassium hydrogen
phthalate were all of analytical purity. The buffer solu-
tions at pH values below 7 for the experiments were
prepared by using potassium hydrogen phthalate and
sodium hydroxide and the buffers of pH=7 were pre-
pared by using potassium diphosphate and sodium hy-
droxide. The ionic strength was maintained at 0.12
(KCl). The concentration of hydrogen peroxide was
standardized with potassium permanganate.

Calorimetric measurement

All the thermoanalytical curves of the reactions were
measured with a twin conduction calorimeter at 298.15
K. The calorimeter construction and the operation way
have been described in detail in previous articles.***

UV -spectrophotometric measurement
UV kinetic measurement was made spectropho-
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tometrically at 298.15 K, employing a Shimadzu
UV2100 spectrophotometer with a thermostatic cell
compartment. The reactions were initiated by adding 5
uL of 0.3 mol/L ascorbic acid solution into 3 mL of
buffer solution containing the desired reagents. For pH
=5 buffer solution, the absorbance A; was recorded by
monitoring the formation of product at 330 nm vs. time.
For pH=7 buffer solution, the absorbance A; was re-
corded by monitoring the disappearance of ascorbic acid
at 286 nm vs. time. The 1; and 1, can be obtained from
different time course with Fersht’s method™® (The evalu-
ated values are labeled with * in Table 1). A; and A, can
be also obtained with the following method: According
to the theory of chemical reaction kinetics, we have
A—A,=Be ™ +Be™, where B; and B, were
constants at constant temperature, and A,, was the fina
absorbance. Thus the values of 1; and A, can be calcu-
lated by using the self-function regression method™
(The evaluated values are labeled with ** in Table 1).

Results and discussion

Stoichiometry

The stoichiometric relation between ascorbic acid
and hydrogen peroxide was investigated in our work,
and the following stoichiometric equation was found

H;0,+HoA — A+42H,0 (34)

The 1 : 1 stoichiometric relationship of hydrogen
peroxide to ascorbic acid was in agreement with
Ghosh'swork (1.03 : 1).°

Reaction kinetics

Ascorbic acid has two pK, values in agueous solu-
tion, one at 4.04 and the other at 11.34.3 Hence HA ™~

Table1l Kinetic damping constants A; and A, for the oxidation of H,A by H,O, in buffer solutions with different pH value (T=298.15 K,

©=0.12)
pH Gy, /MOl - LY 10°c,, , /(mol - L) 10°) /s 10°2, /57"
5 0.3078 11.54 2974  381* 372+ 3390 33 2.0
0.4615 11.54 3.532 4223
0.7692 11.54 4531 4.28* 6.01** 5521 b5.16* 5.29**
6 0.1538 11.54 3.943 4,054
0.3078 11.54 4.706 5.505
0.4615 11.54 5.557 4.343
0.7692 11.54 7.798 5.209
7 0.0462 2.282 3.678 2.805
0.0462 4.465 3533 2550
0.0923 4565 4.310 1.860
0.1538 11.54 5,570 4.450
0.7692 11.54 12.24 8.470

* The values evaluated with Fersht's method'® from UV-spectrophotometry, ¢, , =5>10“ mol - L ™", ** The values evaluated with
self-function regression method"® from UV-spectrophotometry, ¢, , =510 “mol - L ™",
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will be the dominant form in the range of pH=5—10,
and may be the predominant reductive species because
of its concentration advantage.>®° Thus, Eq. (13) was
reasonable model of the reaction. Based on the simpli-
fied model, the kinetic parameters k;, k;and k-, can be
calculated from Egs. (11) and (12), and the results are
listed in Tables 1 and 2. From Table 2 it can be seen that
the values of k, at different pH were almost close to
each other, and the average was 9.39x10 *s %, while
the values of k; and k-1 varied obviously with pH. The
pH effect clearly indicates that HA~ and A% are the
important reactive species for the oxidation of ascorbic
acid. Therefore Scheme 1 would be the more reasonable
model of the reaction mechanism. From Table 3 it can
be estimated that k,~10 * s *, so the value of concen-
tration of free radial ATl ca. 10°° mol/L, was evalu-
ated from ks=2.4x10° L - mol - s 13 and it was in
agreement with the investigation ([ A ] <<10 8 mol/L=
by Skurlatov with ESR.> From Table 4 it can be seen
that the rate constants of the reaction of HA~ and A%~
with hydrogen peroxide were 3.33% 10 °s * and 25.48
s %, respectively. The great difference may be explained
from the greatly different redox potential
(E° = 0723 V and E° = 0.019 V).2 This

HADHA AIHA2?

Table 2 Kinetic parameters k;, k, and k-, for the oxidation of
ascorbic acid by H,0, (T—298.15 K, u—0.12)

pH 10%ky/(L -mol -5} 10%k/s?  10%k.y/s?
3.812 0.852 1.310
6.435 0.889 2.367
12.595 1.077 2.402

Table 3 Kinetic parameters Kk and ks (Scheme 1, T=
298.15K, £=0.12)

PH €0 /(mol <L) 10%c, , [(mol - L") 10% /s 10°ky /s

5 0.3078 1154 2510 4.02
0.4615 1154 2.939 5.08
0.7692 1154 3.748 6.68
6 0.1538 11.54 3411 4.68
0.3078 11.54 3.942 6.57
0.4615 11.54 5.032 4.80
0.7692 11.54 7.189 5.65
7 0.0462 2.282 3.341 3.09
0.0462 4.465 3.230 2.79
0.0923 4.565 4.105 1.95
0.1538 1154 5.029 4.93
0.7692 1154 11.23 9.22
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study clearly indicates that A%~ has the greater reactiv
ity relativeto HA ™, and A*™ isthe kinetically important
reductant at pH values above 6. The conclusion is in
agreement with that of Williams.> Additionally, the fact
that Ky, decreased with pH indicated that ascorbic acid
was more liable to associate with hydrogen peroxide in
neutral than in acidic solution.

Table4 Cadculated values of k', kn, ki2 and ky, at 298.15 K,
u—0.12

pH 10°k" /st Km 10%ky ofs * kools
5 5.40 0.361 3.33 25.48
6 7.57 0.204
7 8.91 0.083

Molar enthalpy change of the reaction

The K value, 8.608x10 2 J-V *-s ! was deter-
mined for this reaction system by electric power cali-
bration at 298.15 K. Thus the molar enthalpy change of
the reaction of ascorbic acid with hydrogen peroxide,
AHm=—554.64 kJ- mol ! (Table 5), was determined
and the reaction was an exothermic process at 298.15 K
and pH=7 in phosphate buffer with ionic strength p=
0.12. The relatively large heat effect caused by reaction
is due to the formation of two moles of H,O which has
relatively large standard molar enthalpy of formation.

Table 5 Tota thermoanalytica curve areas and the molar en-
thalpy change AH,, in phosphate buffer solution (K=8.608X
10%23-v .51 T=298.15K, pH=7, 4=0.12)

10° C”Zoi/ 10° CHZA,/ A -9 Aerli
(mol - L™} (mol - L™} (kJ- mal™Y
4,615 2.282 947.07 —549.61
4.615 4,565 1935.36 —561.45
9.231 4.565 1905.75 —552.86
Ave. —554.64

About the self-function regression method

In the previous papers,?*® the self-function regres-
sion method for the first-order and for the consecutive
first-order reaction was proposed. In this work, this
method for the reversible-consecutive first-order reac-
tion was suggested. From Table 1 it can be seen that the
values of 1, and A, determined by the calorimetric tech-
nique were almost approximated to those by the UV
spectrophotometry, and that the values of 1; and A,
evaluated from the data of the UV measurement with
the self-function regression method™® were aso ap-
proximated to those with Fersht's method.'® Therefore
the self-function regression method could be applied to
the evaluation of kinetic parameters in spectroscopy.

Since severa kinetic parameters can be calculated
simultaneously only from the data of certain time period
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with the self-function regression method, this method
could be used to provide kinetic information for com-
plicated processes which show different kinetic qualities
in different time period. It is worthy to note that the
self-function regression method was particularly suited
for the case that the values of those kinetic parameters
A1, A2 and k approximate to one another and the differ-
ence between each other should not be large by 15-fold.
Owing to the thermal relaxation phenomenon,*” Tian's
Eqg. (2) can not be used for faster reaction. Thus the rate
constants studied should be less than 0.03 s * when
conduction calorimeter was used. The time interval At;
and At in Egs. (8)—(10) should be selected at reason-
able values, and the values of o, # and y in Eq. (10)
should bein therange from 1.2 to 5, i.e. 1.2<<a (or f, or
7)<<5. In this work, At; values were selected from 300
to 800 s and At, from 100 to 300 s, respectively.
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