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Abstract. Facile reduction of p-nitrophenol to p-aminophenol by sodium borohydride catalysed by cobalt nanopar-
ticles (CoNPs) has been discussed. A simple approach has been made to synthesize highly active and ordered
structures of CoNPs. The air-stable nanoparticles were prepared from cobalt sulphate using tetrabutyl ammonium
bromide as surfactant and sodium borohydride as reductant. The cobalt nanocolloids in aqueous medium were found
to be efficient reusable catalysts for the p-nitrophenol reduction. Palladium nanoparticles prepared from palladium
chloride and the same surfactant were found to reduce p-nitrophenol but lose their catalytic efficiency after recov-
ery. Based on chemical and kinetic studies, an attempt has been made to elucidate the mechanism of p-nitrophenol

reduction using these nanoclusters.

Keywords.

1. Introduction

Metal nanoparticles have received tremendous interest in the
scientific literature because of their unique chemical and
physical characteristics that are different from their bulk
counterparts [1]. Several methods have been developed for
synthesis of transition metal nanoparticles [2]. In recent years
several approaches such as pyrolysis [3,4], solvothermal [5],
hydrothermal decomposition [6], modified polyol processes
[7] and template-based methods [8] have been developed to
synthesize cobalt crystals with different morphologies. Some
efforts have been focused on exploring the relations between
their shapes and properties. There is however no report of a
very simple and quick method to prepare cobalt nanoparticles
(CoNPs) that are reusable catalysts for reduction of organic
functional moieties under mild conditions [9,10].

Catalysis has revolutionized the field of manufacturing of
chemicals. One such manufacturing process is reduction of
organic molecules by catalytic hydrogenation. Nitrophenols
are considered to be amongst the most prevalent organic
pollutants in waste water generated from agricultural and
industrial sources [11-13]. The US Environmental Protection
Agency has reported nitrophenols as one of the most haz-
ardous and toxic pollutants [14]. Therefore, the development
of an effective and ecofriendly method to remove them from
water is of great importance. In the synthesis of various anal-
gesic and antipyretic drugs such as paracetamol, acetanilide
and phenacetin, 4-aminophenol (4-AP), the reduced product
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from 4-nitrophenol (4-NP), is an important intermediate [15].
It is also the main ingredient in the synthesis of industrial
dyes, marketed as a photographic developer, and its oxalate
salt has been reported to be a corrosion inhibitor [11].

It has been noted that p-aminophenol could be obtained
by methods such as hydrogenation of nitrobenzene involving
molecular rearrangement of phenylhydroxylamine interme-
diate in the presence of iron—acid [16], catalytic amination
of hydroquinone [17], electrochemical reduction of nitro-
phenols [18], etc. Methods for the catalytic hydrogenation
of 4-NP in solvents such as ethanol at relatively high tem-
perature and high hydrogen pressure have been reported
[19,20]. The disadvantages of such methods include forma-
tion of aniline as a side product, long reaction time and exten-
sive methodology involved during usage of hydrogenation of
4-NP [21,22]. Such methods are also associated with seri-
ous pollution problem due to the formation of large amounts
of metal oxide sludge and corrosion of the reaction vessels.
In recent times, based on the requirements such as greener
route and safer operation, direct environmentally friendly
catalytic conversion routes have been developed for the
conversion of p-nitrophenol to p-aminophenol in aqueous
medium under mild conditions. One such route by which
p-aminophenol is obtained involves direct hydrogenation of
4-NP using sodium borohydride, which is a mild agent,
and the reaction can be conducted in an aqueous medium
[23]. This method is relatively simple and clean compared
with the above-mentioned methods. But the sluggish self-
hydrolysis of NaBH, affects the rate of hydrogenation of the
nitro-compound [24]:

NaBH4 + 2H,0 — 4H; 4 NaBO,
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Many reports are available on the application of metal
nanoparticles as catalysts for the hydrogenation of 4-NP in
the presence of NaBH, [23,25-27]. Metal-oxide-supported
metal nanoparticles have been tested as catalysts for the con-
version of p-nitrophenol to p-aminophenol. Pd nanoparticles
dispersed in alumina have been reported [28] with NaBHy4
as the reducing agent. Yu et al [29] used PVP-stabilized
Pt nanoparticles and CeO;-supported Pt nanoparticles as
catalysts. In such catalyst-mediated reactions even though
PVP-stabilized Pt nanoparticles showed higher activity than
the Pt/CeO, hybrid, it lost its catalytic activity during the
course of recyclability. Although nanomaterials have their
own advantages, the protocol is not commercially viable
due to multi-step nanoparticle preparation method and the
tedious process of catalyst regeneration from the solvent
system [23,25-27].

2. Experimental

2.1 Chemicals and materials

All chemicals were of reagent grade and used without further
purification. Cobalt sulphate (CoSQOy,), tetrabutyl ammonium
bromide (TBAB), sodium borohydride (NaBHy), 4-NP and
acetone were purchased from Merck-India.

2.2 Preparation of TBAB-stabilized CoNPs from CoSO,

To a screw-capped vial with a stirring bar were added
32mg of cobalt sulphate (113.83 umol), 38 mg tetrabutyl
ammonium bromide (117.87 umol) and 4 ml of deionized
water. After adding deionized aqueous solution of NaBHy
(0.1 M) dropwise, the mixture was stirred at room tempera-
ture for 1 h, and then the aqueous solution was decanted off.
Subsequently, the black coloured TBAB-stabilized CoNPs
were washed with water (5 x 5.0ml) and acetone (5 x
5.0 ml) 4-5 times. The shiny black particles were dried at
room temperature in a desiccator for 24 h before use as
catalysts (figure 1).

CoS0O, solution before reaction After addition

with NaBH,4 of NaBH,
Figure 1. Preparation of magnetic cobalt nanoparticles from
CoSO04.
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2.3 Characterization

High-resolution transmission electron microscopy (HRTEM)
images of CoNPs were obtained and are shown in figure 2
(HRTEM, CM 30 microscope operating at 200kV and
expanded to 470 pixels cm™"). TEM samples were prepared
by dispersing CoNPs in acetone for 45 min in a sonicator;
then the solution was withdrawn using a hypothermal
syringe; one drop of the solution was poured on a
carbon-coated copper grid and left to dry. The ultraviolet—
visible (UV-vis) absorption spectra were measured at room
temperature on an INTECH spectrophotometer using solu-
tions in a 1 cm quartz absorption cell over wavelength
350-700 nm range.

2.4 Catalytic degradation process

In a representative degradation experiment, the TBAB-
stabilized CoNPs (3 mg) and an aqueous solution of NaBH4
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Figure 2. TEM image of synthesized cobalt nanoclusters.
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Figure 3. FTIR spectra: (a) TBAB-capped CoNPs and (b) TBAB
surfactant.

(10ml, 2 x 107> M) were rapidly introduced into an aque-
ous solution of p-nitrophenol (10ml, 1 x 107°® M) and
then the whole mixture was allowed to react for 2 min at
room temperature under atmospheric pressure. Thereafter the
whole mixture was subjected to UV—vis spectral analysis at
room temperature in the visible range. The concentration of
p-nitrophenol was quantified by measuring the absorption
intensity at Amax = 390 nm. When required, sample solutions
were diluted five times before optical density measurement
was made.

3. Results and discussion

The formation of CoNPs during the reaction process was
noticeable by dramatic colour change of the cobalt sulphate
solution after the introduction of the reducing agent. The
overall reaction proposed for this process is as follows:

2C0*" + BH, + 2H,0 — 2Co(s) + 2Hx(g) + 4H" + BO;
J Surfactant
Co-stabilized by surfactant

The presence of the surfactant on the surface of CoNPs can
be explained by comparing the FTIR data (figure 3).

The surface binding interaction study of TBAB-capped
CoNPs was carried out by recording FTIR spectra in the
range of 4000-500 cm™', which are shown in figure 3. The
characteristic bands of pure TBAB can be divided into
two regions, two absorption bands in the range of 2958—
2874cm™!, which are attributed to symmetric and anti-
symmetric stretching of the aliphatic group (CHy, tail), and
another band at 1622 cm™!, assigned to nitrogen group (head
group) of the TBAB molecules. TEM images suggest that
these as-prepared CoNPs are of large sizes compared with
those reported earlier for palladium and platinum by our
group. The size distribution studied for 64 such particles
suggests that the average size lies in the range 90-95nm
for cobalt nanocolloids and they do not coagulate into the
precipitated form when left in acetone solution for almost
24 h.
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Figure 4. XPS of synthesized cobalt nanoparticles.

3.1 X-ray photoelectron spectroscopy of CoNPs

X-ray photoelectron spectroscopy (XPS) was used to exam-
ine the oxidation state of the synthesized CoNPs. The
Co2py/; and Co2ps,, peaks of TBAB-stabilized CoNPs were
measured on an Escalab 5 spectrometer with monochromated
Mg X-rays at 10kV. Samples for XPS were prepared by
spreading several drops of cobalt dispersion in acetone on
standard Si (111) wafers with a 150-nm-thick SiO, layer
and allowing the solvent to slowly evaporate. A vacuum-
transfer vessel was used to carry the sample from the dry-
ing box to the chamber without exposing the sample to air
any more. The surface of the as-prepared nanoparticle was
then investigated and the results are given in figure 4. Var-
ious oxidation peaks of cobalt that have been reported in
the literature [30] are as follows: 778.3 and 793.3eV for
Co°, 780.4 and 795.8 eV for Co?>™ and 778.5 and 794.2 eV
for Co*. In the present case, the nanoparticle exhibits
Co2ps/, core level peak at a binding energy of 778.3 eV, and
Co2pyj, at 793.3eV with a difference of 15eV, which can
be attributed to the presence of typical valence state of Co”
(figure 4).



324

Arijit Mondal et al

=l ] (1:20) (4NF:5B) 3 mg Co

184 pH = 9,21 at lemp = 29°C

1.6+
1.44

1.2+

Abs

1.0~
) {lsosbestic point}

0.8+

()

0.5

0.4

b

—  mN
1 min
—d Min,
s 5 TN
s T i
e} TN

300 350 400
Wavelangth (nm)

450

Figure 5. Reduction of 4-nitrophenol by CoNPs under mild conditions.

3.2 Catalytic activity of CoNPs during reduction
of 4-NP

f=T81 [ oH
CoNPs, NaBH,
l——————--3
RT
MO, | NH, |

To investigate the catalytic activity of CoNPs, the cobalt
nanosized particles were first employed in the degradation of
4-NP in the presence of sodium borohydride. The progress
of the catalytic degradation of 4-NP can be easily monitored
by the decrease in optical density at the wavelength of the
absorbance of 4-NP (figure 5). It can be seen that the absorp-
tion band of 4-NP at 390 nm decreases gradually with the
reaction time and yellow colour of the mixture vanished in
8 min when the spherical CoNPs were used. In the control
experiment without any catalyst, an intense absorption peak
at 390nm was still observed even after 1day. Cobalt sul-
phate used as a catalyst in place of nanoparticles has no effect
and the spectrum is almost similar to that obtained during
degradation of 4-NP in the presence of sodium borohydride
only. It is therefore true that the presence of both borohy-
dride and nanoparticles is required for effective reduction of
the substrate.

3.3 Effect of molar ratio of 4-NP and NaBH,
on catalytic reduction

The effect of NaBH,4 concentration on the catalytic reduction
was also studied. Here, concentration of 4-NP and amount
of catalyst were kept constant and the NaBH, concentration
was varied (figure 6). Thereafter we have optimized the
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Figure 6. Reduction of 4-NP with varied concentration of NaBHy
at 29°C and pH = 9.21.

concentration of NaBH, (2 x 1073 M) for the present study.
It was observed that in the concentration range (5 x 107° to
2 x 107> M) of NaBHy, the rate increases with the increase in
BH; concentration, while (2 x 107> M) onwards of NaBHy4
concentration the rate remains almost constant. Kinetics of
the reduction of 4-NP has been shown to be of first order with
respect to substrate concentration [31-33].

3.4 Effect of CoNPs dosage

The effect of the CoNPs on reduction rate of 4-NP has
been presented in figure 7. It was found that when the
CoNPs dosage increased, the concentration of p-nitrophenol
decreased rapidly and the degradation to 90% is over in just
8 min when 3 mg (2 x 10~ metal content 1~') is used. This is
expected because, with more CoNPs used, there will be more
active surface sites available for reaction with p-nitrophenol.
The increased CoNPs though increases the reduction rate
drastically, it becomes difficult to follow the kinetic studies
by monitoring absorbance change.
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3.5 Effect of pH on catalytic reduction

In the representative experiment the degradation of 4-NP was
carried out at 29°C and pH = 9.21. The effect of high and
low pH on degradation rate was studied keeping the amount
of CoNPs fixed and other parameters unchanged. The pH
of the aqueous solution was maintained by adding requisite
amounts of HCI (0.1 N) and aqueous NaOH solution (0.1 N).
It is quite evident that the degradation of 4-NP is fast enough
at pH less than 9 and difficult to be monitored at different
time intervals (figure 8). The sodium borohydride aqueous
solution is however stable in the alkaline medium and the
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Figure 7. Effect of different amounts of nanoparticles during
degradation of 4-NP.
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chances of deprotonation of —OH moiety of 4-NP is reduced
at pH > 10.

The enhanced reduction rate of azo dyes with an increase
in H concentration (i.e., at low pH) has also been reported
by Shih et al [34], Soomro et al [35] and Mondal et al [36].

3.6 Effect of temperature

The effect of temperature on the reaction kinetics of 4-NP
with CoNPs was investigated over the temperature range
10-50°C as shown in figure 9. The rate constant of p-
nitrophenol with CoNPs at 48, 38, 29 and 10°C was esti-
mated to be 0.254, 0.222, 0.21 and 0.07 min~ ', respectively.
It is obvious that higher the temperature, faster the collision
of these nano-sized particles with the substrate in aqueous
solution and hence the reaction occurs at a much faster rate.

A plot of In k vs. 1/T using linear least-square analy-
sis has been shown in figure 10. The estimated activation
energy for the degradation of p-nitrophenol by CoNPs is
approximately 61.32kJ mol~'. The value corresponds to that
observed during reduction of 4-NP by Lu et al [37] using
Ag-nano-composite.

3.7 Separation of CoNPs and recyclability study

The catalyst can be easily separated from the reaction
medium. As CoNPs themselves have magnetic property they
get stuck into the magnetic bar used in the system. Aqueous
solution was decanted from the reaction vessel and CoNPs
on the magnetic bar were dispersed in deionized water using
a sonicator. The solution was centrifuged, when all nanopar-
ticles settled at the bottom of the centrifuge tube and the
aqueous solution was carefully decanted out. The process
was repeated two times, when finely dispersed black particles
were obtained.

Recycling experiments were performed to test the reuse
of the spherical CoNPs. Catalytic experiments under similar
conditions suggest that the regenerated particles possess
relatively good activity even in the 5th cycle. The time of
degradation of 4-NP with every cycle however increases
and almost gets doubled during the 3rd recycle experiment
(figure 11). After three consecutive cycles the CoNPs

Figure 8. Effect of pH on 4-NP degradation using CoNPs. were collected for HRTEM image to study their
- T 48 B
& TomplB'C D
1. A Termp 2o
» Temp 10 0 M
1. Lirvmar Fit of B
. x —Linass ftary
Limmar #if of B
1.
S . = = =
% 0.8 kb
0.6 < &
0.4 ;
0.2 b
0.0 -y T T T T T
[a] 5 10 15 20 25

Tirmve {rmind

Figure 9. Kinetic studies for catalytic reduction of 4-NP by cobalt nanoclusters.
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Figure 11. Recyclability experiment of cobalt nanoclusters.
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particle size distribution and verify whether agglomeration or
further degradation of particles has occurred. HRTEM image
(figure 12) of the recycled particles showed that no such
phenomena have occurred. XRD patterns of fresh cobalt
particles and those collected after three catalytic cycles were
also identical, which emphasizes the very stable nature of
CoNPs.

3.8 Comparative study with palladium nanoparticles

Palladium nanoparticles were prepared and characterized
by the method followed earlier by our group [38]. These
as-prepared particles were then studied for 4-NP reduction
under identical conditions.

TEM image and particle size distribution of these nan-
oclusters prepared from PdCl, have been presented in
figure 13.

UV-vis spectra for the degradation of 4-NP using palla-
dium nanoclusters as catalyst show that the absorption inten-
sity of the system utilizing Pd nanoparticles decreases rapidly
and the reaction gets completed within 12 min (figure 14).
The reaction was incomplete when no palladium nanopar-
ticles were used or when palladium chloride was added in
place of nanoparticles. The reduction of 4-NP with CoNPs
is therefore much faster compared with palladium nanopar-
ticles when the same metal content per litre aqueous solu-
tion was used. To recover the palladium nanoparticles for the
recycling process, the aqueous solution was first decanted
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Figure 12. Recovered nanoparticles after 3rd catalytic run.
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Figure 13. TEM image and size distribution of palladium nanoparticles.
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Figure 15. Recovered TEM picture of palladium nanoparticles.

off and similar steps were followed as employed in case
of CoNPs. To our surprise we noticed that after 2nd recy-
cling experiment, the degradation time of 4-NP increased
considerably. HRTEM of the nanoparticles collected after
Ist degradation shows differences as far as average particle
size distribution is concerned. Micrographs reveal consider-
able aggregation of the palladium particles on use and this is
reflected in the increase in average size of recovered parti-
cles. Palladium particles freshly prepared from PdCl, had on
an average a diameter of 4-5 nm and this increased to around
8 = 1 nm at the end of the first cycle (figure 15). Hence from
an industrial point of view we cannot say that palladium nan-
oclusters are good catalysts. On the other hand, cobalt is a
much cheaper material and retains catalytic activity even on
prolonged use.

3.9  Proposed mechanism of reduction by nanoparticles

In addition to p-nitrophenol, p-nitrobenzoic acid was also
subjected to reduction under similar conditions. It was
noticed that p-aminobenzoic acid was formed and no other
intermediates could be detected by gas chromatography
even after 24-h reaction. The nitro-group is chemoselec-
tively reduced, while the carboxylic acid moiety remains
unchanged under reduction conditions. The appearance of
isosbestic point during reduction of 4-NP (figure 5) sug-
gests that the reaction is indeed clean with no formation of
stable intermediates. We therefore proposed that the NO,

BH, + 2H,0 i BO, + 4H,
; : RT. 2
HO-PRNO, + 3H, ——= HO-PhNH, + 2H,0
Hydrophobic area Hydrophilic area
H
H + :
BrBu; N, | » NBu,Br 0
N | ;/ ,,- \
| - 0 7 H
~ ’ \\
CoNP N —@——OH
P /
p 4 ’ ! X LN
BrBu
N |_'| “N Bu,Br

Scheme 1. Proposed pathway for hydrogenation of NO, group
by nanoparticles protected by surfactant.

group, which lies close to the metal centre in the hydrophobic
zone, is reduced but the functional groups extended into the
hydrophilic region remain in the unreduced form (scheme 1).

CoNPs having larger particle size could accommodate the
coordinated borohydride, substrate and the solvent molecule
at its surface sites effectively and reduction occurs at the
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surface of these nanoparticles as proposed by earlier workers
in their published studies [39—42]. The reaction is facilitated
by increased borohydride concentration (reference figure 6)
and at an alkaline pH, where the aqueous solution containing
the borohydride species remains stable. BET measurement of
surface areas and TEM studies clearly suggest that the regen-
erated cobalt nanoclusters do not lose their surface charac-
teristics or size during the work-up procedures and therefore
function as recyclable catalysts. Under similar situations the
surface sites change in case of palladium nanoclusters due to
agglomeration phenomenon and they lose their effectiveness
on recycling.

4. Conclusion

We have shown here that the spherical cobalt nanoparti-
cles can catalyse the degradation of 4-NP in the presence of
sodium borohydride, producing a remarkable enhancement
in the reaction rate. It is highly air stable and represents
an inexpensive, eco-friendly alternative noble metal catalyst
suitable for waste water treatment. Further reactions involv-
ing reduction of organic functionalities employing metal
nanoclusters will be undertaken in future.
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