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a b s t r a c t

Greener synthesis of nanogold-biocomposite by fungus, Cylindrocladium floridanum was reported in this
study. Results revealed that when cultured in static condition for a period of 7 d, the fungus accumu-
lated gold nanoparticles on the surface of the mycelia. Bionanocomposites with Au nanocrystals were
characterized by UV–Vis spectroscopy, XRD, SEM, EDX and high-resolution TEM. The SPR band of UV–Vis
spectrum at 540 nm confirmed the presence of gold nanoparticles on the surface of the fungal mycelia. The
fcc (1 1 1)-oriented crystalline nature of particles was identified by XRD pattern. The synthesized particles
are spherical in shape as evidenced by TEM image. The biocomposites with Au nanoparticles function as
an efficient heterogeneous catalyst in the degradation of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP),
in the presence of reducing agent, sodium borohydride which was reflected by UV–Vis spectra of the
anoparticle

anocomposite
atalyst
seudo-first order kinetics

catalytic reaction kinetics. The reduction of 4-nitrophenol follows pseudo-first-order kinetic model with
the reaction rate constant of 2.67 × 10−2 min−1 with 5.07 × 10−6 mol/dm3 of gold at ca. 25 nm. The rate
of the reaction was increased by increasing the concentration of gold nanoparticles from 2.54 × 10−6 to
12.67 × 10−6 mol/dm3 (∼25 nm) and with reduced size from 53.2 to 18.9 nm respectively. This is the first
report on fungal-matrixed gold(0) nanocomposites heterogeneously catalyzing the reduction of the toxic

phen
organic pollutant, 4-nitro

. Introduction

In recent years, nanotechnology is emerging as a revolutionizing
eld of research with multiple disciplines of science like physics,
hemistry, materials science and biology. In conventional, various
hemical and physical methods are utilized for the synthesis of
anomaterials, but due to the fact of usage of a large amount of
azardous chemicals, it becomes a mandate to find an alternative
co-friendly methodology. In search of green chemistry approach,
he usage of plants and microbes were of the prime target, which
ere considered safe, simple, nontoxic, biocompatible and envi-

onment friendly.
Accumulation of metal ions in plants is largely used in phytore-

ediation, which has been regarded as a low-cost, eco-friendly and
fficient approach for the cleanup of the polluted site. In Brassica
uncea and Berkheya coddii, hyperaccumulation of gold was found

ith thiocyanate solution as solubilizer, whereas B. juncea and

hicory can hyperaccumulate gold with iodide, bromide, cyanide,
hiocyanate or thiosulfate solution. Marshall et al. [1] reported the
ccumulation of gold nanoparticles (AuNPs) in plant B. juncea in
size range of 5–50 nm. The formation of gold nanoparticles by
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ol that enable the recovery and recycling of AuNPs catalysts.
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alfalfa plant was first reported by Gardea-Torresdey et al. [2] and
the bioaccumulated AuNPs were found to be in face-centered cubic
(fcc) geometric morphologies of icosahedron and twinned struc-
tures in the size range of 4 nm and 6–10 nm respectively. This is a
cost-effective way of phytomining gold in nanosize from mine ores
and leachates. Rodriguez et al. [3] reported that the seedlings of
Chilopsis linearsis (desert willow) in hydroponic solution with gold
and thiourea can transform 64% of the uptaken gold-thiourea com-
plex into metallic gold and accumulated in stem and leaves with
an average size of 1.1 nm. Similarly, Sharma et al. [4] reported the
accumulation of AuNPs inside Sesbania drummondii.

Bioreduction and bioaccumulation of metals by microbes have
been documented for the recovery of precious metals from mine
wastes and metal leachates. But after the advent of diffraction and
spectroscopic techniques, the accumulated metal particles have
been studied for their valence state and size. In 1999, Klaus et al.
[5] reported the recovery of silver via. microbial reduction of Ag(I)
to Ag(0) in Pseudomonas stutzeri AG259, while Lactobacillus sp. AO9
was reported for the biosorption of Ag(I) and bioreduction to Ag(0)
[6]. Intracellular accumulation of gold was reported in bacteria

like Fe(III)-reducing bacteria, Shewanella algae [7], Escherichia coli
DH5� [8], Bacillus subtilis 168 [9]; fungi like Verticillium sp. [10], Tri-
chothecium sp. [11]; yeasts like Schizosaccharomyces cerevisiae [12],
Yarrowia lipolytica [13], Pichia jadinii [14] and also in actinomycete,
Rhodococcus sp. [15]. Among microbes, fungi are considered as

dx.doi.org/10.1016/j.jhazmat.2011.02.069
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:puns2005@gmail.com
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otent nanofactories for the synthesis of intracellular gold particles
ecause of the presence of enzymes/proteins/reducing components
n its cell surface [10].

Nanoparticles serve as better catalysts in the reduction process
f pollutants compared to the bulk due to the greater acces-
ibility to surface atoms and low coordination number. Among
everal water pollutants, nitroaromatic compounds are consid-
red as the most toxic and refractory pollutants, in particular,
itrophenols that are used as building blocks of many dyes, explo-
ives, pesticides and various solvents [16,17] are the common
ontaminants from industrial effluents particularly dye industry
ontaminating local water bodies and also as potent uncouplers
n oxidative and photosynthetic phosphorylation [18]. Due to its
olubility and stability in water, 4-NP contaminates agricultural
nd industrial waste waters, posing a significant environmental
nd public health risk by exhibiting carcinogenic and mutagenic
otential in humans. Normally, it takes longer time for degra-
ation in water and surface soil, and gets accumulated in deep
oil and stays indefinitely. Concerning its toxicity, U.S. Environ-
ental Protection Agency has listed nitrophenols on its “Priority

ollutant List” and their maximum allowable concentrations in
ater ranged from 1 to 20 ppb. Therefore, it is necessary to
evelop an efficient methodology for the degradation of these pol-

utants.
Several conventional methods of water treatments like

hemical precipitation, ion-exchange adsorption, filtration, and
embrane systems are available, but they are slow and non-

estructive. Therefore, it is very important to remove these highly
oxic compounds with efficient catalytic materials [19,20]. Gold
anoparticles can be used as efficient catalysts, due to their

arge surface-to-volume ratio and different electronic proper-
ies. The excellent catalytic property of AuNPs is due to the
ombination of size effect and the relativistic effect that sta-
ilizes the 6S2 electron pairs. Thus, the catalytic properties of
he gold are determined by the high energy and reactivity of
he 5d electrons [21]. Though AuNPs have greater efficiency and
eactivity as homogeneous catalysts, the impetus owing to the
article aggregation and reusability were the paramount con-
ern. Therefore, it is a prerequisite to immobilize nanoparticles
n a suitable supporting material such as silica [22], alumina
23], zeolite [24], and metal oxide [25,26], which should be
nert to the reactants and provides stability to the nanoparti-
les.

Heterogeneous catalytic activities of gold nanoparticles have
een reported in water gas shift (WGS) reaction and oxidation
f carbon monoxide [27–29]. Haruta [30] prepared hemispher-
cal gold nanoparticles supported on metal oxides for carbon

onoxide oxidation. Haruta [30] reported the catalytic activities
f supported gold nanoparticles in partial and complete oxida-
ion of hydrocarbons, oxidation of carbon monoxide, nitric oxide,
nd unsaturated hydrocarbons. Analogously, thiol-stabilized gold
anoparticles have been exploited in asymmetric hydroxylation
eactions [31], carboxylic ester cleavage [32], and particle-bound
ing opening metathesis polymerization [33]. Similarly, extra-
ellularly synthesized gold nanoparticles by Fusarium oxysporum
upported on amorphous (fumed) silica [34] and intracellu-
arly accumulated gold(0) by Verticillium sp. have been used in
xidation reactions. Mukherjee et al. [35] synthesized AuNP-
mine functionalized MCM-41 hybrid materials by reduction of
hloroaurate ions within the silicate matrix, which showed max-
mum catalytic activity in the hydrogenation reactions. Similarly,
ukherjee et al. [34] produced gold nanoparticle fused silica com-
osite for the catalytic hydrogenation of cyclohexane. Sharma
t al. [4] reported the intracellularly accumulated gold nanopar-
icles by S. drummondii in the catalysis of 4-nitrophenol (4-NP).
ee et al. [36] fabricated gold nanoparticles–silica composites
ardous Materials 189 (2011) 519–525

using azacryptand as molecular anchor between nanoparticles
and silica, which was used for the effective catalytic reduction
of 4-nitrophenol by sodium borohydride in aqueous solution.
Ghosh et al. [37] used bimetallic Pt–Ni alloyed nanoparticles as
a catalyst in the reduction of 4-nitrophenol. Esumi et al. [38]
using dendrimer-metal (Ag, Pt, Pd) nanocomposites reduced 4-
nitrophenol. Dendrimers of poly(amidoamine) with surface amino
groups (generations 3, 4 and 5) and poly(propyleneimine) (PPI)
with surface amino groups (generations 2, 3, and 4) were used.
The synthesis of gold nanocomposites with other supporting
materials like silica and resins [34,39] has also been docu-
mented.

Redox catalytic reaction by glass beads coated with AuNPs-
bionanocomposite can be used in continuous fixed-bed reactors.
The fungal biomass-AuNPs adsorbed on the surface of borosilicate
glass beads is due to the Van der Waals forces and electrostatic
interactions (attractive or repulsive) from the overlap of electrical
double layers [40]. The strength of adhesion can be thermody-
namically analyzed by calculating the free surface energy of both
support and the fungal biomass. Since this involves weak inter-
actions, it can be used only in fixed bed reactors under defined
conditions with low shear stress. The use of such particles coated
on the outer surface of a compact support material such as glass
beads has advantages in the recovery of particles, and to prevent
a decrease of catalyst concentration in the reactor system and to
avoid wash out of gold nanoparticles causing a non-acceptable sec-
ondary pollution. In this study, for the first time, we report the
quantitative degradation of a pollutant, 4-NP using biologically
synthesized nanocomposites containing AuNPs from filamentous
fungal biomass, Cy. floridanum. Fungus, being a biological entity is a
renewable source, and has advantages such as high metal tolerance,
easy handling, easy scale up, cost-effectiveness and economic via-
bility. The process of synthesis of bionanocomposites is also simple,
nontoxic and environmentally benign compared to the chemical
synthetic routes.

2. Materials and methods

2.1. Materials

All the reagents purchased were of analytical grade. 4-
Nitrophenol and chloroauric acid were purchased from Hime-
dia Laboratories Ltd. India and sodium borohydride from
Sigma–Aldrich. Fungus, Cylindrocladium floridanum (ATCC 42971)
was kindly provided by J. M. CIRAD-FLHOR, Station de Neufchateâu,
Sainte Marie, Capesterre-Belle-Eau, Guadeloupe, France. The exper-
iments were done in triplicates using Milli-Q water and the data
obtained were analyzed using Origin Pro 7.5 SRO software (Origin-
Lab Corporation, USA).

2.2. Biosynthesis of gold nanoparticles

The fungus Cy. floridanum (ATCC 42971) was grown in 500 ml
of Erlenmeyer flask at 30 ◦C, 180 rpm for 72 h in MGYP medium
(per liter contains: malt extract 5 g, glucose 10 g, yeast extract 5 g,
peptone 5 g). After 72 h of fermentation, the fungal biomass was
centrifuged at 5000 rpm for 5 min and washed thrice with sterile
distilled water. These fungal mycelia (500 g) were resuspended in
0, 1.25, 2.5, 5, 12.5, and 25 g/L of HAuCl4 and incubated at 30 ◦C

for a period of 7 d in static condition. The control experiment was
done without addition of chloroaurate ions. The biotransformation
of chloroaurate ions to gold nanoparticles in the flask was period-
ically monitored using UV–Vis spectrophotometer and with other
characterizing techniques.
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.3. Characterization of intracellular gold nanoparticles

.3.1. UV–Vis absorbance spectroscopy
The formation of gold nanoparticles was monitored by peri-

dic sampling of aqueous component of aliquots (2 ml) and visual
nspection and measuring the UV–Vis spectra of the solution in 10-

m-optical-path-length quartz cuvettes with an Amersham pro
00 UV–Vis spectrophotometer at a resolution of 1 nm between
00 and 1100 nm with a scanning speed of 1856 nm/min. Similarly,
he fungal mycelia were also collected, washed in distilled water
nd thin film of mycelia was operated in the reflectance mode in
cean optics high-resolution spectrometer (Model: HR4000, USA)
t a resolution of 2 nm.

.3.2. X-ray diffraction (XRD)
The fungal mycelial film containing AuNPs was washed thor-

ughly in sterile distilled water and the solution was drop-coated
nto a glass substrate and measurements were carried out in
he transmission mode using a PANalytical X’Pert PRO X-ray
iffractometer (Netherlands). The pattern was recorded by Cu-K�1
adiation with � of 1.5406 Å and nickel monochromator filtering
he wave at tube voltage of 40 kV and tube current of 30 mA. The
canning was done in the region of 2� from 30◦ to 80◦ at 0.02◦/min
nd the time constant was 2 s. The size of the nanoparticle was
alculated through the Debye-Scherrer’s formula D = 0.94�/ˇ1/2
os �, where D is the average crystal size, � is the X-ray wave-
ength (� = 1.5406 Å), � is Bragg’s angle (2�), ˇ1/2, full width at
alf-maximum (FWHM) in radians [41].

.3.3. Scanning electron microscopy (SEM) and energy dispersive
-ray analysis (EDX)

To investigate the presence of gold nanoparticles, thin films of
u nano-fungal cells were observed in scanning electron micro-
cope (SEM) using HITACHI (Model: S-3400N) with secondary
lectron detectors at an operating voltage of 20 kV. For elemen-
al analysis, these fungal cells were subjected to energy dispersive
-ray analysis (EDX) coated on copper grids and developed in a
oran-System Six X-ray microanalysis system (Thermo Electron
orporation, USA) coupled to SEM.

.3.4. Fluorescence microscopy
The fluorescence microscopic studies of the nano-Au fungal

ycelia were done at 40× magnification with 330–380 nm excita-
ion filter and 440 nm barrier filter in Nikon eclipse 80i fluorescence

icroscope (Nikon Corporation, Kanagawa, Japan) with the help of
mage-pro plus software v6.2 (Media Cybernetics Inc., Silver spring,

D, USA).

.3.5. Transmission electron microscopy (TEM)
The fungal mycelia were centrifuged at 5000 × g for 5 min and

ashed thrice with distilled water to remove unwanted pro-
eins and unbound nanoparticles. These mycelia were fixed with
.5% glutaraldehyde and kept at room temperature for 2 h. It was
hen centrifuged at 1500 rpm for 10 min and washed with dis-
illed water. The sample was then dehydrated with 30, 50, 70 and
0% ethanol for 15 min at each concentration followed by two
hanges in absolute alcohol. The fungal mycelia were then nega-
ively stained with 1% neutral aqueous phosphotungstic acid and
dsorbed onto carbon-coated copper grids and observed at vacuum
n Tecnai 10 Philips transmission electron microscope at 80 kV.
.3.6. Inductive coupled plasma-optical emission spectrometry
ICP-OES)

The gold concentration in the mycelial biomass was measured
sing a Varian (Model725-ES) inductively coupled plasma-
ptical emission spectrometer (ICP-OES). The fungal mycelia were
ardous Materials 189 (2011) 519–525 521

weighted and dissolved in 10 ml of concentrated HNO3 at 100 ◦C
overnight and evaporated to dryness. These samples were made up
gravimetrically with 2% HNO3 to a volume of 10 ml and the analysis
of the gold atom concentration was performed using ICP-OES. The
parameters for the instrumental analysis were as follows: 15 L/min
Ar for the plasma, 0.5 L/min Ar for the auxillary, 0.8 L/min Ar for
the nebulizer, and 1200 W of power. The sample introduction flow
rate was 1 mL/min with a flush rate of 4 mL/min for 30 s. Each sam-
ple was analyzed in three replicates at a wavelength of 242.794 nm
with a 1-s read time. The system was flushed with 1% HNO3 in
deionized water between samples [42].

2.4. Heterogeneous catalysis of Au nanocatalyst in 4-nitrophenol
degradation

In order to investigate the reduction of 4-NP by NaBH4 in
the presence of biomatrixed-gold nanoparticles as a heteroge-
neous catalyst, the slurry of fungal biomass-AuNPs composite with
variable particle size (18.9–53.2 nm) and different concentrations
(2.54–12.67 × 10−6 mol/dm3) of AuNPs (∼25 nm) were coated onto
the surface of borosilicate glass beads respectively and dried at
80 ◦C for 4 h. To determine the effect of particle size and the con-
centration of catalyst on rate of reduction at a temperature of
30 ◦C, these beads were taken in a quartz cuvette and 2.77 ml of
water was mixed with 30 �l (10−2 M) of 4-NP solution and 200 �l
of freshly prepared NaBH4 solution (10−1 M) was added. Thus,
the final concentration of 4-NP was 10−4 M and that of NaBH4
was 6.67 × 10−3 M. The color change was qualitatively measured
by taking UV–Vis spectra at every 2 min interval in the range of
200–700 nm. The rate constant of the reduction reaction of 4-NP
was determined by measuring the change in absorbance of the
initially observed peak at 400 nm, for the nitrophenolate ion, as
a function of time.

3. Results and discussion

3.1. Characterization of gold nanoparticles

UV–Vis spectra of thin film of fungal mycelia recorded before
and after 7 d of incubation of fungal biomass with various concen-
trations of HAuCl4 (1.25–25 g/L) showed no evidence of absorption
in the wavelength range of 400–800 nm in the control flask
(untreated with HAuCl4) whereas a strong surface plasmon reso-
nance (SPR) band at 540 nm was recorded in the test flask (treated
with HAuCl4) (Fig. 1). This band shows the formation of gold nanos-
tructures in the fungal mycelia. Aqueous solution of the test flask
treated with HAuCl4 did not show any absorption in 540 nm region.
Visual examination or monitoring shows the color change of fungal
mycelia to pinkish-red color. This confirms that gold nanoparticles
are not extracellular and it is bioaccumulated in fungal mycelia
intracellularly. Since gold nanoparticles are formed intracellularly
and the surface is rough, UV–Vis spectroscopic analysis of thin films
was made on reflectance mode at a resolution of 2 nm and is useful
to quantitatively analyze the presence of AuNPs in fungal mycelia.
The presence of broad resonance spectral band indicates an aggre-
gated structure or scattering of rays from the rough biomass surface
of gold nanoparticles in fungal mycelia. This absorption of gold
nanoparticles resembles the absorption pattern of thin-film of gold
nanoparticles [43]. Following, the characterization of intracellular
gold nanoparticles was done by XRD analysis, the fungal mycelial

pellet after washing thrice in distilled water was film-coated and
dried using nitrogen. The analysis of thin-film of nano Au-fungal
mycelia showed intense peaks of Bragg’s reflections correspond-
ing to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) at 2� values of 38.3◦, 44.4◦,
64.6◦ and 77.7◦. There was a gradual increase in the peak heights
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Fig. 1. UV–Vis spectra recorded from biofilm of Cy. floridanum biomass grown under
static condition before (curve 1) and after (curve 2) exposure to 5 g/L aqueous
HAUCl4 solution after 7 d. The inset shows a conical flask of Cy. floridanum biomass
containing gold nanoparticles.
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Fig. 3. EDX profile of AuNPs in fungal nanocomposite of Cy. floridanum. The inset (A)

T
R
[

ig. 2. XRD pattern of gold nanoparticles in fungal nanocomposite of Cy. floridanum
rown in 5 g/L aqueous HAuCl4. The principal Bragg reflections are identified.

nd a corresponding decrease in the width of the peaks with an
ncrease in the concentration of HAuCl4 in the test flask, indicating
n increase in crystallite size. The mean size of the nanoparticles
as estimated using Scherrer–Debye equation with (1 1 1) peak as

8.9 nm, 22.5 nm, 25.3 nm, 47.9 nm, and 53.2 nm for 1.25, 2.5, 5,
2.5, 25 g/L of HAuCl4 treated fungal mycelia (Fig. 2, Table 1). This is
he collective information of nanoparticles in the sample. The local-
zation of gold nanoparticles was done in SEM using a secondary
lectron detector. As the metal particles are good conductors, they

re observed as such without any prior carbon coating at a magni-
cation of 1000× in a voltage of 20 kV. These particles were found
o be in spherical on the outer surface of the cell wall in nanoscale
imensions. EDX analysis of the thin-film of fungal biomass shows
trong signals for gold atoms along with weak signals from oxygen

able 1
ate constant values for the reduction of 4-NP for different sized AuNPs accumulated by Cy.
NaBH4] = 6.67 × 10−3 mol/dm3).

Concentration of HAuCl4 (g/L) Accumulated fungal [Au] (g/kg DW)

0 0
1.25 1.871 ± 0.09
2.5 8.405 ± 1.25
5 8.485 ± 1.85
12.5 20.340 ± 1.59
25 16.840 ± 2.04
shows the SEM image of fungus containing AuNPs on its surface at a magnification of
1000×. The inset (B) shows the fluorescence microscopic image of fungal mycelium
containing AuNPs.

and potassium (Fig. 3). These weak signals could have arisen from
macromolecules like proteins/enzymes and salts of fungal biomass.
The fluorescence microscopic study shows the fluorescence of the
fungal mycelium due to the accumulation of gold nanoparticles,
which is absent in as-harvested, HAuCl4 untreated mycelia.

A representative TEM image recorded at a magnification of
105k× in a voltage of 80 kV revealed the uniform distribution of
spherically shaped nanoparticles on the outer surface of cell wall
in the range of 5–35 nm (Fig. 4). The presence of reductase enzymes
was believed to be responsible for the reduction of gold(III) ions to
metallic gold on the outer surface of cell wall. In Verticillium sp.,
the gold nanoparticles were accumulated on the cell surface and
cytoplasmic membrane respectively [10].

In order for plants or microbes to produce gold nanoparticles for
catalytic reactions such as the WGS reaction or selective oxidation
of CO, the gold should be concentrated to approximately 2–5 wt%
[27–29]. Using ICP-OES, the concentration of gold nanoparticles
accumulated in Cy. floridanum mycelia incubated with various con-
centrations were determined. As the amount of gold ions increased
in the medium, the concentration of gold(0) accumulated also
increased with an increase in size (Table 1). The concentrations of
gold accumulation varied from 1.871 g/kg to 20.34 g/kg dry weight
of fungal mycelium at different concentrations of HAuCl4 in the
solution (Fig. 5; Table 1). The color of the mycelia changed to pink-
ish color is the indication of accumulation and distribution of gold
on the mycelial surface of the fungus. The accumulation of gold by
microbes mainly depends on the localization of reductase enzymes
or stabilizing compounds. Similar kind of bioaccumulation was
reported in plants such as Medicago sativa [44], B. juncea [1] and

S. drummondii [4]. In Sesbania, gold accumulation was rather more
in root with 1–9 g/kg dry weight than in shoot, which accumulated
comparatively very less amounts of 5–98 mg/kg of dry weight at dif-
ferent concentrations (25–200 mg/L) of KAuCl4 in the solution [4].

floridanum biomass (conditions: [Au] = 5.07 × 10−6 mol/dm3, [4NP] = 10−4 mol/dm3,

Particle size (nm) Rate of reduction (min−1) R2

– – –
18.9 ± 0.85 3.25 × 10−2 0.9544
22.5 ± 0.51 3.03 × 10−2 0.9697
25.3 ± 0.37 2.67 × 10−2 0.9896
47.9 ± 0.82 9.3 × 10−3 0.9532
53.2 ± 0.11 6.3 × 10−3 0.9685
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tion of NaBH4 used was very higher than that of 4-NP, it is assumed
that the concentration of BH4

− remains constant during the reac-
tion and in this context, the order of the reaction can be considered
to be pseudo-first order reaction. Fig. 8 shows a good linear cor-
ig. 4. (A) TEM micrograph of Cy. floridanum fungal mycelium showing the presen
istogram of AuNPs in Cy. floridanum incubated at 5 g/L aqueous HAuCl4.

n B. juncea, the accumulation of gold was increased from 10 �g/kg
o 57 mg/kg dry weight (DW) in the presence of solubilizing agent
mmonium thiocyanate [1].

.2. Catalytic activity in 4-nitrophenol degradation

Redox catalytic activities of fabricated gold nanoparticles in the
ransformation of various aromatic organic molecules on various
ubstrates have been explored [45,46]. The aqueous 4-nitrophenol,
hich shows maximum UV–Vis absorbance at 317 nm was taken

or the process of remediation. When NaBH4 (pH > 12) was added
o reduce 4-NP, an intense yellow color appeared due to the forma-
ion of 4-nitrophenolate ions red-shifting the absorption peak to
00 nm. This peak at 400 nm remained unaltered for several days

n the absence of AuNPs-bionanocomposite. Normally, –NO2 con-
aining aromatic compounds are inert to the reduction of NaBH4
47,48]. But with the addition of glass beads coated with fungal
anocomposite containing gold crystals, the yellow color fades to a
olorless solution and the peak at 400 nm decreases with concomi-

ant appearance of peak at 290 nm corresponding to the formation
f 4-aminophenol (Figs. 6 and 7). Generally, catalysts lower activa-
ion energy of chemical reaction and increase the rate of reaction
ithout consumed in the process. Gold nanoparticles present in the

iocomposites help in the transfer of electrons from BH4
− ions to

ig. 5. Gold concentration in fungal mycelia (g/kg DW) of Cy. floridanum grown in
eionized water containing 0–25 g/L HAuCl4 for 7 d.
uNPs on the surface of cell wall at a magnification of 105k×. (B) Size distribution

the nitro group of 4-NP and reducing it to 4-AP, which was quali-
tatively monitored in UV–Vis spectrophotometer. The formation of
4-aminophenol was also confirmed by 1H NMR spectrum.

From the degradation kinetics, it was found that the isos-
bestic point at 311 nm evidenced the formation of the product
4-aminophenol as a result of reduction of 4-NP. As the concentra-
Fig. 6. Degradation of 4-nitrophenol. (A) Borosilicate glass beads coated with
bionanocomposite containing gold nanoparticles (inset) shows uncoated borosil-
icate glass beads. (B) Color change of pale yellow to colorless in the course of
4-nitrophenol degradation.
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Fig. 7. (A) UV–Vis absorption spectra of 4-NP in aqueous solution. (B) UV–Vis
absorption spectra during the reduction of 4-nitrophenolate ions by AuNPs
(∼25 nm) in fungal nanocomposite. (Conditions: [Au] = 5.07 × 10−6 mol/dm3,
[4NP] = 10−4 mol/dm3, [NaBH4] = 6.67 × 10−3 mol/dm3). (C) UV–Vis absorption spec-
tra of reduction of 4-NP by fungal nanocomposite devoid of AuNPs.

Fig. 8. Plot of ln(A) against time for the catalytic reduction of 4-nitrophenol
by AuNPs in fungal nanocomposite of Cy. floridanum grown in 5 g/L aqueous
HAuCl4 (conditions: [Au] = 5.07 × 10−6 mol/dm3 (∼25 nm), [4NP] = 10−4 mol/dm3,
[NaBH4] = 6.67 × 10−3 mol/dm3).
Fig. 9. Plot of the rate of reduction of 4-nitrophenol vs. concentration
of AuNPs in Cy. floridanum grow in 5 g/L aqueous HAuCl4. (Condi-
tions: [Au] = 2.54–12.67 × 10−6 mol/dm3 (∼25 nm), [4NP] = 10−4 mol/dm3,
[NaBH4] = 6.67 × 10−3 mol/dm3).

relation of ln(A) versus time and the kinetic reaction rate constant
is estimated to be 2.67 × 10−2 min−1 for AuNPs of ca. 25 nm with
5.07 × 10−6 mol/dm3 of gold. The reduction rate of 4-NP can be
influenced by the concentration of catalyst, size of catalyst, concen-
tration of reactants, and temperature. Panigrahi et al. [39] showed
that resin supported AuNPs under similar experimental conditions
reduced 4-NP with a rate constant of 0.790 × 10−2 min−1 (25 nm),
which is comparable with the present data, whereas nanocompos-
ites with AuNPs synthesized using inorganic (silica) and organic
(dendrimers) substrates showed increased rate of reduction due to
the availability of more surface area of nanoparticles in the com-
posite rather than biocomposite from fungal biomass [36,38].

The effect of the concentration of catalyst on the rate of the
reaction was also determined by varying the amounts of AuNPs
(2.54–12.67 × 10−6 mol/dm3) of ca. 25 nm keeping other parame-
ters constant. Fig. 9 shows an increased rate of reduction of 4-NP
with the increase in the concentration of nanoparticles and the rate
of the reaction increases linearly with the concentration of AuNPs.
Similarly, with the decrease in the size of nanoparticles, there was
an increase in the rate of reduction of 4-NP (Table 1) due to the
increase in Fermi potential that lowers the redox potential [49].
The stability of catalyst in bionanocomposite was also performed
by reactivity run with duration of 24 h and there was neither modi-
fication of the reactivity nor macroscopic alterations of the catalyst
in the course of run.

In this work, we have demonstrated for the first time, the
complete quantitative catalytic reduction of 4-nitrophenol into 4-
aminophenol using NaBH4 and nano-gold composite from fungal
mycelia of Cy. floridanum. There are few drawbacks like restricted
availability of surface area and polydispersity of gold nanoparticles
embedded in the fungal biomass. However, considering the eco-
nomic viability and environmental friendliness, this gains insight
in the development of sustainable green biocatalytic reduction of
various nitroaromatic pollutants.

4. Conclusions

The future of nanoscience and nanotechnology depends pri-
mary on the use of renewable environment friendly molecules and
in the generation of nanoscale-based products. In this study, we
have developed a simple green-chemistry approach using fungal

biomass as renewable material for the generation of stable spheri-
cal nano-gold composites with high catalytic activity. This is the
first report on the usability of intracellularly accumulated gold
nanoparticles in the catalytic reduction of the pollutant, 4-NP to
4-AP. These microbially matrixed gold nanoparticles were used
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