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It has been found that the rate of hydrogen peroxide consumption in an alkane oxidation by the “O2–H2O2–nBu4NVO3–pyrazine-2
arboxylic acid” reagent in acetonitrile is noticeably lower in the presence of an alkane than in its absence. This paradoxical phen
he first glance can be explained if we assume that acetonitrile used as a solvent is efficiently oxidized by the system in the absenc
his oxidation is depressed by alkane additive due to the competition between the alkane and acetonitrile for the active hydrox
fficiently generated by the reagent. It has been also shown that the H2O2 decomposition in the presence of an alkane occurs as a r
on-chain process.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Vanadium complexes are known to catalyze various oxida-
ions of organic compounds including alkanes (see, for exam-
le, reviews[1–7] and recent original publications[8–22]).
arlier we have discovered a very efficient reagent for oxi-
ation of organic compounds, especially for hydroperoxida-

ion of saturated hydrocarbons[23–36]. This reagent based
n atmospheric oxygen as oxidant and hydrogen peroxide
s a promoter of the oxidation as well as a combination
f n-tetrabutylammonium vanadate (or any other vanadium
erivative) and pyrazine-2-carboxylic acid (PCA) as a cat-
lyst oxidizes alkanes predominantly to the corresponding
lkyl hydroperoxides. Alkyl hydroperoxides are partially de-

� For parts 1–13, see[24–36], respectively
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composed in the course of the reaction to the more s
ketones and alcohols.

Usually acetonitrile has been used as a solvent. Th
idative ability of the “O2–H2O2–V complex–PCA” reagen
is due to the hydroxyl radical formation in the hydrogen
oxide decomposition. The oxidation is induced by the at
of hydroxyl radical on the alkane, RH, to produce alkyl r
icals, R•. The latter further rapidly react with molecular
mospheric oxygen. Peroxyl radicals, ROO•, thus formed ca
be converted to alkyl hydroperoxides. The rate-limiting
of the reaction[35] is the monomolecular decomposition
the complex containing one coordinated PCA molecule

VV(PCA)(H2O2) → VIV (PCA) + HOO• + H+ (A)

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.10.043
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The V(IV) species thus formed reacts further with the second
H2O2 molecule to generate the hydroxyl radical according to
the following equation:

VIV (PCA) + H2O2 → VV(PCA) + HO• + HO− (B)

It has been assumed that the accelerating role of PCA is as-
cribed to the facilitation of the proton transfer between oxo
and hydroxy ligands of vanadium complex on the one hand,
and molecules of hydrogen peroxide and water on the other
hand (“a robot’s arm mechanism”)[35].

The efficiency of the H2O2 usage in the oxidations by
this reagent is less than 100% especially in the case of rel-
atively inert alkanes used as substrates. Indeed, one can a
priori assume that some amount of hydrogen peroxide will
be decomposed “non-productively” to afford molecular oxy-
gen (“catalase activity” of the catalyst) and H2O2 might be
also consumed for the oxidation of the solvent (acetonitrile).
In the present work we investigated the alkane oxidation by
the “O2–H2O2–V complex–PCA” reagent taking into account
the aspect of the productivity of H2O2 usage.

2. Experimental
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Current concentration of H2O2 was determined spec-
trophotometrically after addition of titanium(IV) sulfate[37].
In experiments involving molecular oxygen evolution, the
volume of dioxygen evolved was measured using a ther-
mostated burette. The reaction system was connected to a
manometric burette with water, which was saturated with air
prior to use. After certain time intervals, the pressure was
equilibrated using a separation funnel by adjusting the wa-
ter level to the same heights. Synthesis ofn-Bu4NVO3 is
described in the literature[35,38].

3. Results

In this work we studied for the first time the consumption
of hydrogen peroxide and dioxygen evolution in the pres-
ence and absence of an alkane. In our previous publications
[24–36], we described only the formation of alkyl hydroper-
oxides from alkanes under the action of the reagent. We have
found that in the presence of vanadate anion and PCA, hydro-
gen peroxide in acetonitrile at 50◦C decomposes to evolve
molecular oxygen; however, the stoichiometry is in accor-
dance with expression(C):

2�[H2O2] > �[O2] + 2�[H2O] (C)
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Aqueous “35% hydrogen peroxide solution” (“Fluk
tabilized, a solution in water with concentrat
1.5 mol dm−3, or 38%, determined by the titratio
as used as received. The experiments on alkane oxid
ere carried out in water in thermostated Pyrex cylind
essels (total volume 10 mL) with vigorous stirring. T
otal volume of the reaction mixture was usually 2–5 m
n a typical experiment, initially, a portion of the aque
olution of H2O2 was added to the solution of the alka
atalyst (n-tetrabutylammonium vanadate) and co-cata
PCA).

In order to determine concentrations of all cyclohex
xidation products the samples of reaction solutions

n some cases analyzed twice (before and after their
ent with PPh3) by GC (LKhM-80-6 instrument, column
m with 5% Carbowax 1500 on 0.25–0.315 mm Inerton A
MDS; carrier gas argon) to measure concentrations o
lohexanol and cyclohexanone. This method (an exce
olid triphenylphosphine is added to the samples 10–15
efore the GC analysis)[4–6] allows us to detect alkyl hy
roperoxides and to measure also the real concentratio
ll three products (alkyl hydroperoxide, alcohol and aldeh
r ketone) present in the reaction solution, because us
lkyl hydroperoxides are decomposed in the gas chrom
raph to produce mainly the corresponding alcohol and

one. Nevertheless, in our kinetic studies described below
easured concentrations of cyclohexanone and cyclohe
nly after reduction of the reaction mixture with PPh3 which
ives precisely concentration of a sum of the oxygen
his total concentration is used for measuring the rea
ates.
f PCA is used in excess compared with the vanadium
entration, the rate of the dioxygen evolution is proportio
o the initial concentration of the vanadate anion (Fig. 1).

The dependences of the reaction rate on the initial con
ration of hydrogen peroxide are presented inFig. 2. Compar
son of graphs A and B clearly shows that hydrogen pero
ecomposition to O2 is noticeably more rapid if cyclohexa

s not present in the reaction solution. The second featu
his reaction is the higher rate of H2O2 consumption in com
arison with O2 accumulation in the absence of cyclohexa

ig. 1. Plot of initial rate of dioxygen evolution in the H2O2 decom-
osition in MeCN vs. initial concentration ofn-Bu4NVO3. Conditions

H2O2]0 = 0.96 mol dm−3; [PCA]0 = 25× 10−4 mol dm−3; 50◦C.
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Fig. 2. Decomposition of H2O2 in MeCN at 50◦C. Dependences of ini-
tial rates of O2 evolution (curves 1), H2O2 consumption (curves 2) and
cyclohexane oxygenates formation (curve 3) on initial concentration hydro-
gen peroxide are shown. Conditions: [n-Bu4NVO3]0 = 5× 10−4 mol dm−3;
[PCA]0 = 25× 10−4 mol dm−3. Hydrogen peroxide was added as 35%
aqueous solution. Graph A: the reaction in the presence of cyclohexane
(0.46 mol dm−3); graph B: the reaction in the absence of cyclohexane. Curve
2a was obtained for the reaction when additional water was added in order
to even the influence of water from the hydrogen peroxide sample.

Both dependences testify the first order in respect to H2O2 at
its relatively low concentrations.

In the absence of PCA almost no O2 evolution can
be noticed. At [PCA] < 10× 10−4 mol dm−3 the O2 evo-
lution rate increases linearly with growth of [PCA] and
at [PCA] > 10× 10−4 mol dm−3 does not grow with rise
of [PCA] (Fig. 3). Moreover, maximum can be noticed at
[PCA] ≈ (10/20)× 10−4 mol dm−3. It is interesting that pi-
colinic acid also accelerates the O2 evolution with a much
more sharp maximum at approximately 8× 10−4 mol dm−3

(seeFig. 3, curve 2).
We determined efficient activation energy of the O2

evolution (Fig. 4), which turned out to be approximately
equal (20 kcal mol−1) to that for the cyclohexane hydroper-
oxidation (17 kcal mol−1) [35] or benzene hydroxylation
(19 kcal mol−1) [36]. Phenol taken in relatively large ex-

Fig. 3. Plots of initial rate of dioxygen evolution in the H2O2 decompo-
sition in MeCN vs. initial concentration of added PCA (curve 1) or pi-
colinic acid (curve 2). Conditions: [n-Bu4NVO3]0 = 5× 10−4 mol dm−3;
[H2O2]0 = 0.96 mol dm−3; 50◦C.

cess to the vanadium ion decreases the O2 evolution rate,
whereas 2,6-dimethyl-4-tert-butylphenol containing a ster-
ically shielded OH group almost does not affect the rate
(Fig. 5).

4. Discussion

It is known that in aqueous solution reactions of photo-
chemical hydrogen peroxide decomposition as well as its
decomposition under the action of ions and complexes of
transition metals occurs as radical chain processes[39–41].
Chain transfer agents in these reactions are inter alia hydroxyl
(HO•) and hydroperoxyl (HO2•) radicals. Chain propagation

F em-
p ds
t
[

ig. 4. Dependence of the initial dioxygen evolution rate on t
erature in the H2O2 decomposition in MeCN which correspon

o Ea = 20 kcal mol−1. Conditions: [n-Bu4NVO3]0 = 1× 10−4 mol dm–3;
PCA]0 = 5× 10−4 mol dm−3, [H2O2]0 = 0.96 mol dm−3.
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Fig. 5. Plots of initial rate of dioxygen evolution in the H2O2 de-
composition in MeCN vs. initial concentration of added phenol
(curve 1) or 2,6-dimethyl-4-tert-butylphenol (curve 2). Conditions:
[n-Bu4NVO3]0 = 5× 10−4 mol dm−3; [PCA]0 = 25× 10−4 mol dm−3,
[H2O2]0 = 0.96 mol dm−3; 50◦C.

stages in the photochemical process are the following reac-
tions:

HO• + H2O2 → H2O + HO2
• (1)

HO2
• + H2O2 → HO• + O2 + H2O (2)

In addition to the participation in the chain initiation stage,
transition metal ions Mn+ usually catalyze stage (2) in accor-
dance with the following scheme:

HO2
• + Mn+ → H+ + O2 + M(n − 1)+ (3)

M(n − 1)+ + H2O2 → Mn+ + HO− + HO• (4)

Certain organic substances, when added to these system
do not change the initiation rate but decrease the decomposi-
tion rate of hydrogen peroxide. A decrease in the decompo-
sition rate of hydrogen peroxide is due to the change of the
mechanism of the chain termination because the interaction
between hydroxyl radicals and the organic substance leads to
the formation of secondary radicals which are less reactive
in the propagation stage but efficient in the chain termina-
tion step. Efficiency in the suppression of the chain process
should depend on the reactivity of the secondary radicals.
Only in the case when these radicals are inactive in the chain
termination step, the whole chain process is completely sup-
pressed and the oxidation rate of the organic substance equals
t n of
t hen
c n hy-
d gher
r ls in
c in
m

sses
o nied

with conjugated solvent oxidation reactions because solvent
molecules usually react with hydroxyl radicals. The same
can be said about radical chain processes of organic perox-
ide decomposition and about any radical process in which
generated free radicals react with solvent molecules.

It follows from Fig. 2 that the initial rate of hydro-
gen peroxide decomposition (at its initial concentration
0.5 mol dm−3) at 50◦C in the presence of catalystn-
Bu4NVO3 (5× 10−4 mol dm−3) and co-catalyst PCA
(2.5× 10−3 mol dm−3) is equal to 2× 10−4 mol dm−3 s−1.
Under the same conditions the rate of molecular oxygen
evolution is equal to 0.6× 10−4 mol dm−3 s−1. Thus, it
can be concluded that the hydrogen peroxide is consumed
for the oxidation of the reaction solution components with
the rate of 0.8× 10−4 mol dm−3 s−1. The oxidation of the
reaction solution components leads to the formation of such
products as formaldehyde, carbon monoxide and formic
acid [33] with the yields growing with the reaction time.
Total yield of these products is however not high, and other
possible products have not been identified by us. It can
be assumed that two substances PCA and acetonitrile can
be potentially oxidized under conditions described above.
Taking into account that oxidizing ability of the system under
discussion is due to the hydroxyl radical generation, we can
propose that acetonitrile will be mainly oxidized. Indeed
i • e
t
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b
I n
1

l re-
s und,
w hat
t
c f hy-
d than
1 ng
t -
t tra-
d as-
s ized
i that
a ax-
i es of
b the
c
d rates
a

yclo-
h ne
c ity
o his
a does
o the initiation rate. In the aqueous solution, the inhibitio
he hydrogen peroxide decomposition occurs usually w
oncentration of the organic compound is much less tha
rogen peroxide concentration. This fact is due to the hi
eactivity of organic compounds towards hydroxyl radica
omparison with the reactivity of H2O2, as well as the cha
echanism of the H2O2 decomposition.
It is clear that in an organic solvent, chain proce

f hydrogen peroxide decomposition will be accompa
s

f for the interaction between PCA and HOwe assum
he rate constant to be equal to 1.0× 1010 mol−1 dm3 s−1,
e will calculate that the rate ratio for the HO• inter-
ctions with PCA and CH3CN is not higher than 0.0
at [PCA] = 2.5 mol dm−3 and [CH3CN] = 17 mol dm−3),
ecausek(HO• + CH3CN) = 2.2× 107 mol−1 dm3 s−1 [42].

n reality, however,k(HO• + PCA) should be lower tha
.0× 1010 mol−1 dm3 s−1.

This assumption is supported by two experimenta
ults described below. If we would assume that a compo
hich is mainly oxidized is PCA, we will need to accept t

he typical time of the added PCA (2.5× 10−3 mol dm−3)
onsumption might be ca. 2.5 min because the rate o
roxyl radical generation under our conditions is higher
.5× 10−5 mol dm−3 s−1 (see below). Consequently, duri

his time, in accordance with the data ofFig. 3, a substan
ial catalyst deactivation could occur, which is in con
iction with our experimental results. Secondly, if we
ume that PCA is a substance, which is mainly oxid
n the system under consideration, we should expect
n increase of PCA concentration (after attaining the m

mum rate) would lead to a sharp decrease of the rat
oth cyclohexane oxidation and dioxygen evolution. On
ontrary, the data ofFig. 3 and results obtained in[40]
emonstrate that the effects of [PCA] on the reaction
t [PCA] > 1.5× 10−3 mol dm−3 are negligible.

Previously analyzing the dependence of the rate of c
exyl hydroperoxide formation on the initial cyclohexa
oncentration[35], we took into account the possibil
f hydroxyl radical to be accepted by acetonitrile. T
nalysis was based on the assumption that cyclohexane
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not affect the hydroxyl radical generation rate. Moreover,
we assumed that secondary radicals generated from both
cyclohexane and acetontirile do not take part in the chain
hydrogen peroxide decomposition with participation of
hydroxyl radicals. A conclusion was made from this analysis
that when cyclohexane concentration is high, the rate of
cyclohexyl hydroperoxide formation approaches the rate of
hydroxyl radical generation by this system that is the initia-
tion rate. If this assumption is true, the cyclohexane additives
should not affect the hydrogen peroxide decomposition rate.
However, our experiments unexpectedly demonstrated that
under the conditions described above cyclohexane added to
the reaction solution decreases the rate of hydrogen peroxide
decomposition. For example, in the presence of 0.46 dm−3 of
cyclohexane and [H2O2]0 = 0.5 mol dm−3 the rates of H2O2
decomposition and O2 evolution dropped to 0.9× 10−4 and
0.15× 10−4 mol−1 dm3 s−1, respectively, from the initial
rates 2× 10−4 and 0.6× 10–4 mol−1 dm3 s−1 obtained in the
absence of cyclohexane (seeFig. 2). The rate of the formation
of the main oxidation product cyclohexyl hydroperoxide is
equal to 0.15× 10−4 mol dm3 s−1, that is 70% of the initia-
tion rate[35,43]. Experimentally found kinetic features of the
process are the following. On growing initial concentration
of added cyclohexane (CyH), the dioxygen evolution rate
approaches zero and the hydrogen peroxide decomposition
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in [35] which does take into account reactions of secondary
radicals nevertheless quantitatively describes the experimen-
tal data. However, if we accept that radicals formed from the
acetonitrile can induce a chain process of the H2O2 decompo-
sition, we will find that, stationary concentration of hydroxyl
radicals is higher than in the absence of the interaction be-
tween secondary radicals formed from CH3CN and H2O2,
due to the additional generation of hydroxyl radicals in the
cycle of H2O2 decomposition. As a result efficiency of the
acetonitrile on the yield of cyclohexyl hydroperoxide should
be less than that expected on the basis of radiochemical ex-
periments giving rate constants of the interaction between
hydroxyl radicals with either acetonitrile or cyclohexane. It
means that experimentally measured ratio

k(HO• + CH3CN)

k(HO• + CyH)
(6)

should be less than the corresponding calculated ratio.
Further, we might expect some difference in the values of

the ratio(6) measured in photochemical (in the absence of a
catalyst)[43] and in catalytic (in the presence of a catalyst)
experiments, because the participation of the catalyst in the
cycle of the chain propagation is very probable. Thirdly, the
experimental dependence of the cyclohexyl hydroperoxide
formation rate on cyclohexane concentration should not gen-
e icted
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ate approaches a two-fold rate of cyclohexyl hydro
xide (CyOOH) formation. Thus, total reaction of
atalytic cyclohexane oxidation corresponds to the follow
quation:

H2O2 + CyH → 2H2O + CyOOH (5)

he obtained experimental data show that in the abs
f the cyclohexane each hydroxyl radical generated by
atalytic system induces the decomposition of 10 molec
f hydrogen peroxide and approximately half of th
olecules is used for the acetonitrile oxidation, wher

he other half of molecules is consumed for the H2O2 de-
omposition leading to the formation of molecular oxyg
ince the rate constants of hydroxyl radical interactions

he acetonitrile and H2O2 are close[42] and concentratio
f the acetonitrile is much higher than hydrogen pero
oncentration, all induced HO• radicals will react with
H3CN (for the reactions of hydrogen peroxide w
cetonitrile, see, for example,[33,44,45]).

It is important to note that the additional consumption
ydrogen peroxide in the acetonitrile oxidation induced
adicals formed from the acetonitrile cannot be due to a
cal chain process of the hydrogen peroxide decompos
ith the formation of hydroxyl radicals. An assumption t

adicals generated in the interaction between CH3CN and
O• induce the chain process of hydrogen peroxide dec
osition with the formation of hydroxyl radicals is in co

radiction, first of all with the main thesis accepted in[35].
his thesis describes a competitive interaction of aceton
nd cylohexane with hydroxyl radicals. A model propo
rally correspond to the dependence, which can be pred
y the simple competitive scheme[35]. We have found tha

n reality the constant ratio is in concordance with the r
alculated from the radiolysis data. As this ratio is practic
he same for both photochemical and catalytic experim
43], we can state that the experimental data are in agree
ith the simple competitive scheme. This is why we prop

hat the additional consumption of hydrogen peroxide for
inal products is not due to the chain H2O2 decomposition

which occurs via the generation of hydroxyl radicals),
hat this decomposition is not induced by radicals form
rom acetonitrile.

The catalytic H2O2 decomposition under the action
anadate ions is not a radical chain but a radical
ess, because in acetonitrile the rate of potentially
ible chain termination stage (1) is much lower than
ate of the interaction between hydroxyl radicals and
onitrile (i.e., the chain termination rate). We assume
he main route leading to the dioxygen evolution is
o the secondary processes of acetontirile oxidation by
rogen peroxide. Indeed the O2 evolution rate decreas
ith decreasing acetonitrile oxidation rate. Under stu
onditions ([n-Bu4NVO3] = 5× 10−4, [PCA] = 2.5× 10−3,
H2O2] = 0.5 mol dm−3 and 50◦C) in the absence of add
yclohexane, we detected a large hydrogen peroxide
umption per one hydroxyl radical inducing the oxida
n our catalytic system. Additives of cyclohexane lead
he substantial decrease of H2O2 consumption, and a go
roduct is formed, CyOOH: seeTable 1which contains rate
f cyclohexane oxidation,W(CyH), and hydrogen peroxid
onsumption,W(H2O2), at various initial concentrations
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Table 1
Rates of H2O2 decomposition and CyH oxygenation at various initial CyH
concentrations

[CyH]0

(mol dm−3)
104 × W(H2O2)
(mol dm−3 s–1)

104 × W(CyH)
(mol dm−3 s−1)

0 2.0 0
0.46 0.9 0.15
0.92 0.7 0.175
1.84 0.6 0.19

cyclohexane. The data fromTable 1show, for example, that
at [CyH] = 0.92 mol dm−3 and when 38% aqueous H2O2 is
used approximately a half of all hydrogen peroxide amount
is consumed for the cyclohexane oxidation, whereas, the sec-
ond half of H2O2 is used for the acetonitrile oxidation and
dioxygen formation.

When cyclohexane is present in a high concentration, ace-
tonitrile as an acceptor of hydroxyl radicals affects neither
hydrogen peroxide decomposition rate nor cyclohexane ox-
idation rate. Taking into account the stoichiometry of the
cyclohexane oxidation, Eq.(5), and the fact previously de-
scribed by us that CyOOH is not formed if a stream of argon
is bubbled through the reaction solution[35] we can propose
that dioxygen necessary for the reaction (a catalytic cycle, see
[35]) is formed in appropriate amount during the H2O2 de-
composition in the catalytic cycle. Based on this statement we
propose the following mechanism of the H2O2 decomposi-
tion and the simultaneous cyclohexane oxidation at relatively
high concentration of the latter when all generated hydroxy
radicals react with the alkane:

V5+ + H2O2 � complex (7)

complex → V4+ + H+ + HO2
• (8)

V5+ + HO2
• → V4+ + H+ + O2 (9)

V

H

C

C

4-
t nne
T pre
t CyH
o the
a rbo
a ple
c dica
d . Th
a e th
r

This parameter is in good agreement with the value (1.15)
calculated on the basis of radiolysis experiments[42].

Added methanol decreases the hydrogen peroxide
decomposition rate to much less extent in comparison with
the alkanes. For example, at [MeOH] = 0.5 mol dm−3 the
value ofW(H2O2) is only by 30% lower than in the absence
of methanol. This is not due to the difference between rate
constants for the reaction of hydroxyl radicals with methanol
and cyclohexane. Indeed, rate constants for oxidations
of both substrates are very similar: (8.4± 1.7)× 108 and
1.25× 109 mol−1 dm3 s−1, respectively. Less efficient
decrease in the H2O2 decomposition rate in the case
of methanol, when compared with alkanes can be ex-
plained if we accept that radicals formed from methanol
induce the chain process of the H2O2 decomposition
with participation of hydroxyl radicals, as shown in Eqs.
(1) and (2). Such a route is impossible in the case of
alkanes.

5. Conclusions

In this work we followed the alkane, RH, oxidation with
the “O2–H2O2–nBu4NVO3–PCA” reagent in acetonitrile by
measuring the hydrogen peroxide consumption in the course

tion
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sses,
4+ + H2O2 → V5+ + HO− + HO• (10)

O• + CyH → H2O + Cy• (11)

y• + O2 → CyOO• (12)

yOO• + V4+ + H+ → CyOOH + V5+ (13)

We have found that other alkanes (n-heptane and 2,2,
rimethylpentane) affect the process in an analogous ma
hese hydrocarbons added to the reaction solution de

he cyclohexane oxidation process and the initial rate of
xidation is approximately three times as low as that in
bsence of the additive. The effect of the second hydroca
dditive on the CyOOH yield can be described by a sim
ompetitive scheme, which assumes that secondary ra
o not take part in the hydrogen peroxide decomposition
nalysis of our experimental data allowed us to measur
atio of rate constants:

k(HO• + 2, 2, 4-trimethylpentane)

k(HO• + cyclohexane)
= 1.16± 0.06 (14)
l

r.
ss

n

ls
e
e

of the reaction and found that the rate of this consump
is noticeably higher in the absence of the alkane. This
nomenon can be understood by introducing the follow
mechanistic scheme. Hydrogen peroxide generates und
action of the vanadium complex hydroxyl radicals, wh
competitively react both with MeCN and RH:

HO• + MeCN → products (15

HO• + RH → H2O + R• → · · · → products (16

Reaction(15)requires larger amount of H2O2 in comparison
with process(16). Indeed, as the reaction between HO• and
MeCN generates reactive nitrogen-containing intermedi
which require additional amounts of H2O2 for their deep oxi
dation, in the oxidation of one molecule of MeCN much m
than one molecule of hydrogen peroxide is consumed i
tal. As a result we notice a sharp decrease of the hydr
peroxide decomposition rate when RH is added to the sy
and reaction(16) (which needs much less amount of H2O2)
becomes the predominant process.
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