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Kinetic Study on Competitive Alkylation of an Arene Mixture
Coming from the Petrochemical Industry
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In the present paper the kinetics of the  competitive Friedel-Crafts alkylation of a mixture of xylene isomers
and ethylbenzene with t-buthyl chloride and anhydrous AlCl3 as a catalyst were studied by using a
petrochemical  by-product(Petrochemical Company of Brazi), under the optimum conditions of obtaining
the  alkylated products under consideration. The concentrations of the rection major components were
estimated by gas-chromatography. The kinetic parameters of the competitive alkylation were estimated
and the following reactivity series of the mixture components settled:

 ko-xylene  > k ethylbenzene  > km-xylene
although the calculated corresponding activation energies obeyed the following order:
                                                               Ea m-xylene  < Ea o-xylene < Ea ethylbenzene
The reactivity was made evident  to be strongly influenced by the steric factor (p) of the
alkylation reactions which was calculated and the following series found:

 pm-xylene < po-xylene < pethylbenzene
Since the reaction thus performed resulted in alkylated m-xylene as the major reaction product  which could
be separated by distillation in a high purity state,  the fact has to be pointed out that the present study brings
an important  contribution both to the high capitalization of the petrochemical by-product  and to the obtaining
of 5-t-buthyl-m-xylene of high quality as a key intermediate in nitro musk syntheses.
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The obtaining of  great majority of the products to be
used in various fields of human activity–drugs, dyes,
pesticides, cosmetics, household products etc- is greatly
based on the processing of aliphatic and aromatic
hydrocarbons [1].

By applying the proper conditions of their
transformations at both  laboratory and industrial scale,the
aromatic hydrocarbons can be submitted to oxidative [2,
3] and  hydrogenation [4, 5] processes or electrophilic
substitutions [6, 7], affording final  products as well as
intermediates for products of  important uses.

The petroleum, one of the main sources of raw materials
for the chemical industry, offers also products and by-
products suitable for being further processed to useful
products. In this connection, the xylene mixture resulting
as a by-product from the Romanian petrochemical industry
might be taken as a good example as a promising material
to be properly studied and capitalized. Its  approximate
composition is  the following: ethylbenzene (9.42%), p-
xylene (23.80%), m-xylene (62.98%), o-xylene (3.80%) [8].

The main constituent of this mixture,  m-xylene,  is an
important raw material for the organic synthesis products,
the nitro musks among them: xylene musk, ketone musk,
thibetin musk. The pure m-xylene used as a starting raw
material in these syntheses involves rather high prices
while its replacement by the by-product of the
petrochemical industry might result in significant price
lowering. The rather close boiling points of the xylene
isomers do not allow a good separation of the mixture
components.

Japanese scientists [9] have separated  the m-xylene
by alkylation, followed by  the product separation and final
dealkylation to the pure m-xylene.

The main intermediate for obtaining the nitro musks, 5-
t-buthyl-m-xylene,  may be  successfully synthesized by
performing a selective Friedel-Crafts alkylation of the xylene
mixture coming from the petrochemical industry giving
up the separation of pure m-xylene, b.p.=199.5oC.

The optimum alkylation conditions allowing high yields
and quality indices of the 5-t-buthyl-m-xylene, were studied
in previous papers and patents  describing experiments
made with various alkylating agents (t-buthylic alcohol, t-
buthyl chloride, isobutene) and catalysts  (anhydrous AlCl3,
FeCl3, molecular sieves, zeolites) [10 - 14].

The optimum parameters of the alkylation of m-xylene
in the isomer mixture by means of t-buthyl chloride, with
anhidrous AlCl3 and  FeCl3, respectively, were established
in previous papers [8, 14] and taken subsequently in the
kinetic study of this reaction under the mentioned
experimental conditions [15].

In the present paper a kinetic study on the competitive
alkylation  of the components in the petrochemical by-
product by t-buthyl chloride and  with anhidrous AlCl3 as a
catalyst is reported.

Experimental part
Experimental equipment

 The kinetic study of the xylene mixture alkylation was
performed in an installation consisting of a three-neck flask
provided with an electric stirrer, thermosetting jacket,
termometer, refrigerator, gase outlet connection.

Working procedure
The mixture consisting of xylene isomers and

ethylbenzene and the catalyst are placed in the reaction
flask. The newly synthesized t-buthyl chloride of 98% purity
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is then added dropwise from the dropping funnel. The time
when the t-buthyl chloride addition was over was
considered as the initial reaction time, at a constant
temperature (0, 10, 40oC).

Reaction mixture samples (0,8 μL ) were taken off at
equal time intervals and injected into the chromatographic
column. The reaction time was of 3 - 6 h function of
temperature.

Analysis of mixture
The reaction mixture was analysed by gas-

chromatography. The Pye chromatograph, series 104,
model 34 was provided  with a thermal conductivity
detector. The glass chromato-graphic column of 1.5 m
length and 4 mm diameter  had a filling of chromosorb
WAV (60 - 80 Mesh Benton (34.5%) and  dodecylphthalate
(5%) as recommended for separating components of such
type [16].

The chromatograms were recorded under the following
conditions: column temperature – 700 C, bridge current –
50 mA, sensitivity – 10, gas carrier – argon,  argon flowrate
– 20 cm3/min.

Under these conditions the separation of the major
components was good and their identification was made
based on the retention times for the pure components:
ethyl-benzene – 3.2 min, o-xylene – 4 min, m-xylene – 5.1
min, p-xylene – 6 min, t-buthyl chloride  – 1.2 min, alkylated
ethylbenzene – 9.5 min, alkylated  o-xylene – 4.3 min,
alkylated  m-xylene – 15.3 min.

In figures 1 and 2 the chromatograms for the mixture of
xylenes and ethylbenzene in a by-product mixture coming
from the petrochemical industry (Brazi) as well as for the
alkylated products and  t-buthylchloride are drawn. A good
separation  of the components can be noticed.

Optimum Conditions of the Alkylation Reaction
The optimum reaction condition were settled by

studying the influence of the main parameters[8, 14]:
- substratum/alkylating agent mole ratio, between  1/1

– 6/1;
 - catalyst nature and amount: anhydrous AlCl3;
- alkylating agent/ catalyst mole ratio, between  între 1/

0,1 – 1/0,3;
- temperature, between 0 – 10oC;
- reaction time: 2 – 6 h

and the found optimum conditions were:
- substratum/alkylating agent mole ratio: 4/1
- alkylating agent/catalyst mole ratio  1/0,1
 - temperature: 0 – 10oC
 - reaction time: 2 – 4 h

Results and discussion
The mixture of xylenes and ethylbenzene in the

petroleum by-product (Petrochemical Company Brazi)
taken in the present study had the following composition:
3,93% ethyl-benzene, 3.93% o-xylene, 70.89% m-xylene,
21,23% p-xylene.

For the optimum reaction conditions  under which the
kinetic study was performed, namely the substratum
(xylene mixture)/alkylating agent/catalyst mole ratio = 4/
1/0.1 the corresponding amounts  were: 300 mL
substratum (d = 0.8641 g/cm)/65 mL t-buthyl chloride  (d
= 0.851 g/cm)/ 6.5 g anhydrous AlCl3.

Under these conditions the initial concentrations of the
substratum components were:

c0 ethyl-benzene = 0.254 mol/L

c0 m-xylene = 4.59 mol/L
c0 o-xylene = 0.254 mol/L
c0 p-xylene = 1.37 mol L

The major components of the reaction were dosed by
gas chromatography at the temperatures of  0, 10, 40oC.

As revealed by figure 3, the reaction components were
well separated.

Tables 1-3 present the concentrations at different
reaction times, obtained by gas chromatographical analysis
of the reagents  (ethyl-benzene, o-xylene and  m-xylene)
on the basis of the standard curves given in figure 4a, b.

Fig. 1.  Chromatogram of a xylenes – ethylbenzene mixture, a by-
product  of the petrochemical industry ( Petrochemical Company

of  Brazi)  1 – ethylbenzene, 2 – o-xylene, 3 – m-xylene,
4 – p-xylene

Fig.  2. Chromatogram of a alkylated mixture
 1 – alkylated ethylbenzene,  2 –alkylated o-xilen,

3 – alkylated m-xilen

Fig. 3. Chromatogram obtained under optimum reaction condition
with  AlCl3 as a catalyst at reaction time of  30’(10oC)

        1 – t-butyl chloride, 2 – ethylbenzene, 3 – o-xylene, 4 – m-
xylene, 5 – p-xylene,  6 – alkylated ethylbenzene,  7 –alkylated o-

xylen, 8 – alkylated m-xylen,  9-15 – unidentified components

Time,

Time,

Time,
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The p-xylene concentration was not found to change in
time.

The kinetic curves for the reagents by means of the
data in tables 1-3 are depicted in figure 4- 6.

The kinetic parameters  n and  k were estimated under
the presumtion of an alkylation rection of the 2nd order [7]
and, by means of the kinetic curves, the half-life time, t ½,
was determined which allows the estimation of the rate
constant based on  the  characteristic  equation
k = 1 / cot1/2  (1) at the three temperatures [17a].

The values of t1/2 and k for the alkylation reaction of o-
xylene, ethylbenzene and m-xylene at  0, 10 ºi 40oC are
given in table 4.

The data in table 4 indicate the following series of the
reactivities of these reagents towards t-buthyl chloride
under the optimum reaction conditions [7].

ko-xylene  > k ethylbenzene  > km-xylene

The reactivity of the o-xylene, ethylbenzene and m-
xylene towards t-buthyl chloride with anhydrous AlCl3 as a

catalyst may be explained by taking the fact into account
that these alkylation reactions are developing according
to the electrophilic substitution mechanism  on a
substituted aromatic ring  containing pre-existing
substitutes of the I-st order. The aromatic ring is thus only
slightly activated and the new sustitutes are directed to
the ortho and para positions. The orientation of the
aromatic electrophilic substitution  is also influenced by
the bulky electrophilic reagent (ER). The ER (t-buthyl
carbocation) is a bulky group causing the steric hindrance
with the pre-existing substitutes.

Since the steric hindrances are of maximum values with
the substitutes in the nearest positions  (ortho position),
the alkyl group can be directed in the para position only.

The analysis thus  made  affords the following
conclusions:

- the alkylation of  p-xylene with t-buthyl chloride does
not develop or develops at a very  low, unsignificant  rate.

- the reaction with m-xylene involves a site deactivated
by the pre-existing substitutes (meta)  so that the reaction
rate will be lower.

Fig. 4. Standard curve (a) – m-xylen, o-xylen, ethylbenzene (b) – alkylated m-xylen

Table 1
REAGENT CONCENTRATIONS IN TIME, AT 0oC

Table 2
REAGENT CONCENTRATIONS IN TIME, AT 10oC

Table 3
REAGENT CONCENTRATIONS IN TIME AT  40oC

μL μL
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  Fig. 5. Kinetic curve of ethylbenzene at  0oC, 10oC and 40oC
Fig. 7. Kinetic curve of metha-xylene at  0oC, 10oC and 40oC

Fig. 6. Kinetic curve of ortho-xylene at  0oC, 10oC and 40oC

- the reaction with o-xylene and ethylbenzene takes
place in a site activated by the pre- existing substitutes
which results in a  reaction rate higher than with m-xylene;

- from kinetical point of view these aspects must be
reflectd by the sterical factor value (p).

In order to estimate the energy of activation  (Ea) and
the pre-exponential factor (A) of the alylation reactions,
the reaction rates were determined by numerical
differentiation for a reaction time of 40 min. and the three
temperatures. In table 5 the data required for applying the

Table 4
HALF-LIFE TIMES AND RATE CONSTANTS FOR THE ALKYLATION REACTION OF

o-XYLENE, ETHYL-BENZENE AND  m-XYLENE AT  0oC, 10oC, 40oC

      Fig. 8. Components of the starting mixture

Table 5
NECESSARY  DATA  FOR DRAWING THE REACTION RATE DEPENDENCE

ON TEMPERATURE AT A REACTION TIME OF 40 MIN

319
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Arrhenius equation dependence of the reaction rate on
temperature are given:

 (2)

In figure 9 a, b, c the Arrhenius dependence v = f(T)
according to the equation (2),  for the three reagents is
drawn.

In table  6 the data necessary for drawing the
dependence of the reaction rates on temperature according
to the linearized Arhhenius equation are given

(3)

and the dependence obtained graphically in figure 10 a,b,c.
The obtained values of the energies of activation are

listed in table 7.

   Fig. 9. ln v = f(t)  dependence at 40’:  a) ethylbenzene, b) o-xylene, c) m-xylene

Table 6
NECESSARY DATA FOR DRAWING THE REACTION RATE CONSTANT VERSUS TEMPERATURE

Fig. 10. ln k = f(t) dependence: a)ethylbenzene, b) o-xylene, c) m-xylene

 As made evident by  data in table 7 the alkylation
activation energy with anhydrous  AlCl3 as a catalyst, is
lower with m-xylene than with o-xylene and ethylbenzene,
according to the following series:

                    Ea m-xylene  < Ea o-xylene < Ea ethylbenzene

although the reaction rates obey the series:
                        ko-xylene  > k ethylbenzene  > km-xylene

This apparently strange finding reveals the significance
of the steric factor as regards the reactivity of the three
reagents towards  t-buthyl chloride allowing the estimation
of the steric factor for the reactions under study at the
three temperatures [17b].

The theoretical  correlation is well-known:

Table 7
ENERGIES OF ACTIVATION  (KJ/MOL) OF THE ALKYLATION REACTIONS

OF ETHYLBENZENE, O-XYLENE AND M-XYLENE

320
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Table 8
VALUES OF  A’ AND  P FOR THE THREE ALKYLATION REACTION AT 0oC, 10oC AND 40oC

(4)
where:

 p – steric factor  (0-1);
Zo

AB - specific number of collisions , being of about  108

mol  for the bimolecular reactions;
Ea – activation energy  Kj/mol;
T – temperature,  K;
R – universal constant;

and
 (5)

where the  pre-exponential factor A’ is given by the
relationship:

(6).

In table 8 the values of the pre-exponential factor, A’,
and steric factor, p, for the three alkylation reactions  at 0 ,
10  and 40oC are given.

It follows that the steric factor for the alkylation of m-
xylene is of about 10-10, much lower than with  ethyl-
benzene (10-7) and o-xylene (10-8) which results in a much
lower rate constant although the activation energy is lower.
The obtained steric factors are in agreement with the
previous explanations  on the reactivity of these reagents
towards t-buthyl chloride.

Conclusions
The kinetic study on the Friedel-Crafts alkylation of the

mixture of xylene isomers and ethylbenzene with t-buthyl
chloride affords the following conclusions:

 - by means of  the applied procedure the m-xylene in
the petroleum by-product mixture containing xylene
isomers and ethylbenzene is highly capitalized;

- the 5-t-buthyl-m-xylene of a high purity is obtained and
easily separated by distillation due to the different boiling
points of the mixture components, this intermediate
leading to nitro musks of high purity and quality;

- low power consumption in virtue of the middle
alkylating  temperatures;

- the possibility of using the remaining hydrocarbon
mixture as a dissolver to the same purposes as the starting
hydrocarbon mixture;

- the rate constants of the alkylation reactions obey the
series given below

ko-xylene  > k ethylbenzene  > km-xylene

which reflects properly the reactivities of o-, m-, p-xylene
and ethyl-benzene towards t-buthyl chloride under the
optimum reactions conditions with anhydrous  AlCl3 as a
catalyst;

- the temperature raising promotes the alkylation to 5-t-
buthyl-m-xylene within the 0 – 40oC temperature range,
the reaction being of the Arrhenius type. At higher
temperatures other reactions are also able to proceed
which diminish the yield of the main alkylation product.

-  the activation energies obey the following order:

 Ea m-xylene  < Ea o-xylene < Ea ethylbenzene

 the temperarure influence being characteristic of every
reaction under the applied  working conditions. The lower
activation energy of the reaction leading to 5-t-buthyl-m-
xylene would explain the selective alkylation of m-xylene
in the mixture of ethylbenzene and xylenes.
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