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We applied a simple, low-cost design of glass capillary microreactor for the catalytic oxidation of benzene to phenol at ambient
conditions. Polyvinylchloride-nano�ber-membrane-supported titania nanoparticle (Ti�2-PVC) as catalyst and in situ production
of hydroxyl radicals as oxidant. e reaction was monitored by gas chromatography-mass spectrometry (GC-MS). e reaction
conditions were optimized and the performance of the microreactor was then compared with the conventional laboratory scale
reaction which used hydrogen peroxide as oxidant. e microreactor gave a better yield of 14% for phenol compared to 0.14%
in the conventional laboratory scale reaction. Reaction conditions such as reaction time, reaction pH, and applied potential were
optimized. With optimized reaction conditions selectivity of >37% and >88% conversion of benzene were obtained.

1. Introduction

e trend towards miniaturization has been driven by the
need for fast, simple online measurements in environmental
analysis and medical diagnostics. While initial studies were
targeted at analytical applications, it has since been applied
to synthetic chemistry in the form of microreactor [1–4].e
most interesting feature of microreactor is the large surface
to volume ratio due to miniaturization [3, 5]. is gives
microreactor excellent mass and heat transfer properties as
compared to the conventional reaction vessels, thus allow-
ing better temperature control and eliminating the risk of
explosion [3, 6, 7]. Reactions can therefore be carried out
under more aggressive conditions [3, 8].e large increase of
surface area in the microreactor is also bene�cial for surface-
catalyzed reactions. �urthermore, reactions can be in�uenced
efficiently using potential rather than by heat [5]. Hence,
reactions can be conducted at room temperature. Compared
to conventional synthesis, the high degree of temperature
control and high mixing efficiency in the microreactor also
reduce side reactions and prevent thermal decomposition,
leading to higher yield, selectivity, and purity under shorter
time frame [1–7]. Microreactor also requires fewer reagents
and produces less waste. is is cost efficient, safer, and
bene�cial to the environment [3, 8].

By connecting multiple microreactors, it is possible to
prepare the exact amount of the chemical reagents required
at the point of usage [8].isminimizes the need to transport
and store hazardous or unstable material. It is also possible to
scale up production by repeating the samemicroreactor unit,
thus enabling a cost-effective commercial production [3, 6, 7].
is approachwould be particularly advantageous for the �ne
chemical and pharmaceutical industries, where productions
are oen in small amount [8, 9]. However, fabrication of
the microreactor using photolithographic method requires
clean room facilities and expensive instrumentation [10]. In
addition, for heterogeneous catalysis, the technology is still
immature due to the need for catalyst immobilization onto
the channels. It is also susceptible to clogging failure and
solvent incompatibilities [11].

Unlike photolithographic microreactor, the ordinary
glass capillary reactor, fabricated for Suzuki coupling reac-
tions [10] and the oxidation of glucose [11], is easily available,
affordable, and easier to fabricate and handle. It consists of a
glass capillary connected to a power supply and disposable
plastic tips were used as sample reservoirs to introduce
reactants and deploy electrodes. Phosphate buffer forms the
base of the reaction mixture, as such little or no organic
solvent is required. Reagents are driven through the capillary,
using electroosmotic �ow. e beauty of this glass capillary
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microreactor lies in its simplicity. It has the advantages of its
photolithographic counterpart. However, owing to its larger
size and availability of porous catalyst, no immobilization of
catalyst onto the capillary is required.

Phenol is an important raw material for the synthesis
of chemicals, such as phenolic resin, E-caprolactam, and
bisphenol A [12]. It was originally produced from toluene
oxidation, followed by decarboxylation [13]. Nowadays, the
toluene route is largely phased out due to low yield and
high production cost. More than 90% of the world’s phenol
production is now based on the Cumene process. Developed
between 1939 and 1945, it consists of three main reaction
steps: (1) alkylation of benzene with propylene over an acid
catalyst, (2) peroxidation of cumene, and (3) decomposi-
tion to phenol and acetone [13]. Acetone, as a coprod-
uct, improves the overall economics of phenol production.
However, as demand for phenol outgrows acetone, there
is a possibility of oversupply of acetone. erefore, direct
oxidation of benzene to phenol which does not produce
acetone as a byproduct is desired.

Many catalysts, including Fe, Cu, Pd, have been applied
to the direct oxidation of benzene [14]. However, Ti based
oxidation of benzene is not well studied [15]. e TiO2
nanoparticles are known to have intermediate properties
between those of bulk and atomic or molecular structures.
ey are very interesting from the catalytic point of view,
because of their high surface to volume ratio, which pro-
vides more accessible active sites for the oxidation reaction.
However, TiO2 nanoparticles are rather kinetically unstable
and they should be prevented from aggregation into larger
particles. is was attributed to Ostwald ripening in which
the small nanoparticles dissolve to form larger nanoparticles
[16]. erefore, for the �rst time, to improve the reaction
efficiency, nano�ber membrane has been used as support to
avoid the aggregation of nanoparticles during the reaction in
capillary microreactor.

For the oxidation reactions most studies employed either
hydrogen peroxide [17, 18] or oxygen gas [19, 20] as oxidant.
Hydrogen peroxide is environmentally friendly as it leaves
no hazardous residuals but oxygen and water aer reaction.
However, hydrogen peroxide is expensive and unstable [19].
Due to the small simple nature of the glass capillary microre-
actor, supply of oxygen gas via gas cylinder is also not viable.
erefore, we attempt to avoid these by in situ production of
hydroxyl radical in the microreactor at the Pt electrodes with
high potential.

2. Catalysts Preparation

TiO2 is oen used as catalyst for conventional oxidation [21]
and photooxidation reactions [22]. In the latter experiment,
the UV light enhances the decomposition of hydrogen perox-
ide by generating electron [23].eTiO2 control the hydroxyl
radical formation, thus improving the yield and selectivity for
phenol. However, without TiO2, excessive hydroxyl radicals
were formed which would promote the further oxidation of
benzene to hydroquinione, catechol (Scheme 1) [15].

However, in our initial studies with TiO2 nanoparticle in
the microreactor, very low reaction efficiency of benzene was

resulted due to aggregation of TiO2 nanoparticles. erefore,
TiO2-PVC nano�ber membrane was tested as catalyst for the
oxidation reaction. TiO2-supported polymer nano�ber with
diameters down to a few nanometers was prepared by electro-
spinning process.

e TiO2 nanoparticles were synthesized based on the
previously reported method [23], brie�y, 14.17mg of TiI4
was mixed with 25mL of DMSO under constant magnetic
stirring at ambient temperature, and then 1mL of 0.1M
NaOH solution was added to the solution. e suspensions
were centrifuged at 2500 rpm for 5min and used for electro-
spinning process.

Electrospinning is a versatile electrostatic technique
which can produce polymer nano�bers with high surface
area. It involves the application of a high voltage to create an
electric �eld between a droplet of polymer solution at the tip
of a needle and a collector plate. A proper choice of processing
parameters such as surface tension, viscosity, conductivity,
concentration of the solutions, molecular weights, applied
�elds, and electrode con�gurations allows �bers with diame-
ters down to a few nanometers to be produced.

In our experimental setup for electrospinning, the tip-
to-collector distance was kept at 8 cm. e �ow rate of the
polymer solution was held constant at 25.0𝜇𝜇L/min, using a
metering pump. e syringe had a capacity of 5mL and the
needle had an outside diameter of 0.8mm. One electrode,
capable of producing 30 kV was attached to the needle. e
other electrode, was connected to the aluminum collector
plate measuring 15 cm × 15 cm. 1.2 g (12 wt%) of PVC was
blend in 100mg of TiO2 in THF and sonicated for 12 hours.
e solution of this polymer blend was electrospun on the
aluminum foil at 25 kV and dried in air.

e morphology of the TiO2-PVC nano�ber membrane
was characterized by JEOL JSM 6701F scanning electron
microscope (SEM) equipped with energy dispersive X-ray
(EDX) analyzer. SEM picture (Figure 1) showed that the
membrane is porous, thus allowing EOF without the need
to immobilize the catalyst onto the capillary. EDX spectrum
shows that the nano�ber membrane has been supported with
TiO2 nanoparticles.

3. Capillary Microreactor and
Oxidation of Benzene

e setup of the capillary microreactor is as shown in Figure
2. e capillary (0.5mm internal diameter, 5 cm length)
and the reservoirs were �lled with 50mM phosphate buffer
solution. Disposable polypropylene pipette tips, inserted
at both ends of the capillary, served as reservoirs. Care
was taken to ensure the absence of air bubbles inside the
capillary channel by ensuring constant current, to prevent
back pressure which inhibits �uid �ow. Platinum wires were
used as the electrodes. All the reactions were monitored at
room temperature and ambient pressure microreactor was
rinsed with buffer followed by acetone and dried in between
runs. Triplicate analyses were performed.

e capillary was �lled with pH 2 phosphate buffer
solution, and 6 pieces of TiO2-PVC membrane (2 × 2mm
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F 1: SEM picture (a) and EDX spectrum (b) of TiO2-PVC nano�ber membrane.
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F 2: Schematic diagram of capillary-microreactor. A and B are
reservoirs (disposable pipette tips).

or approx. 1mg) were placed in the channel. e TiO2-PVC
membrane was �oating on the bu�er solution. A 50 𝜇𝜇L of
benzene (100mg/L) was added into reservoir A. A high-
reaction potential of 2 kV was applied to reservoir A and B
alternatively at 5min intervals, and the other reservoir was
connected to ground.e reactionwasmonitored for 10min.
e �nal solution was extracted with 1mL of hexane : ethyl
acetate (1 : 9) solvent. 2𝜇𝜇L of extract was then injected into

the GC-MS for analysis. Catalysts used were recovered and
washed (ultrasonicated for 10min) with ultrapure water
and reused up 10 cycles without compromising reaction
efficiency.

Catalyst was introduced in the capillary channel and
potential was applied alternatively in the reservoirs.

4. Oxidation of Benzene in
Conventional Scale Reaction

e hydroxylation of benzene by hydrogen peroxide was
carried out using previously reported procedure [24�. Brie�y,
reaction performed in a 150 cm3 round bottomed �ask at
room temperature and ambient pressure with a high-speed
stirrer at 600 rpm for 4 hours. In a typical experiment,
approximately 100mg of PVC-TiO2 nano�ber membrane
(2mm × 2mm) was added to a liquid mixture containing
60mL of acetonitrile, 5mL of H2O2 (300mg/L) and 5mL
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of benzene (100mg/L). Aer the reaction, the mixture was
extracted with hexane : ethylacetate (1 : 9 ratio) and then
�nally 2𝜇𝜇L of extract was injected into the GC-MS for
analysis.

5. Results and Discussion

e reactions were then optimized by varying various
parameters, such as reaction time, applied potential, pH,
and temperature, before comparison with the conventional
laboratory scale reaction with the purpose to study the
advantages of the microreactor. A control was performed
without TiO2-PVC nano�ber membrane, and no phenol was
detected in the reaction. Although there was no phenol
formation, on average 50% of benzene was lost. Given that
benzene is a volatile compound, the loss could be explained
by vaporization under the open system and Joule heating
from the applied potential. is loss is undesirable and
illustrates that this microreactor is not very suitable for
reaction involving volatile compounds.

In reaction process, it is necessary to determine the
optimal reaction time. Oxidation of benzene to phenol using
hydrogen peroxide in the conventional laboratory scale was
typically performed for 4 hrs, with the best yields at 2.6%
for the TiO2 photocatalyst [24, 25]. Due to the volatility of
the compounds and their trace amount, it is best to avoid
extended time. e reaction time was studied between 5 and
30min. e highest yield, 9.5%, for the microreactor was
recorded at 10min. Figure 3(a) shows that, beyond 10min,
hydroquinone and quinone peaks were observed. erefore,
subsequent reactions were run at 10min reaction time.

e effect of applied potential on the reaction process
was explored. Initial experiments were conducted without
addition of potential to the benzene (only catalyst and buffer
solution, the sample was ultrasonicated for 30 minutes) and
no oxidation occurred.

e reaction potential was varied between 1 and 5 kV. It
was observed that the conversion of benzene increases with
increased applied potential (Figure 3(b)). is is consistent
with the trends observed in other reactions [10, 11]. is
can be explained by the increase in EOF in the capillary
channel. For a glass microreactor, the capillary wall carries
a negative charge, arising from ionization of the immobile
silanol surface groups. is in turn attracts a diffuse layer
of mobile cations. is diffuse layer migrates towards the
more negative electrode when an electric �eld is applied [1].
e theoretical relationship between applied potential and
EOF can be explained by the following equation. It can be
seen that the greater the applied potential, the greater the
EOF generated and thus the increased the reagents’ mobility
and the intensity of interaction between the reagent and the
catalyst, leading to an enhancement in the reaction yield:

𝑉𝑉EOF =
𝜁𝜁𝜁𝜁𝜁𝜁
4𝜋𝜋𝜋𝜋
, (1)

where 𝜁𝜁 is zeta potential, 𝜁𝜁 is dielectric constant, 𝜁𝜁 is applied
potential, and 𝜋𝜋 is viscosity of the buffer.

However, the yield of phenol showed a slight increase
only up to 2 kV, followed by slight decrease for potential
beyond 2 kV. A plausible explanation for such deviation
from previously stated observations could be that the higher
potential increased the rate of further oxidation for benzene
and phenol. As such, there is no signi�cant increase in
the yield with respect to applied potential beyond 2 kV. At
higher potential, formation of hydroquinone and quinone
was observed which may explain a lower phenol yield.
erefore, 2 kV was chosen for subsequent experiments.

In addition, the applied potential may also induce elec-
trochemical reactions, since the typical voltages used in
EOF are over the potential required for an electrochemical
reaction. Here, large amounts of hydroxyl radical (OH·) can
be produced during the electrolysis and participate in the
oxidation of benzene. Applied potential can affect the rate
of formation of hydroxyl radical and thus the overall rate of
the oxidation of benzene. Our preliminary studies onwithout
applied potential no phenol was obtained shows no sign of
products. is indicates that oxygen source is required to
produce benzene to phenol reaction. Application of high
voltage to the buffer solution produces oxygen and free
radical on the catalyst. is process facilitates the oxidation
reaction.

erefore, it could be useful to study the effect of applied
potential on the kinetics of the reaction (this could be our
interest of further research).

e effect of pH was investigated. Most papers published
on oxidation of benzene to phenol are done at neutral or
slightly acidic condition. Walling and Johnson (1975) found
that, in Fenton’s process, increasing the H+ concentration
decreases the yield of phenol due to the “inhibition” effect of
H+ ion in terms of the acid catalyzed dehydration of hydroxy-
cyclohexadienyl radical to form cation radical,followed by its
reduction with Fe(III) to give benzene [18]. Higher pH also
leads to greater dissociation of Si–OH to Si–O−, giving larger
zeta potential. is would in turn lead to greater EOF and
larger yield. It was thus expected that higher pH would lead
to higher conversion and yield.

However, the conversion and yield, which was signi�-
cantly higher at pH 2, was observed to drop at pH 5 then
increased at pH 7 and remained largely similar at pH beyond
7 (Figure 3(c)). is trend is similar to the effect of pH on
the hydrogen peroxide production at Pt cathode, observed by
Leng et al. [26]. is indicates that the conversion and yield
of the reaction depends on the amount of hydrogen peroxide
formed:

O2 + 2H
+ + 2e− ⇆ H2O2 (acidic medium)

O2 + 2H2O + 2e
− ⇆ H2O2 + 2OH

−

(neutral or basic medium) .

(2)

Hydrogen peroxide in situ formation is thus believed to be
part of reaction scheme in the oxidation of benzene to phenol.
Inhibition effect and EOF factor could still be present, but
their effects are outweighed by the effect of pH on hydrogen
peroxide in situ production. An optimized pH 2 was used for
subsequent experiments.
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F 3: (a) Effect of reaction time in the capillary microreactor; reaction condition of 2 kV at pH 8. (b) Effect of different reaction potential
in the capillary microreactor; reaction conditions, reaction pH 8, and reaction time 10min. (c) In�uence of different reaction pH in the
capillary microreactor; reaction conditions, reaction time 10min and applied potential of 2 kV.

From the control, it is apparent that a large amount
of benzene is lost to volatilization unnecessarily. To reduce
this lost, the setup was cooled in an ice bag throughout the
experiment. is reduces the conversion and thus increases
the selectivity and efficiency. However, at lower temperature,
the reaction rate is slower, leading to lower yield. erefore,
room temperature was used for further optimization.

It is well known that, under the Fenton’s process, hydro-
gen peroxide is reduced to give the hydroxyl radical, which
subsequently attacks benzene to form phenol [18]. Besides
ferrous ions, aromatic compounds can also undergo oxida-
tion in the presence of metal ions such as Cu+, Sn2+, Ti3+,
which have a standard redox potential [19] of 0.15V.

In the experiment only benzene, TiO2-PVC nano�ber
membrane catalyst, and phosphate buffer were used. e

application of high potential is used to promote the formation
of radicals, instead of UV light. e effect of pH on the
conversion and yield suggests that hydrogen peroxide in situ
formation occurs. e hydrogen peroxide and TiO2-PVC
nano�bermembrane then formed the hydroxyl radical under
high potential, which subsequently attacks the benzene to
formphenol in amechanismwhich is postulated to be similar
to the Fenton’s process.

6. Conventional Reaction

Oxidation of benzene using hydrogen peroxide was per-
formed in the conventional manner and compared to
the oxidation in the microreactor (Table 1). e conven-
tional reaction yield (>1%) was lower than the capillary
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T 1: Performance of oxidation of benzene in microreactor and
conventional scale.

Conversion (%) Yield (%) Selectivity (%)
Microreactor 88.5 14.2 37.0
Conventional 6.6 0.14 2.23

microreactor, whereas with optimized conditions using cap-
illary microreactor, 88.5% conversion of phenol, 14.2% of
yield, and 37.0% were obtained. However, reaction yield of
microreactor study is comparable with the conventional scale
reaction and is similar to those previously reported [24].
On the whole, the performance of the microreactor was far
better than the conventional method, as expected due to the
inherent properties of the microreactor. It was also achieved
in a much shorter time with lesser chemicals used and no
organic solvent. Figure 4 shows the GC-MS chromatogram
of reaction time 0min and 30 using capillary microreactor.

7. Conclusion

Oxidation of benzene, making use of the in situ production of
hydrogen peroxide, was successfully conducted in a simple
glass capillary microreactor under the presence of high
applied potential and TiO2-PVC nano�ber membrane as
catalyst in acidic condition. We postulated that the oxidation
reaction in the microreactor proceeds via a radical mech-
anism similar to the Fenton’s process. e performance of
TiO2-PVC nano�ber membrane is better in the microreactor
as compared to the conventional laboratory scale oxidation

reaction, in terms of the conversion, yield, and selectivity.
In addition, the oxidation reaction using the microreactor
can save time and cost. It is also environmentally friendly as
no organic solvent was used during the reaction. Although
the improved yield illustrated here is not good enough for
industrial application, this paper has shown the usefulness
of the microreactor as a testing tool for new catalyst and
reaction.
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