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The Reaction between Ferrous Iron and Peroxides. I.

Reaction with Hydrogen

Peroxide in the Absence of Oxygen!

By I. M. KoLTHOFF AND A, I. MEDALIA!2

In a previous paper? the mechanisms which have
been proposed for the reaction between ferrous
iron and hydrogen peroxide have been reviewed.
Two mechanisms which appear equally satisfac-
tory are those of Bray and Gorin® and of Haber
and Weiss.#®* In both mechanisms the primary
step is assumed to be unimolecular in ferrous iron
and hydrogen peroxide, and to result in the for-
mation of a highly active intermediate. This in-
termediate is ferryl iron, FeO++, in the former
mechanism, and the hydroxyl radical, HO., in the
latter. For simplicity, attention is focused in the
present paper upon the more familiar mechanism
of Haber and Weiss. The steps proposed by Ha-
ber and Weiss are

Fe** 4+ H,0; = Fe*® + OH~ + HO- (1)

HO- + H,0; = H,0 + HO»: 2)
HO,- + Hy0p = Oy + H.0 + HO-: (3)
HO. + Fe++ = Fe*$ 4+ OH~ 4)

The active intermediate (HO-) can react with
ferrous iron, hydrogen peroxide or other compo-
nents contained in the reaction mixture. Reac-
tion with ferrous iron leads to the stoichiometric
over-al’ reaction (sum of steps (1) and (4))

2Fe** + H,0, 4+ 2H* = 2Fe* 4+ 2H,0 (I)

while reaction with hydrogen peroxide leads to in-
duced decomposition of hydrogen peroxide (sum
of steps (2) and (3))

2H;0; = 2H,0 + O (I1)

If the reaction mixture contains only ferrous iron,
hydrogen peroxide, water and sulfuric acid, the
free radical reaction with ferrous iron predomi-
nates, unless hydrogen peroxide is present in
large excess over ferrous iron. Under the latter
circumstances some of the intermediates decom-
pose hydrogen peroxide. Consideration of the
reaction in this simple system, on the basis of
either mechanism mentioned above, leads to the
following expression for the instantaneous con-
sumption ratio, »

(1) This investigation was started under the sponsorship of the
Office of Rubber Reserve, Reconstruction Finance Corporation, in
connection with the Synthetic Rubber Program of the United States
Government.

(1a) From a thesis submitted by A. I. Medalia to the Graduate
School of the University of Minnesota in partial fulfillment of the re-
quirements for the doctor’s degree (July 1948).

(2) A. I. Medalia and I. M. Kolthoff, J. Polymer Sci., 4, 377
(1949).

(3) W. C. Bray and M. H. Gorin, THis JoURNAL, 54, 2124 (1932).

(4) F.Haber and J. Weiss, Naturwiss., 20, 948 (1932).

(8) F. Haber and J, Weiss, Proc. Roy. Soc., A147, 332 (1934),

_ d(H:0;) _ 0.5 + _k_a (H:0,)

T d(Fet) by (Fett)
where k. and &, represent the rate constants for
reaction of the active intermediate with hydrogen
peroxide or ferrous iron, respectively. This ex-
pression was derived theoretically and confirmed
experimentally by Haber and Weiss; the value of
ka/ky is of the order of 2 X 10~2 at 20°, depend-
ing somewhat upon the acidity.

The rate law for the stoichiometric reaction (I)
which would be expected on the basis of either of
the above mechanisms

d(Fe**) _ 2d(H,0y)
T T T a@

was established experimentally by Baxendale,
Evans and Park,® who found an average value of
ks of 62 liters mole—! sec.™! at 25°.

The reaction between hydrogen peroxide and
ferrous iron becomes of special interest when car-
ried out in the presence of other compounds with
which the active intermediate can react. The
polymerization of vinyl monomers may be ini-
tiated in this way,® the free radical reacting with
the monomer and thus initiating the polymeriza-
tion. The oxidation of many organic compounds
by hydrogen peroxide is induced by the ferrous
iron-hydrogen peroxide reaction; this is known as
a Fenton reaction. For example, it is shown in the
experimental part that ethanol is oxidized to acet-
aldehyde when it is present in the reaction mix-
ture of hydrogen peroxide and ferrous iromn.

The reaction between ferrous iron and organic
hydroperoxides is widely used for the determina-
tion of these compounds, especially when they are
present in very small amounts. This reaction re-
sults in a ratio of moles of ferrous iron to hydro-
peroxide reacted which may be much smaller or
much larger than the stoichiometric ratio de-
pendent on whether oxygen is absent or present.
Similar deviations from the stoichiometric ratio
are found in the reaction between hydrogen per-
oxide and ferrous iron in the presence of various
organic substances. The present paper deals with
a study of these deviations in the absence of oxy-
gen; in a subsequent paper the results of a similar
study in the presence of oxygen will be presented.
These studies have yielded insight into the side
reactions which occur in the reaction between fer-
rous iron and organic hydroperoxides, which will
be reported in a future paper.

n 5

= ky(Fe**)(H0;) (5a)

Experimental
In adopting a technique for the study of the re-

(6) J. H. Baxendale, M. G. Evans and G. 8. Park, Trans. Foraday
Soe., 423, 155 (1946).
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action between hydrogen peroxide and ferrous iron
in the absence of oxygen, the following factors
were considered: (1) exclusion of oxygen must be
thorough, (2) mixing should be rapid, (3) the re-
action vessel should be free from contamination by
organic matter, such as stopcock grease. Reac-
tion vessels were constructed as shown in Fig. 1.
Experiments in the absence of oxygen have been
carried out as follows.

Top view.

Min— 70mm.———)~}

Side view.
Fig. 1.—~Reaction vessel,

Procedure.—Purified nitrogen is passed
through the capillary side-tube C, and through
inlet tubes inserted through the tubes D and E,
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for at least ten minutes. The solutions which
are to be added are flushed with nitrogen, in
vessels provided with tubes similar to D and E,
for at least thirty minutes. Aliquots are with-
drawn with nitrogen-filled pipets, which are then
inserted all the way through tubes D and E before
draining. Solutions are introduced into compart-
ment A through inlet tube D, and into compart-
ment B through inlet tube E. The nitrogen inlet
tube is removed from D or E immediately before
inserting the pipet; however, nitrogen is continu-
ally passed through the other of these tubes, and
through the capillary side-arm. When the solu-
tions have all been added, the tubes D and E are
flushed with nitrogen by keeping one tube stop-
pered tightly and the other loosely (alternately)
while passing nitrogen through the capillary. The
tubes are then stoppered tightly and the vessel
is shaken vigorously for about fifteen seconds.
One stopper is then loosened and nitrogen is
passed through the side-arm. Aliquots are re-
moved with a pipet, and the ferrous iron is ti-
trated. Evidently the total volume of solution
added to the vessel must be known accurately.

When the above procedure is followed, com-
plete mixing appears to be brought about in one
second (three strokes). Calculation on the basis of
the rate law? and rate constant given above shows
that in a solution initially 2 X 10~% M in ferrous
iron and 5 X 10~* M in hydrogen peroxide (typi-
cal conditions used in the present work), the stoi-
chiometric reaction is 11.4%, complete in one sec-
ond. Thus under the experimental conditions,
only a minor portion of the reaction can take place
before mixing is complete.

In the experiments reported in this paper, 25 ml.
of acid (generally 1.5 N sulfuric) was placed in A
and 75 ml. in B. Solutions of the organic sub-
stance and ferrous iron were placed in B and of hy-
drogen peroxide in A, The total volumes of solu-
tion were 120-130 ml., and 50-ml. aliquots were
titrated ten and twenty minutes (or fifteen and
thirty minutes), respectively, after mixing, with
ceric sulfate solution of the proper concentration,
using ferrous o-phenanthroline perchlorate as in-
dicator. Good end-points were obtained with
0.001321 N cerate solution, which was the most
dilute cerate solution used, using comparison
flasks in the detection of the end-point. No inter-
ference in the titration of iron was found in the
presence of ethanol or acetaldehyde. All experi-
meor;ts were carried out at room temperature (25—
30°). ‘

To test completeness of removal of oxygen by
the above procedure, solutions of ferrous iron and
alkali pyrophosphate were flushed with nitrogen
in the separate compartments of the reaction ves-
sel, then mixed and allowed to stand for fifteen
minutes. Titration of aliquots showed that the ex-
tent of air oxidation of ferrous iron was negligible.

Reagents.—Water: Twice-distilled water was
redistilled from alkaline permanganate in an all-
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glass still; the middle three-fifths portion was
used. Sulfuric acid was du Pont (Grasselli)
reagent grade;. ferrous sulfate heptahydrate,
Merck reagent grade; hydrogen peroxide, Merck
Superoxol (309%), C.p.; sodium perchlorate, G. F.
Smith Co. Other inorganic compounds were
C.p. or reagent grade. Ethanol, absolute ethanol
was refluxed with aluminum and sodium hydrox-
ide, then distilled; acetic acid, du Pont (Gras-
selli) reagent grade; acetone, C.p., freshly dis-
tilled; acetaldehyde, Eastman Kodak Co. ““White
Label” grade; methanol, C.p., freshly distilled;
nitrogen, pre-purified nitrogen, obtained from Air
Reduction Co. (Seaford works) and from Linde
Air Co.

The dilute cerate solutions for titration were
made up daily by dilution with 1 N sulfuric acid
of a 0.1321 N stock solution (standardized against
Bureau of Standards arsenious oxide). Both the
ferrous solution and the hydrogen peroxide solu-
tion were standardized daily against the dilute ce-
rate solution. The ferrous o-phenanthroline end-
point was not sharp in the titration of dilute hy-
drogen peroxide with dilute cerate, and for this
reason a known amount of ferrous solution was
added after the approximate end-point, and the
excess ferrous iron was back-titrated with cerate.

Results and Discussion

Results Obtained in the Presence of Sulfuric
Acid and Ethanol.—In the present experiments
attention is focused upon the stoichiometry of
the reaction between ferrous iron and hydrogen
peroxide in the presence of various other com-
pounds, whilein alater section thereis described a
brief study of the products formed. The stoichi-
ometry was determined simply by titration of the
ferrous iron remaining after carrying out a reac-
tion under conditions such that the hydrogen per-
oxide taken was completely consumed; complete-
ness of reaction was tested by titration of aliquots
taken after two different reaction times; qualita-
tive tests (with titanic sulfate or potassium ferri-
cyanide) established whether ferrous iron or hy-
drogen peroxide remained in the mixture after
completion of the reaction.

Results obtained for the reaction in sulfuric acid
solutions in the presence of various concentrations
of ethanol are shown in Table I. This table, as
well as all other tables in this paper, gives analyt-
ical data obtained for the reaction between fer-
rous iron and hydrogen peroxide, in the absence
of oxygen, according to the above procedure.
The initial concentrations of ingredients given are
those which would be present immediately after
mixing if no reaction had taken place during mix-
ing. The column headed ‘“‘Molar ratio, (Fet™)
reacted/(H,0,) taken” gives the results of the ti-
trations. Each figure given in this column is an
average obtained with aliquots from a single re-
action mixture after reaction times differing by a
factor of two. Since in all experiments, therefore,

the concentration of hydrogen peroxide taken was
equal to the concentration of hydrogen peroxide
reacted, this column gives the values of the over-
all reaction ratio, which may be designated as

_ moles (Fe*?) reacted _ A(Fett) 1

= moles (H;0;) reacted  A(HyO0y) 7%

The stoichiometric value of R is 2. The signifi-
cance of the induction factor is discussed below.

TasLe I
REACTION IN 1.5 N SULFURIC ACID IN THE PRESENCE OF
) ETHANOL
Molar ratios
Initial
Initial concentrations (Fe*™) Induc-
Ethanol, Fet++ (H:02) (Fe*¥) reacted tion
(M X 10%) taken (H:03) taken factor
........ 0.52 3.8 1.98 0.01
1.0 X 10—+ .52 3.8 1.64 0.22
1.0 X 103 .52 3.8 0.54 2.7
1.0 X 103 .52 7.6 .56 2.6
1.0 X 1073 .52 1.9 .58 2.5
1.0 X 102 .52 3.8 .15 12.3
1.0 X 107! .52 3.8 .18 10.1
1.0 X 102 .90 0.85 .19 9.5
........ 2.0 4.1 1.96 0.02
1.0 X 10™* 2.0 4.1 1.64 0.22
1.0 X 10~3 2.0 4.1 0.70,0.71 1.86
1.0 X 10™* 2.0 4.1 0.19,0.24,0.23 8.5
1.0 X 102 2.0 2.0 0.21 8.5
1.0 X 10™* 2.0 4.1 0.11 17.2
5.0 X 107¢ 4.4 3.5 1.90 0.05
1.0 X 102 2.0 8.2 0.21 8.5
1.0 X 10¢ 8.7 8.2 1.88 0.064
........ 9.5 3.8 1.99 0.005
1.0 X 103 9.5 3.8 1.16 0.72
1.0 X 102 9.5 3.8 0.36 4.56
1.3 X 10+ 23 3.5 1.94 0.03
1.0 X 10~2 2.0 3.8 0.89* 1.25
1.0 X 1073 2.0 3.8 0.49° 3.08

e In 2.1 N sulfuric acid. °® In 0.045 N sulfuric acid.

The above data show that in the presence of
ethanol, less ferrous iron is oxidized than would
correspond to the hydrogen peroxide initially
present, on a stoichiometric basis. Thus hydro-
gen peroxide must be consumed by some reaction
which is induced by the ferrous iron-hydrogen
peroxide reaction. It is shown further in this pa-
per that this induced reaction is principally the
oxidation of ethanol to acetaldehyde; that is, a
Fenton reaction. The extent of this induced reac-
tion increases with increasing concentrations of
ethanol, when the initial concentrations of iron
and peroxide are kept constant. With given con-
centrations of ethanol and iron (10~2% and 0.52 X
102 M, respectively), the reaction ratio was found
to be independent of the initial concentration of
peroxide, over a fourfold range; while with a given
concentration of ethanol and a given initial ratio of
iron to peroxide, the reaction ratio increased (z. e.,
the extent of the induced reaction decreased) with
increasing concentrations of iron. The effect of
the concentration of sulfuric acid is discussed
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later. The slight deviations from the stoichio-
metric reaction ratio found in the absence of etha-
nol may be due to traces of organic impurities.

The induction factor is defined as the number
of equivalents of the induced reaction divided by
the number of equivalents of the primary reac-
tion.” In the present experiments, R equivalents
(or moles) of ferrous iron react per mole (or per 2
equivalents) of hydrogen peroxide. Thus the
number of equivalents of hydrogen peroxide con-
sumed in the primary reaction is R, and the num-
bet consumed in the induced reactionis 2 — R; so
that the induction factor is (2 — R)/R. The large
values of the induction factor are significant from
an analytical standpoint. If a determination of
hydrogen peroxide with ferrous iron were at-
tempted in the presence of ethanol, the percent-
age error (based on the amount of hydrogen per-
oxide found) would be given by 100 times the in-
duction factor. It is seen that the error in the
presence of sufficient ethanol would be over one
thousand per cent.

The Fenton oxidation of ethanol may be inter-
preted either on the basis of the Haber and
Weiss*® mechanism or the Bray and Gorin
mechanism. On the former basis, the mecha-
nism would be

Fett 4+ H;0; = Fe*® 4+ HO- + OH" (1)
HO- + CH,CH,OH = CH;CHOH + H.0 (6)

CH;CHOH + Fe*? = CH;CHO 4+ H™* 4 Fett (7)
Fe** 4+ HO- = Fe*? 4+ OH™ (4)

Steps (1), (6) and (7) form a chain mechanism
for the reaction between hydrogen peroxide and
ethanol, with ferrous iron, hydroxyl radical and
hydroxyethyl radical as chain-carriers; step (4) is
the termination step. The sum of steps (1), (6)
and (7) gives the over-all induced oxidation of
ethanol by hydrogen peroxide

CHaCHzOH + HzOz = CHaCHO + 2H20 (8)

In a qualitative interpretation of the results,
termination by reaction between the organic radi-
cal and ferrous iron, though possible, need not be
assumed for compounds, such as ethanol, which
are oxidized during the course of the peroxide-
iron reaction. Termination by reaction with the
organic radical is found with acetic acid, as shown
in step (15). Direct reaction between hydrogen
peroxide and the hydroxyethyl radical may also
take place, as shown in step (9), which is equiva-
lent to the sum of steps (7) and (1).

CH;CHOH + H:0; = CH;CH(OH); + HO- =
CH;CHO + H:0 4+ HO- (9)
On the basis of the mechanism of Bray and Go-
rin, the pertinent steps would be
Fe""" + HzOz = Fe0++ + Hzo (10)
FeO** 4+ CH;CH;OH = Fe™*? 4 CHa_CHOH + OH~
63)

(7 I. M. Kolthoff and V. A, Stenger, ’Volumetric Analysis,”
Vol. 1, Interscience Publishers, Inc., New York, N. Y., 1942,
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CH;CHOH + Fe*® = CH,CHO + H* + Fe*+ (7)
Fe** 4+ FeO+* 4+ 2H* = 2Fe*i+ H,0 (12)

Steps (10), (11) and (7) form a chain reaction
with the ferryl ion as a chain-carrier; the chain
is terminated by step (12). Itis also possible that
hydrogen peroxide is consumed by steps (16) and
(17) discussed later in this paper. We are in-
debted to Professor M. S. Kharasch of the Uni-
versity of Chicago for the suggestion that acetalde-
hyde is the reaction product.

We -have attempted to derive expressions for
the stoichiometry of the reaction in the presence
of ethanol, based on the above mechanismss;
however, agreement of any of these expressions
with the experimental data of Table I is only fair.
A complicating factor is the induced oxidation of
acetaldehyde to acetic acid, as shown below; that
is, as soon as some acetaldehyde is formed by oxi-
dation of ethanol, it will compete with both etha-
nol and ferrous iron for reaction with the active
intermediate (ferryl iron or hydroxyl radical), so
that the kinetic treatment becomes very compli-
cated and difficult to test experimentally.

Results Obtained in the Presence of Sulfuric
Acid and Organic Compounds other than Eth-
anol.—Some experiments have been carried out
using the apparatus and technique described
above, but with acetic acid, acetone or acetalde-
hyde in place of ethanol. The data are given in
Table II.

TABLE II

ReacTION IN 1.5 N SULFURIC ACID IN THE PRESENCE OF
Various OrcaNic COMPOUNDS
Molar ratios

Initial concentrations Initial (Fe**) Induc-

Acetic Acetal- (Fe*t) reacted tion
acid, Acetone, dehyde, Fe*™ (H202) (Hz02) fac-
M M M (M X 103 taken taken tor
.. 0.51 3.9 1.99 0.005
10—+ .. .. .51 3.9 1.97 .015
103 .. .. .51 3.9 1.91 .047
10—t .. .. .51 3.9 1.92 .042
10— .. .. .51 3.9 1.91 .047
10° .. .. 2.0 3.8 1.97 .015
10-2 .. 2.0 3.8 1.95 .025

10-3 8.7 3.5 1.54 .30

2 In 0.045 N sulfuric acid.

The behavior of acetaldehyde, as indicated in
Table I1, is qualitatively similar to that of etha-
nol; that is, a significant deviation from the
stoichiometric reaction is found in the presence of
a small concentration of acetaldehyde. In prelim-
inary experiments with a less refined experimental
technique, methanol was also found to behave
similarly.

In contrast, even relatively high concentrations
of acetic acid or acetone give rise to practically no
deviation from the stoichiometric reaction. In
terms of the mechanisms given above, this means
that these compounds either fail to react with the
active intermediates, or that, if reaction does oc-

(8) A. 1. Medalia, Ph.D. Thesis, University of Minnesota, 1948.
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cur, the organic radicals thus formed react with
ferrous iron in preference to ferric iron or hydro-
gen peroxide; this is illustrated in equations (13)-
(15), with acetic acid.*®

HO- + CH;COOH = CH;COO. + H,0 (13)
FeO++ 4+ CH;COOH = Fe*s + CH;COO- + OHEM)

CH;COO- + Fe** = CH;COO~ + Fet? (15)

The sum of steps (1), (13) and (15) or of steps
(10), (14) and (15), gives the stoichiometric reac-
tion (I), which in the absence of added organic
compounds results from the combination of steps
(1) and (4), or (10) and (12). Thus, while the re-
action between ferrous iron and hydrogen peroxide
is stoichiometric in either the presence or absence
of acetic acid (or acetone), the reaction may pro-
ceed through a different path in the two cases.
Strong evidence that this is the correct interpreta-
tion is derived from the work described in the sec-
ond paper of this series, in which it is shown that
both acetic acid and acetone give rise to consider-
able induced oxygen oxidation of ferrous iron when
the peroxide-iron reaction is carried out in the
presence of dissolved oxygen. Additional evidence
is given in the following section. Independent
evidence that acetic acid reacts with the hydroxyl
radical comes from a study of the hydrogen perox-
ide—ozone system, by Taube and Bray.®® Using
the values of relative rate constants for the reac-
tion of hydroxyl radical with acetic acid, hydrogen
peroxide and ferrous iron, as determined by Taube
and Bray and by Haber and Weiss, a simple ki-
netic treatment shows that in the experiments of
Table IT with 0.1 M acetic acid, where a reaction
ratio of 1.91 was found, a reaction ratio of only
0.59 would be expected if the acetate radicals
reacted with ferric iron or hydrogen peroxide
rather than with ferrous iron; this is of signifi-
cance, of course, only if the Haber and Weiss
mechanism is adopted rather than that of Bray
and Gorin.

Results Obtained in the Presence of Sulfuric
Acid and Mixtures of Organic Compounds.—As
shown above, it appears that when the active
intermediates which are formed in the ferrous
iron-hydrogen peroxide reaction react with
acetic acid, then the over-all reaction is stoichio-
metric, while if these intermediates react with eth-
anol, then induced reduction of hydrogen perox-
ide takes place. In a mixture contatning both
ethanol and acetic acid, competition between
these compounds (and ferrous iron) for reaction
with the active intermediates would be expected

(9a) If the acetate radical would decompose appreciably (to

CHj: and COs) before reacting with ferrous iron, the stoichiometry
would require oxidation of ferrous iron by the methyl radical:
CH;» + Fe*+ 4+ H* = CH, -+ Fe*? (15a)

Because of the low concentrations of peroxide and ferrous iron used
in the present experiments, no attempt was made to detect the pres-
ence of methane or carbon dioxide. Reaction between hydroxyl
radical and acetic acid might form the radical -CH:;COOH instead
of the acetate radical (step (13)); c¢f. the following paper.

(9b) H. Taube and W. C. Bray, THis JOURNAL, 62, 3357 (1940).

to result in a reaction ratio intermediate between
that found with the same concentrations of either
organic compound separately. Data illustrating
this are shown in Table III.

TasLE III
REACTION IN SULFURIC ACID IN THE PRESENCE OF A Mix-
TURE OF ACETIC ACID AND ETHANOL

Molar ratios
Initial

Initial concentrations (Fe* ) Induc-
Acetic . (Fe*™)  reacted tion
HSO04, acid, Ethanol, Fe+* (H03) (H:02) fac-
N M M (M X 103) taken taken tor
2.1 .. 10-3 2.0 3.8 0.89 1.25
2.1 10—t 10-3 2.0 3.8 1.27 0.57
1.5 .. 10-3 2.0 3.8 0.71 1.86
1.5 1 10-3 2.0 3.8 1.799 0.12
0.045 .. 10-32 2.0 3.8 0.49 3.09
045 10° .. 2.0 3.8 1.97 0.015
.045 10° 10-3 2.0 3.8 1.95 .025
.045 10¢ 10—¢ 2.0 3.8 1.97 .015

@ Reaction medium approximately 609, acetic acid.

These data strongly support the view that ace-
tic acid and ethanol compete for the active inter-
mediates formed in the reaction between ferrous
iron and hydrogen peroxide. The acetate free
radicals do not give rise to decomposition of hy-
drogen peroxide (equations (13) to (15)), while the
hydroxyethyl free radicals do. Thus acetic acid
suppresses the induced oxidation of ethanol ob-
served in the reaction between ferrous iron and
hydrogen peroxide. Interaction between a hy-
droxyethyl radical and acetic acid, or an acetate
radical and ethanol, while possible, need not be
considered in the qualitative interpretation.

On a purely experimental basis, ethanol may be
said to promote the decomposition of hydrogen
peroxide during the course of the ferrous iron-hy-
drogen peroxide reaction, while acetic acid sup-
presses the promoting action of ethanol. The
classification of compounds as ‘‘promoting’” or
“suppressing” is of great utility in considering
chain reactions such as those between ferrous iron
and hydrogen peroxide, organic hydroperoxides or
persulfate. From an analytical standpoint, the
above results are significant as indicating the use
which can be made of the suppressing action of
certain compounds in overcoming the induced de-
composition caused by other compounds. Appli-
cation of this principle to the determination of
organic peroxides may be of considerable impor-
tance, as will be shown in a subsequent paper.

Reaction in the Presence of Inorganic Com-
pounds other than Sulfuric Acid.—The experi-
ments described above were carried out in the
presence of sulfuric acid. This acid is conveni-
ent to use, since it is available in pure form and is
quite stable, and extensive previous study of the
ferrous iron-hydrogen peroxide reaction has been
carried out in sulfuric acid medium. However,
some study of the reaction in the presence of per-
chloric rather than sulfuric acid seemed desirable
in view of the comparatively slight tendency of
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perchloric acid to form complexes with ferrous and
ferric iron. Some difficulty was encountered in
these experiments, apparently as a result of im-
purities present in several of the samples of per-
chloric acid which were used. In selecting a sam-
ple of perchloric acid for use in further experi-
ments, the criterion of purity which was used was
the reaction ratio of ferrous iron to hydrogen per-
oxide found in the presence of perchloric acid (1
M) in nitrogen, in the absence of other added sub-
stances. The sample which gave the reaction ra-
tio closest to the theoretical (J. T. Baker C.p. vac-
uum distilled, 209%) was used in subsequent
work., The reaction ratio obtained with this
sample was 1.94 (theoretical, 2.0); other ratios
obtained are as follows: Merck 609, two differ-
ent lots, 1.03 and 1.23; Baker and Adamson 609,
1.82.

The reaction has also been studied in the pres-
ence of sodium perchlorate, sodium chloride, po-
tassium nitrate and phosphoric acid. Experi-
ments with each compound were carried out both
in the absence and presence of ethanol. The data
are given in Table IV.

TaBLE IV

ReacTtioNn IN THE PRESENCE OF VARIOUS INORGANIC
CoMPOUNDS IN THE PRESENCE AND ABSENCE OF ETHANOL

Molar ratios In-

Initial concentrations Initial ~ (Fe**) gy

H- Eth- Fe++ Q_T_e*‘_*‘) reacted tion
C104, anol, (M Other (H302) (H202) fac-
M X 103) compound taken taken tor
1.0 .. 1.6 .......... 2.69 1.94 0.03
1.0 107% 1.6 .......... 2.69 0.55,0.53 2.70
0.14 107% 1.6 .......... 2.69 0.51 2.92
.02 .. 1.9 ..., 3.28 1.98 0.01
02 107% 1.9 ... 3.28 0.50 3.00
.02 .. 1.9 NaClOq, 1 M 3.28 1.89 0.06
.02 107% 1.9 NaClO, 1M 3.28 0.51 2.92
.14 . 1.6 NaCl, 1M 2,69 1.96 0.02
.14 1073 1.6 NaCl, 1M 2,69 1.95 .03
.14 1072 1.6 NaCl,1 M 2.69 1.87 .07
.14 L. 1.6 KNO; 1M 3.25 1.95 .03
.14 10% 1.6 KNO; 1 M 3.25 0.79 1.53
. 1.6 H;PO, 1 M 3.25 1.93 0.04

10-3 1.6 H;PO, 1 M 3.25 0.67 1.99

1073 2.0 H:S04, 156 N 4.1 .70 1.86

1073 2.0 H,SO, 0.045 N 3.8 .49 3.08

The above data show definitely that with per-
chloric acid the extent of the induced reaction in
nitrogen is practically independent of the amount
of acid over a fifty-fold range. The coincidence of
the value obtained in perchloric acid with that ob-
tained in dilute (0.045 N) sulfuric acid makes it
appear that these values are limiting values, with-
out interference by the anions. The data obtained
with sodium perchlorate substantiate the conclu-
sion that there is no salt effect upon the reaction
ratio with perchlorate as the anion. The extent
of the induced reaction depends upon the compe-
tition between ethanol and ferrous iron for reac-
tion with the active intermediates. Absence of a
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salt effect indicates that the active intermediate is
uncharged; this supports the free-radical mech-
anism. If ferryl iron were the active intermedi-
ate, then a salt effect would be expected for the re-
action of ferryl iron with ferrous iron, but not for
the reaction of ferryl iron with ethanol; thus the
reaction ratio would be expected to depend upon
salt concentration. It is, however, possible that
hydrolysis or complex formation may obscure
the expected salt effect.

Chloride ion is seen to act as a powerful sup-
pressor, comparable with acetic acid. Reaction of
hydroxyl radical with chloride ion, to form atomic
chlorine, was described by Taube and Bray.®®
From our results it follows that atomic chlorine
must react more readily with ferrous iron than
with ferric iron, hydrogen peroxide or ethanol.

With high concentrations of sulfuric acid, phos-
phoric acid or potassium nitrate, slightly higher
values are found for the reaction ratio in the pres-
ence of 1073 M ethanol than are found in dilute
sulfuric acid or in perchloric acid. The effect of
these compounds may be regarded as mild “sup-
pression,”’ either by the mechanism assumed for
suppression by acetic acid, acetone and chloride
ion, namely, by reaction of these compounds with
the active intermediate; or possibly by protec-
tion of the ferrous ion by complex formation, re-
sulting in a decreased rate of reaction between fer-
rous iron and the active intermediate.

Detection of Acetaldehyde Formed from
Ethanol.—In the above presentation it has been
assumed that the role of ethanol in the ferrous
iron-hydrogen peroxide reaction is to reduce
hydrogen peroxide. It also appeared possible
that ethanol could serve simply as a chain-carrier,
without itself being oxidized. A mechanism for
this behavior, based on the mechanism of Haber
and Weiss, would include steps (1) and (6) fol-
lowed by (16) and (17).

CH;CHOH + H;0; = CH;CH,OH + HO,- (16)
HOp + H,0, = H,0 + 0, + HO.  (17)

It has been reported by Goldschmidt and
Pauncz!® that acetaldehyde, acetic acid and a small
amount of oxygen are formed upon slow addition
of ferrous iron to relatively concentrated solutions
of hydrogen peroxide and ethanol. The condi-
tions under which these experiments were carried
out are quite different from those described in this
paper. In order to decide by which mechanism
hydrogen peroxide disappears when ethanol is
present in the reaction mixture it was decided to
determine the amount of acetaldehyde formed. It
was assumed that if acetaldehyde were formed in
the presence of a large amount of ethanol, ethanol
would be attacked by the active intermediates
rather than the small amounts of acetaldehyde.
The experimental results show that the assump-
tion is justified. The most suitable method for
the detection and determination of acetaldehyde

(10) 8. Goldschmidt and S, Pauncz, Anx., 502, 1 (1933).
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in the presence of ferrous and ferric iron appeared
to be that based on reaction with Schiff reagent.

A solution of Schiff reagent was prepared by dis-
solving 0.50 g. of basic fuchsin (National Aniline
Co.) in 11, of water, together with 0.31 ml. of 6 N
sulfuric acid and 0.58 g. of sodium sulfite. The
solution was still pink, and sulfur dioxide was
passed through very slowly until the color just
turned to yellow. The solution was thus 1.5 X
10-3 M in the fuchsin reagent. Tests were carried
out with various buffer solutions, using the fol-
lowing procedure: 5 ml. of buffer solution was
mixed with 1 ml. of Schiff reagent solution, and the
colors developed in various solutions after five to
fiftteen minutes were compared visually. Ata pH
of greater than 3.0, a rose color of fuchsin was vis-
ible in the absence of aldehyde. The sensitivity
of the test for acetaldehyde decreased with de-
creasing pH below 3.0. A biphthalate buffer of
pH 3.0 was unsuitable, owing to the formation of
orange hydrous ferric oxide upon addition of fer-
ric iron in a concentration of 10~% }/. In a phos-
phate buffer, at a pH of 3.0 or 2.4, a white turbid-
ity was formed on addition of ferric iron (ferric
phosphate) which did not, however, interfere with
the Schiff test under the present conditions. In a
phosphate buffer of pH 2.0, no precipitate was
formed on addition of ferric iron, but the sensitiv-
ity of the test was lower than at the higher values
of pH. Ferrous iron did not interfere with the
test in the pH range 2-3. The procedure which
was adopted for testing reaction mixtures was as
follows.

Procedure.—To 5 ml. of reaction mixture,
containing up to 0.05 N acid (sulfuric or per-
chloric), was added sufficient sodium dihydro-
gen phosphate to give a pH of 3.0 (calculated).
One ml. of the solution of Schiff reagent was
added and the color was observed after fifteen
minutes.

By means of this test, acetaldehyde could be
detected in concentrations as low as 10—* /. By
visual comparison with controls containing vari-
ous amounts of acetaldehyde, the concentration
could be estimated to =10—* M in the range be-
tween 2 and 5 X 107* M. More concentrated
solutions were diluted before carrying out the
test.

Reactions were carried out as described previ-
ously. The conditions and results are given in
Table V. .

TaBLE V

ALDEHYDE DETERMINATIONS

Initial Molar ratios
concex;ltraggxls (IF{IJE% r(fa ec:;g Ache;glede.

Ethanol, ‘M Initial  Initial found,
Acide M X 10%)  (H:09) (H202) M

Sulfuric 10—t 2.9 2.1 0.13 1 X10-3
Perchloric 103 2.0 3.3 .50 4 X 10—+
Perchloric® 103 2.0 3.3 .51 3 X 10+

@ The sulfuric acid was 0.05 N; the perchloric acid was
0.02 N. *With sodium perchlorate (1 M) in addition to
perchloric acid (0.02 N).

The concentration of hydrogen peroxide con-
sumed by reaction with ethanol in the first ex-
periment of Table Vis 1.3 X 102 M, and in the
last two experiments, 0.45 X 103 M. It is seen
that the concentrations of acetaldehyde found cor-
respond to the concentrations of hydrogen perox-
ide consumed by the induced reaction. Thus the
induced reaction is, at least principally, induced
oxidation of ethanol to acetaldehyde.

Acknowledgment.—The authors wish to ac-
knowledge the advice and interest of Professor
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Summary

An apparatus and procedure are described with
which the reaction between ferrous iron and hydro-
gen peroxide has been investigated, with rapid
mixing, in the absence of oxygen. Ethanol, in con-
centrations of 104 to 10—t 3/, has been added to
reaction mixtures in acid solution, with concen-
trations of the primary reactants generally of the
order of 10—% M, in these mixtures, the primary
reaction between ferrous iron and hydrogen per-
oxide induces the reaction between hydrogen per-
oxide and ethanol, with the formation of acetalde-
hyde; thisisknownasa Fenton reaction. Mech-
anisms for this reaction are presented. No in-
duced reaction is found between hydrogen perox-
ide and acetic acid; but when acetic acid is added
to a mixture containing ethanol, the extent of the
induced reduction of hydrogen peroxide by the
latter is decreased. Apparently there is competi-
tion between acetic acid and ethanol for reaction
with the active intermediates formed in the pri-
mary reaction; the radicals formed from the two
organic compounds differ in their subsequent re-
actions. Ethanol is termed a promoter, and acetic
acid a suppressor.
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