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Absbmd-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[PhCH,CH5]0’73[02]0’39, while 
the rate of formation of styrene as: k[PhCHzCH3]0’78[02J0’zs and that of the formation of benzonitrile 
as: k[PhCH,CH,]“‘s5[0,] . o’90 All these rates are almost independent of the concentrations of ammonia. 
The apparent activation energy for the ammoxidation of ethylbenzene is ca. 23 k&/mole. The rate of 
ammoxidation of styrene is expressed as: k[PhCH==CH,]-““o[Oz]o”o, 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 (i.e. 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 ofthe Langmuir-Hinshelwood mechanisni. 
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. 

IN ‘A ‘previous paper,’ we suggested a pathway for the ammoxidation of toluene over 
chromium oxide (Cr,O,) which invoked 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,03-Al,O, or V205-K,S04-A1203,2 while it has been reported 
that no styrene was detected in the ammoxidation ofethylbenzene over V,O, catalyst.3 
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.5*6 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,O, 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 faed gas space velocity 

* Contribution No. 117. 
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(3600 hr - ‘) for ammoxidation of ethylbenzene at the standard composition of reactant 
gas (J+ 1.33 x 10e2 atm, p. 13.3 x 10e2 atm, and pA 6.7 x 10m2 atm) and 389”. 
As the conversion of ethylbenzene and yields of styrene and benzonitrile were almost 
constant (24.3 %, 165 % and 7.6 %, respectively) at a catalyst volume of 25-5-O ml, 
the rate is determined by the reaction on catalyst surface. 

Styrene, benzonitrile, hydrogen cyanide, water and trace amounts of CO2 were 
formed in the ammoxidation of ethylbenzene over Cr203, and detectable amounts 
of benzene and toluene (below 005 %), but no acetophenone and bcnzyl cyanide were 
formed. A trace of styrene was formed in the reaction of ethylbenzene over Cr,O, 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 
lowpo(2 X 10 - 2 atm). 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 CO2 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. CONDITIONSAXI PRODLXTSOFAMMOXIDATIONSOFETHYLBENZENEANDSTYRENEAT~~~ 

Substrate 
Gas space 
velocity 

Conversion 
of substrate“ 

Conversion of substrate to 

PhCN’ HCN’ PhCH=CH,” COzb 

Ethylbenzene 
Styrene 

7200 lx-’ 0.212 0=048 0441 0.164 trace 
3600 hr-’ O-116 o-077 0077 - 0.039 

’ Moles per mole of substrate. 
b Based on carbons of substrate. 

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

VE = - 
d[ethylbenzene] = - 

dt 
= bPEePAaPo” 

Since po > pE and PA > pi, and p. and pi are virtually constant under experimental 
conditions, 

(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 p,“*73poo’39 and independent of pA (or proportional to pAo), as shown 
in Fig. 1. 
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FIG. 1 Effect ofp, (o), pA (a) or pea (CD) in ammoxidation of ethylbenzene at 400” with catalyst 
of 2.5 ml and space velocity of 7200 hr - ‘. and efkct of p. (0) or pso (CD) in ammoxidation of 

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 p,“‘55poo*90 and p,“*78poo*25, respectively; both 
rates are almost constant with varying pA, as shown in Fig. 2. 
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~1.5 + IOOP~, 2 ; log~r, or2.5 + log/~~~ %n 

FIG. 2 E&t ofp, (e). PA (0)or pBO (0) on the formation of styrene and effti of p. (g), pA (0) 
Or WO (0) On the formation of bnzonitrile at 400” with catalyst volume of 2.5 ml and space 

velocity of 7200 hr- ‘. 
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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 

I I I 

0 0.25 0.5 0.75 
(Partial pressure of additive) x lOa, atm 

0 

FIG. 3 Effect of addition of water (O), benzonitrile (CD) or styrene (O), 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-‘. pEO of 1.33 x IO-* atm. p. of 13.3 x IO-’ atm and p* of 

6.7 x IO-‘atm. 

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

The rate of styrene consumption in the ammoxidation of styrene is proportional to 

Ps -“~10p,o~50 as shown in Fig. 1, and it is independent of pk 
Arrhenius plots of kE and ks 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. 

01 ’ L I L I I I 

1.42 1.46 l-50 1.54 
l/T x 103, “K 

FIG. 4 Arrhenius plots of k, (0) and k (a). 
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The yields of benzonitrile (4.3-4+x) in the ammoxidation of ethylbenzene were 
comparable with those (3*7-4*6x) in the ammoxidation of styrene under similar 
conditions (400”, 7200 hr - ’ and the standard composition of reactant gas). The ratios 
of yields of styrene vs. benzonitrile at 7200 hr- ’ and 400” were ca. 1.8 times as large as 
those at 3600 hr- I and 389” with a definite composition of reactant gas (pEO O-67- 
2XlO x lo-’ atm, pA 6.7 x 10m2 atm and p. 13.3 x IO-’ atm). The rate of formation 
of benzonitrile was proportional to poo’90, while the rate of ethylbenzene consumption 
was proportional to p,“*39 and the rate of formation of styrene to pooe2’ 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, i.e. the 
Markham-Benton equation, 7 for the adsorption isotherms may be applied. 

8i = K,pi/(l + CKi~i) (4) 
i 

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 

KS > K, ’ KPI,CN, Ko and KHIO, on the former site. Surface coverages of starting 
materials are expressed as : 

& = KEP& + KtiE + Kspp, + JtK,p,) + CKipi: 

% = Ksppd{l + KFPE + Ksps + ,/tKo~o) + $K+,) 

00 = J(Kopo)/{ 1 + Kti, + Ks~s + ,/(KoPo) + CKlpi) 
i 

(5) 

(6) 

(7) 

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 

UE cc &do. Similarly, us in ammoxidation of styrene is proportional to &&. 
vE = k&U0 03) 

us = ~~seo (9) 

The following inequalities may exist in Eqs 5 and 7 at an early stage of amxnoxi- 
dation of ethylbenzene (i.e. low +. and p&.: pE ‘u pEO and Kg, + J(Kopo) > Ksps + 
zK,p,. Therefore, &S 2,5, 7 and 8 gk apprOX&LtiOII Of vE : 
I 

UE h 
PEOXE KEP, JKd = kEO (1 + KgEo + &&,po)}2 (10) 
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Plots of +j-* vs. 
shown in Fig. 5. 
J&43 + Jc~ok4 

PEO and PO%-~ vs. po‘h give the values of k:RT,, K, and &,, as 
Similarly, in the ammoxidation of styrene, ps z pSO, pE = 0 and 
> )$,p, in Eqs 6 and 7. Eqs 2,6,7 and 9 give a~~ro~ati~n of us : 

1 

Since K, = 0.25 atm-I, plots of xs-‘) vs. pso give the value of k$To and KS as shown 
in Fig. 5, These values are reasonable in the light of the ammoxidation of toluene,f 
and are tabulated in Table 2. 

pE x 1 O*, atm, ps x 1 O’, mn, of pof x 10, am* 

FIG. 5 Calculation of Ka, Ko, KS, k@U” and k;;RT, in the ammoxidations of ethylbenzene 
and styrene at 400”. 

0. FE@ vs. .Q- *; e,pPsovs.x,-f; d pot vs. po*xIl - * 

TABLET. KINETICP~M~ERS INTHEAMMOXIDATIONSOFTOLUENE,ITHYLBENZENE 

hub (atm-‘) 29.0 19.2 136 

GLT, (atm-‘) {atm hr-‘) Cl.15 6.2 X 102 0.25 8.7 x lo2 - 1.5 x 102 
E. {kcal/m~le~ 23 23 35 
Order in po 045 @39 @so 
Order in p#,,b 045 073 -0.10 

xSubc 0+138’ @2iw O-1 16’ 

ill Cited from Ref. 1. 
* Apparent energy of activation on the bais of the substrate consumption. 
c With the standard composition of reactant gases. 
’ With catalyst volume of 2-5 ml and space v&city of 7200 hr-‘. 
l With catalyst voiumt of 50 ml and space velocity of 3600 hr-l. 
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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 ps during the reaction is negligible, Eqs 2,5,7 and 8 give approximation of 
VE: 

VE = 
PEOXE 

RT, ; 
0 

(12) 

Here, pso is the partial pressure of added styrene. Hence, xE can be calculated by 
using the above values of k:RT,, KE, K, and Ko. Values of xE Ea,E. agreed with those of 
x&,b~., as 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 k;RT,, l$RT,, Kg KS and Ke 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 v&., and that of styrene to v&,~., as shown below : 

VECPlC. = 
PEOXE k~KEaPE!O JKoPo 

= { 1+ KFPeo + J(KoP*~~2 

V'Ncalc. = ?hYN @ss JK,P~ 
5: XEPEo { 1 + K,gEo + J(K~~,>' (13) 

The calculated rates are almost equal to the observed. Also, reaction orders of these 
rates can be obtained by plots of log (vEalc., u;Y,~, or ~)s_~,) vs. log (PEO or po)_ The 

calculated reaction orders are nearly in agreement with the observed as shown in 
Table 3. 

TABLE 3. THE CALCULATED AND OBMWED REACTION ORDWS IN THE 

Ethylbenzene Styrene Benzonitrile 
consumption formation formation 

Order in p. calculated 041 0.28 Q90 
observed Cl-39 O-25 O-90 

Order in pE calculated 
ObSXWd 

u-70 076 05-03 
073 @78 O-55 
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DISCUSSION 

The fact that the reaction orders in hydrocarbon is smaller than unity (Os45th in 
toluene,’ @73th in ethylbenzene and - @ 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 olefms over nickel 
oxide.8 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, (Ks = 136 atm-‘) is 
larger than that of ethylbenzene(K, = 19.2 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, l O-39 in ethylbenzene and 050 in styrene. In the oxidation of aliphatic 
hydrocarbons over Crz03, lo, I1 the reaction orders in oxygen were @47 for isobutene, 
032 for propylene, 030 for ethylene and 017 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,O, was found to be predominant as O- above 3oo”,12 the reaction between 
adsorbed hydrocarbon and adsorbed oxygen in a dissociated form may participate 
in the ratedeterminin g step. It was found that adsorbed oxygen acts as an electron- 
acceptor and adsorbed hydrocarbons act as electrondonors Therefore, the mech- 
anism for the oxidation may be expressed as : 

Hc (gas)&Hc+ (ads) 

0, (gas)%20-(ads) 

Hc+ (ads) + O-(ad,s)z k,i [Hc+ (ads) O- (ads)] 

(15) 

(16) 

(17) 

(18) [Hc+ (ads) O- (ads)]* Intermediates or Products 

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 1 S-1 8, the 
rate of hydrocarbon, u,, is expressed as follows : 

K,pHc JKOh 
= k’c (1 + K,.H,‘+ 4(K0po) + CKgi}’ 

i 

(19) 

(20) 

where ki, = k17k18/(k-17 + k18) 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,O,.i’ 

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. l 
Hence, the main pathway for ammoxidation of ethylbenzene may be 

PhCH,CH, - z + PhCH=CH 2 &+ (PhCHO + HCHO) w 

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 42 % Cr5+ and 19% Cr6+ in the fresh 
catalyst, 3 y0 Cr’ + and no Cr6+ in the used catalyst in ammoxidation of toluene, 
and 13% Cr’+ and O-4% Cr6+ in the catalyst used and then treated with oxygen. It is 
apparent that the valence of Cr6 + 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, I4 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 k&/mole)” were different from those for ammoxidation 
of styrene (35 kcal/mole) and oxidation of olefms (28-31 kcal/mole)‘O* l1 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 KS % K, > KE, styrene having a vinyl group may strongly 
interact with catalyst. In the oxidation of olefms to the completely oxidized products 
over various oxides, ’ ’ the absorbed state of olefins was suggested to be an un- 

dissociated Ircomplex, >& . In the oxidation of n-butenes to butadiene and in 
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the oxidation of propylene to acrolein over bismuth molybdate, the reactions were 
frost order in olefm and independent of oxygen and products and the abstraction of 
allylic hydrogen atom by an adsorbed oxygen atom was suggested as the rate- 
determining step.5 This kinetic order implied that olefins were adsorbed very weakly 
on the catalyst and they were not adsorbed as an undissociated x-complex. Therefore, 
hydrocarbons, which may interact with catalysts by alkyl group, may partially be 
oxidized in their alkyl groups to form, for example, homologous aldehydes, alkenes, 
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 CLC bonds. 

EXPERIMENTAL 

Materials. Guaranteed reagent grade ethylbenzene was purified by successive shaking with HsSO*, 
NaHCO, and water, followed by drying over Na and then distillation (b.p. 1358-136~0”). Chemically pure 
grade styrent was employed (b.p. 145”). Benzonitrile was purified by distillation over P,O, (b.p. 190”). 
Commercial ammonia, N, and 0, 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 % paraffi wax on Chamelite CK 40 cm and 30 wt % PEG#6@Xl 
on Celite 545 IO 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. ’ s 

Nomenclature. A, Ammonia; E. Ethylbenzene; 0, Oxygen ; S, Styrene; T, Toluene; Sub, Substrate ; 
a, e. n, and s, Kinetic orders in A. E. 0 and S, respectively; pA, po, pSub. Partial pressures of subscripted 
substance; Subscript 0 means initial stage of reaction; uSub, Rate of consumption of subscripted substance 
on ammoxidation, mole ml- I hr- ’ ; I&, ok. Rate of formation of benzonitrile and styrene. respectively, mole 
ml-’ hr-’ ; &, Rate constant for the reaction of substrate; koSubr Rate constant for the reaction of sub- 
strate on catalyst surface; xSub. Conversion of substrate, mole mole- ’ : ys, y,, Yield of styrene and benzo- 
nitrile, respectively, mole mole- ’ ; IT+, Surface coverage of i gas; K, Adsorption equilibrium constant of i 
gas, atm-‘; V, Volume of catalyst, ml; F, Flow rate of gas (STP), ml hr-‘. 

Adtno~ledgements-The authors are indebted to Nissan Chemical Co. and Seitetsu Chemical Co. for their 
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