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Abstract—The kinetics of the catalytic vapor-phase ammoxidation of ethylbenzene over a chromium oxide
catalyst have been studied in a flow system at atmospheric pressure. Styrene and benzonitrile were the
main products in the ammoxidation of ethylbenzene, but neither acetophenone nor benzyl cyanide was
detectable. The rate of ammoxidation of ethylbenzene is expressed as: k[PhRCH,CH,]%73[0,1°*°, while
the rate of formation of styrene as: k[PhCH,CH,]°"%[0,]*?* and that of the formation of benzonitrile
as: k[PhCH,CH,]°**[0,]%°. All these rates are almost independent of the concentrations of ammonia.
The apparent activation energy for the ammoxidation of ethylbenzene is ca. 23 kcal/mole. The rate of
ammoxidation of styrene is expressed as: k[PhCH==CH,]~%!°[0,]%*°, and independent of the concen-
trations of ammonia. These results suggest that styrene is formed by the reaction between the adsorbed
ethylbenzene and the adsorbed oxygen in a dissociated form (ie. oxidative dehydrogenation),
and that the main pathway for the ammoxidation of ethylbenzene is a consecutive reaction:
PhCH,CH; -+ PhCH=CH, — PhCN. The rate equations of the formation of styrene and benzonitrile
and the effect of the addition of styrene were interpreted in terms of the Langmuir—Hinshelwood mechanism.
The rate constants (k°) for the reaction of substrates on the catalyst surface and the adsorption equilibrium
constants of reactant gases (K) were compared with those in the ammoxidation of toluene.

Ina 'previous paper,' we suggested a pathway for the ammoxidation of toluene over
chromium oxide (Cr,0,) which involved benzaldehyde and benzylidenimine and we
explained the rate data by means of the Langmuir-Hinshelwood mechanism. We
found that styrene and benzonitrile are the main products in the ammoxidation of
ethylbenzene over Cr,0,-Al,0, or V,0,-K,SO,-Al,0,,2 while it has been reported
that no styrene was detected in the ammoxidation of ethylbenzene over V,0 catalyst.>
The formation of styrene has been observed in the oxidation of ethylbenzene over
Fe-Mo and Co-Mo catalysts,* and it may be related to the oxidative dehydrogenation
of n-butenes to butadiene.>-® As little data have been presented on the kinetics of
ammoxidation of ethylbenzene, an attempt has been made to clarify the mechanistic
feature of the ammoxidation and oxidative dehydrogenation of ethylbenzene over
Cr,0, in terms of the kinetics for the reactions of ethylbenzene and the intermediary
styrene, the effects of additives and the Langmuir-Hinshelwood mechanism.

RESULTS
The nomenclature of symbol letters used has been given in the last section.
The mass transfer effect on the rate was examined at a fixed gas space velocity

* Contribution No. 117.
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(3600 hr ~ ') for ammoxidation of ethylbenzene at the standard composition of reactant
gas (pg 133 x 1072 atm, py 13-3 x 1072 atm, and p, 67 x 10”2 atm) and 389°.
As the conversion of eihyibenzene and yi€ids of siyrene and benzoniirile were aimost
constant (24-3%;, 16:5%, and 7-6 %, respectively) at a catalyst volume of 2:5-5-0 ml,
the rate is determined by the reaction on catalyst surface.

Styrene, benzonitrile, hydrogen cyanide, water and trace amounts of CO, were
formed in the ammoxidation of ethyibenzene over Cr,0,, and detectabie amounts
of benzene and toluene (below 0-05 %), but no acetophenone and benzyl cyanide were
formed. A trace of styrene was formed in the reaction of ethylbenzene over Cr,0O; in
a N, stream or in a NH;—N, stream (i.e. ammonolysis of ethylbenzene), while
considerable amounts of styrene were formed in the oxidation of ethylbenzene at
low po(2 x 10~ Zatm). Since the presence of oxygen in the reaction system is necessary
for the formation of styrene from ethylbenzene, the formation of styrene may be
oxidative dehydrogenation. Benzonitrile, hydrogen cyanide, water and CO, were
formed in the ammoxidation of styrene. The results of ammoxidation of ethylbenzene
and styrene at the standard composition of reactant gas are shown in Table 1.

TABLE 1. CONDITIONS AND PRODUCTS OF AMMOXIDATIONS OF ETHYLBENZENE AND STYRENE AT 400

r Conversion of substrate to
Gas space Conversion

Substrate velocit of substrate®

¥ PACN®*  HCN*  PhCH=CH, CO,’
Ethylbenzene 7200 hr ! 0212 0048 0041 0164 trace
Styrene 3600 hr 0116 0-077 0077 — 0039

* Moles per mole of substrate.
® Based on carbons of substrate.

The treatment of experimental data was the same as previously reported,’ i.e. the
rate is expressed as:

(Pao(l - xE))
- d[ethylbenzene] = — RT, = KgPE‘Pa’Po" (1)

Vg = dz d(K)
F

Since po > pg and pa > pg, and p, and p, are virtually constant under experimental
conditions,

|4
PeoXe = kgR ToPso‘PA'Po“G;) (2)

Hence, the rate law and apparent energy of activation can be obtained from Eq. 2.

On the ammoxidation of ethylbenzene, the rate of ethylbenzene consumption is
proportional to pg® 7?po® 3 and independent of p, (or proportional to p,°), as shown
in Fig. 1.
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styrene at 400° with catalyst volume of 5-0 ml and space velocity of 3600 hr ~*.
Similarly, the rate laws for the formation of benzonitrile and styrene are obtainable
by using Eq. 2, and their rates are pg®®3p,°°° and pg®78po® 2%, respectively; both
rates are almost constant with varymg Pa, @8 shown in Fig. 2
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Addition of styrene to the reaction system in the ammoxidation of ethylbenzene
diminished the rate of ethylbenzene consumption, but addition of benzonitrile or
water had no effect as shown in Fig. 3. However, since the retardation effect of the
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F1G. 3 Effect of addition of water (O), benzonitrile (@) or styrene (@), and the calculated line

of the retarding effect of added styrene (dotted line) at 400° with catalyst volume of 2:5 ml,

space velocity of 7200 hr~!, pz, of 1:33 x 1072 atm, pg of 13-3 x 1072 atm and p, of
67 x 107 atm.

styrenc formed is negligible at the initial stage of reaction (or low xz), the ammoxida-
tion rate of ethylbenzene may be expressed as:

Vg = kPPBO'”PoOGgPAO 3)

The rate of styrene consumption in the ammoxidation of styrene is proportional to
ps~%1%p%%° as shown in Fig. 1, and it is independent of p,.

Arrhenius plots of kg and kg are shown in Fig. 4. The apparent energies of activation
for the ethylbenzene consumption and for the styrene consumption in their ammoxi-

dation were ca. 23 and ca. 35 kcal/mole, respectively.
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The yields of benzonitrile (4:3-4-8 %) in the ammoxidation of ethylbenzene were
comparable with those (3:7-4:6%,) in the ammoxidation of styrene under similar
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of yields of styrene vs. benzonitrile at 7200 hr ~! and 400° were ca. 1-8 times as large as
those at 3600 hr~! and 389° with a definite composition of reactant gas (pg, 0-67-
200 x 1072 atm, pa 67 x 10~ 2atm and Po 13:3 x 10~ 2 atm). The rate of formation
of benzonitrile was proportional to po? °°, while the rate of ethylbenzene consumiption
was proportional to py®3° and the rate of formation of styrene to py®2® as mentioned
above. The rates of formation of hydrogen cyanide were almost equal to those of
benzonitrile. These results indicate that benzonitrile may be formed from styrene, and
that a main pathway for the ammoxidation of ethylben' ne may be a consecutive
reaction:

PhCH,CH, » PhCH=CH, —» PhCN + HCN

As stated above, the reaction on the catalyst surface determines the rate of the
ammoxidation of ethylbenzene. The Langmuir-Hinshelwood mechanism, involving
a rate-determining reaction between the adsorbed molecules, and Eq. 4, ie. the
Markham-Benton equation,’ for the adsorption isotherms may be applied.

6; = Kip/(1 + ZKiPE) (4)

As described in our previous paper,’ adsorption may be on (i) a site which adsorbs
aromatics strongly but oxygen weakly in a dissociated form, or (ii) a site which
strongly adsorbs only ammonia. The effects of additives on the ammoxidation of
ethylbenzene suggest that the order of adsorption equilibrium constants is
Kg > Kg > Kppen, Ko and Ky, on the former site. Surface coverages of starting
materials are expressed as:

0 = Kepg/{1 + Kepe + Keps + {/(KoPo) + ZK«’PJ‘} (5)
s = Ksps/{1 + Kgpe + Keps + \/(Kopo) + Zi:Ks!h} (6)
B0 = J(Kopol/{1 + Kgpe + Ksps + /(Kopo) + ZKipi} M

where i means any miscellaneous product.
The following inequality may exist in Eqs 5 and 7 at an early stage of ammoxi-
determining reaction between adsorbed oxygen and adsorbed ethylbenzene, hence

vg o¢ Bgp. Similarly, v in ammoxidation of styrene is proportional to 86,
vg = kRbelo (®

= kggseo 9)
The following inequalities may exist in Eqs 5 and 7 at an early stage of ammoxi-

dation of ethylbenzene (i.c. low xg and pg).: pg = pgo and Kepe + /(KoPo) > Keps +
ZK,p, Therefore, Eqs 2, 5, 7 and 8 give approximation of vg:

v o _PEOXE_ 4 Kepeo v/(KoPo)
BT RT. (V) TP+ Kepgo + V(Kopo)}
0

(10)
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Plots of xg™* vs. ppo and po*xp™* vs. po? give the values of k3R T,, Kg and K, as
shown in Fig. 5. Similarly, in the ammoxidation of styrene, ps ~ pgo, pg = 0 and
Ksps + /(Kobo) > ZK,-p,, in Eqs 6 and 7. Eqgs 2, 6, 7 and 9 give approximation of vg:

PsoXs ~ 10 Kgpso \/ Kopo
RTO(V) {1 + Kgpso + \/(Kolﬁ‘c:)}:z

Ug =

(11)
F
Since Ko = 025 atm ™!, plots of x5~ * vs. ps, give the value of k3R T, and K as shown

in Fig. 5. These values are reasonable in the light of the ammoxidation of toluene,*
and are tabulated in Table 2.

] ! ] ]
0 1 2 3 4 5
pg < 103, atm, pg x 10%, atm, or pot x 10, atm¥
F1G. § Calculation of Ky, Ko, Ky, k§RT, and kgRT; in the ammoxidations of ethylbenzene
and styrene at 400°.
Owrrovs xp ™4 @.pso Vs X571, @, pot vs. potxp~*
TABLE 2. KINETIC PARAMETERS IN THE AMMOXIDATIONS OF TOLUENE, ETHYLBENZENE
AND STYRENE AT 400°

Substrate

PhCH,* PhCH,CH, PhCH=CH,
Parameter

Ksus {atm~1) 290 192 136

Ko {atm~?) 015 025 —

k8 RT, {atm hr~*) 62 x 10? 87 x 10° 15 x 10
E, (kcal/mole)® 23 23 35

Order in py 045 039 0-50
Order in pg,, 0-45 073 -0-10

Xsun® 0138 0-206¢ 0116¢

# Cited from Ref. 1.

* Apparent energy of activation on the basis of the substrate consumption.
¢ With the standard composition of reactant gases.

4 With catalyst volume of 2-5 m! and space velocity of 7200 hr~?,

¢ With catalyst volume of 5-0 ml and space velocity of 3600 hr !,
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The retardation effect of added styrene was interpreted by using the above values.
Since the rate of styrene consumption is smaller than that of ethylbenzene, and the
change of pg during the reaction is negligible, Eqs 2, 5, 7 and 8 give approximation of
V!

o o PeoXE _ _ 1o Kepro {Kobo) (12)
R (z) ~ {1+ Kepgo + Kepso + /(Kopo)}?
0
F

Here, ps, is the partial pressure of added styrene. Hence, xg can be calculated by
using the above values of k2R Ty, Kg, Ksand K, Values of xg .. agreed with those of
Xz ops.» 28 Shown in Fig. 3.

The rate of ethylbenzene consumption, the formations of styrene and benzonitrile
in ammoxidation of ethylbenzene can be calculated assuming the consecutive reaction
in terms of the above values of k3R T, k3R T, Kg, Kg and K, Since other carbon-
containing products besides benzonitrile, styrene and hydrogen cyanide were trace
amounts of carbon dioxide, benzene and toluene, the rate of formation of benzonitrile
may nearly be equal to vy, , and that of styrene to vg,,. , as shown below:

PeoXE k2K eppo /KoPo

v calc. x~ - 10,
gost 4 {1 + Kgpgo + \/(Kopo)}z (10)
RTO —
F
, Peo¥YnN kK \/Kopo
VNcale, = ~ X 13
ou 7Y = PO TE Ropgo + VKop)P
RT,=
F
UIScllc. ™ VBcale. — vll‘lcalc.' x~ pEoy; (14)
RT,| =
N\F

The calculated rates are almost equal to the observed. Also, reaction orders of these
rates can be obtained by plots of 108 (Vgcaic. s UNcate, OF Useate) VS. 108 (Pgo OF po). The
calculated reaction orders are nearly in agreement with the observed as shown in
Table 3.

TABLE 3. THE CALCULATED AND OBSERVED REACTION CORDERS IN THE
AMMOXIDATION OF ETHYLBENZENE AT 400°

Ethylbenzene Styrene  Benzonitrile
consumption formation formation

. calculated 041 028 090
Orderinpo  served 039 025 090
Ordering, CElculited 070 076 0503

observed 073 078 055
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DISCUSSION

The fact that the reaction orders in hydrocarbon is smaller than unity (0-45th in
toluene,' 0-73th in ethylbenzene and —O0-10th in styrene) suggests the adsorption of
the hydrocarbons on the catalyst surface. Since ethylbenzene reacts ca. 4 times as fast
as styrene under similar conditions, the retarding effect of styrene is not due to the
decrease of the concentration of the adsorbed oxygen on catalyst surface by the selec-
tive reaction of styrene with adsorbed oxygen, but to the competitive adsorption of
styrene with ethylbenzene. Similar interpretation of the adsorption of aliphatic
hydrocarbons on catalyst surface has been given in the oxidation of olefins over nickel
oxide.® The retarding effect of styrene suggests that the adsorption of styrene is stronger
than that of ethylbenzene. In fact, the adsorption equilibrium constant of styrene,
obtained in terms of Langmuir-Hinshelwood mechanism, (Kg= 136 atm™!) is

larger than that of ethylbenzene(Kz= 192 atm™!).

Although ammonia was not decomposed in the absence of oxygen, it was almost
completely (98 %) decomposed in the presence of oxygen. But the decomposition was
suppressed in the presence of aromatic hydrocarbons. The consumption of ammonia
in ammoxidations of toluene and ethylbenzene was comparable to the nitrile for-
mation. This suppression indicates that the adsorption of ammonia is weaker than
that of aromatic hydrocarbons. In our previous paper,! the ammoxidation and am-
monolysis of benzaldehyde suggests that ammonia was adsorbed on the site other than
the site for substrates. Since rates of ammoxidation of aromatic hydrocarbons
depend on the partial pressures of the hydrocarbon and oxygen but not on that of
ammonia, ammonia is not involved in the rate-determining step for the ammoxi-
dation. These results may exclude the mechanism for the nitrile formation via the
reaction between aldehydes and (=NH).® Hence, the rate-determining step for the
ammoxidation may be the oxidation of substrate.

The reaction orders in oxygen in ammoxidation of aromatic hydrocarbons were
045 in toluene, 0-39 in ethylbenzene and 0-50 in styrene. In the oxidation of aliphatic
hydrocarbons over Cr,0,,1% ! the reaction orders in oxygen were 0-47 for isobutene,
0-32 for propylene, 0-30 for ethylene and 0-17 for propane. This difference of orders
suggests that oxygen and hydrocarbon are adsorbed on analogous adsorption sites
and they are in a rapid equilibrium with the gases adsorbed on the catalyst surface.
Since the reaction orders in oxygen were below 0-5 and the adsorption of oxygen over
Cr,0; was found to be predominant as O~ above 300°,'? the reaction between
adsorbed hydrocarbon and adsorbed oxygen in a dissociated form may participate
in the rate-determining step. It was found that adsorbed oxygen acts as an electron-
acceptor and adsorbed hydrocarbons act as electron-donors' Therefore, the mech-
anism for the oxidation may be expressed as: '

He (gas)~2-Hc* (ads) (15)

0, (gas)=-2=20"(ads) (16)

Hc' (ads) + O '(ads)% [Hc* (ads) O~ (ads)] amn
[Hc* (ads) O~ (ads)]ﬂ-lntermediates or Products (18)

where Hc means hydrocarbon and (ads) means adsorbed gas on the catalyst.
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Applying the Langmuir adsorption isotherms for a mixture gases to Eqs 15-18, the
rate of hydrocarbon, vy, is expressed as follows:

Ve = k006 (19)

K KuPue /Kobo (20)
{1+ Kyepu+ /(KoPo) + iZK-'Pi} 2

= k. (PucS"(Po)” (21

where ki, = ky,k,g/(k_,; + k,g) and i means any miscellaneous compound.

Eq 20 suggests that (i) the stronger adsorption of hydrocarbon corresponds to the
lower reaction order in hydrocarbon (m) and the higher reaction order in oxygen (n)
and also that (ii) the stronger adsorption of additives correspond to the larger retarda-
tion of rate. This is the case for the ammoxidation of aromatic hydrocarbons. Similar
suggestion has appeared in the oxidation of aliphatic hydrocarbons over Fe,0,.!!

As mentioned above, a main pathway may be the consecutive reaction for the
ammoxidation of ethylbenzene:

PhCH,CH, - PhCH=CH, —+ PhCN + HCN 22)

In the ammoxidation of styrene, partially oxidized products, i.e. benzaldehyde and
formaldehyde, may be formed as intermediates by Eqs 15-18 and they react rapidly
with adsorbed ammonia to form nitriles similarly as in the ammoxidation of toluene.*
Hence, the main pathway for ammoxidation of ethylbenzene may be

PhCH,CH, —2-— PhCH=CH, —2_— (PhCHO + HCHO) M0,
PhCN + HCN  (23)

The similarity of mechanistic feature between ammoxidations of ethylbenzene and of
toluene implies that styrene formation from ethylbenzene is not simple dehydrogena-
tion, but oxidative dehydrogenation.

The compositions of chromium catalysts are 429 Cr®* and 19% Cr®* in the fresh
catalyst, 3% Cr** and no Cr®* in the used catalyst in ammoxidation of toluene,
and 13% Cr** and 0-4 % Cr®* in the catalyst used and then treated with oxygen. It is
apparent that the valence of Cr®* is reduced rapidly by ammonia. Ethylbenzene gives
a very little amount of styrene in the absence of oxygen. Therefore, unlike the dehydro-
genation of cyclohexane,!® the oxidation may be due to Cr®*, but not to Cr3*.

Apparent energies of activation for ammoxidation of alkylbenzenes (23 kcal/mole)’
and oxidation of propane (22 kcal/mole)!! were different from those for ammoxidation
of styrene (35 kcal/mole) and oxidation of olefins (28-31 kcal/mole)!®!! over
chromium oxide. The C—H bonds were oxidized in ammoxidations of toluene and
ethylbenzene to form benzonitrile and styrene, respectively, while the C=C bond in
the side chain was oxidized in ammoxidation of styrene forming benzonitrile and
hydrogen cyanide. Since Kg » K1 > Kg, styrene having a vinyl group may strongly
interact with catalyst. In the oxidation of olefins to the completely oxidized products
over various oxides,'! the absorbed state of olefins was suggested to be an un-

L ~ A . .
dissociated n-complex, /C=1=C< . In the oxidation of n-butenes to butadiene and in



1 %1:79
VevyU

€ 2w s ey Vg VoWT N
JARA. - UGALA

emwr namd L
1ol aixd I

1’4
n,

the oxidation of propylene to acrolein over bismuth molybdate, the reactions were
first order in olefin and independent of oxygen and products and the abstraction of
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determmmg step.® This kmetlc order implied that olefins were adsorbed very weakly
on the catalyst and they were not adsorbed as an undissociated n-complex. Therefore,
hydrocarbons which may interact with catalysts by alkyl group, may partially be
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etc, having the same number of C atoms, while hydrocarbons, which strongly interact
with catalysts by C=C bond, may be oxidized by breaking their C=C bonds.

EXPERIMENTAL

Materials. Guaranteed reagent grade ethylbenzene was purified by successive shaking with H,SO,,
NaHCO, and water, followed by drying over Na and then distillation (b.p. 135-8-136-0°). Chemically pure
grade styrenc was employed (b.p. 145°). Benzonitrile was purified by distillation over P,O5 (b.p. 190°).
Commercial ammonia, N, and O, were employed. The same catalyst as that in the previous work was used.!

Apparatus and procedures. The apparatus and procedure were similar to those employed in the previous
paper.! But a combined column of 25 wt % paraffin wax on Chamelite CK 40 cm and 30 wt %, PEG#6000
on Celite 545 10 cm, column I, was used for ethylbenzene, styrene and benzonitrile. HCN was absorbed in an
alkali scrubber connected to the experimental apparatus and its amount was determined by the titration
with AgNO, aq. Styrene and benzonitrile were identified by means of GLC and UV spectral analysis com-
paring with the corresponding authentic samples. Amounts of total Cr, Cr®* and Cr** was determined by
iodometry.'*

Nomenclature. A, Ammonia; E, Ethylbenzene; O, Oxygen; S, Styrene; T, Toluene; Sub, Substrate;
a, e. n, and s, Kinetic orders in A. E. O and S, respectively; p,, Po, Psa. Partial pressures of subscripted
substance; Subscript 0 means initial stage of reaction; vs,,, Rate of consumption of subscripted substance
on ammoxidation, mole ml~ ! hr ™! ; vy, vs, Rate of formation of benzonitrile and styrene. respectively, mole
ml~! hr™!; kg ., Rate constant for the reaction of substrate; k%,,, Rate constant for the reaction of sub-
strate on catalyst surface; xs,,, Conversion of substrate, mole mole ™! ; yg, yy, Yield of styrene and benzo-
nitrile, respectively, mole mole™!; 0, Surface coverage of i gas; K;, Adsorption equilibrium constant of i
gas, atm ™' ; ¥, Volume of catalyst, ml; £, Flow rate of gas (STP), ml hr~*.
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