
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

1/
11

/2
5 

08
:3

7:
15

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Size controlled g
aCentro de Investigacion en Ingenieria y Ci

Col. Chamilpa, Cuernavaca, Morelos, 62209
bInstituto de F́ısica, Benemérita Universidad
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reen synthesis of gold
nanoparticles using Coffea arabica seed extract and
their catalytic performance in 4-nitrophenol
reduction†

N. K. R. Bogireddy,a U. Pal, b L. Martinez Gomezc and V. Agarwal *a

Well crystalline gold nanoparticles (AuNPs) of different sizes were fabricated using sundried Coffea arabica seed

(CAS) extract at room temperature by controlling the pH of the green extract. The size, shape and crystallinity of

the nanoparticles have been studied using electron microscopy and X-ray diffraction. The presence of phenolic

groups (revealed through FT-IR studies) from the CAS extract are responsible both for the reduction of Au ions

and stabilization of the formed AuNPs. The efficiency of the CAS extract mediated green synthesis technique for

the production of AuNPs has been compared to the conventional chemical Turkevich technique, which not only

uses a toxic reductant such as NaBH4, but also operates around the boiling point of water. It has been observed

that the CAS extract mediated synthesis process produces relatively bigger AuNPs at similar pH values of the

reaction mixture in comparison to the AuNPs produced in the Turkevich process. Although the AuNPs

synthesized using CAS extract are relatively larger and polydisperse in nature, their catalytic efficiencies for the

degradation of an aromatic nitro compound (4-nitrophenol) are found to be comparable to the chemically

fabricated AuNPs. Probable mechanisms associated with the formation of AuNPs and their size control in the

CAS extract mediated green synthesis process have been discussed.
1. Introduction

With the advancement of nanotechnology, noble metal nano-
structures have received great attention in recent times due to
their promising contribution in the elds of plasmonics,
catalysis, photocatalysis and renewable energy.1–5 Conse-
quently, the technology or methods of their fabrication have
been rened to produce shape, size and geometry-controlled
nanostructures to accommodate different applications. While
the application of noble metal nanostructures in plasmonic
devices has been well established, the performance of noble
metals supported over semiconductors and dielectric matrices
has been exploited successfully in catalytic and photocatalytic
reactions,3,6,7 alongside other optoelectronic applications.8

However, the use of bare noble metal nanostructures in catal-
ysis or photocatalysis has been limited.9,10 While the most
promising utilizations of bare noble metal nanostructures have
been the bio-sensing based on surface enhanced Raman
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scattering (SERS) or electrochemical response11,12 and biore-
mediation,13 they have also been utilized, although not so
frequent, for catalytic degradation/reduction of organic pollut-
ants.14,15 Utilization of noble metal nanoparticles (NPs) in
optical sensing devices, and oen in photocatalytic reactions is
based on their typical plasmonic characteristics which is
dened by the nature (position) and strength (intensity) of
localized surface plasmon resonances (SPRs). On the other
hand, utilization of noble metal NPs in catalysis (chemical and
electrochemical) is based on the electronic charge distribution
at their surfaces. In fact, both the above-mentioned character-
istics of noble metal NPs depend on their size, shape and
composition. Therefore, fabricating size, shape and composi-
tion controlled noble metal NPs is of great technological
interest.

Several physical and chemical methods have been devel-
oped, and some of them have been rened recently for the
controlled fabrication of noble metal nanostructures.16

However, most of the chemical methods use expensive or toxic
reagents and solvent,17–19 apart from the use of organic polymer
surfactants. In chemical synthesis processes, almost all the
synthesis parameters affect the shape and size of metal NPs.
While some of them have been correlated with reasonable
certainty, the exact mechanisms involved in the size tunability
of noble metal NPs are still uncertain.20 Utilizing the seeded
growth approach, Murphy group21 prepared monodispersed
RSC Adv., 2018, 8, 24819–24826 | 24819
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gold nanoparticles (AuNPs) in the 5–40 nm size range. Fabri-
cation of monodispersed quasi-spherical AuNPs of different
sizes up to�200 nm diameter has been demonstrated by Bastús
et al.22 through citrate-reduction technique following a kineti-
cally controlled seeded growth strategy. The typical synthesis
process involves the preparation of small Au clusters or seeds
and their successive growth in different reaction conditions,
which depends on the nature of the solvent containing Au salt,
nature of the reductor and the stabilizing agent. Among the
conventional methods utilized for the synthesis of AuNPs,
Turkevich method,23 a chemical method which uses sodium
borohydride (NaBH4) both as reducing and stabilizing agent
and water as solvent, is the most popular. On the other hand,
noble metal NPs have also been synthesized using biological
extracts.24–26 While most of the biosynthesis techniques are
lagging behind the popular chemical reduction techniques on
controlling size and size dispersion of metal NPs, they are
ambientally benign, cost effective, and scalable.

Apart from size, shape and size dispersion, another factor
which denes the utility of noble metal NPs is their surface
characteristics. In fact, the metal NPs fabricated by different
synthetic techniques bear different surface characteristics,
which also dene their application potentials, particularly in
room temperature catalytic processes.

In this report we present the fabrication of size tuned gold NPs
through the reduction of gold precursor by CAS (Coffea arabica
seed) extract by controlling the pH of the reaction mixture.
Fabricated NPs were characterized by UV-vis absorption spec-
troscopy, scanning electron microscopy and transmission elec-
tron microscopy. The catalytic activity of the fabricated Au NPs
for the reduction/degradation of 4-nitrophenol (4-NP), a toxic by-
product of synthetic dyes, herbicides and pesticides27 to 4-ami-
nophenol (4-AP) has been studied. The catalytic activity of these
bio-synthesized gold NPs has been compared with the catalytic
activity of gold NPs of similar dimensions fabricated by Turke-
vich method. A probable mechanism of 4-NP reduction by the
fabricated gold NPs is provided.
2. Materials and methods
2.1 Materials

Chloroauric acid (HAuCl4$3H2O, Sigma Aldrich, 99.9%),
sodium citrate (Na3C6H5O7, Sigma Aldrich, 99.0%), 4-nitro-
phenol (4-NP, Sigma Aldrich, 99.5%), sodium borohydride
(NaBH4, Sigma Aldrich, 98%), and buffer solutions (Sigma
Aldrich) utilized in this work were of analytical grade. Dried
Coffea arabica seeds (CAS) were collected from the local market
of Cuernavaca city, Morelos state, Mexico. Double distilled
water was utilized throughout the synthesis process.
2.2 Preparation of extract

CA seeds, collected from the local market, grinded to ne
powder, and stored in ambient conditions. For the preparation
of CAS extract, 100 mg of its nely grinded powder was taken in
a beaker containing 200 mL of distilled water and kept in
temperature-controlled heating mantle at 85 �C for 25 min.
24820 | RSC Adv., 2018, 8, 24819–24826
Then the extract was ltered using a 0.22 mm cellulose nitrate
lter paper. The natural pH of the obtained CAS extract was
measured to be �6.3.

2.3 Preparation of green AuNPs at different pH (GAuNPs)

A certain volume of gold ion solution (HAuCl4$3H2O; 10 mM)
was added to freshly prepared and pH-maintained CAS extract
in 1 : 5 volumetric ratio and kept under magnetic agitation for
about 60 min. Gradual reduction of Au ions and the formation
of AuNPs could be perceived visually though gradual color
change of the reaction mixture, which turned from light yellow
to deep violet. Formation of AuNPs was further conrmed by
UV-vis spectrophotometry. For the fabrication of Au nano-
particles of different sizes, the same procedure was repeated,
only by varying the pH of the CAS extract by adding buffer
solutions of different pH values.

2.4 Preparation of chemical AuNPs (CAuNPs) at different pH

Sodium citrate reduction technique proposed by Turkevich23

was utilized to fabricate Au nanoparticles chemically. In brief,
an aqueous gold ion solution was prepared by dissolving
19.725 mg of HAuCl4$3H2O in 50mL double distilled water. The
solution was heated up to its boiling temperature (around 97
�C) in a round bottom ask. Once the solution starts boiling, the
container was taken out of the heating mantle and a sodium
citrate solution (57.0 mg dispersed into 5.0 mL of water) was
rapidly added to it under magnetic agitation. Within about
15 min, the color of the solution changed from light yellow to
violet, revealing the formation of gold nanoparticles. The effect
of pH on the size of CAuNPs was studied by adjusting the pH of
the reaction mixture (pH 5, 7, 9 and 11) by buffer solutions.

2.5 Characterization

UV-vis optical absorption spectra of the colloidal Au nano-
particles were recorded in a dual beam Perkin-Elmer Lambda
950 spectrophotometer. The XRD analysis of the samples was
carried out in a Bruker D8 Advance eco diffractometer using its
CuKa (l ¼ 1.5406 Å) radiation. The XRD spectra were recorded
in the 2q range 10–900, with a scanning rate of 40 min�1 and
step size of 0.020. The morphology, size, and microstructure of
the fabricated Au nanoparticles were inspected in a Hitachi
SU5000 Schottky eld emission scanning electron microscope
(FESEM), and a JEOL JEM 2100 transmission electron micro-
scope (TEM) operating at 200 kV accelerating voltage. Dynamic
light scattering (Malvern zetasizer, Model nano ZS) technique
was used to determine the size distribution of the nano-
particles. To investigate the surface characteristics of the
fabricated nanoparticles, their room temperature Fourier
transform infrared (FT-IR) spectra were recorded in a Varian
660-IR FT-IR spectrophotometer.

2.6 Catalytic tests

To study the catalytic activity of the Au nanoparticles fabricated
through biosynthesis and chemical reduction, they were tested for
the reduction of 4-nitrophenol (4-NP), a common industrial water
This journal is © The Royal Society of Chemistry 2018
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pollutant dye, in presence of sodium borohydride (NaBH4). For the
tests, rst an aqueous solution of 4-NP of 0.1 M concentration was
prepared, and the intensity of the principal absorption band of 4-
NP appeared around 317 nm was monitored in its optical
absorption spectrum. The kinetics of reduction of 4-NP by the
added NaBH4 both in presence and in absence of biosynthesized
and chemically synthesized AuNPs were studied bymonitoring the
temporal evolution of the intensity of characteristic absorption
bands of 4-NP (around 317 nm) and 4-nitrophenolate ions (around
400 nm) in the reaction mixture, along with a visual color change
during the reactions. It was noticed that under the used experi-
mental conditions, a complete reduction of 4-NP solely by NaBH4

or Au nanoparticles is not possible.
3. Results and discussion

We used CAS extract (Fig. SI1†) as a green reducing-cum-
capping agent to synthesize gold nanoparticles (GAuNPs) of
different sizes by controlling its pH. While the aqueous CAS
extract is seen to be an effective reducing and capping agent for
the growth of GAuNPs, the pH of the CAS extract is seen to play
an important role to control the morphology and nal size of
the GAuNPs. Fig. 1 presents the absorption spectra of the
colloidal AuNPs fabricated at different pH values of the reaction
mixtures both by CAS extract reduction (Fig. 1A) and chemical
reduction (Fig. 1B) processes. Formation of nanometric Au
particles in both the processes is very clear from the appearance
of characteristic localized surface plasmon resonance (LSPR)
bands in respective absorption spectra. While the position of
the LSPR band in the samples fabricated using chemical Tur-
kevich process varied in nonlinear manner with the increase of
reaction pH, it varied rather systematically for the CAS extract
mediated green synthesis process. In general, the LSPR band
blue shis with the increase of reaction pH, indicating a prob-
able size reduction of the formed NPs at higher pH values.

While a change in reaction medium pH from acidic to basic
was found to decrease the reaction time, an increase in the
Fig. 1 Absorbance spectra of the colloidal (A) GAuNPs and (B) CAuNPs

This journal is © The Royal Society of Chemistry 2018
width of the LSPR band for very high pH values (>10) of the CAS
extract indicates the formation of agglomerated particles. In
contrast to the broad band at pH 7 (Fig. 1A), the LSPR band of
the gold NPs fabricated at pH 9 is the sharpest and of highest
intensity, indicating a decrease in polydispersity of the formed
NPs. The DLS estimated size distributions of the nanoparticles
presented in Fig. S2 & S3 (ESI†) indicate similar trends of size
and size distribution. However, on average, the AuNPs formed
in CAS extract reduction process are substantially larger than
their Turkevich counterparts.

Fig. 2 presents typical SEM images of the AuNPs fabricated by
the two methods at different pH values of the reaction mixture.
Formation of NPs in the samples is very clear from the micro-
graphs. While the formation of well-dispersed small AuNPs in
Turkevich process is very clear from the SEM images (right
column); apart from pH 5, all the samples prepared by CAS
reduction process revealed agglomerated particles. In fact, from
their SEM images, it is hard to follow the size and size distribu-
tion behaviours of the NPs noticed in their optical absorption
spectra (Fig. 1A). While the formation of relatively bigger NPs in
these green synthesized samples can be associated to the pres-
ence of biomass as the samples were not cleaned before their
analysis, the DLS analysis of the samples (Fig. S2†) indicates
a clear homogeneous size distribution for all the samples in
contrary to their SEM images. Therefore, these samples were
analysed further in transmission electron microscope.

As can be noticed from the TEM images presented in Fig. 3,
all the biosynthesized samples contain well-dispersed AuNPs of
average sizes very close to the values estimated from their DLS
study. While the AuNPs formed in CAS extract mediated
synthesis are of non-spherical shape, containing multiple fac-
ets, HRTEM images (presented as insets) revealed their highly
crystalline nature, with occasional presence of twin-boundaries.
It must be noted that while in the citrate reduction process
(Turkevich method) the Au NPs were prepared near the boiling
temperature (97 �C) of water, the NPs produced through CAS
mediated process were grown at room temperature (23 �C).
synthesized at different pH values of the reaction mixtures.

RSC Adv., 2018, 8, 24819–24826 | 24821
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Fig. 2 Typical SEM images of GAuNPs (left column) and CAuNPs (right column) synthesized at different pH values of the reaction mixture. Insets
show histogram reflecting the size dispersion corresponding to each pH; average size of the NPs vs. number of particles.
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As we can see, the morphology and shape of the NPs grown
in CAS extract mediated process depend strongly on the pH of
the reactionmixture. The biosynthesis process produced (Fig. 3)
abundant anisotropic AuNPs of irregular shapes, along with
some spherical particles. While a lower pH value of the reaction
mixture produces bigger NPs probably due to the limited
availability of capping agent (OH– functional groups; discussed
in the latter part of the manuscript), a higher pH value of the
reaction mixture (e.g. pH > 10) produces quasi-spherical Au
nanoparticles of smaller sizes (Fig. 3d). The results indicate that
it is quite possible to control the shape anisotropy and size of Au
NPs in CAS extract mediated green synthesis process by
controlling the pH of the reactionmixture. The effect of reaction
mixture pH on the shape and size control of the AuNPs fabri-
cated through CAS extract mediated green synthesis process has
been depicted schematically in Fig. 4.

To compare the crystallinity of the Au nanoparticles fabri-
cated by the two distinct processes, their XRD patterns were
recorded. For XRD analysis, the samples were prepared by drop-
24822 | RSC Adv., 2018, 8, 24819–24826
casting the colloids over glass substrates and drying in ambient
conditions. As can be noticed in Fig. S4,† the diffraction
patterns of the CAuNPs revealed sharp and well-dened peaks
around 38.2, 44.8, 64.8, 78.1 and 82.0�, which correspond to the
(111), (200), (220), (311), and (222) lattice planes of metallic gold
in fcc phase (JCPDS # 04-0783). Similarly, the XRD patterns of
the GAuNPs (Fig. S3B†) revealed diffraction peaks at around
38.5, 44.6, 65.0, 77.9 and 82.2�, which correspond to the same
lattice planes of fcc gold. The observed small variations (higher
angle shi of the (111), (220), and (222), and lower angle shi of
the (200), and (311) diffraction peaks) of the peak positions
indicate a small shrinkage or expansion of interplanar spacing
along the different faceted planes of GAuNPs. In fact, the
change in interplanar spacing noticed in the XRD patterns of
the GAuNPs has also been observed in the HRTEM images of
the NPs (Fig. 3). To compare the extent of crystallinity of the Au
NPs fabricated by two processes, average grain sizes of the NPs
were estimated using Debye–Scherer's relationship D ¼ 0.9l/
b cos q (where D is the average grain size, q is the diffraction
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Typical TEM images of GAuNPs synthesized at (a) pH 5, (b) pH 7,
(c) pH 9, and (d) pH 10.5. Insets show typical HRTEM images of AuNPs
of the respective samples.

Fig. 4 A schematic representation of the shape and size control of Au
NPs in CAS extract mediated synthesis process through pH variation.
The SEM images presented in the right column correspond to the
samples prepared at corresponding pH values of the reactionmixtures.
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angle, and b is the full width at half maximum in radian) on the
most intense (111) reection of the samples (Table 1).

Fourier transform infrared (FT-IR) analysis of the reaction
mixtures used for the synthesis of AuNPs in two techniques was
carried out before and aer the reduction of Au ions (i.e.
formation of AuNPs) (Fig. 5) to identify the functional groups
responsible for reduction and stabilization of the formed NPs.
The most intense FT-IR bands revealed for both the CAS extract
and sodium citrate solution are found to be located around
1625 cm�1 and 3064–3420 cm�1, which correspond to the –C]
O stretching and –OH stretching band, correspond to the
phenolic compounds.28 As can be observed, aer the termina-
tion of reactions, the intensity of both the IR bands decrease
signicantly, indicating their active participation in the reduc-
tion of gold ions and stabilization of the formed gold NPs. It
seems the phenolic groups of CAS extract, responsible for the
anti-oxidating property of coffee beans, are responsible both for
This journal is © The Royal Society of Chemistry 2018
the reduction of Au ions and the stabilization of the formed
AuNPs as in the case of chemical citrate reduction process.29 A
drastic intensity reduction of the broad (3064–3420 cm�1)
absorption band associated to –OH stretching aer the forma-
tion of AuNPs conrms that the band correspond to the
phenolic groups, not associated to the –OH stretching of water,
which was present in both the reaction mixtures.

The catalytic performances of AuNPs fabricated at different pH
values of the reaction mixtures were explored in the reduction
(decolorization) of 4-NP by NaBH4 as a strong reducing agent. An
aqueous 4-NP (pale yellow) solution shows absorbance maximum
(lmax) at 317 nm. Addition of NaBH4 to the 4-NP solution resulted
a visual color change (frompale yellow to intense yellow) due to the
formation of 4-nitrophenolate ion, shiing the absorption
maximum from 317 to 400 nm (Fig. 6 and 7). Aer the addition of
catalyst (AuNPs), the intensity of the absorption band at 400 nm
decreases gradually. Meanwhile, a new absorption band appears
around �298 nm, whose intensity increases with time. The
appearance of this new absorption band indicates the formation of
4-aminophenol due to the reduction of 4-NP.30 Finally, the reaction
stops with a visual color change from dark yellow to color less. A
similar reaction kinetics was observed for the AuNPs fabricated
both CAS extract reduction and citrate reduction techniques,
although the 4-NP reduction seems to be a bit faster for the NPs
fabricated by citrate reduction process.

As can be observed from the 4-NP degradation kinetics of the
fabricated AuNPs presented in Fig. 8, 4-NP degradation rates of
CAuNPs are a bit faster (Table 1) in comparison with the degra-
dation rates of GAuNPs prepared at similar pH values. One of the
factors contributing to faster kinetics could be relatively smaller
sizes of CAuNPs. Additionally, slower kinetics of GAuNPs than the
corresponding chemical counterparts can also be attributed to the
adsorption of oxidized phenolic groups at the surface of green
AuNPs, lowering the adsorption of the nitroaromatic substrate.

Best degradation performances of the GAuNPs fabricated at
pH 10.5 and CAuNPs fabricated at pH 11 (Fig. 8) might be due to
their smaller sizes, in comparison to the AuNPs formed at other
pH values.

Since the amount of NaBH4 in the catalytic solutions was in
large excess, the reduction of 4-NP takes place at the surface of
AuNPs following the reaction scheme:

X + Y 5 XY / Z,

where the reactant X (4-NP) interacts with the active sites at the
catalyst surface Y (AuNPs) to form the adsorbed species XY,
which undergo through intermediate reactions to form the nal
product Z (4-AP). The reaction rate (r) is dependent on the
surface to volume ratio (size) of the catalyst. The linear rela-
tionships of absorbance (400 nm) versus reaction time t (min)
are shown in Fig. 8. The plots presented in Fig. 8 indicate the
reactions follow a pseudo-rst-order kinetics:

r ¼ ln(Ct/C0) ¼ �kt,

with degradation rate proportional to the rate constant (k). The rate
constants (k) for the degradation reactions associated to each of
RSC Adv., 2018, 8, 24819–24826 | 24823
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Table 1 Catalytic efficiency of pH dependent AuNPs, kinetics and % reduction of 4-NPa

Catalyst

Avg. particle size of AuNPs (nm)
Time of
reduction (min)

R2 (correlation
coefficient)

Rate constant
k (min�1)

Extent of
reduction (%)DLS TEM SEM XRD

GAuNPs pH 5 �69 64 � 32 66 � 31 — 53 0.9632 0.0387 100
pH 7 �67 61 � 29 64 � 30 �62 53 0.9340 0.0663 100
pH 9 �59 54 � 25 56 � 26 — 45 0.9355 0.0538 100
pH 10.5 �28 22 � 16 25 � 18 — 38 0.9601 0.0522 100

CAuNPs pH 5 �20 — 13 � 11 — 28 0.9830 0.1009 100
pH 7 �21 — 11 � 9 �19 30 0.9462 0.0826 100
pH 9 �22 — 11 � 8 — 32 0.9822 0.0882 100
pH 11 �13 — 8 � 9 — 22 0.9844 0.1401 100

a Amount of 4-NP (10–2 M: 13.9 mg), NaBH4 (10–1 M: 378 mg) and catalyst 2.76 mg per 100 mL.

Fig. 5 FTIR spectra of (A) GAuNPs and (B) CAuNPs fabricated at pH 7 of
the reaction mixtures. The spectra corresponding to pH adjusted
reaction mixture before the formation of NPs are also presented as
reference (black).

Fig. 7 Time dependent 4-NP absorption spectra for the CAuNPs
fabricated at different pH values of the reaction by the mixture.
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the samples were obtained from the slope of the linear ts of ln(Ct/
C0) vs. t curves presented in Fig. 8. The estimated rate constants
and size dependent catalytic efficiency of the AuNPs fabricated at
different pH values of the reaction mixtures in both the used
synthesis processes are presented in Table 1 (additional compar-
ison with other reports is added in ESI Table I†). Plausible reac-
tions occur during the degradation of 4-NP by AuNPs in presence
of NaBH4 are presented schematically in Fig. 9.

As can be noticed from Fig. 9 and Table 1, the 4-NP reduction
rates of the GAuNPs are a bit slower in comparison to the
Fig. 6 Time dependent 4-NP absorption spectra for the GAuNPs
fabricated at different pH values of the reaction by the mixture.

24824 | RSC Adv., 2018, 8, 24819–24826
reduction rates of CAuNPs, due to their bigger sizes. However, the
catalytic 4-NP reduction rate of the GAuNPs (of 28 nm average
size) fabricated at pH 10.5 is close to the 4-NP reduction rate of
CAuNPs fabricated at pH 7.0 and pH 9.0. Moreover, the time of
total 4-NP reduction of these AuNPs are very similar, indicating
the 4-NP degradation capability of AuNPs fabricated by CAS
extract mediated green synthesis is very similar to the AuNPs
fabricated by chemical Turkevich process. Additionally, small
sized GAuNPs were also tested and compared with CAuNPs for
the degradation of Methylene Blue (MB) (Ref to Fig. S5†).

The general catalytic mechanism for the reduction of 4-NP
using NaBH4 and AuNPs as catalysts is shown in Fig. 9.
Following the already published work by A. Corma et al.31 and K.
Fig. 8 Kinetics of 4-NP degradation by (A) GAuNPs, and (B) and
CAuNPs fabricated at different pH values of reaction mixtures.

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04332a


Fig. 9 Plausible mechanism for the reduction of 4-NP to 4-AP using
AuNPs as catalyst.
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Layek et al.,32 the specic details of the mechanism can be
understood in the following steps:

Step 1: Ionization of NaBH4 in the aqueous medium results
in the generation of borohydride ions followed by their
adsorption onto the surface of AuNPs. Borohydride ions react to
form gold hydride complex. Simultaneously 4-NP adsorbs onto
the surface of AuNPs. As both the processes are reversible,
adsorption is accompanied by desorption process.

Step 2: Adsorption equilibrium on the surface of the catalyst
results in the hydrogen transfer from the hydride complex to 4-
NP followed by the formation of 4-nitrophenolate ion.33

Although the denite mechanism is still open to discussion,
following the published theories,31,32 two possible routes can be
proposed for the reduction of the formed 4-NP to 4-AP: direct
and condensation route. In the direct route, two consecutive
fast reactions result in the reduction of nitro group to nitroso
followed by the formation of HO–Ar–NHOH (hydroxylamine; Ar:
aromatic ring). Finally, in a relatively slow reaction, HO–Ar–
NHOH is reduced to HO–Ar–NH2. The condensation route
generally involves the condensation of hydroxylamine with the
nitroso compound resulting in the generation of azoxy
compounds. This is followed by its reduction in three stages,
azoxy to hydrazo and then to 4-AP.
4. Conclusions

In summary, we demonstrate the use of natural Coffea arabica
seed extract for the fabrication of size tunable crystalline gold
nanoparticles at room temperature. The size of the Au nano-
particles could be controlled by pH adjustment of CAS extract
in the similar way as the chemical Turkevich process, which
occurs near the boiling point of water on the utilization of
added reductor NaBH4. Particle size dependent catalytic
activity of the gold nanoparticles fabricated by CAS mediated
green synthesis process for the degradation of 4-NP is seen to
be comparable to the gold nanoparticles fabricated by Turke-
vich process. The results presented in the present study clearly
demonstrate the feasibility of CAS-mediated green synthesis
process as a good alternative of conventional chemical
reduction processes for the production of noble metal nano-
particles on large scale for their utilization in environmental
remediation.
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