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Catalysis by variable�valence metals was described
in detail for the oxidation of paraffins and alkylaro�
matic hydrocarbons, but it was poorly studied for the
oxidation of vinyl monomers [1, 2]. This issue is espe�
cially important as regards acrylic acid, a large�ton�
nage monomer, because, as acrylic acid is stored and
processed in a metallic vessel, the metal dissolves
slowly, resulting in the accumulation of metal ions,
mainly iron, in the acid. In our earlier work [3] we
studied the initiated oxidation of acrylic acid and
determined the kinetic parameters describing this pro�
cess. The present study is devoted to the kinetics of
acrylic acid oxidation with oxygen in the presence of
iron ions.

EXPERIMENTAL

Chemicals

Acrylic acid (Aldrich, 99%, stabilized with 0.02%
hydroquinone monomethyl ether) was purified by vac�
uum distillation (bp = 20 ± 1°C, 1.5 Torr) at a water
bath temperature of 28 ± 1°С. During distillation, the
receiver was cooled to 5–10°C. Purified acrylic acid
was stored in the dark at a low temperature. Only
freshly distilled portions of acrylic acid were used in
experiments. The reagent oxidized as it was stored, so
subsequent distillations of acrylic acid were carried out
similarly, but in the presence of Irganox 1010 inhibitor
at a concentration of 1.4 × 10–4 mol/l (0.017%). Azo�
bisisobutyronitrile (AIBN, Aldrich) was used as the
initiator. It purified by double recrystallization from
methanol and benzene. Iron(III) stearate was synthe�

sized by the replacement of the chloride ions in FeCl3
with stearate anions [4]. para�Methoxyphenol
(MQH, Aldrich) was purified according to the proce�
dure described in [5].

Kinetic Measurements

Acrylic acid oxidation was studied at 333 K under
atmospheric oxygen pressure (  = 1 atm). The oxy�
gen uptake during acrylic acid oxidation was measured
volumetrically using a standard manometric setup
with automated pressure control [6]. The О2 uptake
rate was measured with a KM�6 cathetometer as the
change in the level of mercury or n�decane (Δh, mm)
in a temperature�controlled burette at a constant oxy�
gen pressure. The temperature fluctuations for the
contents of the measuring burette and reaction vessel
during the experiment did not exceed 0.1 K. For a
burette filled with mercury, and the error of volumetric
measurements was at most 6 × 10–4 cm3. When a
burette was filled with n�decane, the error was 1.7 ×
10–4 cm3 or below. The concentration of absorbed oxy�
gen (oxygen uptake, Δ[O2], mol/l) was calculated
using the following equation [3]:

Δ[O2] = (1)

where const is the setup constant (3.255 × 10−5 (n�
decane) or 1.1068 × 10–4 (Hg)), p is atmospheric pres�
sure (Torr), Vl ≈ 4.0 cm3 is the liquid volume in the
reaction, and T is the temperature of the measuring
burette (K). The shaking frequency of the glass reactor
was 12 s–1, which ensured fast dissolution of oxygen in
the liquid phase and a kinetically�controlled regime of
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the reaction. The duration of an experiment on mono�
mer oxidation ranged from 30 to 180 min. The con�
centrations of the reaction mixture components were
calculated with the temperature dependence of the
acrylic acid volume taken into account [3]. The acrylic
acid concentration was 14.59 mol/l at 293 K and
14.02 mol/l at 333 K.

RESULTS AND DISCUSSION

The oxygen uptake kinetics in acrylic acid oxida�
tion in the presence of trivalent iron ions is illustrated
in Fig. 1. It can be seen that the reaction has an induc�
tion period, after which oxidation develops with
autoacceleration. We demonstrated earlier [3] that
acrylic acid oxidation both in the presence and in the
absence of an initiator proceeds via a chain mecha�
nism at a constant rate. The existence of an induction
period in the presence of iron ions unambiguously
indicates their inhibiting effect at the initial stages of
the reaction (Fig. 1). The inhibition mechanism will
be discussed below. The inhibition of the chain oxida�
tion of acrylic acid is also indicated by the results of the
experiments involving iron ions and the initiator at
various concentrations: the rate of initiated acrylic
acid oxidation decreases with an increasing concen�
tration of iron ions (cf. entries 5 and 8, 6 and 9, and 7
and 10 in the table).

The kinetics of acrylic acid oxidation after the
induction period is described by a parabolic function
(Fig. 2):

 = b(t – τ), (2)

where τ is the induction period, b is the kinetic coeffi�
cient characterizing the autoacceleration of the reac�
tion, and t is time.

The table lists the experimental conditions and
kinetic characteristics of the oxidation reaction,
namely, the initial oxidation rate v0 in the presence of
the initiator, the parameter b, and the induction
period τ. The induction period was estimated from the
dependence of Δ[O2]

0.5 on t. The error of the estima�
tion of τ was ±20 s. The inconstancy of the induction
period in entries 1–4 is due to the “memory” of the
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Fig. 1. Oxygen uptake kinetics in acrylic acid oxidation at
333 K and  = 1 atm. Reactor wall treatment: (1) wash�
ing with a K2Cr2O7 + H2SO4 mixture and then with 3%

HCl ([FeSt3] = 9.21 × 10–4 mol/l), (2) washing with con�

centrated HNO3 ([FeSt3] = 9.13 × 10–4 mol/l), (3) washing
with a K2Cr2O7 + H2SO4 mixture ([FeSt3] = 9.24 ×

10⎯4 mol/l), and (4) reactor washed in the same way as in
entry 3 ([FeSt3] = 9.09 × 10–4 mol/l).
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Conditions and results of experiments on acrylic acid oxidation in the presence of iron ions at Т = 333 K and  = 105 Pa

Entry
[FeSt3] × 104,

mol/l
[AIBN] × 104,

mol/l
vi(AIBN) × 107,

mol l–1 s–1
v0 × 106,

mol l–1 s–1
b × 105,

mol0.5 l–0.5 s–1 τ × 10–3, s

1 9.21 0.0 0.0 – 6.58 1.98

2 9.13 0.0 0.0 – 6.77 1.98

3 9.24 0.0 0.0 – 7.32 0.78

4 9.09 0.0 0.0 – 6.88 0.84

5 9.25 0.85 0.88 13.1 6.77 –

6 8.93 1.89 1.95 12.3 7.50 –

7 8.96 3.07 3.16 11.6 8.31 –

8 28.03 0.85 0.88 5.19 – –

9 28.33 1.91 1.97 6.22 – –

10 28.12 3.16 3.25 7.60 – –

pO2
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reactor: the state of the reactor walls depends on the
conditions of the previous experiment—so�called wall
effect. As was demonstrated experimentally, the
induction period depends on the method of prepara�
tion and washing of the reactor. This explains why τ in
entries 1 and 2 differs from τ in entries 3 and 4. The
shortest induction period is observed after washing the
reactor with a mixture of K2Cr2O7 and H2SO4 (entries
3 and 4). A longer induction period is observed for the
reactor washed with nitric and hydrochloric acids. A
possible cause of the inhibition effect is the formation
of a polyacrylic acid film on the reactor wall. This film
consists of iron ions absorbed during the previous
experiment. No inhibition effect of the quartz vessel
wall was observed in experiments on acrylic acid oxi�
dation without iron ions [3]. As iron ions appear and
accumulate, they catalyze peroxide decomposition
into radicals, which results in the acceleration of the
chain oxidation of acrylic acid.

In the AIBN�containing acrylic acid–Fe(III)–O2
system, oxidation occurs without an induction period
and at a higher rate (Fig. 3). Evidently, the initiator
favors the quick establishment of the conditions nec�
essary for the iron ions to execute their catalytic
action.

The kinetics of acrylic acid oxidation in the pres�
ence of the AIBN initiator and MQH inhibitor is illus�
trated in Fig. 4. It can be seen that MQH inhibits
acrylic acid oxidation both in the presence (Fig. 4,
curve 2) and in the absence (Fig. 4, curve 3) of Fe(III),
which is further evidence in favor of the chain mecha�
nism of catalytic acrylic acid oxidation. A comparison
between curves 2 and 3 shows that the induction period
in the presence of Fe(III) is shorter (τ = 38 min) than
that in the absence of Fe(III) (τ = 60 min). Therefore,
the iron ions in the presence of the initiator ensure a
higher initiation rate than the initiator alone. After the

cessation of inhibition, the acrylic acid oxidation in
the presence of both Fe(III) and AIBN proceeds more
rapidly (oxidation rate of 1.09 × 10–5 mol l–1 s–1) than
the oxidation in the presence of the initiator alone
(oxidation rate of 3.61 × 10–6 mol l–1 s–1).
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Fig. 2. Linearization of the kinetic curves presented in
Fig. 1 in the Δ[O2]/(t – τ)–(t – τ) coordinates.

Fig. 3. Oxygen uptake kinetics in acrylic acid oxidation at
333 K,  = 1 atm, and the following AIBN and FeSt3

concentrations (mol/l): (1) [AIBN] = 0.85 × 10–2,
[FeSt3] = 2.80 × 10–3; (2) [AIBN] = 1.91 × 10–2,

[FeSt3] = 2.83 × 10–3; (3) [AIBN] = 3.16 × 10–2,

[FeSt3] = 2.81 × 10–3.

2Op

Fig. 4. Oxygen uptake kinetics in acrylic acid oxidation in
the presence of the AIBN initiator at a concentration of
1.39 × 10–2 mol/l, FeSt3, and the MQH inhibitor at 333 K

and  = 1 atm: (1) [FeSt3] = 9.24 × 10–4 mol/l,

[MQH] = 0; (2) [FeSt3] = 9.16 × 10–4 mol/l, [MQH] =

2.06 × 10–4 mol/l; (3) [FeSt3] = 0, [MQH] = 2.19 ×

10⎯4 mol/l.
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As was shown in an earlier work [3], acrylic acid
(AA) oxidation in the presence of an initiator proceeds
via a chain mechanism and is described by the follow�
ing kinetic scheme, supplemented with a catalysis step
(the rate constants are given for T = 333 K) [1–3, 6]:

Initiation (here e is the probability of a radical
escaping to the bulk)

(i) AIBN  2er• + N2 (ki = 1.03 × 10–5 s–1),

(01) r• + O2  (k01 ≈ 2 × 109 l mol–1 s–1),

(02)  + M  R•.

Chain propagation

(1) R• + O2  (k1 ≈ 2 × 109 l mol–1 s–1),

(2)  + M  R• (k2 ≈ 2.84 l mol–1 s–1). 

Catalysis

(3) ROOR + Fe2+  free radicals (see below).

Chain termination

(4) R• + R•  MOOM (k4 ≈ 2.6 × 108 l mol–1 s–1),

(5)  + R•  RR (k5 ≈ 109 l mol–1 s–1),

(6) 2   O2 + molecules

(2k6 = 1.4 × 107 l mol–1 s–1). 

At fairly high  values and O2 concentrations ([O2] >

10–6 mol/l), the concentration of peroxyl radicals 
in the oxidized monomer substantially exceeds the
concentration of carbon�centered radicals R•. In this
case, v6  (v4 + v5). Then, according to the kinetic
scheme, the chain oxidation rate v under quasi�
steady�state conditions at a nearly constant initiator
concentration ([AIBN] ≈ [AIBN]0) is

, (3)

where vi = ki[AIBN] is the initiation rate and
k2(2k6)

⎯0.5 = 7.58 × 10–4 l0.5 mol–0.5 s–0.5 at T = 333 K [3].

Note that, although the iron ions were introduced
as iron stearate, they turned into ions surrounded by
acrylic acid residues due to exchange with acrylic acid
(whose concentration is four orders of magnitude
higher than the concentration of FeSt3). Therefore,
they exert their inhibition and catalytic effect as iron
acrylate. The introduction of iron ions leads to the sit�
uation such that the oligomeric acrylic acid radicals
resulting from reaction (2) (see the above kinetic
scheme) interact with Fe3+ ions with electron transfer

from R• to Fe3+, which causes chain termination [7, 8]
via the reaction

(7) ~CH2C
•H(COOH) + Fe3+ 

 ~CH2C
+H(COOH) + Fe2+,

~CH2C
+H(COOH) + CH2=CHCOOH 

 ~CH2CH(COOH)OC(O)CH=CH2 + H+.

Reactions of this type occur in free�radical poly�
merizations of acrylic monomers and exert an inhibi�
tion effect. The rate of these processes is rather high.
For example, for methyl methacrylate polymeriza�
tion, the rate constant of the R• + Fe3+ reaction is 5.0 ×
103 l mol–1 s–1. For methacrylonitrile polymerization
in dimethylformamide at 333 K, the rate constant is
6.2 × 102 l mol–1 s–1 [8]. Fe3+ ions react still more rap�
idly with macroradicals in aqueous solution, where the
rate constants of the reaction of ~CH2C•HCONH2
with the iron ions at T = 298 K are as follows [7]:

The radicals are generated by oxidized hydrocar�
bons (RH) via the cyclic redox reaction of the resulting
hydroperoxide with Fe2+ and Fe3+ ions [1, 6, 9, 10]:

(3a) ROOH + Fe2+  RO• + Fe3+ + OH–,

(3b) ROOH + Fe3+   + Fe2+ + H+.

Peroxides also react with Fe2+ ions:

(3c) ROOR + Fe2+  RO• + Fe3+ + RO–.

For example, the rate constant of the reaction between
dibenzoyl peroxide and Fe2+ is 30.6 l mol–1 s–1 (T =
333 K, ethanol) [7].

The oxidation of acrylic acid produces an oligo�
meric peroxide having terminal hydroperoxide groups
resulting from the following reactions [6]:

~CH2CH(COOH)OO• + AA

 ~CH2CH(COOH)OOH + CH2 = CHCOO•,

~CH2CH(COOH)OO•  ~CH2CH(COO•)OOH.

The possibility of slow hydrolysis (acidolysis) of the
oligomeric peroxide cannot be excluded [11],

ROOR + CH2=CHCOOH 

 RO(H+)OR + CH2=CHCOO– 

 ROOH + ROC(O)CH=CH2.

Taking into account these data, we should accept
the following mechanism of radical generation during
catalytic acrylic acid oxidation:
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In the presence of peroxide groups, one more cycle is observed, namely,

As a result of this cycle of reactions in the case of
the reaction between Fe2+ and ROOR proceeding rap�
idly, the R• + Fe3+ reaction (chain termination
step (7)) turns into a chain propagation step and a
dynamic equilibrium is established between the Fe2+

and Fe3+ concentrations. If the above cycles of the
conversion of Fe2+ into Fe3+ take place, the rate of cat�
alytic radical generation, viFe, will be

viFe = k3b[ROOH][Fe3+] = αk3b[ROOR][Fe3+], (4)

where α = [ROOH]/[ROOR]. The reaction can be
divided into the following two stages: an induction
period, in which the peroxide concentration is low and
chain termination via the R• + Fe3+ reaction domi�
nates, and accelerated catalytic oxidation of acrylic
acid, in which the accumulated peroxide ensures rapid
interaction between Fe3+ and ROOH and between
Fe2+ and ROOR. During the induction period, the

chains terminate via reactions (6) (  + ) and
(7) (R• + Fe3+). Once the peroxide ROOR is accumu�
lated to such a concentration that the rate of the Fe2+

+ ROOR reaction is higher than the rate of step (7),
the latter stops being a chain termination step and,
starting at the time t ≥ τ, acrylic acid is autocatalyti�
cally oxidized. In this oxidation regime, the chain ini�
tiation and termination rates at a quasi�steady�state
concentration of peroxyl radicals are equal.

In the absence of an initiator, under quasi�steady�
state oxidation conditions we have

viO + αk3b[ROOR][Fe3+] = 2 , (5)

where viO is the rate of chain initiation due to the slow
interaction of acrylic acid with oxygen [3]. Therefore,
at viO  αk3b[ROOR][Fe3+] we obtain [1]

[ROOR]0.5 = Δ[O2]
0.5 = b(t – τ), (6)

where b = 0.5k2[AA](2k6)
–0.5(αk3b[Fe3+])0.5. It is this

parabolic dependence that was observed experimen�
tally (Fig. 2).

In the presence of the initiator, the following equal�
ity is valid:

ki[AIBN]+ αk3b[ROOR][Fe3+] = 2k6[ ]2, (7)

and the oxidation kinetics is described by the equation

. (8)

The values of the coefficient b calculated using
Eqs. (2) and (8) are given in the table. As can be seen,
the numerical values of this coefficient for the reaction
in the presence and in the absence of the initiator are
similar. This means that the scheme given above ade�
quately describes the kinetics of acrylic acid oxidation
catalyzed by iron ions both in the presence and in the
absence of the initiator. The average value of b is b =
(7.16 ± 0.56) × 10–5 mol0.5 l–0.5 s–1. Since b =
0.5k2[AA](αk3b[Fe3+])0.5/(2k6)

0.5, k2(2k6)
–0.5 = 7.58 ×

10–4 l0.5 mol–0.5 s–0.5 [3], and [AA] = 14.02 mol/l, we
have αk3b = 0.20 ± 0.016 l mol–1 s–1.

Both the initiation function of the Fe2+ ions and the
inhibition function of the Fe3+ ions are indicated by
the results of the experiments on acrylic acid oxidation
at various concentrations of iron ions in the presence
of the initiator. Let us compare the rates of acrylic acid
oxidation in experiments with mixed initiation
(AIBN + Fe2+/Fe3+) and ordinary initiation (AIBN
alone). In the case of mixed initiation, the oxidation
rate is expressed as

 + b2t. (9)

The rates of acrylic acid oxidation in both cases are
given below, and the v0(AIBN + Fe3+)/v(AIBN) ratio
is given in parentheses:
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The rate of the reaction was estimated using the initial
oxidation rate calculated via Eq. (9): v = v0 at t = 0.

Clearly, the oxidation rate v0(AIBN + Fe3+) is higher
than v(AIBN). This indicates that additional initia�
tion takes place in the presence of iron ions. However,
the difference between the initiated and catalyzed oxi�
dations decreases with an increase in the Fe3+ ion con�
centration (see the numbers in parentheses). Evi�
dently, this is a consequence of the dual (accelerating
and inhibiting) effect of the iron ions on acrylic acid
oxidation, and the inhibiting effect strengthens as
[Fe3+] is increased.

Thus, a dual role of iron ions in the chain oxidation
of acrylic acid was established. During the induction
period, the Fe3+ ions inhibit oxidation by interacting
with C�centered acrylic acid radicals, whereas they
catalyze the process during developed oxidation due to
the reactions between Fe2+ and ROOR and between
Fe3+ and ROOH. The total catalytic activity of iron
ions in the reaction was estimated from experimental
data.
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