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a  b  s  t  r  a  c  t

The  effect  and  mechanism  of the  hydrophilic  ionic  liquids  (ILs)  with  cobalt  naphthenate  as  catalyst  on
the liquid-phase  oxidation  of  toluene  were  studied  systematically.  Five  ILs  with  different  hydrophilicities
were  employed  as reaction  media.  The  results  showed  that  toluene  conversion  increased  with  increasing
hydrophilicity  of ILs.  The  toluene  conversion  and  the corresponding  selectivity  of  benzaldehyde  reached
19.6%  and  19.5%,  respectively,  in 1-ethyl-3-methylimidazolium  tetrafluoroborate  ([Emim]BF4).  The  solu-
bilities of  toluene,  benzaldehyde,  benzyl  alcohol  and  benzoic  acid  in  [Emim]BF4 were  further  measured  at
temperatures  from  299.2  K  to 343.2  K. The  correlations  between  solubility  and  temperature  were  devel-
oped based  on  the  critical  point  of phase  separation  or ideal  solution  model.  The  low  solubility  of  toluene
in [Emim]BF4 indicated  a  heterogeneous  oxidation  mechanism  for toluene.  The  improvement  of toluene
conversion  and  product  selectivity  in  [Emim]BF4 was  attributed  to  the  interactions  between  reaction  and
extraction  separation.  The  sensitivity  study  demonstrated  that  the  increase  in oxygen  pressure  was  ben-
eficial to the  reaction.  A much  lower  reaction  temperature  of  130 ◦C was  achieved  in [Emim]BF4 instead
of  a  typical  160–170 ◦C for current  commercial  plants.  The  high  conversion,  low  reaction  temperature
and  high  product  selectivity  for the  liquid-phase  oxidation  of toluene  in [Emim]BF4 makes  it a  green  and
efficient  hydrocarbon  oxidation  process.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ionic liquids (ILs) are known as alternative “green” solvents
owing to their unique physical properties, such as good thermal
stability, low volatility, low flash point, and tunable polarity. There-
fore, there has been an increasing interest in the last decades to
study ILs as reaction media, reagents or catalysts [1].

The oxidation of toluene is an important hydrocarbon oxidation
process. The products, including benzoic acid, benzyl alcohol and
benzaldehyde, are important intermediates in the organic synthesis
industry. This reaction is usually allowed to proceed in acetic acid
solvent with cobalt carboxylate as catalyst. During the reaction, a
significant mass loss of solvent is inevitable by the formation of CO
and CO2 [2]. The corrosion and over-oxidation are also major indus-
trial challenges. In particular, over-oxidation is difficult to control
in the hydrocarbon oxidation process.

The application of ILs for oxidation reactions has attracted
considerable attention in recent years. In 2000, Howarth [3]
reported the oxidation of aromatic aldehydes in 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim]PF6), and Song
[4] utilized [Bmim]PF6 to recycle Jacobsen’s chiral (salen) Mn
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catalyst in asymmetric epoxidations. So far, ILs have been con-
sidered as environmentally benign media for oxidation reactions
in many chemical processes [5],  such as epoxidation of alkenes
[6,7], oxidation of alcohols [8,9], catalytic oxidation of alkanes
[10] and aromatics [11,12].  Seddon (2002) studied the oxidation
of toluene in 1-butyl-2,3-dimethylimidazolium tetrafluoroborate
([Bdmim]BF4) and 1-butyl-3-methylimidazolium tetrafluorobo-
rate ([Bmim]BF4), respectively [13]. The results demonstrated that
the liquid-phase oxidation of toluene catalyzed by a transition
metal was  feasible in the ILs, although the conversion of toluene
was rather low under the unoptimized conditions. However, to the
best of our knowledge, only few studies have been documented for
the oxidation of toluene in ILs [14–16]. It is therefore of great signif-
icance to systematically study the oxidation of toluene in ILs for an
alternative efficient and green process of hydrocarbon oxidation.

Since there is a significant difference between the polarity of
toluene and benzoic acid, the polarity of the reaction medium
plays a crucial role in the liquid-phase oxidation of toluene. In
order to investigate the effects of the IL’s hydrophilicity on the
liquid-phase oxidation of toluene, five types of ILs with differ-
ent hydrophilicities were used as reaction media with cobalt
naphthenate as catalyst and oxygen as oxidant. The solubilities
of toluene, benzaldehyde, benzyl alcohol, and benzoic acid in 1-
ethyl-3-methylimidazolium tetrafluoroborate ([Emim]BF4) were
measured to determine mechanism of the improved conversion of
toluene and product selectivity in [Emim]BF4.
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