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Abstract:

A practical model was developed for liquid-phase MA*-
catalysed oxidation of ethyl benzene by @ The model describes
time profiles of concentrations of ethyl benzene and two
intermediate oxidation products (methyl phenyl carbinol and
acetophenone). The kinetic model of acetophenone oxidation
to benzoic acid was also obtained. The influence of the main
products of the ethyl benzene oxidation on the reaction kinetics
is discussed. It was established that the addition of ethyl benzene
hydroperoxide does not affect the reaction rate; the addition
of methyl phenyl carbinol inhibits the reaction. The addition

oxidation in the presence of the main reaction products and
aimed at the building of a mathematical model of the process
that can be used for equipment design. The information on
the reactions occurring in the system is vital for the
construction of the model. Thus, EB can interact either with
Mn(ll1) or with free radicals. The latter can be formed both
in the decomposition of the first intermediate, that is, ethyl
benzene hydroperoxide (EBHP), and in the oxidation of other
intermediates: methyl phenyl carbinol (MPC) or acetophe-
none (AP) to benzoic acid (BA). It is evident that all these
compounds can influence the rate of ethyl benzene (EB)

of acetophenone promotes the reaction and neutralises the
inhibiting effect of methyl phenyl carbinol. The proposed
reaction mechanism includes free-radical ethyl benzene oxida-
tion. The process is initiated by the acetophenone interaction
with Mn 3" jon, and the chain is propagated due to the
hydroperoxide interaction with ethyl benzene. The chain
termination is quadratic. The length of the oxidation chain was
calculated. The inhibition is caused by the manganese bonding
to form an inactive complex. The obtained system of differential
rate equations adequately describes the process.

Introduction

consumption and the type of the kinetic equations in the
model. Preliminary experimertshowed that the initial rate
of EB oxidation is described by the following equation:

ro = K[EB] 4/ [Mn®']

The following reactions occur in the system:

HO-CH-CH,
CH HOO-CH-CH,

$-E7 O

The kinetic model of ethyl benzene (EB) oxidation is
relevant for many commercial processes. This model would
become eventually more valuable if it were to include the
reactions of the intermediates. In some cases these intermedi-
ates can become desired products themselves. Also, they can
participate in the oxidation of the starting EB and change It is evident that these data are not sufficient for the
the rate of its consumption. This work is devoted to EB construction of the kinetic model. Therefore, we had to
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investigate the reactions of the intermediate products leading The mean relative error of the analysis#§%.

to the final product of EB oxidation, that is, benzoic acid. 2. GLC Analysis. Analysis of the reaction mixture was
We also investigated the influence of the intermediates on performed on the gas chromatograph “Tsvet” model 500 with
the ratio of catalyst species in different oxidation states. As FID and glass 1 mx 3 mm i.d. column packed with

a result, we obtained the system of differential equations thatINERTON super AW-DMCS ¢ = 0.16-0.2 mm) with 5%

correctly describes the process. FFAP. Injector temperature 22TC, column temperature
] ) 100-160 °C (3 min isotherm at 100°C, temperature
Experimental Section _ programming 10°C/min up to 160°C, 15 min isotherm at
Kinetic Procedure. All the runs were carried out under 160 °C).
intensive mixing at standard pressure and 1@0 In the The concentrations were determined with the help of the

preliminary experiments it was established that the initial jnternal standard rtoctanol for AP and MPC andp-
reaction rate became independent of the_stirrer spee(_JI at _ZOOQlitroacetophenone for BA and phenol). Triphenylphosphin
rpm and of oxygen flow above 0.5 L/min. All the kinetic  \yas added to all samples of reaction mixture. It selectively
experiments were run under these conditions, thus ensuringconverted HPEB to MPC, then internal standards were added.
the absence of mass-transfer effects. The solvent was The mean relative error of the analysisi&§%.

pure ethyl benzene or its mixture with chlorobenzene. To 3. yv SpectroscopyTo 1 mL of the sample was added
remove all traces of EBHP, EB prior to the reaction 3 mL of freshly distilled acetic acid. The optical density of
was passed through the column packed with alumina andthe obtained solution was measured on “Specord-M40-UV
distilled. After the purification, no traces of EBHP were s spectrophotometer at 460 nm. The concentration 6fMn

found. The reactor was a glass cylinder vessel 6f B0 a5 determined by the calibration curve linking [Mhwith
mL volume, equipped with turbine mixer, gas inlet pipe, the solution optical density.

sampler, contact thermometer, and De&tark head for the The mean relative error of the analysisi&§%.
isolation of water from the gaseous reaction products, which

were condensed in the reflux cooler. The reaction temperaturepagits and Discussion

was kept constant withig-0.5°C due to the system control The Effect of the Hydroperoxide Addition. In the

thermometer-relay. noncatalysed oxidation free radicals are produced by the

il Ac\jfter.tﬁss?? ?“Sg the SeEIEJrE) the Dteaﬁtark ?eadd (;Nas_th thermal destruction of hydroperoxidé%.This destruction
ned with etnyl benzene. The reactor was loaded With - ;op a9 proceed both by radical and molecular pathways

reaction components. Then the mixer and heating were turnedIS also catalysed by metal iof&If the molecular mechanism

on. After_the reaction tempe_rature was reached, oxidant 9aSq prevailing, then the hydrocarbon oxidation rate would not
was fed into the reactor. This moment was assumed as th

. : : e increased by the addition of hydroperoxide despite the
:)heeglfT;JJ]?T]th(;?e reaction. The gas flow was controlled with increase in its decomposition rate as compared with non-

The reaction was monitored by taking samples of the catalysed process. Air oxidation of EB in the presence of
. . N y 9 P Mn(ll) salts in the absence of organic additives at 240
reaction mixture with time.

o . i begins after fairly long induction time. During that time
The setup for the EB oxidation under anaerobic copdltlons reaction mixture is only slightly coloured, and no reaction
was eventually the same as described above only it lacked

the Dean-Stark head. To maintain an inert atmosphere argon products are accumulated. The oxidation begins after rapid
€ beamrstark head. 10 maintain an inert almosphere argon , 4 complete transfer Mh — Mn3*, Oxidation proceeds
or nitrogen were fed into reactor instead of air.

. . rapidly at first, later slows, and eventually stops. Transforma-
Analysis Procedure.The concentrations of MPC, AP, . . . .
BA, and phenol were determined by GLC. The EBHP tion of EB to MPC and AP via EBHP starts after induction

. . ) A time. In all possibilities, inhibition is the result of some kind
concentration was determined by iodometric titration, and P

. of catalyst deactivation. However, when the oxidation is
concentrat!on of Mn(lll) _by UV—spectroscopy. The EB. carried out in the absence of inhibiting products of EBHP
concentration was determined as the difference between its

initial concentration and the sum of organic reaction product decomposition (i.e., phenol and MPC), the reaction gives
) 9 P benzoic acid in nearly quantitative yield.
concentrations.

1. lodometric Titration. The 1-mL sample of the reaction On addition of EBHP to the starting reaction mixture, all
- lodometric Titration. the sampie of the reactio manganese ions were immediately oxidised to*MThe
mixture was put into a stoppered flask. To the flask was

. consumption of EB occurred without an induction time. All
0,
ﬁggs (\j/v;(s) kmel;)to rnﬁ%?-(;:rrl](dfc?r n;'g %fiioﬁsleizllt&azhe kinetic curves were congruent with those observed in the
titrated with 0.05 N Ng5,0 solution. The EBHP concentra- runs without added EBHP after the induction time. The same

: : ) results were obtained with addition of cumene hydroperoxide
tion was calculated according to the equation:

VNaZSZO — V0 (2) Emanuel, N. M.; Denisov, E. T.; Maizus, Z. Ksepnye Reakcii Okisleniya
—=_223 Na.S.O Uglevodoroda v Zhidkoi PhazdLiquid-Phase Chain Hydrocarbon Oxida-
2V %503 tion]; Nauka: Moscow, 1965.
. . . 3) Emanuel, N. M.; Gal, DOkislenie Etilbenzol§Ethyl Benzene Oxidatidn
wherec is EBHP concentratioWnas,0, iS the volume of ( )Nauka; Moscow, 1984, Y ¢

titrant used, mLV; is the volume of titrant is for the titration (4) Balkov, B. G.; Skibida, I. P.; Maizus, Z. Klzo. AN SSSR, Ser. Khim
u " : . 197Q 1780-1785.
of the “blank Sample' mLVis the sample VOIume’ mL; (5) Skibida, 1. P.; Brodskii, M. S.; Gervits, M. Ya.; Goldina. L. A.; Maizus, Z.

Nnas,0, IS the normality of the titrant in mol/L. K. Kinet. Katal. 1973 14, 885-890.
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Figure 1. Influence of added MPC on the ethyl benzene  F/9uré 2. Influence of added AP on the ethyl benzene
oxidation. Initial concentrations (in mollL): [EB] = 8.17. oxidation. Initial concentrations (in mol/L): [EB] = 8.17.
[MnStg] = 0.0075. (Curve 1) [MPC]: 0. (Curve 2) [MPC] — [MnStg] = 0.0075. (CUFVE 1) [AP]: 0. (Curve 2) [AP] =0.14.
0.10. (Curve 3) [MPC] = 0.33. (Curve 4) [MPC] = 0.44. (Curve 3) [AP] = 0.32. (Curve 4) [AP]= 1.06.

) ) . step can be estimated by studying AP oxidation under the
to the reaction mixture. The continuous feed of hydro- ~gnditions of ethyl benzene reaction.

peroxides after induction time also did not change the rate The addition of benzoic acid eliminated the induction

of EB consumption. time. A bell-like dependence of the initial rate on benzoic
The decomposition of EBHP under Ar catalysed by 4:id concentration was obtained.
manganese(ll) stearate (Majt extremely fast, and at 120 Thg aqdition of phenol inhibited EB oxidation. Its addition

°C ityields MPC, AP, and all manganese(ll) is oxidised 10 4t the peginning resulted in virtually infinite induction time.

Mn*. Thus, it can be supposed that main role of EBHP \yhen it was added after the induction, the reaction was
during the oxidation is the generation of Rnrather than drastically slowed.

abstracting hy(_jrogen atoms from EB. This hypothesis also  The results show that AP and Minparticipate in the
corresponds with the publistfedata that EBHP decomposi-  jntiation step. The acting concentration of fris the result

tion catalysed by Mn proceeds mainly by the molecular of jts reactions with oxygen-containing reaction products.
pathway. The low steady-state concentration of EBHP during These may be both regx processes and simple binding of
the reactiop is explained by itg high decomposition rate. This manganese into a complex. The experimental data show that
concentration stays low until the moment of the catalyst he accumulation of Mn(lll) in high concentration is the result
poisoning when the rate of the process significantly drops. f reactions with participation of acetophenone and benzoic

The Influence of Added Methyl Phenyl Carbinol, acid. Thus, the next step was the study of their possible
Acetophenone, Benzoic Acid, and PhenolThe kinetic transformations.

curves obtained in the presence of MPC added at the start  oxidation of Acetophenone in the Presence of the

_of the oxi.dation are shown i.n Figure 1.1t is seen tha}t the Manganese Catalystlt is knowrf that AP oxidation in an
increase in MPC concentration results in the elongation of 4cetic acid solution is a nonchain process rate-limited by the
the induction time, and the reaction rate drops. The oxidation pjn3+—AP interaction. The same reaction can proceed when
is halted completely at the MPC'concentration of 0.44 .moI/ ethyl benzene, chloro-, or dichlorobenzene is used as the
L. Moreover, the maximum obtained Mnconcentrationis  solvent. Thus, it was necessary to study both the anaerobic
lower than the initial concentration of manganese stearate.yyidation of AP by Mi* ions using Mn(OAG)2H,0 under
This was observed o_nly m_the presence of added MPC. Ther atmosphere and its oxidation to benzoic acid by oxygen
samples of the reaction mixture contained the brown MnO i, the presence of Mn(OAg)iH,O catalyst. The formation
precipitate. The oxidation of MPC did not proceed in the ¢ complexes in the system Mn—Mn2*—AP—BA has been
absence of EB, and begins only after the addition of AP. In sy died earle,and the results obtained were used in the
the presence of AP no inhibition was observed. It may be -gnstruction of the kinetic model. The results of UV

supposed that the catalyst poisoning is due to the MPC gpectroscopy showed that in the chloro- and dichlorobenzene

oxidation and competes with manganesé interaction.  sojutions exist free ions M1, Mn2" together with associates
This interaction prevents the irreversible inactivation of the \jp2+...Mn2+  Mn3*---Mn3*, and Mr#*---Mn?*. All these
catalyst. catalytic species can interact with AP and BA, thus influenc-

The addition of AP at the beginning of the reaction jng the reaction kinetics.

resulted both in the reduction of the induction time and in ~ Apaerobic Oxidation of Acetophenone by Manganese

the increase in the initial rate of ethyl benzene oxidation (see |||y Acetate. The reaction kinetics was studied in the
Figure 2). It should be noted that the rate of EB consumption yresence of benzoic acid that was necessary to ensure a
grows with the increase in the initial AP concentration. This
implies that the kinetic equation for the EB oxidation should (6) Mi'ko, S. B.; Rzhevskaya, N. N. Digurov, N. Gzv. VUZOV, Ser. Khim.
include the AP concentration. It is reasonable to suppose @ 1990 33

i ) S . Bukharkina, T. V; Digurov, N. G.; Milko, S. B.; Shelud’ko, A. BOrg.
that AP participates in the initiation step. The rate of this Process Res. De 200Q 4, 404-408
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Tap x10%, These relationships are valid only for the beginning of the

"‘“VL'"‘“*_ reaction when no Vi species are present.
80 The dependence of the initial rate on [fhis linear as
shown in Figure 4. The addition of Mh to the reaction
6o mixture at the start resulted in reaction inhibition. It seems
that mixed associates of Mn(lll) and Mn(ll) do not participate
4.0 in the oxidation. Thus, the inhibiting effect of Mhis caused

by its binding with Mr#* into an inactive complex. When
the acetophenone is in a large excess ([APMn®*]y), the

0 reaction kinetics can be described by the following system:

0 > 2 6 [3 10 12 100XCyqes, dCMn(3+)

. . . - = k,[Mn3*
Figure 3. Dependence of the initial rate of the anaerobic AP dt il ]
oxidation by Mn(lll) ( ro) on its initial concentration Cyn+) at _
110°C. CMn(2+) - CMn(3+)0 - CMn(3+)
10°r, Cumnzs) = IMN*'] + 2K, [Mn?*]? + K [Mn?][Mn "]
mol/L-min|

Cumns) = IMn*"] + 2K [Mn**]? + K [Mn*][Mn "]

6l where Cun1) is the overall (analytical) concentration of

Mn(ll), mol/L; Cuns+ is the overall (analytical) concentration

A of Mn(lll), mol/L; [Mn?*] is the concentration of the
monomer Mn(Il), mol/L; [Mr#*] is the concentration of the

3 : monomer Mn(lll), mol/L;K; = 16 L/mol is the equilibrium

2 constant of the reactioh:

2Mn*" = Mn®e--Mn3t

1 2 3 4 5 10[Mn*], ol K, = 70 L/mol is the equilibrium constant of the reaction:
Figure 4. Dependence of the initial rate of the anaerobic AP
oxidation by Mn(lll) ( ro) on the concentration of monomeric 2Mn?" = Mn?*++-Mn?*

Mn 3]
[ ] Ks = 370 L/mol is the equilibrium constant of the reaction:
homogeneous reaction mixture. The only oxidation product - a . ar
was 1,4-diphenylbutane-1,4-dione: Mn“" + 2Mn™" = Mn~"++-Mn
o o The dependences of the rate constanton the initial
& en—cn—d acetophenone and benzoic acid concentrations are bell-like
©/ O curves. The studies of the complex formation in the system

containing Mi*, Mn3t, BA, and AP showed that organic

The mass balance experiments showed that one mole Ofspecies compete for a position _in the metal coo_rdination
Mn(OAc); is consumed per one mole of acetophenone, thus sphere. Theky can be expressed in terms of the ratio [AP].
making it possible to monitor the reaction by kncon- EjBA]O ébOth farel n : |:a|'r|?e excess to the metal). This
sumption. It was established that the reaction does not ependence 1S aiso bell-like.
proceed to completion and is inhibited by Rrions. That y a[AP]/[BA],
was confirmed by experiments with the addition of Mn(OAc) 1= 2
to the reaction mixture. The dependence of the initial rate 1+ BIAPIJIBA] o + c(APJ/[BA] o
of Mn®* consumption on the initial overall analytical M the optained equation allows us to propose the following
concentration is nonlinear, as shown in Figure 3. _Thl_s scheme of transformations:
allowed us to suppose that only free manganese(lll) ion is
the oxidant. Its concentration can be calculated according

@)

K
Mn*_BA+AP == Mn*..AP..BA,, +BA

to the mass balance equation: ;
K
Cunian = [Mn3+] + 2K1[Mn3+]2 Mn3*..AP..BA, , +AP == Mn**_AP, BA_, *BA..
i
where Cuni+) is the overall (analytical) manganese(lll) . .
concentration, mol/L; [M#] is the concentration of the | — @—c=o +Mn*. AP..BA,, + H*
monomer Mn(lll), mol/L;K,; = 16 L/mol is the equilibrium ICHz

constant of the following reactioh:
o ot ot If the complexll is not able to transfer an electron from AP
2Mn™ = Mn~"---Mn molecule to M&* ion, then the rate constant is described by
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Table 1. Constants of eq 2

run t,°C ko, min—t Ky Ks x 10°
1 100 0.09 2.6 14
2 110 0.17 2.4 12
3 120 0.30 2.4 11
4 130 0.36 2.2 11

Table 2. Mass balance of the AP oxidation

time, min 0 30 60 120 180 240 300
[AP], mol/L 240 220 1.68 1.22 0.54 0.19 0.06
[BA], mol/L 0.50 0.70 1.20 1.65 2.32 2.64 2.76

[AP] + [BA], mol/L 2.90 290 2.88 2.88 2.87 2.83 2.82

eg 1 and the kinetic equation is as follows:

d[AP] dCMn(3+) .
dt =~ dr
- k2k3K4CMn(3+) [AP] o/ [BA] 0

1+ K,[AP]/[BA] , + K,K5([AP]/[BA] o)°

)

The constants of eq 2 are listed in Table 1. Strictly speaking,
in eq 2 current concentrations of BA and AP should be used
instead of the initial ones. Nevertheless, the use of the initial
concentrations is justified as the concentration of benzoic
acid during the reaction is constant and consumption of AP
is negligible due to its large excess over ¥Mn

Thus, we established that the rate of anaerobic AP
oxidation by Mr#* is determined by the concentration of the
Mn3t monomer species, and Mn(ll) inhibits the reaction
binding Mn(lll) into an inactive complex. The complicated

dependencies of the reaction rate upon BA and BA concen-

trations are the result of the complex formation.
Oxidation of Acetophenone by Oxygen in the Presence
of the Manganese CatalystThe reaction was run in the

C, mol/L
0.8
0.6
C , mol/L
04t MG
0.05
02|
60 120 180, min

Figure 5. Oxidation of AP by oxygen in the presence of
Mn(OAc), at 110 °C. (Curve 1) AP. (Curve 2) BA. (Curve 3)
Mn3*. [Mn(OACc) 2o = 0.05 mol/L.

10%k,, [Mn3+*], mol/L
IImol min
5 /—’1\\ 0.03
0,02
al i
2 | 0,01
3 //'—V\

2 4 6 8 10 10°Cyyg.y mol/L

Figure 6. Dependence of monomeric [M&'] (curve 1) and kg4
rate constant (curve 2) on overallCyns+)

points from the theoretical curve falls within the limits of
the experimental error.

The dependence of the rate constandn the stationary
analytical concentration M is nonlinear as shown in
Figure 6. This constant is linear-dependent on the calculated
monomer species [Mf] concentration, that isks =
kJMn3*]. At 110°C kq = 0.21 min*. Thus, the kinetics of

absence of mass-transfer effects. The main reaction producthe AP oxidation is described by the following equation:

(97—99% yield) was benzoic acid.

The mass balance of the oxidation is listed in Table 2.

The typical profiles of AP consumption and BA and
Mn(lll) accumulation are shown in Figure 5. It is seen that
after 20 min all manganese is present in the Mn(lll) form,
and its concentration does not change any more.

The primary treatment of the kinetic data was performed

KJAP]/[BA]

d[AP]
B 1+ KAP)/[BA]

dr

3+

—k,[Mn

The comparison of kinetics of AP oxygen and anaerobic
oxidation (by Mn(OAc) in Ar atmosphere) shows that they
are described by the same equation with virtually identical

by the differential method. The concentration dependencer‘lJr‘"'eri.C""ll"alues of constants. T?us, at X100k, = 0.21+
of the AP consumption rate at the constant manganese9-03 Mim=, ko =0.17+ 0.02 min*, Ky = 2.4+ 0.9,Ke =

concentration in coordinatesr+ [AP]/[BA] is linear. Thus,

3.1 £+ 0.8. Consequently, in our opinion, the oxidation of

the rate of the AP consumption can be expressed by theAP proceeds by the nonchain pathway. The rate-limiting step

following equation:

d[AP]
dr

kK[AP)/[BA]
1+ KJAPJ/[BA]

The constant&; andKs were determined by the numerical
integration of this equation. The fitting was performed using

is the electron transfer from the AP molecule to Mn(lll).
Nevertheless, the produced radical intermediates also can
participate in the EB oxidation. The feasibility of this
pathway is confirmed by the promoting effect of AP addition
in the EB oxidation.

Oxidation of Ethyl Benzene after Induction Time. The
plausible scheme of the EB oxidation after induction time

nonlinear least-squares regression minimising the sum ofshould explain the following phenomena:
squares of residuals of measured and simulated data. The 1. The linear dependence of the oxidation initial rate on

values at 110C areks = 57 x 10* L/(mol-min), K¢ = 3.2.
It is seen from Figure 5 that the deviation of experimental

152« Vol. 7, No. 2, 2003 / Organic Process Research & Development
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2. The absence of reaction acceleration by hydroperoxide In this case, the steady-state concentration of peroxide

addition, radicals is equal to:
3. The acceleration of the process by AP addition and its

inhibition by MPC addition. K,Chna [ AP]
Ethyl benzene hydroperoxide decomposes to MPC and [ROO] = IC(IAP] + KIMPC))

AP with nearly 50% ratio. Assuming that the consumption
of EB and MPC proceeds by the chain mechanism, the
kinetics would be described by the following system of
equations:

_d[EB] _ k[ROOJEB] _ d[EB] _ k5[EB]\/ K,Cyinan)[AP]

After that system 3 would became (not taking into account
the rate of consumption of AP to benzoic acid)

de dr k,([AP] + K,[MPC])
d
[l\gSC] = %[ROO'][EB] - kG[ROO.][MPC] d[AP] B (k5 BT + kIMPC )\/ k4CMn(3+)[AP] 4
diAP] _ ks g \2ic8) T kMPC] k([AP] + K,[MPC]) @

& = [ROOIEB] + kROOTMPC]

K,Cuna [AP
. _ d[MPC] _ (E[EB] S C]) 4China)[AP]
whereks is the rate constant of the reaction of the hydro- dr 2 kA([AP] + K,[MPC])

peroxide radical with ethyl benzene, aikd is the rate
constant of the reaction of the hydroperoxide radical with |t should be noted that the rate of AP consumption (and BA
MPC. accumulation) is the rate of initiation of chain EB oxidation.

If we assume that EBHP and ROQConcentrations are  Let us compare these rates in the case of oxidation of pure
steady-state and the chain termination is a quadratic one,EB at 30 min after the start of the reaction. At this moment
then we obtain: reagent concentrations (mbl?) are: [EB]= 6.80, [AP]=

0.66, [MPC]= 0.50. Concentration of Mt was 2x 103

d[iHP]:O mol-L~. Then the rate of EB consumptiars = 0.018
de L-(mol-min)~1, the rate of benzoic acid accumulatiop =
dirROC 0.57 x 1074 L+(mol-min)~1, and oxidation chain length is
[ & L= jAP-M*] - kIROOT? = 0 0.018/(0.57x 10-4) ~ 300.
In principle, the rate of AP consumption to benzoic acid
. k4[AP---Mn3+] should be added to the rate of its accumulation. However,
[ROOT = k—7 under the conditions of EB oxidation its contribution is
negligibly small, as the oxidation of AP is the initiation of
wherek, is the rate constant of the AP oxidation, dads EB oxidation. When the chain length of EB oxidation is
the rate constant of the quadratic chain termination. about 300, the rate of BA accumulation would be about 0.3%

Spectroscopic investigation of the reaction mixture of EB of the rate of EB consumption, that is, well within the limits
oxidation revealed the presence of Mn(lll) complexes with of an experimental error. Nevertheless, when the concentra-
MPC (A = 402 nm), and AP or benzoic acid & 490 nm). tions of AP and EB are equal, this reaction should not be
The same complexes were observed in AP oxidation. In all neglected.

possibility these complexes are in equilibria: For the rates of AP accumulation and consumption we
obtain:
Mn**+ AP = Mn®"...AP
(1
d[AP] d[EB] K,Cyina[AP]
3+ - =———+ [MPC] —
Mn®"+ MPR== MnSJ(rl-\}-)MPC dr 2dr 1o k,([AP] + K,[MPC])" ]
(my + MPC=(IV) + AP YIAP] + K, [MPC]
To simplify the equations, molecules of benzoic acid d[BA] _  d[AP]
incorporated into the coordination shell of #rare omitted. dr dr

If we assume that all MiT is bound in the complexes
(IV) and {), then taking into account the equilibrium 3, The rate and equilibrium constamtsandK; were determined

the concentration of the active catalytic complex is: by the least-squares fit after numerical integration of the
system of differential equations. The fitting was performed

[AP---Mn*'] = Cuna+[AP] using nonlinear Igast-squares regression minimising the sum

[AP] 4 K,[MPC] of squares of residuals of measured and simulated data. The

concentration of Mn(lll) in the each run was approximated
whereKj5 is the equilibrium constant of the reaction 3, and by the polynomial function. The values of the constants are
Cwun@+) is the analytical Mn(lll) concentration. as follows:
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ks = 126004 1000 L/(motmin) Table 3. Experimental and calculated values of the reagent
concentrations

k6 - 4.k6L/(m0|.mm) Ceg, mol/L Cwvpc, mol/L Cap, mol/L

time,
k;=1.2x 10° L/(mol-min) min exptl calcd exptl calcd exptl calcd
k,=0.3 min * [EB]o = 0 79 796 0.13 0.13 0.08 0.08
8.17mol/lL 10 754 755 029 0.34 0.29 0.32
K,=125+24 20 7.15 7.10 0.41 050 048 0.52
) ) 30 6.80 6.83 050 051 066 0.70
The rate constants andk; were found in the literatufek, 40 650 6.64 055 052 081 0.83
is the rate constant of the AP oxidation. [EB]o= 0 6.00 600 0.07 0.07 0.05 0.05

The obtained system of differential rate eqs 4 adequately  6.12 mol/L 21(;) SSZS 55535? 8.2178 (g).zlg g.?:’Lf g.?:’LZS
describes gxperlmental dependencies of reaction rates on 30 596 530 033 035 041 043
concentrations. It reflects all the effects that accompany the

change in the composition of the reaction mixture during 5_%5=m0m_ 100 55%% 55'_1091 06_0132 %_01% %_0133 06_0130

the second step of the EB oxidation in the presence of 20 4.85 4.87 0.17 0.20 0.20 0.17
significant amounts of Mi. The calculated and experi- 30 469 471 023 027 028 026
mental values of current concentrations are listed in Table gg jgg 2'28 8'3? g'gg 8'2; 8'2?
3. It is seen that the discrepancies do not exceed the limits ' ' ' ' ' '

of the experimental error. aTemperature 120C, [MnSt]o = 0.0075 mol/L. The end of the induction

Itis possible that accumulating phenol plays an important time was taken as the start of the reaction.
role in the process inhibition, but the present data do not
allow us to make justified assumptions on the significant
interactions during this stage of the process.

This process can be defined as the chain co-oxidation of ethyl
benzene with the nonchain acetophenone oxidation.

Conclusions
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radicals are not produced as the result of EBHP decomposi-
tion. The reaction is initiated by Mn + AP interaction.
Acetophenone itself is oxidised in the nonchain catalytic
reaction in which the active catalytic species are regenerated OP9900986
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