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Kinetic studies of the aerobic epoxidation of limonene
Theoretical Analysis

Based on a proposed reaction mechanism shown in Scheme 3 in the text [1], in this kinetic
analysis it was necessary to introduce two different reaction pathways (pathways A and B)
because some limonene epoxidation had been observed in absence of catalyst (see Table 5
in [1]). Therefore, the reaction pathway A involves homogeneous epoxidation of limonene

by the acyl radical (RCO") which could be generated either homogenously by reaction (3S):
1 1
RCHO (1) +50; = RCO" + H,0,

Or by a process involving adsorbed aldehyde RCHO(s) (reaction (S4a) and (S4b)):

k3
RCHO(s) + Co?* = RCHO — Co**
k_3

k4
RCHO — Co?* > RCO" + Co** + H*

In the reaction pathway B, the adsorbed aldehyde formed through surface reaction (S4a)
interacts with Oz and generates an adsorbed peroxy radical with H* being kept in the vicinity

of the adsorption site (reaction S24):

kp
RCHO — Co** + 0, = Co3+(RCO5(Si0),H)
k_p
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Therefore, it is proposed that two possible types of reaction pathway account for the
epoxidation of limonene over the heterogeneous Co/SBA-16 catalyst. One is similar to the
homogeneous liquid phase epoxidation of olefins by acylperoxy radicals generated using
Co?" ions as catalyst, in the bulk solution (pathway A) [2, 3]. The other pathway is a typical
heterogeneous catalytic reaction. In this case, the formation of limonene epoxide occurs on
the surface of the catalyst (pathway B). These proposed mechanisms will be discussed in
line with a kinetic analysis of the experimental data obtained in the present part of work.
Following the reaction mechanism described in Part 1 of this study, the reaction equations

can be listed as below:

Mechanism pathway A:

Transport of reactants

RCHO() S RCHO(s) (S1)

In general, oxygen in the gas phase, Oz(g), is dissolved and absorbed in the bulk solution

of the liquid phase, O>(l) within the range of our oxygen pressure can be defined as:

ks

02(g9) = 0,(1) (52)
k-2

where the notations g, 1, and s indicate the species in the gas phase, bulk solution, and on

the surface of catalyst, respectively.
Initiation
in the liquid phase
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1 1
RCHO (1) +5 0, = RCO" + 2 H0, (S3)

and at the catalyst surface

ks
RCHO(s) + Co?* = RCHO — Co?* (S4a)
k_3
k4
RCHO — Co%** - RCO" + Co** + H° (S4b)

Egs. (S3) and (S4) correspond to initiation steps generating the acyl radical (RCO") through
homogenous (non-catalyzed) and heterogenous (catalyzed) routes, respectively. The acyl
radical (RCO") generated by Eq. (S3), however can be neglected especially at initial time
of the reaction for the sake of avoiding complexity of kinetic analysis. It is worth noting
that in many systems of catalytic oxidation of aldehydes Eq. (S3) was not considered [2-
4]. The hydrogen atom generated during the formation of the RCO* radical (Eq. (S4b)) is
assumed to stay in the vicinity of the cobalt site and available for the radical reaction

producing acid.

Propagation
kS
RCO* + 0,(1) > RCO; (S5a)
k6
RCO3 + RCHO — RCO3H + RCO* (S5b)

During the propagation step, the dissolved oxygen rapidly reacts with the acyl radical
(RCO*) in solution to form the free radical RCO3. Kuo et al. [3] reported that in free radical
chain oxidation reactions, usually oxygen transfer is not the rate-determining step and the

rate of the overall process is controlled by the chemical reaction steps. It was indicated that
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the constant ks of Eq. (S5a) was usually higher than the rate constant k¢ of Eq. (S5b) [5, 6].

Therefore, the free radical RCO* is effectively scavenged at increased oxygen pressure.

Formation of epoxide

/O
k9 |
RCO3 + -« +a RCO; + (1 — a)other product (56)
/\\
k10
RCO} + RCHO — RCOOH + RCO* (S7)

The value of a in Eq. (S6) is defined as the ratio of the initial reaction rate of the

limonene epoxidation to the initial reaction rate of limonene consumption (a = R—e).
l

Termination
k7
2RCO > T.P. (S8a)
k8
RCO3+S>T.P.+S (S8b)

Eq. (S8b) indicates that the termination of the free radical RCO3 occurs due to combination

with surface, S, of catalyst as the third body [7].

2RCO* > T.P. (88¢)

RCO3 + RCO® > T.P. (S8d)

Under our reaction conditions and especially at initial stage of the reaction the

concentration of RCO3H is very small. Hence, the possibility of percarboxylic acid as the
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potential epoxidizing intermediate was ignored [1]. The termination step is reduced to Egs.
(S8a) and (S8b). Because with excess of oxygen the rate of the reaction (S5a) is higher than
that of (S5b), therefore the system may be assumed to contain almost solely RCO3 radicals

and the rate of oxidation becomes independent of the oxygen concentration [2, 8].

Case(I): If the rate determining step (RDS) is reaction in the bulk solution, the rates of

the free radicals and intermediate species concentration equations are:

AREO) — 1, [RCHO — Co?*] — ks[RCO*T[0, (D] + kg [RCO31[RCHO] +

kio[ RCO3][RCHO] (59)
d[RdC;OE] = ako[RCO3][L] — ko[ RCO;][RCHO] (510)
d[RdCtoé] = ks[RCO°][0,(D)] — k6[RCO3][RCHO] — 2k, [RCO3]? — kg[RCO3][S]

~ ko[RCO3][L] (S11)

d[RCHO — Co?*]
dt

= ks[RCHO(5)][Co?*] — k_3[RCHO — Co**] — ky[RCHO — Co?*]  (512)

Making the pseudo steady state assumption:

d[RCO"] _ d[RCO3] _ d[RCO] _ d[RCHO — Co?*] _ 0
da ~  dt dt ’ dt B
and summing Egs. (S9)-(S11), (k's = k_:ik) :
[RCO3] = P —kg[S] — (1 — a)ko[L]
T ((kg[S] + (1 — @)ko[L])? + 8k, kak' s [RCHO()][Co?*])2 (513)
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a) Assuming kg[S] + (1 — a)ko[L] > 8k, k,k's[RCHO(s)][Co**], then Eq. (S13)
can be reduced to [RCO3] = 0, which is not reasonable for a chain reaction where
the free-radical concentration is zero. It indicates that the reactions are completely
retarded or inhibited.

b) Assuming kg[S] + (1 — a)ko[L] K 8k,k, k's[RCHO(s)][Co?*], then Eq. (S13) can

be reduced to:

RCos] = —Ke sy - A=k <k4k’3 2

1
s [S] o . )2 [RCHO(S)]% [Co“]% (514)
Based on mechanism pathway A, the total rate equation of epoxidized limonene (R.) and
isobutyraldehyde oxidation (R,) can be obtained by Eqgs. (S15) and (S16) respectively:
R, = ako[RCO3][L] (515)
R, = kg[RCO3][RCHO] (516)

By substitution of Eq. (S14) into Egs. (S15) and (S16) the general rate equation of R, and

R. can be obtained:

a(l— a)ky?
4k,

2_ak9k8 k4k’3
S|[L k
i 1L+ koo

R, = L] )% [RCHO(S)]? [Co?*[Z]L] (517)

kak's\2 3 1
[L][RCH0]+k6< ) [RCHO(s)]2 [Co?*]2 (518)

—kgk 1— a)kok
R, =$[5][RCHO]_w o
7

4k, 4k,

Egs. (S17) and (S18) are simplified as:
1 1
R, = —0.16K,[L]2—0.8K, [S][L] + 0.8K; [RCHO(s)]Z [Co?*]2[L] (519)

R, = K4[S][RCHO] — 0.2K5[L][RCHO] + K¢ [RCHO(s)]2 [Coz+]% (520)
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Where the average value of a for the typical run at initial reaction time was found to be

kokg
4k,

kak's
2k,

kgke
4k,

koks
4k,

2 1
around (XZO.S, and K1 = 'KZ = :% ,K3 = kg( )E,K4 = ,KS = 7K6 =
7

1

kykr3\2
ke ()"
Case (II): If the RDS is a mass transfer of isobutyraldehyde from bulk solution to the

surface of catalyst both R. and Ra can be obtained by Eq. (S1), in this case the concentration

of isobutyraldehyde on the surface of catalyst will approach zero [RCHO(s)] = 0.

R, = R, = k,[RCHO] (521)
Case (III): If the RDS is a mass transfer of oxygen from gas phase to the liquid phase then:
R, = R, = kPO, (522)

Where PO; is the pressure of oxygen. It was found that at lower oxygen pressure the
reaction rate equation is related to the oxygen pressure because of dependence on the type

of termination step as discussed earlier [4, 9].

Mechanism pathway B:

The other possible reaction mechanism for the epoxidation of limonene is the formation

of limonene epoxide on the surface of the catalyst. The proposed mechanism is defined

as:
Kq

RCHO(s) + Co?* = RCHO — Co?* (523)
k-a
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kp

RCHO — Co?* + 0, = Co3*(RCO4(Si0),H) (524)
k_p
ke
Co3*(RCO5(Si0),H) + = [Intermediate Complex] (525)
k_c
e
kd
[IC] = « +(1 — a)other product + aRCOOH + Co?*(Si0), (526)
A

the change of concentrations of the intermediates are determined as:

d[RCHO — Co?*]

dt

= ky[RCHO(5)][C0?*] — k_u[RCHO — Co**] — k,[RCHO — Co?*][0,]

+ k_p, [Co3* (RCO5(Si0),H)] (527)
d[Co3*(RCO5(Si0),H)]

dt

= k,[RCHO — C0?*][0,] — k_,[Co3* (RCO5(Si0),H)]

— k [Co®* (RCO5(Si0),N[L] + k_.[IC] (528)
% = k.[Co3* (RCO5(Si0),HD][L] — k_.[IC] — ky4[IC] (529)
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Under the pseudo steady state assumption, the concentration of the intermediates can be

determined:

d[RCHO — Co®*] _ = d[Co™ (RCO5(Si0), )] _ = dlIC] _

dt ’ dt oodt

[RCHO — Co?*]

_ ka[RCHO(5)][Co?*]
k—a + kb [02]

N k_pkpko[0;1[RCHO(5)][Co?*] (530)

(k_q + Ky 0,12y + ke [L] - rrlietlOel — eedleell)y
[Co3* (RCO5(Si0)4H)]
kakb [02]
_ [RCHO(s)][Co?*] (s31)
(koo + Ky 02D (Ko + 1) — prenlCel  gekeclt])
i
_ kakbkC[OZ] [RCHO(S)][C02+][L]

_ kbk—b [02] _ kck—c[L])
.+ ky[0,] Fg ¥ k) (Katk=c)

(ko + ey 0,]) (Kp + elL]

(532)
Case(I): If the rate determining step (RDS) is Eq. (S23):
R, = =R, = k,[RCHO(s)][Co?*] (533)
Case(II): If the rate determining step (RDS) is Eq. (S24):
R, = =R, = k,[RCHO — C0?*][0,] (S34)
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- kakb [02]
k—a + kb [02]
k_pky’ka[0;]?

(k—q + kp[0,])? (k_b +kc[L] - ki’; k+_llch,0[20]z] B llizkfk[fb

+ ) [RCHO(5)][Co?*] (535)

This assumption cannot explain the observed finite order for limonene, as if Eq. (S24)
(formation of Co3*(RCO5(Si0),H) ) is the rate determining step, one would expect zero

order in limonene.

Case(IID): If the rate determining step (RDS) is the surface reaction between adsorbed

oxygen and adsorbed limonene (Eq. (S25)):

R, = =R, = k.[Co3* (RCO5(Si0),H)][L] (536)

B kakpkc[0,] [RCHO(s)][Co?*][L] (537)

(k_q + kp[02]) (k_b + ke[L] - k’f:"f[',’{i%]z] - Il\f,flkflgb

if partial pressure of oxygen is constant by rewriting of Eq. (S37) the rate of reaction can

be simplified as:

R, = =R, = K.[RCHO(s)][Co?*][L] (538)

at low limonene initial concentration, the items which contains limonene can be ignored

and K can be obtained as:

kakb kc [02]

K. =
(ko + oo l0:D (ko — 2 C )
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But if the initial concentration of limonene is high enough, the rate equations can be written

as:

R, = =R, = K[RCHO(s)][C0?*] (539)
Where,

kakpk[0,]

K =
Kok
(k_gq + kp[02]) (kc - m)

Mechanism pathway C:

The reaction pathway C involves homogeneous interaction of isobutyraldehyde to the

double bonds of limonene which could be expressed by reaction (S40):

> < > +RCHO

/ AN (540)

SN
—

Or by a process involving adsorbed aldehyde (reaction (S41 to S45)):

k;
Co2*+(Si0), + RCHO = Co?*(Si0),RCHO (541)
ki
kII
Co2*(Si0),RCHO + 0,(g) = Co?*(Si0),0, RCHO (542)
ki
kIII
Co2*(8i0),0, RCHO = Co3*(Si0),05~ + RCHO (543)
kI,II
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s

kv
Co3%(5i0),0;5 + = [Intermediate Complex] (544)
kv
0
ky
[ICl = «a +-0z + (1 — @)other product + C02+(Si0)4 (545)
ey P

Owing to the reaction expressed by Eq. (S40), isobutyraldehyde and liomonene

concentrations are related as:
k¢
[LI[RCHO] = +~[C] (546)
C

[C] = [RCHO], — [RCHO]

Where [C] is the concentration of complex generated in Eq. (S40) and [RCHO]o is the

total aldehyde introduced in the reactor.

k
[L][RCHO] =

k—é([RCHO]O — [RCHO)]) (547)
[RCHO],

[RCHO] = —7— (548)
1+ 25[L]

From Eq. (S41) to (S45), the change of concentrations of the intermediates are

determined as:
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d[Co**(Si0),RCHO]

dt
= k;[Co**][RCHO] — k[ Co** (Si0)4RCHO] — ky;[Co** (Si0),RCHO][0,]
+ kj; [Co**(5i0),0,RCHO] (549)
d[Co?*(Si0),0,RCHO]
dt

= ky;[Co?* (S5i0),RCHO][0,] — ki;[Co?* (Si0),0,RCHO]
— ky[Co?*(Si0),0,RCHO] + kly; [Co®*(Si0),057] [RCHO] (550)

d[Co3*(5i0),057]

dt
= k;[Co?*(Si0)40,RCHO] — kj;;[Co3%(Si0),05 ][RCHO]
- kIV[CO3+(Si0)402'_][L] + kv [IC] (§51)
d[IC] 34 e - ,
“dt = kiy[Co®"(Si0),057][L] — kyy [IC] — ky [IC] (852)

Under the pseudo steady state assumption, the concentration of the intermediates can be

determined:

d[Co™*(Si0),RCHO] _ = d[C0®*(Si0),0,RCHO] _  d[Co**(5i0),05]

dt ’ dt ’ dt ’

LSt |
dt

[CosJr (5i0),0,7]
kikik;[02] [Co**][RCHO]

ot ’ ki k;;;[RCHO kivki[L
(kaII + kyy (ky + kyy [02])) - kil k11k1’1][02] + ki [RCHO] + kyy[L] — I‘CI;‘;—I-:][CV]
iy + kyyy — ouulOal
I el + ke [0,]
(553)
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[Co?*(Si0),0,RCHO]

_ 1 ki k;[0,][Co**][RCHO]

(kllk;l + Ky (kp + Ky [02])) (ki + ki [02])
+ k},,k,,,k”k,[Oz][C02+][RCH0]2 |

1,0 ’ ki ki [RCHO k. k' [L
(kikip + ke (kp + ke [0:D) | = tirtis] k”k,’,][Oz] + ki [RCHO] + kyy [L] = 1‘511’1:/—141/][(‘/]
i+ = ey 1021
(554)

[Co?*(Si0),RCHO]

k;[Co**][RCHO] ki kik;[0,][Co**][RCHO]

(ki + k;[02]) " (kp + ki [02])(k1’k1’1 + ky(kp + ku[Oz])) [ (k + ky[02])

kirkikk[0,] [COZ+] [RCHO]Z

+ ]
ot ’ ki k;;;[RCHO kivki[L
(ki + b + kL0 D)) | il BERE i [Rem) + ey 0 - ]
i K i 0]
(555)
[IC]
_ klvkmkukl[az][C02+][RCH0][L]
, g , ki, k;;;[RCHO ki ki TL
(kIV+kV)(k1kII+k111(k1+k11[02])) - | T k'] +k”,[RCH0]+k,V[L]—k’,V+V]E]
K+ ko — 1110, ] wtky
I gl + ke [0,]
(556)

Assuming the rate determining step (RDS) is the oxidative insertion of oxygen in the adsorbed

aldehyde (step 2 in Scheme 4, Equation (S42)), the rate of epoxidation is represented as:

R, = a ky[Co?* (Si0),RCHO][0,] (S57)
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Now since only Eq. S41 is possibly reversible, we can assume k;; = k;;; = k;, = ki, = 0.

Therefore, Eq. (S52, S55) can be obtained as:

k,[Co?*|[RCHO]
(ki + ki [02])

[Co?*(Si0),RCHO] =

akjk,[0;][Co**|[RCHO]
(k; + ku[Oz])

e
Or more simply,

e =

a,[0,] 2+
(ay + a3[0,]) [CO ][RCHO]

Substitution of [RCHO] from Eq. (S48),

@l0)] ., [RCHO),
(@ + a3[0,)]) 1+ k_,c [L]

c

R, =

16S

(S58)

(59)
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Fig. S1. C13 NMR spectrum of the sample prepared by aerobic epoxidation of limonene over Co-SBA-
16(1.1%). Reaction conditions: temperature 301 K; limonene, 3.6 mmol; IBA, 12 mmol; oxygen pressure,
44 psi; catalyst mass, 0.17 g; reaction time, 240 min; solvent ethylacetate.
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