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Polyethylene glycol stabilized platinum nanoparticles were immobilized on solid supports such as
c-Al2O3, SBA-15, TiO2 and active carbon, forming supported polyethylene glycol stabilized platinum
nanoparticles (SPPNs). In the hydrogenation of p-chloronitrobenzene (p-CNB) in supercritical carbon
dioxide (scCO2), the SPPN showed high selectivity to p-chloroaniline (>99.3%) in the whole range of con-
version. Such high selectivity to corresponding haloanilines (HANs) (>99.1%) was also obtained in the
hydrogenation of o-CNB, m-CNB, 2-chloro-6-nitrotoluene, p-bromonitrobenzene and m-iodonitroben-
zene. The dehalogenation and the accumulation of intermediates were fully inhibited simultaneously
in scCO2. The SPPN catalysts could be reused several times without loss of high selectivity in present reac-
tion system.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Polyethylene glycol (PEG) has attracted much attention for its
inexpensive, nontoxic, non-volatile, biodegradable properties [1].
More recently, PEG was reported to be an effective green solvent
and a stabilizer to immobilize metal complexes in the homoge-
neous catalysis reaction [2–5]. It was also used as stabilizer to
protect metal nanoparticles and the PEG protected metal nanopar-
ticles have satisfied catalytic performance in several reactions
[6–12]. Supercritical carbon dioxide (scCO2) is an attractive envi-
ronmentally benign reaction medium in comparison with conven-
tional organic solvents, due to its nonflammability, relative
inertness, complete miscibility with gases, and easy separation
from liquid/solid products [13,14]. The combination of PEG and
scCO2 has attracted much attention for biphasic catalysis [15–19]
because CO2 can expand PEG, lowering its viscosity and increasing
gas/liquid diffusion rates [19]. A stable and well-defined catalyst
adsorbed on an inorganic support is even more desirable since it
allows the use of simple and highly efficient heterogeneous sys-
tem. For example, grafting PEG on silica surfaces to stabilize and
immobilize palladium nanoparticles resulted in a stable selective
oxidation catalyst in combination with scCO2 [7]. Compared with
grafting, a simple method is to impregnate the solid support with
a solution containing PEG and metal nanoparticles or complex,
after evaporation of the volatile solvent, a thin and uniform PEG
layer was then formed on the support [7,20,21]. Transition metal
complexes (H2PtCl6�6H2O) can dissolve and further be reduced to
metal (Pt) nanoparticles by in situ reduction in PEGs to form PEGs
stabilized Pt nanoparticles [11], and then the SPPN catalysts can be
prepared by the impregnation method. When the SPPN catalysts
are applied to the liquid-phase reaction, a bulk solvent that is
not miscible with the PEGs should be selected [22,23]. PEG has
very poor solubility in hexane and scCO2, but it can be expanded
by CO2, and the presence of CO2 has significant effects on reaction
rate and product selectivity [14,24–27]. Thus, the excellent
catalytic properties of the SPPN catalysts in scCO2 are expectable.

Haloanilines (HANs) are important organic intermediates in the
synthesis of dyes, herbicides, pesticides and medicines, and are
generally produced by the catalytic hydrogenation of correspond-
ing halonitrobenzenes (HNBs). It is still a task to enhance the selec-
tivity to HANs because dehalogenation and condensation reactions
usually occur during the hydrogenation to produce undesired
aniline (AN) and several poisonous intermediates such as halonitr-
osobenzene (HNSB), halo-N-phenylhydroxylamine (HPHA), azoxy-
benzene (AOB), azobenzene (AB) and hydrazobenzene (HAB)
(Scheme 1). The formation and accumulation of these undesired
intermediates should be avoided for producing high quality HANs.
Recently, some progresses have been made in developing efficient
catalysts and new green reaction media to prevent the dehalogen-
ation and to achieve high selectivity of HANs [28–31]. However, it
is still a big challenge to prevent the dehalogenation and the
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Scheme 1. Possible reaction pathways for the hydrogenation of halonitrobenzenes.
HNB: halonitrobenzene; HNSB: halonitrosobenzene; HPHA: halo-N-phenylhydr-
oxylamine; HAN: haloaniline; NB: nitrobenzene; AN: aniline; AOB: azoxybenzene;
AB: azobenzene; HAB: hydrazobenzene.
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accumulation of intermediates simultaneously in the hydrogena-
tion of HNBs especially for bromonitrobenzenes (BNBs) and iodoni-
trobenzenes (INBs). PEG stabilized Pt nanoparticles were found to
be efficient for the selective hydrogenation of o-CNB to o-CAN in
PEG-methanol in our previous work [11]. Based on this result,
herein, the PEG stabilized Pt nanoparticles were immobilized on
the solid supports such as c-Al2O3, SBA-15, TiO2 and active carbon,
forming the SPPN catalysts. These SPPN catalysts were applied for
the selective hydrogenation of HNBs (o-, m-, p-CNB, 2-chloro-6-
nitrotoluene (CNT), p-BNB, m-INB), and the results showed that
both the dehalogenation and the intermediate accumulation were
fully inhibited in scCO2, and the SPPN catalysts can be easily sepa-
rated and recycled several times.

2. Experimental

2.1. Chemicals

5% Pt/C and H2PtCl6�6H2O are purchased from Wako. PEG 2000
is chemical grade. o-, m-, p-CNB, CNT, p-BNB, m-INB, ethanol and
hexane are of analytical grade and used without further purifica-
tion. c-Al2O3 (170 m2/g), TiO2 (120 m2/g) and active carbon (254
m2/g) are used as delivered; SBA-15 is prepared refer to the litera-
ture [32]. Gases of CO2 (99.999%), N2 (99.999%) and H2 (99.999%)
(Changchun Xinxing Gas Company) are used as delivered.

2.2. Catalyst preparation and characterization

The Pt-PEG nanoparticles were prepared by a method as de-
scribed in our previous work [11]. H2PtCl6�6H2O (0.0105 g,
0.02 mmol) and PEG2000 (2 g, 1 mmol) were added into a 50-ml
Teflon-lined high-pressure stainless-steel batch reactor. Then the
reactor was sealed and flushed three times with N2 to remove
the air and then stirred at 100 �C for 1 h. The formed Pt-PEG nano-
particles (1 g) were transferred into 10 ml of ethanol. c-Al2O3 (4 g)
was added to the above solution and the mixture was stirred for
2 h. Ethanol was removed using a rotary evaporator at 35 �C. After
dried under vacuum at 40 �C for 12 h, a light black solid Pt-PEG/c-
Al2O3 sample was obtained. In such a preparing process, the Pt was
completely deposited on the support as confirmed by ICP.
Similarly, Pt-PEG/SBA-15, Pt-PEG/TiO2 and Pt-PEG/C were pre-
pared, respectively. The prepared catalysts were characterized by
transmission electron microscope (TEM, JEOL JEM-2010 EX) and
Cary 500 UV–vis–NIR spectrometer (Varian).
2.3. Hydrogenation of p-chloronitrobenzene

Hydrogenation runs were carried out in a 50 ml Teflon-lined
high-pressure stainless-steel batch reactor. In a typical experiment,
substrate (1 mmol) and the as-prepared Pt-PEG/c-Al2O3 (0.1 g, Pt
2 � 10�4 mmol) were added to the reactor. Then the reactor was
sealed and flushed three times with N2 to remove the air. After
flushing, the reactor was heated up to 60 �C. H2 (1 MPa) and CO2
(8 MPa) were introduced and then the reaction mixture was stirred
continuously with a magnetic stirrer for a certain time. The reac-
tion was carried out with a stirring speed of 1200 rpm, at which
the mass transport limitation was confirmed to remove completely
for that the reaction rate did not change after the stirring speed in-
creased up to 800 rpm. After reaction, the reactor was cooled in
ice-water bath and the gas was released slowly. The reaction mix-
ture was diluted with diethyl ether, centrifuged, analyzed with a
gas chromatography (GC-Shimadzu-2010, FID, Capillary column,
Rtx-5 30 m � 0.25 mm � 0.25 lm), and identified by gas chroma-
tography/mass spectrometry (GC/MS, Agilent 5890). The GC results
were obtained using an internal standard method, and o-xylene
was always used as internal standard. The hydrogenation in hex-
ane was performed in the same reactor with a similar procedure.
In the catalyst recycling experiments, after the first run the liquid
products were extracted by scCO2 and the catalyst was reused for
the next run without any treatment.
2.4. Phase behavior

The solubility of p-CNB in scCO2 in the presence of 1 MPa H2
was measured at 60 �C by the naked eyes through the transparent
sapphire windows attached to an 85 ml high-pressure reactor.
After addition of a certain amount of p-CNB, the reactor was heated
up to 60 �C and pressurized with 1 MPa H2 and CO2 to a certain
pressure. At each pressure, the mixture was stirred for several min-
utes, and the phase behavior was observed by the naked eyes from
the windows after the stirring was stopped. p-CNB was melted first
at about 8 MPa (the melting point of p-CNB is 83.6 �C) and then dis-
solved gradually into the CO2 phase with the further increasing of
CO2 pressure. The solubility was calculated from the amount of p-
CNB divided by volume of view cell until p-CNB phase disappeared
at a CO2 pressure P1. Upon carefully depressurization, the first li-
quid drop of p-CNB appeared at a pressure P2. These two pressures
P1 and P2 were carefully determined at several amounts (concen-
trations in the cell) of p-CNB.
3. Results and discussion

3.1. Catalysts preparation and characterization

The Pt nanoparticles were prepared by in situ reduction with
polyethylene glycols. Fig. 1 shows the UV–vis spectra of the Pt
nanoparticles formed in PEG2000 at 100 �C for 1 h. As can be seen,
the precursor of hexachloroplatinic acid (H2PtCl6) presented an
absorbance at wavenumber of 263 nm, while this absorbance peak
disappeared for the Pt-PEG2000 sample, suggesting that the Pt4+

was reduced to Pt0 [11]. Fig. 2a shows the TEM images of the Pt
nanoparticles. It is obvious that the Pt nanoparticles were formed
with an average particle size around 4.3 nm, and it did not change
anymore after Pt-PEG nanoparticles deposited onto c-Al2O3



Fig. 1. UV–vis absorption spectra of H2PtCl6 and Pt-PEG nanoparticles.

Fig. 2. TEM images of (a) Pt-PEG particles, (b) fresh Pt-PEG/c-Al2O3 catalyst and (c)
used Pt-PEG/c-Al2O3 catalyst after four times recycled in 8 MPa CO2.

Table 1
Results for the hydrogenation of p-CNB catalyzed over several supported Pt catalysts.

Entry Catalyst Conversion (%) Selectivity (%)

p-CAN AN Others

1 Pt-PEG/SBA-15 100 98.1 1.9 –
2 Pt-PEG/c-Al2O3 99.4 97.9 1.9 0.2
3 Pt-PEG/TiO2 86.1 98.6 1.4 –
4 Pt-PEG/C 69.5 99.8 0.2 –
5 5% Pt/C 99.2 90.7 1.1 8.2

Reaction conditions: 1 mmol p-CNB, p-CNB/Pt = 5000/1, 1 MPa H2, 5 ml hexane,
60 �C, 5 h. Others are the products of p-chloronitrosobenzene (CNSB), dichloroaz-
oxybenzene (AOB), dichloroazobenzene (AB) and dichlorohydrazobenzene (HAB).
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(Fig. 2b). For 5% Pt/C, the average diameter of Pt particles was
determined to be 4.5 nm by XRD measurements.
3.2. Catalytic performance of the SPPN catalysts

The activity and selectivity of the SPPN catalysts were com-
pared with that of commercial Pt/C catalyst in the hydrogenation
of p-CNB in hexane as shown in Table 1. The SPPN catalysts were
effective in the hydrogenation of p-CNB, and the activity and selec-
tivity depended on the support largely. Pt-PEG/SBA-15 and Pt-PEG/
c-Al2O3 presented high activity with nearly complete conversion,
and Pt-PEG/C showed higher selectivity (99.8%). Moreover, all the
SPPN catalysts gave a higher selectivity to p-CAN (>97.9%) than
that (90.7%) of Pt/C. Over all the SPPN catalysts, the formation
and/or accumulation of the undesired intermediates including
CNSB, AOB, AB, HAB was successfully prohibited compared to the
conventional Pt/C catalyst, with which larger amount of these
undesired intermediates were produced. The reason was ascribed
to the diffusion effect, that over the SPPN catalysts, the intermedi-
ates of CNSB, AOB, AB, HAB may be formed also on the surface of Pt
nanoparticles, but they were transformed to p-CAN before desorp-
tion and/or diffusion as confined by the PEG film. Moreover, the
PEG film presented good function in stabilizing the Pt nanoparti-
cles, resulting in a good dispersion of Pt particles without chemical
changes (oxidation and leaching) and any aggregations during the
reaction. Pt-PEG/c-Al2O3 catalyst was selected for the following
studies in hexane and scCO2.

3.3. Hydrogenation over Pt-PEG/c-Al2O3 in hexane and scCO2

Fig. 3 shows the changes in the total conversion and selectivity
to p-CAN with the reaction time in hexane and scCO2. In hexane,
the conversion of p-CNB increased up to 99.4% at 5 h. The selectiv-
ity to p-CAN changed little (97–98%) at the total conversion lower
than 100%, but decreased to 94.4% at 6 h due to the dechlorination
of p-CAN occurred (Fig. 3a). This indicates that the hydrolysis of
carbon-halogen bond was enhanced by amino substitution in the
aromatic rings once the nitro substrate was exhausted completely
[33]. However, in scCO2 (8 MPa), the conversion of p-CNB increased
to 99.9% at 3 h, and it is much faster than that in hexane. The selec-
tivity to p-CAN changed little (99.3–99.8%) in the whole range of
total conversion, and still kept above 99.8% when the reaction time
was further extended extra 1 h (Fig. 3b). In both hexane and 8 MPa
CO2, the formation and accumulation of the intermediates of CNSB,
AOB, AB and HAB were avoided successfully over Pt-PEG/c-Al2O3.
The selectivity to p-CAN in scCO2 was higher than that in hexane
because dehalogenation was suppressed fully in 8 MPa CO2 but oc-
curred in hexane.

The performance of Pt-PEG/c-Al2O3 was also examined in the
hydrogenation of the other HNBs such as o-CNB, m-CNB, CNT,
p-BNB and m-INB in both hexane and 8 MPa scCO2. Table 2 shows
that the hydrogenations of HNBs could be performed successfully
and produced to their corresponding HANs with high selectivity.
Both the reaction rates and the selectivities to HANs in 8 MPa
CO2 were higher than those in hexane for all the substrates. In
8 MPa CO2, the selectivities to HANs were higher than 99.1%, and
the selectivities to dehalogenation by-product aniline and interme-
diates were less than 0.7%. It is worth to noting that the selectivi-
ties to p-BAN and m-IAN could also reach >99.3% in the
hydrogenation of p-BNB and m-INB, although the high selectivity
of p-BAN and m-IAN was usually difficult to obtain because the
Br–C and I–C bonds are more susceptible to hydrogenolysis for



Fig. 3. Changes in conversion and selectivity to p-CAN with reaction time over Pt-
PEG/c-Al2O3 (a) in 5 ml hexane and (b) in 8 MPa CO2. Reaction conditions: 1 mmol
p-CNB, p-CNB/Pt = 5000/1, 1 MPa H2, 60 �C.

4 H. Cheng et al. / Journal of Colloid and Interface Science 415 (2014) 1–6
their weaker bonding energy compared with Cl–C bond, as derived
from their larger atomic diameter and lower electronegativity of
bromine and iodine. The present system prevented the dehalogen-
ation and the accumulation of intermediates simultaneously in the
whole process of reaction.
3.4. Influences of CO2 pressure and phase behavior

The present hydrogenation occurs in a multi-phase system, in
which the reaction rate and/or the product distribution may de-
pend on the phase behavior. The hydrogenation of p-CNB was stud-
ied with Pt-PEG/c-Al2O3 at different CO2 pressures with identical
Table 2
Hydrogenation of HNBs over Pt-PEG/c-Al2O3 in hexane and scCO2.

Entry Solvent Substrate Conversion (%)

1 hexane o-CNB 64.0
2 m-CNB 93.1
3 CNT 81.3
4 p-BNB 77.0
5b m-INB 13.8

6 8 MPa CO2 o-CNB 86.2
7 m-CNB 98.4
8 CNT 85.0
9 p-BNB 99.8
10b m-INB 71.3

Reaction conditions: 1 mmol substrate, substrate/Pt = 5000/1, 1 MPa H2, 5 ml hexane or 8
a Average hydrogenation rate of HNB ðmolHNB mol�1

Pt min�1Þ.
b 0.2 mmol m-INB, m-INB/Pt = 1000/1.
other conditions. Before the reaction test, the phase behavior was
observed. Fig. 4 shows the changes in the concentration and the
phase state of p-CNB at different CO2 pressures in the presence of
1 MPa H2. At 60 �C, pure p-CNB is a solid, but it turns into liquid
in the presence of ca. 8.0 MPa CO2 indicating that its melting point
was lowered under dense-phase CO2. p-CNB can dissolve to some
extent in scCO2 at 60 �C and the solubility increased with CO2 pres-
sure. Under the same reaction conditions, the reaction mixture
transferred to a single phase at 10.2 MPa CO2 (P1). Upon careful
depressurization, the reverse transition was observed at 9.6 MPa
(P2).

Table 3 shows the changes in conversion and selectivity to
p-CNB hydrogenation with CO2 pressure. The total conversion of
p-CNB increased first and then decreased with increasing CO2 pres-
sure, presented a maximum value at 10 MPa CO2 which is just be-
tween P1 and P2 (9.6–10.2 MPa), indicating that the phase behavior
and the concentration of p-CNB distributed in the liquid and CO2
phases are important factors in determining the rate of p-CNB
hydrogenation. In CO2 the concentration of p-CNB increased with
CO2 pressure; when CO2 pressure was raised to 10 MPa, a com-
pletely miscible mixture (p-CNB, H2 and CO2) was formed. In this
case, the mass-transfer resistance between gas (H2) and liquid
(p-CNB) decreased with increasing CO2 pressure and then disap-
peared at 10 MPa as a result of the phase change to a homogeneous
phase. This is one reason that the conversion increased with CO2
pressure [34]. The lower conversion at high CO2 pressure of 12–
14 MPa was attributed to the dilution effect of scCO2 [35]. How-
ever, the high selectivity to p-CAN (>99.3%) remained unchanged
with CO2 pressure. Meanwhile, the substrate of p-CNB and the
product of p-CAN could dissolve into the scCO2 phase, but PEG
was not soluble in scCO2, so the PEG stabilized Pt nanoparticles
could be immobilized on the supports firmly, the transformation
process for the hydrogenation of halonitrobenzenes is illustrated
in Fig. 5.

Generally, Pt seems to be the effective catalyst for minimizing
the dehalogenation combined with a fast rate of the reduction in
nitro group in the hydrogenation of HNBs [29,36]. However, large
amount of intermediates was accumulated over the Pt catalysts
in the hydrogenation of aromatic nitro compounds [11,24,37,38].
The intermediates (CNSB, AOB, AB and HAB) were detected over
PEG stabilized Pt nanoparticles in PEG-methanol system [11], but
the accumulation of these intermediates could be neglected over
the present SPPN catalysts in hexane and scCO2. The intermediates
may be also produced during the hydrogenation over the present
SPPN catalysts, but transformed to HANs prior to desorption from
the surface of the catalysts, especially in the case of scCO2 (Fig. 1
and Table 2). Corma et al. reported that a large amount of NSB
Rate (min�1)a Selectivity (%)

HAN AN Others

26.7 97.4 0.2 2.4
38.8 99.3 0.7 –
33.9 99.2 0.1 0.7
32.1 97.0 3.0 –
1.15 95.4 4.6 –

35.9 99.1 0.3 0.6
41.0 99.5 0.1 0.4
35.4 99.6 0.1 0.3
41.6 99.5 0.3 0.2
5.94 99.3 0.7 –

MPa CO2, 60 �C, 2 h.



Fig. 4. The solubility of p-CNB in CO2 at 60 �C in the presence of 1 MPa H2.

Fig. 5. Illustration for the transformation of HNBs to HANs on the supported
polyethylene glycol stabilized platinum nanoparticles (SPPNs) catalysts in scCO2.

Fig. 6. Conversion and selectivity against number of runs in the hydrogenation of p-
CNB over Pt-PEG/c-Al2O3 in 8 MPa CO2. Reaction conditions: 1 mmol p-CNB, p-CNB/
Pt = 5000/1, 60 �C, 1 MPa H2, 8 MPa CO2, 3 h, the product and substrate were
extracted by scCO2.
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and PHA was observed during the reaction over Au/TiO2 based on a
combination of in situ IR spectroscopy with macrokinetic experi-
ments, however, NSB and PHA were not observed among the reac-
tion products during the batch-reaction study. They suggested a
strong adsorption of these compounds on the catalyst surface
made them are easily to transfer to AN prior to their desorption
[39]. In our reaction system, once HNSB or HPHA was produced,
they could be hydrogenated to HANs on Pt nanoparticles speedily
and then diffused into CO2 phase from PEG, so the high selectivities
to HANs were obtained. Moreover, the interactions of CO2 with the
reacting species should be another reason, and it was confirmed
that the interaction could increase the reactivity of HNSBs and
HPHAs in our previous work [24,25]. The other reason for the high
selectivity of HANs is that the dehalogenation was suppressed fully
in scCO2 (Fig. 1 and Tables 2 and 3). Ichikawa et al. suggested that
CO generated from CO2 hydrogenation could act as a modifier for
Pt/C catalyst to block the active sites for dechlorination in scCO2
and resulted in suppressing of the dechlorination of CANs [40].
Both the accumulation of harmful intermediates and the formation
of dehalogenated byproduct were suppressed simultaneously in
scCO2 with the SPPN catalysts, so the selectivities to the desired
products of HANs reached above 99% in the whole range of total
conversion.
3.5. Recycling of Pt-PEG/c-Al2O3

Finally, the recycling of the Pt-PEG/c-Al2O3 catalyst in scCO2
was checked. The results in Fig. 6 show a slight decrease in total
conversion, and it decreased to 88.9% from 98.7% after the 4th runs.
But the selectivity of p-CAN still remained >99.6% in all the recy-
cling runs. The TEM images show that the average size of Pt is
4.3 nm and 4.9 nm (Fig. 2b and c), and it changed very slightly.
Pt leaching was not detected in the filtrate by ICP analysis (ICP-
OES (iCAP6300, Thermo USA), the detection limit was 0.01 ppm).
The decrease in the activity may come from the loss of the catalyst
Table 3
Effect of CO2 pressure on the hydrogenation of p-CNB over Pt-PEG/c-Al2O3.

Entry CO2 (MPa) Conversion (%) Rate (min�1) Selectivity (%)

p-CAN AN Others

1 8 74.5 31.0 99.3 0.2 0.5
2 10 100 41.7 99.6 0.3 0.1
3 12 79.0 32.9 99.5 0.3 0.2
4 14 35.9 15.0 99.2 0.8 –

Reaction conditions: 1 mmol p-CNB, p-CNB/Pt = 5000/1, 1 MPa H2, 60 �C, 2 h.
which cannot be avoided during the recycling. Therefore, Pt-PEG/c-
Al2O3 catalyst presented to be relative stable and can be reused
several times in the hydrogenation of HNBs in scCO2.

4. Conclusions

The supported PEG stabilized Pt nanoparticles were prepared
and exhibited superior selectivity to HANs in the hydrogenation
of HNBs (o-, m-, p-CNB, CNT, p-BNB, and m-INB) in scCO2. The
dehalogenation and the accumulation of intermediates were fully
inhibited simultaneously in the whole range of total conversion
in 8 MPa CO2, and all the selectivity to corresponding HAN was
reached above 99.1% even for the hydrogenation of p-BNB and
m-INB. It is assumed that the intermediates like HNSB or HPHA
were once produced, and they could be hydrogenated to HANs
on Pt nanoparticles speedily and then diffused into CO2 phase from
PEG, thus high selectivity to HANs was obtained, and the reactivity
of HNSBs and HPHAs was accelerated by the presence of CO2 via a
molecular interaction. Furthermore, the SPPN catalysts could be
separated simply by phase separation, and presented to be relative
stable and can be reused several times in scCO2, because that the
PEG phase can protect the Pt particles from aggregating and leach-
ing out. Thus, the present catalysis system of the SPPN catalysts
combining with scCO2 is the most effective and promising one
for the hydrogenation of HNBs especially for the INB which is the
most easy to occur the deiodination.
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