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ABSTRACT

The use of iron ions as catalyst of oxidation with hydrogen peroxide, known as Fenton
reaction, is important for industry and biological systems. It has been widely studied since
its discovery in the 19 century, but important aspects of the reaction as which is the
oxidant, the role of oxygen, and the oxidation state of Fe still remain unclear.

In this work new mechanistic insights of the oxidation of carbohydrates by the Fenton
reaction using glycerol as experimental model are described. The reaction was studied by
means of Oxidation Reduction Potential (ORP) measures. The stoichiometry was
measured, showing the important role of oxygen for lowering H,O, consumption under
aerobic conditions. Evidence is provided to demonstrate that in this system Fe®* generates
a catalyst by reacting with a substrate to produce a complex, which gives rise to singlet
oxygen after reacting with H,O».

This is the first time that the inhibitor effect of Mg®* is reported in this reaction, and its
participation in the mechanism is described.

A rational mechanism for the oxidation of glycerol using the Fenton reaction under these
specific conditions is proposed. The role of oxygen, the participation of Fe?*, and the

inhibition by Mg2+ are fully demonstrated experimentally.
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INTRODUCTION

The Fenton reaction is known since 1894, when Fenton described the oxidation of
tartaric acid with hydrogen peroxide in the presence of Fe*" ions.! However, according to
von Sonntag2 the use of iron ions as catalyst of oxidation with hydrogen peroxide was
described four decades before by Schonbein® in 1857 for the oxidation of iodide with H,O,
in the presence of Fe?*. The Fenton reaction has important industrial applications,4 and in
biological systems.® In the 20th century, Haber and Weiss® studied exhaustively the
decomposition of hydrogen peroxide with iron ions, and proposed the formation of the
hydroxyl radical, HO". This mechanism was criticized by several authors.” Bray and Gorin,®
and Barb et al.® proposed the occurrence of (H.0)sFe'V=0 (ferryl). In 1984 Sugimoto and
Sawyer " proposed that the products of the Fenton reaction with 1,2-diphenylethylene in
acetonitrile were typical of the presence of singlet oxygen. The kinetics of this reaction was
studied recently in detail by Rachmilovich-Calis et al.," where they reported evidence for
Fe (H20)6>". In 1999 Kremer'? showed that FeO?" acts as the key intermediate. Fenton
chemistry at aqueous interfaces was also studied."® There are several and exhaustive
reviews about the Fenton reaction,?'*'® however the mechanism has not been yet fully
elucidated, as stated by von Sonntag,? and Barbusinski.' In a 2015 paper'® there is still a
discussion about the existence of HO" radical.

There are important aspects of the reaction that still remain unclear according to

Sonntag,? and Barbusinski,'* as follows

(a) Which is the oxidant, e.g., hydroxyl radical, ferryl ion, or singlet oxygen.
(b) Which is the stoichiometry of the Fenton reaction. How much hydrogen peroxide is
consumed by the organic compound, and which is the effect of oxygen. Ingles17 in 1972

reported that the amount of hydrogen peroxide consumed in titration of carbohydrates in
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the presence of iron was higher if air was excluded from the system. The same effect was
also described for aniline.™

(c) Why the reaction is slower when Fe* is used instead of Fe?*.

First of all, it is necessary to point out what is called “Fenton reaction”. There is some
misunderstanding in literature between two reactions that are not the same, (a) The
original reaction described by Fenton in 1894 that was the oxidation of organic
compounds by hydrogen peroxide in the presence of iron ions, and (b) the Haber - Weiss
cycle of decomposition of hydrogen peroxide in the presence of iron ions, without organic
compounds. We should be clear about this definition to know what we are talking about.

In this paper we studied the Fenton reaction according to the definition “The oxidation
of organic compounds by hydrogen peroxide in the presence of iron ions”.

The aim of this work is to elucidate several mechanistic aspects of the oxidation of
carbohydrates by the Fenton reaction using glycerol as model compound with the
evidence obtained from experiments performed in our laboratories, and to propose a

mechanism according to these results, comparing them with those of literature.

EXPERIMENTAL

Several procedures were used to study the Fenton reaction, as example it is worth to
mention redox titration,'” cyclic voltametry,'® COD (Chemical Oxygen Demand),?® ORP
(oxidation-reduction potential measurement),?! stop flow spectrometry,!" and UV
spectroscopy.12 In this work we applied several of the methods mentioned above like ORP,
UV, COD, and H' concentration. We used some of them together in the same reaction
batch that led us to get accurate information about the mechanism. Moreover, we took into

account the use of iron ion only in catalytic concentration referred to H,O,, thus being the
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ratio Fe?*/H,0, < 107, similar as that reported by several authors for the treatment of

wastes.?

Instrumental. ORP was measured with HI 323 0B electrode (HANNA) calibrated with the
standard solution HI 7022L (470 mV), and recorded with a computer interface (PROSKIT
1860 MT). COD was measured with COD Thermo Reactor, and DR2000
spectrophotometer (Hach Company). UV was measured with a spectrophotometer UV-Vis
M-1700 (Metrolab). All chemicals were purchased from Aldrich. H,O, was titrated with
KMnO4 before each set of reactions. All experiments were carried out by triplicate, under

temperature control.

Reaction in the presence of oxygen: A 100 ml beaker provided with ORP and glass
electrodes, thermometer, and a magnetic stirrer was placed in a thermostatized bath, 50
ml of water with the desired concentration of substrate was added, and the pH was
adjusted with diluted H,SO4 (1%). When the temperature was stabilized, solid
FeS0,4.7H,0 was poured in, and the solution was stirred vigorously to favor air oxygen
dissolution (Figure 1, point A). The required amount of H,O, was added, this time was
taken as tg of the reaction (Figure 1, point B), which was also indicated by the appearance
of a yellow color (absorbance, A 460 nm) that stayed along the reaction, and faded down
at the end of it. The reaction was followed by ORP recording [E(mV) vs. t(s)] until the ORP
reached a minimum, and then stayed constant (Figure 1, point E). When the ORP began
to drop (Figure 1, point C), 100 ul aliquots were taken to check the disappearance of H,O
by the standard K,Cr,O7 test (a green-blue color appeared in the presence of minute
amounts of H2O,). When the test was negative, the end of the reaction was reached, and
the whole H,O, was consumed. This matched the ORP maximum slope (Figure 1, point

D) that was checked by the first derivative.
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KINETICS

590

490 B c

Emy >0 I: \A/ ’

290 A

E —F (MV

. /h\& / ——dEsdt
_?(()) MJ """'gm‘- o

0 1000 2000 3000 4000 5000

time (s)

A: before adding H,0O, B: just after adding H,O, C: just after consuming all H,O, D: ORP
maximum slope, Negative reaction to K,Cr,O,/H". E: ORP reaching a minimum, and staying
constant.

Figure 1. Change of ORP, and first derivative during the Fenton reaction.
Reaction in the absence of oxygen. A 100 ml four neck flask provided with an ORP and
glass electrodes, a thermometer, a rubber septum, and a magnetic stirrer was placed in a
thermostatized bath, 50 ml of water with the desired concentration of substrate was added,
the pH was adjusted, and the temperature was stabilized. Nitrogen was bubbled through
the rubber septum with a needle connected to a nitrogen tank and another needle for the
exhaust. After bubbling for 30 minutes, solid FeS0,4.7H,O was quickly poured in under
positive nitrogen pressure to avoid air. When the salt was dissolved, the required amount
of H,O, was added by syringe and needle through the rubber septum. All the reaction was

performed under nitrogen, and samples were taken with a syringe.

Reaction for stoichiometric purposes. In both cases, with and without oxygen, H,0;
was added dropwise until ORP remained constant in the upper value (Figure 1, point B),
the positive dichromate test showed an excess of H,O,, and iron hydroxides precipitates

began to appear.
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H* Concentration. It was recorded with the glass electrode as mV vs. t(s) instead of
plotting pH vs. t for comparison with ORP in the same units. Moreover, mV vs. t plots are

directly proportional to H" concentration.

COD. It was measured at the beginning and at the end of the reaction, when required.

Measure of Fe?* and Fe* concentration. Concentration of different species of iron were
measured by the standard o-phenanthroline method.?® A calibration curve was built by
plotting the absorbance at 510 nm of the Fe?* complex with o-phenanthroline (0.3 %
solution in water at pH 2.5). Fe® was measured after reduction to Fe?* with NH,OH (10 %

in water at pH 2.5).

Rate measures and calculations. Except for stoichiometric measurements, H,O, was
always used in shortage respect of the substrate to avoid side reactions with free iron
when the substrate was exhausted. In this work we measured the time in which a known
amount of H,O, was consumed according to Figure 1, (tp — tg). Reaction (1). For
calculating k and other kinetics parameters we used the half life method, t, (time required
for a known amount of H,O, decreasing by 50%). Reactions (2), and (3). To check
whether H,O, was consumed in a linear way, a sample reaction was stopped at t12 by
rising pH to 10 with 0.1 M NaOH to precipitate iron hydroxides. After filtering, the pH was
adjusted again to 2.0, and the residual H,O, was titrated by permanganimetry. The

concentration of H,O, was just half of the initial.

At(s) (to — ts) (1)

In (05) =-kty (2)

In (0.5 [H,0,]o/ [H20:]o)

k

0.693/t,,, (3)
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RESULTS AND DISCUSSION

Stoichiometry

It is very important to know the stoichiometry of the Fenton reaction to get a deep
insight into the mechanism. Data about this topic is scarce, there are few papers about this
subject.'”#2425 |ngles'” used the Fenton reaction with almost stoichiometric amount of iron
to titrate carbohydrates, performing accurate measures of the uptake of hydrogen
peroxide. He found that the required hydrogen peroxide was lesser if the reaction was
carried out in the presence of oxygen than without it, pointing out the importance of oxygen
in the Fenton reaction, but not investigating thoroughly the mechanistics of this result.

We tried several substrates, and we chose carbohydrates to study the mechanism of

26.27 and their reactions have a

the Fenton reaction because they have antioxidant activity
neat end point that helps to analyze the experimental results."”

One set of reactions was performed in the presence of air with fast stirring to allow a
quick exchange with the oxygen of air for keeping constant the O, concentration in the
solution (3.1 10 M at 20°C).

Another set of reactions was performed in the absence of oxygen by degassing the
solution with nitrogen.

In all reactions, the total oxidation of the organic substrate by hydrogen peroxide was
verified by an independent method. COD measures were performed at the beginning and
at the end of the reactions to check the absence of organic oxidizable matter.

The reactions were carried out at temperatures between 20°C and 50 °C that can be

found in an industrial plant that uses this method for destroying organic wastes. Below

20°C the reaction is too slow, and over 50°C H,0O, begins to decompose.
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1
2 We selected substrates in which the reaction was slow enough to measure the rate
3
4 parameters minimizing error, taking into account that this is a heterogeneous reaction
5
s under fast stirring when it is performed in the presence of air.
g The following substrates were studied, glycerol, sucrose, mannitol, lactose, glucose,
10
11 fructose, and tartaric acid.
12
13 In all cases, it can be observed that the consumption of H,O; is lesser with oxygen than
14
15 without oxygen (Table 1). The reaction was performed by triplicate, and at different days.
16
g The relationship between consumed hydrogen peroxide and substrate was always the
;g same for each compound.
21
22
23 Table 1. Stoichiometric intake of H>O, with and without O,, and comparison with CDO
24
25 (S) A B CcDO (o10]0)
26 initial Final
27 Gly | 41+0.1 | 7.3+0.1 | 2391+10 | <10
28 Suc [11.7+0.1]24.8+0.1 [ 223110 | <10
29 Man | 6.7+0.1 [ 13.2+0.1 | 2245+10 | <10
32 Lac [115+0.1| 24.3+0.1 | 2229+ 10 | <10
32 Glu | 6.0+0.1 | 125+£0.1 | 2120+ 10 <10
33 Fru | 6.0+01 | 123+0.1 | 2125+10 | <10
34 Tar | 3.1+£0.1 52+0.1 1050 + 10 <10
35
36 Concentration of the substrate (S) = 2.0 + 0.1 mg/ml; Fe?* = 1.5+ 0.1 x10° M; T 20 °C; pH 2.5 +
37 0.1. CDO = mg O,/l. A= mmol H,O,/mmol S (with O,); B= mmol H,O,/mmol S (without O,).
38 Gly (Glycerol); Suc (Sucrose); Man (Mannitol); Lac (Lactose); Glu (Glucose); Fru (Fructose); Tar
39 (Tartaric Acid). Reaction blanks for each compound were carried out without H,O, in the presence
40 of air for 300 min; precipitates of iron oxides were the only products. Initial and final CODs were the
41 same.
42
43
44
jg Measure of reaction rates
j; For the measure of the reaction rates, H,O, was always used in shortage with respect to
49
50 the substrate to avoid side reactions with free iron when the substrate was exhausted. In this
51
52 work we measured the time in which a known amount of H,O, was consumed (Table 2).
53
54 Different rates of reaction were observed, the reaction of tartaric acid being the fastest,
55
g? and that of glycerol being the slowest. Consequently, glycerol was chosen as model
58
59
60
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compound to carry out a detailed study of the kinetics, and other parameters of the
reaction. As the reaction was slower, the error in the measures was smaller.

Table 2. Reaction rate for different substrates using t;2 method

©CoO~NOUTA,WNPE

Substrate (S) ki(1/s) x 10°
Glycerol 2.6 +0.1
Sucrose 49+0.1
Mannitol 6.6 +0.1
Lactose 6.6 +0.1
Glucose 13.7 £ 0.1
Fructose 26.2 £ 0.1
Tartaric acid 38.7+£0.1

S (2.0 £ 0.1 mg/ml); H,0, (3.0 £ 0.1 x 102 M); Fe** (1.5 0.1 x 10 M); T 20.0 + 0.1 °C with O,

Effect of the initial pH and H* variation during the reaction

The reaction was performed with glycerol at pH 2.0 and 2.5. A larger pH difference
could not be used because at pH higher than 2.6 iron hydroxides began to precipitate, and
at pH lower than 1.8 the reaction did not start. These measures provided important data to
elucidate the reaction mechanism (Table 3). Other results about this subject have been
previously reported,28 but they were referred to the decomposition of H,O in the presence

of iron ions without organic substrate.

Table 3. Rate of reaction at different pH

pH ki(1/s) x 107
2.0 0.8+0.1
25 2.7+0.1

Vol = 50 ml; T = 21°C; Fe* = 2.0 £ 0.1 x10° M;
H,0, = 2.0 + 0.1 x10% M; glycerol = 2.0 + 0.1 x 10° M
A variation of the H* concentration was observed along the reaction, increasing
continuously, and remaining constant at the end of the reaction. This was due to the
production of carbonic acid as final product of the reaction with glycerol. This effect cannot

be detected if the reaction is carried out in buffer. Both measures with an ORP electrode
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1

2 and a glass electrode to check H* concentration (mV) are shown in Figure 2 in the same

3

4 plot for comparative purposes.

5

6

7

8 VARIATION OF ORP and [H'] IN THE FENTON

9 REACTION OF GLYCEROL

10 E (mV)

11 450 End of the reaction
400 }

12 N

300

17 250

200 T \

19 0 500 1000 1500 2000 2500

20 ‘ — ORP

—mV

24 Vol =50 ml; T=21.0+0.1°C; Fe** =2.0 £ 0.1 x10° M;
25 H,0,=2.0 £ 0.1 x102 M; pH=2.5+0.1; glycerol =2.0 + 0.1 x 102 M

27 Figure 2. Variation of ORP and H" in the Fenton reaction of glycerol

31 Relationship between initial concentration of H,O, and reaction rate

The time of reaction according to different initial concentrations of H,O, was studied
37 (Figure 3), showing that At /AH,0 (slope of the plot) was linear with 2 = 0.991. No

39 difference in the reaction rate was found because of being independent of the initial

4l concentration of H,O,. This result is in agreement with a catalytic reaction, in which H,O,

concentration does not affect the rate-determining step.
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TIME OF REACTION ACCORDING TO INITIAL
CONCENTRATION OF H;0;

3000

RZ=0.991
2500 e
¢ (52000 —
*
1500 + ts)
1000 -
500
0 ‘ ‘
0 2 4 6

[H20,] + 0.1 x 10Z mmol/ml

Figure 3. Time of reaction according to the initial concentration of H,O,

Effect of concentration of Fe?* and Fe®*

The reaction rate for different initial concentrations of Fe?* and Fe*" was measured
(Table 4), showing a linear dependence on iron ions.

When the reaction was started with Fe+3, it was at least 10 times slower than that
started with Fe*? at the same concentration (Table 4). This result provided important

information about the mechanism as will be explained below.

Table 4. Reaction rate for different concentrations of Fe?* and Fe®*

Fe** M kq(1/s) Fe’* M kq(1/s)
1.5+0.1x10°] 1.10x10° [ 1.5x10°| 7.6 x 10°
2.0+0.1x10°% 2.16 x 10° [ 2.0x 10° [ 13.1 x 10°
25+0.1x10°% 4.70x10° | 2.5x10°|23.7 x 10°

Vol =50 ml; T=21.0 £0.1°C; H,0,=2.0+0.1 x 10% M;
pH=2.5+0.1; glycerol =2.0+ 0.1 x 102 M

Oxidation state of Fe in the Fenton reaction

One important topic of the Fenton mechanism is the oxidation state of iron along the
reaction. Different authors' proposed that iron can participate as Fe?*, Fe**, or Fe**. To
clear up this topic, we measured the concentration of iron species at the beginning and at
the end of the reaction with the o-phenanthroline method (Table 5). In the experiments A,

the reaction was started with Fe?*, and in experiment B, it was started with Fe>*.
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When the reaction was started with Fe®*, at the end of the reaction the same amount of
Fe®* was found as at the beginning. Instead, when the reaction was started with Fe*', at
the end of the reaction we only found Fe* in an equivalent amount as that of Fe* added
at the beginning of the reaction. This result means that iron participates as a catalyst
only as Fe?*, and when the reaction was started with Fe**, this iron species first had to be
reduced to Fe?" before the reaction begins. This reduction step slows down the reaction

with Fe®*.

Table 5. Concentration of iron species by the o-phenanthroline method.

Reaction A B [C D)
1(Fe”) | 1.5 £0.1 0 1.5 0.1 0
2 (Fe™) 0 1.5+0.1]/1.5+0.1 0
3(Fe*") | 2.0 £0.1 0 2.0 £0.1 0
4 (Fe™) 0 2.0+0.1/2.0+0.1 0
5(Fe”) | 2.5 £0.1 0 2.5 +0.1 0
6 (Fe’") 0 25+0.1[25+0.1 0

A [Fe** ] initial(10° M); B [Fe**] initial(10 M); C [Fe?**] final (10° M); D [Fe**] final (10> M)

Arrhenius parameters for Fe?* and Fe®**

To look for differences in the rate-determining step of the reaction with Fe?* and Fe®*
we carried out the Arrhenius study for both reactions. Results are shown in Figure 4 and
Table 6.

Table 6. Arrhenius data of Figure 5

T°C T°K [t(s) | 1/Tx10° | logk log k
(Fe*) (Fe*)
22.0+0.1/295+0.1 | 960 {3.39 +0.01|-2.8+0.1 |-3.8 + 0.1
31.0+0.1/304 +0.1| 480 |3.28 + 0.01|-2.5+0.1|-3.6 + 0.1
41.0+0.1(314+0.1 | 240 |3.18+0.01 [-2.2+ 0.1 |-3.3 + 0.1
51.0+0.1/324 + 0.1 | 150 | 3.08 + 0.01|-2.0 + 0.1 |-3.1 + 0.1

E. (Fe**) = 50.8 kJ mol™ E. (Fe*") = 48.3 kJ mol”
Activation energies for Fe?* and Fe*" showed a difference of 2.5 kJ mol™ that was

within the experimental error. Therefore, the rate-determining step of the reaction was the
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same for both iron species. The difference in the rate of reaction was due to the initial Fe**

to Fe?* reduction step as mentioned above.

ARRHENIUS PLOTS OF FENTON REACTION OF
GLYCEROL WITH Fe* AND Fe**

05
-
15
logk -2 T« r7=09%
25 &
3 \
-35 .2_\.\
) r2=0991
45
3 3.1 3.2 33 34 35
1Tx1000 ¢ logk(Fe®)
= logk (Fe*)

Vol = 50 ml; Fe?* = Fe** = 1.5 + 0.1 x10™ M; H,0, = 2.0 + 0.1 x 102 mmol/m; pH =2.5 + 0.1 ;
glycerol =2.0 + 0.1 x 102 M

Figure 4. Arrhenius plot of Fenton reaction of glycerol with Fe*" and Fe*'.

Effect of Mg?* and Ca?* in the Fenton reaction of glycerol

Table 7. Comparative rate of the Fenton reaction of glycerol

in the presence of Mg?* and Ca?* cations

CATION ki(1/s)
Without cation 26x10°
Mg** 0.6 x 107
ca” 2.0 x107

Vol =50 ml; T =21°C; Fe** =2.0 £ 0.1 x 10° M; H,0, =2.0 + 0.1 x 10% M; pH = 2.5; glycerol =
2.0+0.1x10°M, Mg =4.0+0.1x10°M; Ca* =4+0.1 x10°M

We studied the incidence of Mg®* and Ca®" (Table 7). These are cations of biological
importance,?® and can be also found in wastes that are prone to Fenton treatment. Data in
literature about this subject is scarce.3°
2+)'

A higher effect was observed with Mg?* (the reaction was slower than with Ca

Therefore, a detailed study was carried out with this cation.
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A set of reactions with a different Mg®*/Fe?* ratio was performed as shown in Table 8.
In all cases the reaction was slower than that without Mg2+, and the reaction rate drop has
an inverse linear relationship with the increase of M92+ (Figure 5). According to these
results the concentration of Mg®* showed a significant inhibition effect on the reaction rate

of glycerol.

Table 8. Reaction rate of the Fenton reaction of glycerol with a different Mg?*/Fe?* ratio

| Mg* x 10° M | Mg*/Fe** ki(1/s)
0 0 2.3+0.1 x10°
2 1 1.9+0.1 x10°
4 2 1.3+0.1 x10°
6 3 0.9+0.1 x10°
8 4 0.6+0.1 x10°

Vol =50 ml; T=21.0 £ 0.1 °C; Fe** =2.0 £ 0.1 x10° M;
H,0,=2.0 £0.1 x 102 M; pH = 2.5 £ 0.1; glycerol =2.0 + 0.1 x 10?2 M

EFFECT OF [Mg*] ON THE RATE OF
REACTION WITH GLYCEROL

ki(1/s) x 10 R?=0.988
25

N

1

0.5

0 2 4 6 8 10
[Mg ?*] x 10-* mmol/ml

Vol=50ml; T=21.0+0.1°C; Fe** =2.0 £ 0.1 x10° M;
H,0, =2.0 £ 0.1 x 10° M; pH = 2.5 + 0.1; glycerol =2.0 + 0.1 x 102 M

Figure 5. Effect of Mg** in the rate of the Fenton reaction with glycerol
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Summary of the results of the study of the Fenton reaction with glycerol, and

considerations about the mechanism

1.- According to experimental results, the amount of H,O, consumed in the absence of air
is higher than in the presence of air (Table 1). Therefore, 1 mol of glycerol (C3sHgO3) needs
4.1 mols of H>O» with air, and 7.3 mols of H>O, without air for full oxidation to CO, and
H,O. This result was checked by independent COD test at the beginning and at the end of
the reaction. It means that oxygen participates in the reaction, being very important for
the elucidation of the mechanism.

According to the stoichiometry of the reaction for the full oxidation of glycerol, if H2O is
the only source of oxygen, theoretically 7 mols of H,O; are necessary to complete the
oxidation of 1 mol of glycerol to H,O and CO  This fact can be explained by reactions (4),

(5), and (6).

CsHgO3 + 4H,0, _—_, 3CO,+5H,0+6H " +6¢€ (4)
3H,0, + 6H" + 6e ___, 6H,0 (5)
CsHsO3 + TH,0, —, 3CO+ 11H0 (6)

In the presence of oxygen, 4 mols of H,O, (experimentally, 4.1 mols; Table 1) are
necessary for complete oxidation of 1 mol of glycerol. It means that oxygen dissolved in
water participates as oxidant in the Fenton reaction, which is possible because the redox
potential of oxygen in water at pH 2.0 is high enough (1.002 V at 20°C and 0.21 bar) for

being a good electron scavenger. Reactions (7), (8) and (9).

CsHgOs + 4H,0, . 3CO,+5H,0+6H +6e (7
150, + 6H" + 6e ___, 3H,0 (8)

CsHgO3 + 4H,0, + 150, ___, 3CO,+ 8H,0 (9)
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2.- If the order of addition is changed, and to an iron solution in water at an adjusted pH
(1.8 < pH <2.6), a solution of glycerol and hydrogen peroxide is added, iron hydroxides
precipitate, and the reaction does not take place. This happens only with glycerol.
However, if the acid solution of glycerol is prepared at 20°C 20 min before adding iron, the
reaction can be performed normally. This result means that it is necessary to reach the
equilibrium between glycerol 1 and its dehydrated derivative (enol) 2, in which the n
electron pair of oxygen increases the electron density of the alkene. This is the necessary
ligand 2 to keep Fe?" in solution for catalytic purposes. It is important to achieve enough
concentration of 2 to produce the iron complex 5 that is needed as catalyst of the reaction
(Figure 6). This effect cannot be observed with other compounds of Table 2 because this
step is too fast. The possible formation of hydroxyalkene derivatives has been previously

reported by Ingles."

) OH) H 2+ H OH
HO Hoo e e Dk Fe™ H H
_— = H H HO Z
H™l H ["H <——|Ho Xy~ “oH N o,
3 5
1 K4
2

electron rich alkene
Figure 6. Partial dehydration of glycerol in acid media to produce ligand 2 and complex 5

3.- The reaction does not take place at pH < 1.8. Moreover, it is necessary to start the
reaction at pH < 2.6 to avoid the precipitation of iron hydroxides. This result shows the
relevance of pH control. At a lower pH the reaction is slower than at a higher pH. We
attributed this effect to the protonation of the enol to produce compound 4 (Figure 7), in
which the electron density of the alkene is diminished, so that concentration of 2
decreases with the consequent lowering of the concentration of 5 that is in the rate-

determining step of the reaction.
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OH OH .
ot H’H\/LH - owSo
=
H'l H | H - > —H
H = OH -H,0 HO pH>1.8 HO>H/L
1 H H a4
2 poor electron density

Figure 7. Protonation of 2 to produce the electron-poor compound 4

The concentration of H,O, has no effect on the rate of the reaction (Figure 3), thus
meaning that the H,O, addition step is too fast compared with other steps of the
mechanism.
4.- The inhibition effect of Mg?* on the reaction rate was studied, showing that the
decreasing of the reaction rate keeps a linear relationship with the increasing of Mg?*
concentration (Table 8). Therefore, Mg®* participates in the reaction mechanism similar as
H* as described above. Mg®* reacts with the electron pair of the oxygen in the enol moiety,
producing compound 3 (Figure 8) with the consequent decreasing of ligand 2, and catalyst
5. The role of carbohydrates in complex formation with magnesium was previously

reported in literature.®' 3

2+
OH . '\fg
HOWH i NP
A
Hl W Dw S —H
H ' OH ‘H,0 H0>H/L H0>S/L
H
1 K1 2 K2 H 3

poor electron density

Figure 8. Probosed structure 3 for the reaction of Mg®* with 2.
5.- The reaction started with Fe*" as the only source of iron is too much slower than that
started with the same concentration of Fe?* (Table 6), but according to the Arrhenius plot
E. is the same for both Fe?* and Fe®" reactions (Table 6; Figure 4). At the end of the
reaction only Fe?* was found at the same concentration as the initial concentration of Fe*
(Table 5), which means than Fe** had to be reduced to Fe?* by H,O, before the reaction
begins, as shown in (10), (11) and (12). This is the reason for a too much slower reaction

with Fe* than with Fe?*. As the activation energy for both Fe?* and Fe*" reactions is the
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same, then the difference in the reaction rate depends on the initial Fe** concentration. In
fact, Fe?'is the only iron ion species that takes place in the Fenton reaction.

Therefore, starting with Fe*, the reaction is slow because at the beginning there is small

©CoO~NOUTA,WNPE

amount of Fe?* produced by the reduction of Fe**. The reaction rate increases as the
11 concentration of Fe®* increases. Moreover, the reaction is slower with Fe** than with Fe**

13 not for occurring another mechanism, but for the low concentration of Fe?*.

17 2Fe* +2e¢ ____, 2Fe* +0.77mV  (10)
19 H,O, 5 O, + 2H+ 6e- -0.68mV  (11)

21 2Fe* + H,0, —, 2Fe® +0, +011mV  (12)

25 6.- The H' concentration increases (pH decreases) along the reaction, and when it is over,
it becomes stable (Figure 2), and bubbles begin to appear. Reaction (13). The H*

30 concentration increasing is resumed when more H,O: is added. This pH variation is

32 usually not observed when carrying out the reaction in buffers. We point out that this pH
34 decrease is due to products like H,CO3; and CO, that produce bubbles when the pH is too

low to reach the solubility equilibrium of gaseous CO, in water. Reactions (13), (14), and

o (15).

42 CO;(aq) —» CO;(9g) (bubbles) (13)
44 CO, + HO . H,COs (14)

46 H,CO; _—__, HCO; + H" (pH decreases) (15)

50 7.- The reaction takes place with glycerol and other polyols like mannitol, and

52 carbohydrates like glucose, sucrose, and others. The presence of the 1,2,3-triol moiety is
54 necessary for carrying out the reaction, as also reported by Ingles."” We propose that it is
due to the formation of an electron-rich enediol structure 2 that reacts with Fe** to

59 produce a catalyst complex 5 that is the only intermediate responsible for the reaction rate.
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We have also found that methanol and ethanol do not react under these reaction

conditions due to the impossibility of enol formation.

Discussion about the mechanism
According to these results we propose the mechanism of SCHEME 1

Step 1: Dehydration of glycerol 1 to form the enediol 2.
The kinetics of dehydration of glycerol at room temperature has been scarcely studied.
There are reports on glycerol dehydration under extreme conditions, at high temperatures
and very acid media. This fact has been mentioned by Nimlos et al.,** who explained the
mechanisms of glycerol dehydration in acid media and calculated the activation energy of
reaction that is 20-25 kcal/mol.
This is a high activation energy for this endothermic reaction of protonated glycerol, thus
implying that the concentration of the dehydration product is too low at room temperature.
The H* concentration is critical in this step. A low pH is important to yield the enediol
2.2° However, pH cannot be too low (below 1.8) because the reaction does not start,
(Figure 7) and it cannot be too high (over 2.8) because iron hydroxides begin to
precipitate. In the case of glycerol the formation of the enediol is slow, therefore, it is
necessary some time to produce the required amount of enediol to form the complex 5
with Fe?*. With other polyols like mannitol or glucose, this step is too much faster under

these reaction conditions, as several enediol structures can be produced.

Step 2: Formation of the catalytic complex 5
Taking into account the huge bibliography about the use of the Fenton reaction for
degradation of organic compounds, many of them have common structural properties.

They are alkenes or aromatics with electron-rich or electron donor properties that can
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produce a square planar complex with Fe?* like 5. This structure is necessary for two
purposes, (a) to keep Fe?* in solution to avoid iron hydroxides precipitation, and (b) to
produce a catalytic core to activate the organic compound for Fenton oxidation. (This is a
structural requirement like in the hemo moiety in biological systems that have a square
planar complex with a Fe?* core to carry oxygen).

According to the results shown in Table 4, the reaction rate increases linearly with the
increasing of the iron concentration, so Fe?* concentration is in the rate-determining step
of the reaction, and as it is in the core of the catalytic complex 5, the reaction rate is
directly related with the concentration of it, as shown in (18), and (19), which only depends

on the concentration of Fe?*, and hydroxy alkene 2. Reactions (16) and (17).

Ks = [5]/([Fe*][2]) (16)
[5] = Ks;[Fe*][2] (17)
A[H,0.)/At = k4 [5] (18)

d[H,0,]/dt = ki Ks[Fe?*1[2]  (19)

Inhibition by Mg**
When M92+ is added, the reaction rate decreases linearly with the concentration of
Mg?* (Table 8). The whole effect is that the amount of complex 5 decreases proportionally

with Mg?* increasing. Reactions (20), (21), (22), and (23).

Kz
[3]
[S]
[3]

[3]/ [Mg*'][ 2] (20)

K, [Mg*'] [2] (21)

[2] Ks [Fe* ] - [2] K. [Mg*]  (22)

[2] (Ks [Fe*" ]- Kz [Mg*"]) (23)
This effect can be observed with glycerol because the concentration of 2 seems to be
very low. However, it is more difficult to be observed with other polyols or other

compounds, in which the concentration of intermediates like 2 are higher, thus being
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necessary to increase too much Mg?* concentration to get a measurable effect on the
reaction rate.
Step 3: Reaction of 5 with H,O,

In this step H,O reacts with 5 to produce complex 6, in which oxygen is in singlet
state. Sugimoto and Sawyer '° previously reported the reaction products of several organic
substrates like diphenylisobenzofuran and 9,10-diphenylantracene, in which they found
oxygenated products that are consistent with a singlet oxygen intermediate in acetonitrile.
This important fact was barely mentioned by authors of papers and reviews about the
mechanism of the Fenton reaction. The driving force is given by the formation of a singlet
oxygen complex that can react very fast with the organic ligand, being present in the
coordination sphere of the complex. Here, we report our results under these reaction
conditions with these substrates occurring through a singlet oxygen mechanism, in a pH-
dependent reaction. Therefore, we propose that singlet oxygen is formed in the first step of
the reaction of H,O, with Fe?* complex, which is in agreement with the structural and
electronic requirements for the formation of a singlet dioxygen complex, as it is mentioned
in literature.*

The spectroscopic evidence that we have is the absorbance at 460 nm that appears after
adding H,0, to the reaction mixture, and disappears when H;0; is exhausted. This
absorbance value is close to those of hemoprotein models of ferrous porphyrins with
oxygen according to literature.3® %

Also there is important bibliography about the structural requirements of Fe? complexes

for carrying oxygen in a reversible way.34 3738
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Figure 9. Proposed structures of complexes 5 and 6.
11 Step 4: Intramolecular reaction of singlet oxygen with ligands.
13 Singlet O, is a very reactive compound,‘°’6 so that it can react in an intramolecular way
16 with the activated substrate in the same coordination sphere, producing intermediate
18 complex 7, which can give rise to carbonyl compounds by 0, 2+2 cycloaddition

20 reactions,39 40-41.42

and CO, when it is fully oxidized.

22 Step 5: Recycling of Fe?*.

These partially oxidized compounds can leave de coordination sphere of the complex
27 to produce intermediate oxidized compounds like 12, 13, 14, and 15, and leave Fe?* to
29 react either with another ligand 2 to regenerate complex 5 or with partially oxidized

31 products like 14 to produce other complexes like 9 until yielding CO,.

33 This ketene 14 is a long-lived intermediate because of forming an iron(ll)-ketene complex
36 such as that previously reported.*®

38 The iron(ll)-ketene complex reacts with singlet oxygen giving an unstable dioxietane

40 intermediate, which finally yields CO, and water.

Step 6: Decreasing of pH due to the production of carbonic acid.

49 Participation of O; in the mechanism

The participation of O, as electron scavenger is shown in this paper. When during the

56 course of the reaction H,0 is in shortage compared with substrate like in stoichiometric

58 studies (see experimental), in which H,0O; is added dropwise, the final oxidation of
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intermediates such as formaldehyde 15 (E;eq = -0.48 V) and formic acid 16 (E;eq = - 0.61

V) to CO, is carried out by O, dissolved in water (E;eq = +1.10 V at pH 3 and po,= 0.21
bar) that is at constant concentration throughout the reaction. Therefore, when there is
not enough H,O, to perform the full oxidation to CO,, the first step is the addition to
alkene to give dioxietane intermediates 10 and 12 before oxidizing 15 and 16 to CO,, and
these intermediates are further oxidized by the O, dissolved in water.

If the same reaction is carried without H,O, in the presence of air, the only products will be
those of oxidized iron. In this case, initial and final CODs are the same (Table 1, footnote).
If some O, radicals were produced from the air in the absence of H,O., these radicals
would be used for the irreversible oxidation of Fe?*, but not to perform the oxidation of the
organic compounds.

Moreover, if a free radical participated in the absence of H,O,, some COD decrease

related to the formation of oxidation products would be detected.

ORP of the reaction media

The redox potential of the solution that is measured by the ORP electrode can be
explained by the ratio 6 (formally oxidized intermediate) / 5 (formally reduced intermediate)
(Scheme 1).

(1) Before adding H,O5, 5 is the single reduced complex in the reaction media (point A in
Figure 1).

(2) When H,0, is added, the oxidized complex 6 appears, and the ratio 6/5 increases until
reaching a maximum, so the ORP increases (points A to B in Figure 1).

(3) When enough 6 is produced, the reaction begins and the ratio 6/5 is kept constant
while H,O; is present, so the ORP remains constant (points B to C in Figure 1).

(4) When all H,O2 is consumed, 6 begins to decrease, so the ratio 6/5 decreases, and the

ORP decreases until reaching a minimum (points C to E in Figure 1).
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(5) At this point more H,O, can be added, if still there is enough substrate, ORP increases,
and the reaction begins again. When there is not enough substrate, iron is oxidized, and

iron hydroxides precipitate appears. Reactions (24), (25), and (26).

©CoO~NOUTA,WNPE

2Fe? + H,0,+2H _—_, 2Fe*+ 2H,0 (24)
2 Fe* + 6 H,0 -~ 2Fe(OH); (ppte.) + 6H"  (25)

14 2Fe™ + H,0, —_, 2Fe* + O, (26)
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SCHEME 1: Mechanism of the Fenton reaction with glycerol, effect of oxygen and Mg2+
Mg?*
../H
" OH Hy! C i
HO Hoo oy N M2 po NP M
H T 1 DH HO>H7L H
H OH -HZO H 3
1 electron poor
alkene
e2* *\/ C02 + H200
16
o)
2+ 0 0=0
Hz02 e H ‘ &,
HO H ™\ fFe
10 CL
5 H H \
O — .
OH . o 8 0O=0 singlet
oH* + 26 0=0 singlet 8_’ Fe2*
|- Fe** 2H* + 26"
H,0, + 2H* + 2e—>2H,0
HO HzOz +2H* + 26 —> 2H20
6
j H20;
| > Fe?*
CH,
OH
0=0 )
| FeZb Fe2*
HO 7
OH H,C=C=0
H o ) 14
HO IS o -H,0
HO 4 H o)
/Eo 12 H
15 13
HaCO; —= CO, + 2H" + 2 H,CO; —> CO, + 2H' + 2
15 15
HaCO + HyO —>=COp +4H" + 4de’ H,CO + H,0— CO,+ 4H* + 4e
16 16

150, + 6H* + 6e~— 3H,0

15 + 16 + 1.50, —= 2 CO, + 2H,0

with oxygen

3H202 + 6H* + 6e” — 6 H20

15 + 16 + 3H,0, — 2CO, + 5H,0

without oxygen

[ 3CO, +3H,0 —= 3CO;H" + 3H* ]
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Reaction of other substrates

A similar set of reactions can be proposed to explain the stoichiometry of the other
compounds of Table 1, reactions (27) - (34), that now can be compared with theoretical
calculations (Table 9).

All results are in agreement with theoretical calculations of H,O, consumption. This can
be a useful tool to calculate the expense of H,O, if the composition of a waste is roughly

known, like in factories, in which sugar is the main raw material.

Sucrose Without 02 C12H22011 + 24 H202 —_— 12 C02 + 35 Hzo (27)
Lactose With 02 C12H22011 + 12 HzOz + 6 02 —_— 12 C02 +23 Hzo (28)
Glucose | Without O, CsH120s + 12H,0, — , 6CO,+18 H,0 (29)
Fructose With 02 C6H1205 + 6 HzOz + 3 02 I 6 C02 +12 Hzo (30)
Without O, CeHi0s + 13H,0, . 6CO,+20H,0 (31)
With O, CsH1406 + 6.5 H,0, +3.25 O, _—_, 6CO,+135H,0 (32)

Tartaric | Without O, C4sHeOs + 5H,0, _—, 4CO,+8H,0 (33)
Acid With 02 C4H605 + 3 HzOz + 02 —_— 4 C02 +6 HQO (34)

Table 9. Complete intake of H,O, with and without O,, and comparison with
theoretical calculations

(S) A B

Exper. | Calc. Exper. Calc.
Gly | 41+0.1 4 7.3+£0.1 7
Suc [ 11.7+0.1| 12 24.8 £ 0.1 24
Man | 6.7+0.1 | 6.5 13.2+0.1 13
Lac |11.5+0.1| 12 24.3+0.1 24
Glu | 6.0+0.1 6 125+ 0.1 12
Fru | 6.0+£0.1 6 12.3+0.1 12
Tar | 3.1+0.1 4 52+0.1 5

Concentration of the substrate (S) = 2.0 + 0.1 mg/ml; Fe?* = 1.5+ 0.1 x10° M; T 20 °C; pH 2.5 +
0.1. CDO = mg Oy/I. A= mmol H,O,/mmol S (with O,); B = mmol H,O,/mmol S(without O,).

Gly (Glycerol); Suc (Sucrose); Man (Mannitol); Lac (Lactose); Glu (Glucose); Fru (Fructose); Tar
(Tartaric Acid). Exper. = Experimental; Calc. (calculated).
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Comparative rates of reaction

The reaction rate depends on the concentrations of iron and hydroxyalkene type-2 (Figure
6; reactions 16-19) as demonstrated for glycerol. So, at a constant iron concentration the
greater concentration of hydroxyalkene type-2 there is, the higher the rate of reaction
(Figure 6).

The concentration of the hydroxyalkene type-2 further depends on the capacity of
formation of this alkene described as Kj. (35) and (36).

Ki
[2]

[2] /1] (35)
[Kd[ 1] (36)

Upon comparison of polyhydroxy compounds such as mannitol and glycerol, mannitol
contains four secondary HO, while glycerol have one, therefore, mannitol will render higher
hydroxyalkene type-2 concentration than glycerol (K1 man > K1 giy). Then, the rate of
reaction of mannitol will be greater than that of glycerol.

Fructose and glucose are both hexoses, but fructose is a ketose, then it contains a
carbonyl group at C-2, which migrates in acid media, so readily stabilized hydroxyalkenes
can be formed by dehydration (AG = -25,6 kcal/mol).* Therefore, the hydroxyalkene
concentration is higher for fructose than mannitol (K1 fry > K1 man), and also the rate of
reaction.

Glucose has one aldehydic carbonyl group, but first isomerizes to fructose in acid media
with an endothermic barrier of AG = +1.53 kcal/mol,** which makes Ki giu < K1 fru.
Therefore, the rate of reaction is slower for glucose than fructose.

In the case of the disaccharide sucrose, since both anomeric carbons are involved in the
interglycosidic bond, a previous hydrolysis reaction step is required to obtain two
monosaccharides. Therefore, the rate of reaction is minor than that of monosaccharides
and polyhydroxy compounds. The other disaccharide lactose comprises only one

anomeric carbon in the interglycosidic bond. Therefore, the rate of reaction is somewhat
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greater than that of sucrose and polyhydroxy compounds as mannitol, but minor than
those of monosaccharides such as glucose.

In the case of tartaric acid the hydroxyalkene is conjugated with two carboxylic groups
that make the hydroxyalkene production thermodynamically more favorable than those of
carbohydrates (which have carbonyl groups), and any other compound of Table 2, so the
reaction is the fastest of all them. According to these statements a scale of relative

reactivities related to Ky can be proposed.

K1 tar > K1 fru > K1 glu > K1 lac = K1 man = K1 suc > K1 gly

This explanation is very important for getting a clue on the mechanism, because it is
clear that the rate of reaction strongly depends on the structure of the substrate taking into
account its ability to produce hydroxyalkene intermediates. The reaction is faster when
more hydroxyalkene is produced.

If the reaction were via free radicals or ferryl mechanisms the structure of the substrate

would have little or not influence in the reaction rate.

CONCLUSIONS

In this paper new mechanistic insights of the oxidation of carbohydrates by the Fenton
reaction using glycerol as experimental model are described according to experimental
results, showing the importance of ORP measures as an experimental tool to study this
kind of reactions. We remark the use of glycerol as a model compound because the
reaction is slow enough to reduce experimental error, and the use of independent methods
as the dichromate reaction to check the exhaust of H,O,, and COD to measure the full

consumption of the organic substrates.
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(1) Stoichiometry: It was carefully measured, and these results were of great importance

for understanding the role of oxygen in the mechanism.

(2) Importance of oxygen: We disclosed and measured how oxygen participates in the

Fenton reaction. In aerobic conditions it plays a key role in the mechanism, this is
important in industrial operations as degradation of liquid waste by Fenton reaction,
because with an energic aeration, significative amounts of H,O, can be saved decreasing
the cost of the process. Also it may have importance to explain some biological
mechanisms.

(3) Oxidation state of Fe: Many authors indicate that the Fenton reaction can be carried

out indistinctly with Fe?* or Fe* with only some differences in the reaction rate, depending
on the initial oxidation state of Fe. However, all mechanisms described up to now indicate
that Fe®* participates in the Fenton reaction. As far as we know this is the first time that
experimental evidence is provided showing that Fe?* is the only iron ion species
that is involved in the Fenton reaction because it can produce the planar complex
that is necessary for this kind of catalysis. When Fe*" is used a previous reduction step
to Fe?" is required before the reaction starts. The difference in the reaction rate is due to
accumulating enough Fe?* upon reduction of Fe>*.

(4) Inhibitor effect of Mg®*: As far as we know this is the first time that the inhibitor effect

of M92+ is reported in the Fenton reaction with a rational involvement in the mechanism. It
is necessary to point out the great importance that this effect may have in biological and
industrial processes because Mg** is a widely distributed cation that can be found
elsewhere.

(5) Structure of the catalytic intermediate: We described the structural requirements

that must fulfill the substrate to behave as a reactive ligand in the Fenton reaction in
catalytic concentrations and room temperatures. They must be able to produce an

electron-rich planar complex with Fe?* to give rise to singlet oxygen after reacting with
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1
2 H,0O,. This is the explanation of why not all organic compounds can be oxidized by the
3
4 Fenton reaction under mild reaction conditions.
5
? Finally, in this paper a rational mechanism for the oxidation of glycerol using the Fenton
g reaction is proposed. Further extension of this mechanism is currently under study.
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