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a b s t r a c t

Sugar beet pulp was used as redactor agent for the synthesis of gold nanoparticles. The method developed
is environmentally friendly and allows control of nanoparticles shapes by changing the initial pH value
of aqueous HAuCl4 solutions. At low initial pH values, polygonal nanoparticles were obtained, mainly
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triangular and hexagonal shapes. Increasing the pH value, nanorods together with polygonal nanopar-
ticles were produced. At higher initial pH, gold nanowires were formed. Gold biosorption took place at
long reaction time, especially at low pH. This procedure could be useful to remove or recover metals
from aqueous wastes. The synthesis of other metallic nanostructures such as silver and platinum could
be achieved following a similar procedure.

© 2010 Elsevier B.V. All rights reserved.

anoparticles biosynthesis

. Introduction

Gold nanoparticles are interesting due to their applications
n optoelectronic, electronic and magnetic devices, and because
f their use as catalysts and sensors. These properties strongly
epend on size, shape, crystallinity and structure [1]. A variety
f shapes have been obtained such as nanospheres [2], nanorods
3], nanowires [4], nanoplates [5], nanocubes [6], nanobelts
7], nanopoles [8] and unusual angled shapes [9]. One- and
wo-dimensional nanostructures for noble metals are especially
ttractive [10]. Gold nanowires may be required to connect nano-
lectronic devices [11] and have also been used in chemical-sensing
evices [12]. Shape is also important in catalysis, Narayanan and
l-Sayed [13] reported that platinum tetrapod-shaped catalysed
he Suzuki cross-coupling reaction while spherical nanoparticles
ere unable to catalyse it. Tadpole-shaped gold nanoparticles have
nusual optical and electrical properties which may be useful for
he assembly of nanodevices or joints biochips [9].

A variety of methods have been developed to achieve con-
rol over nanoparticles dimensions. Most of these methods are
ased on chemical reactions in solution (“wet chemistry”). The
rust–Schiffrin method consists of two-phase synthesis and sta-
ilization by thiols [14]. Gold nanoparticles can be stabilized by

ther sulfur ligands, such as xantates and disulfides, di- and trithi-
ls and resorcinarene tetrathiols. In addition, other reagents can be
sed as ligands: phosphine, amine and carboxylate, isocyanide, ace-
one and iodine [15]. Gold nanoparticles can be synthesized using

∗ Corresponding author. Tel: +34 913944335.
E-mail address: mlblazquez@quim.ucm.es (M.L. Blázquez).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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microemulsion, copolymer micelles, reversed micelles, surfactant,
membranes and other amphiphiles [16–18]. The seeding-growth
method is very useful in nanorods fabrication [19]. Physical meth-
ods include photochemistry (UV, near-IR) [16], sonochemistry [20],
radiolysis [21] and thermolysis [22].

Currently, biosynthesis of nanoparticles has attracted scien-
tists’ attention because of the necessity to develop new clean,
cost-effective and efficient synthesis techniques. There are sev-
eral organisms capable of synthesizing nanoparticles such as
diatoms that produce siliceous materials or magnetostatic bacte-
ria that synthesize magnetite nanoparticles [23]. Biosynthesis of
gold nanoparticles has been reported using bacteria, yeasts, actino-
mycetes, fungi and plants [24], such as the bacteria Brevibacterium
casei [25], the fungus Aspergillus oryzae var. viridis [26] or the plants
tansy fruit [27] and Syzygium aromaticum [28]. Metal nanoparticles
can be prepared by intracellular or extracellular reduction. Former
experiments were carried out with bacteria. Beveridge and Murray
found that gold nanoparticles could be precipitated within bacte-
rial cells [29]. Deplanche and Macaskie reported the biorecovery
of gold by Escherichia coli and Desulfovibrio desulfuricans [30]. In
recent years, Pseudomonas aeruginosa has been used for the extra-
cellular biosynthesis of gold nanoparticles with different sizes and
shapes [31]. However, eukaryotes contain many proteins able to
act as reducing agents and have the advantage of easy handling.
Several processes have been developed successfully using fungi
like Fusarium semitectum [32], or plants extracts like Cinnamomum

camphora [33], due to the great amount of proteins that they can
excrete. Moreover, efforts have been made to control the shape
and size of gold nanoparticles produced by organisms through
changing experimental parameters related with growth mecha-
nism. Recently, Chandran et al. have obtained gold nanotriangles

dx.doi.org/10.1016/j.cej.2010.08.034
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sing Aloe vera plant extract [34]. He et al. have also reported the
ynthesis of gold nanowires using extract of Rhodopseudomonas
apsulata [35].

Metal biosorption takes place during gold nanoparticles syn-
hesis. Biosorption is a promising process to recover precious

etals from wastewaters using biomass of different kind. Cer-
ain biomasses are able to bind and concentrate gold and other

etals from even very dilute aqueous solutions. Niu and Volesky
tudied metal biosorption using waste crab shells [36]. Mata et al.
btained gold nanoparticles using the brown alga Fucus vesiculosus
37]. This biotechnology involves low operating costs, minimiza-
ion of reagents, energy and waste products, and high efficiency
nd biotechnology could be an alternative to conventional metal-
urgical process [38].

In this work, biosynthesis of gold nanoparticles has been inves-
igated using aqueous chloroaurate ions and sugar beet pulp. This
ndustrial waste of the sugar industry was used as reducing agent.
ugar beet (Beta vulgaris) pulp is a residue obtained by heating sugar
eet cossettes in water during the extraction of the juice used for
he crystallization of sugar. The shape of the nanoparticles pro-
uced was controlled varying the initial pH value of the reaction
edium: triangular nanoplates at low pH and nanowires at high

H values. Additionally, gold biosorption took place at long reaction
ime and at low pH values.

. Materials and methods

.1. Materials

All chemical reagents including chloroauric acid (HAuCl4),
odium hydroxide flakes and hydrochloric acid (37%) were obtained
rom Panreac and used as received.

.2. Sugar beet pulp preparation

The sugar beet pulp was provided by Azucarera Ebro Agrícola
lant in Toro (Zamora, Spain). The pulp was collected directly from
he final drying line to ensure freshness and ease of use for the
xperimentation with respect to the pelletized form. The sugar beet
ulp was washed repeatedly with tap water and filtered through a
heese-cloth to remove the molasses. The pulp was then dried in
stove at 60 ◦C and ground with an agate mortar. In batch experi-
ents a pulp particle size lower than 0.5 mm was used.

.3. Synthesis of gold nanoparticles

Different initial pH values (2–10) of 0.5 × 10−3 M aqueous
AuCl4 solutions were prepared. Synthesis tests were carried out
ith 0.25 g of sugar beet pulp, 50 ml of AuCl4 solutions under stir-

ing and at 25 ◦C for 48 h. Several samples were collected at different
imes for analysis. The biomass was removed from the reaction mix-
ure to analyze the samples at several times and the biomass after
he process. The mixture was filtered using nylon membrane filters
.2 �m from Whatman. After 48 h of reaction, the pulp was sep-
rated by centrifugation (4500 rpm) for 10 min and washed four
imes with deionized water.

.4. UV–vis absorbance spectroscopy study
The UV–vis spectra of samples at different reaction times were
nalyzed using a Libra S11 single beam spectrophotometer oper-
ted at a resolution of 5 nm with quartz cells. Blanks for each of the
ample sets were deionized water.
ng Journal 164 (2010) 92–97 93

2.5. TEM observations

TEM samples of the gold nanoparticles synthesized were pre-
pared by placing drops of the product solution onto carbon-coated
copper grids and allowing the solvent to evaporate. TEM measure-
ments were performed on a JEOL model JEM-2000FX instrument
operated at an accelerating voltage of 200 kV.

2.6. SEM-EDS study

Sugar beet pulp, before and after reduction process, was coated
with a thin layer of graphite and examined in a scanning electron
microscope (SEM) (JEOL JSM-6400) with an energy-dispersive ele-
mental (EDS) analyzer. The chemical composition of the products
was determined by energy-dispersive X-ray spectroscopy (EDS)
using a JEOL model JEM-2000FX instrument.

2.7. FTIR analysis

The pellet analyzed was made with 0.5–3 mg of sample (sugar
beet pulp plus gold nanoparticles) and approximately 250 mg of
KBr. The spectra were recorded with a Nicolet Magna 750 in the
region of 500–4000 cm−1 at a resolution of 4 cm−1.

2.8. pH and redox potential measurements

pH and redox potential of the gold solution (2 ml) were mea-
sured at the end of process using a pHmeter Crison Basic 20.

3. Results and discussion

3.1. Effect of initial pH on the biosynthesis of gold nanoparticles

The initial pH value of the aqueous HAuCl4 solutions for different
sets of samples was the main parameter studied in the synthesis
of gold nanoparticles using sugar beet pulp at a concentration of
5 × 10−3 g/l. The color of gold solutions changed from pale yellow
to dark blue (Fig. 1). This change would be an indication of gold
reduction by sugar beet pulp and the formation of nanoparticles.
The different color of the solution as a function of pH shows that
the shape and size of the nanoparticles produced using this tech-
nique could be controlled through pH adjustment. The formation
of gold nanoparticles took place in a first stage, since the blue color
is characteristic of anisotropic gold nanostructures.

Moreover, sugar beet pulp is able to bind and concentrate gold
from aqueous solutions in a second stage. In general, biosorption
mechanisms are based on physico-chemical interactions between
Au3+ ions and the functional groups present on the biomass surface,
commonly carboxylate, hydroxyl, amine and phosphoryl groups
present in polysaccharides, lipids and proteins. The pH of the gold
aqueous solution is one of the most influential variables in the
biosorption process. Gold is present in solution in anionic form
and sorption of gold shows a maximum value under acidic pH. The
blue color of the solution disappeared at acid pH values (2 and 4)
after 24 h and no analytical evidence of nanoparticles was found by
UV–vis spectroscopy and TEM. The color disappearance suggested
the absence of nanoparticles in solution due to its sorption on the
sugar beet pulp. These nuclei grew when the biomass and the gold
solution were kept in contact for 24 h.

The variation of pH and redox potential after 48 h of gold reduc-

tion is shown in Table 1. The sharp decrease of these parameters is
another evidence of gold reduction. The decrease of pH would be
related to protons release during gold reduction. At low pH values,
cell wall functional groups become highly protonated, resulting in
an overall positive charge that attract electrostatically negatively



94 L. Castro et al. / Chemical Engineering Journal 164 (2010) 92–97

Fig. 1. Color changes of gold nanoparticle solutions after 7 h at different pH valu

Table 1
Variation of pH and redox potential in solution after gold reduction with sugar beet
pulp at different initial pH values.

pHinitial 2 4 7 10
Einitial (mV vs. Ag/AgCl) 741 727 620 476
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48 h
pHfinal 1.89 3.78 4.31 5.82
Efinal (mV vs. Ag/AgCl) 377 249 266 374

harged ions AuCl4−. Kuyucak and Volesky [38] have suggested that
he following reaction occurs:

uCl4− + 3R–OH → Au0 + 3R O + 3H+ + 4Cl− (1)

Reaction (Eq. (1)) indicates that gold reduction is accompanied
y the oxidation of hydroxyl to carbonyl groups present in the sugar
eet pulp. In fact, hydroxyl groups are very abundant in polysac-
harides of the sugar beet pulp and could participate in the gold
ecovery.

At higher initial pH values (7 and 10), the color of the solution
id not disappear after 24 h and the gold sorption was not observed.
owever, the color changed from blue to reddish suggesting a mor-
hological change of the gold nanoparticles from nanorods and
anowires to spheres.

.2. UV–vis spectral study

The UV–vis absorption spectra recorded from the solutions
t different initial pH values after 7 h of reaction are shown in
ig. 2. In all cases, a surface plasmon resonance (SPR) band absorp-
ion peak appears centered at approximately 560 nm, which is

haracteristic of gold nanoparticles. At a longer wavelength, a sec-
nd band related to aggregates of spherical nanoparticles [39] or
nisotropic nanostructures [1] is shown in solutions at pH 2, 4 and
. The nanoparticles solutions exhibit two absorbance bands. The
elative intensity and position of the second band occurs in the

ig. 2. UV–vis spectra of gold nanoparticles solutions after 7 h shown in Fig. 1.
es: (a) control HAuCl4 solution, (b) pH 2, (c) pH 4, (d) pH 7 and (e) pH 10.

near-IR region and is a function of the initial pH value. This band
corresponds to the longitudinal surface plasmon absorption of rod-
shaped and flat gold nanoparticles. At pH 10, the absorbance curve
is practically flat in the range of 500–825 nm and corresponds to
the light blue sample. Generally, one-dimensional nanostructures
exhibit two plasmon absorption peaks with energies characteristic
of the longitudinal and the transversal axes of these particles. In
this case, the two peaks cannot be observed due to the overlap of
the longitudinal absorption of the nanowires with different aspect
ratios at relevant wavelengths [35].

Triangular nanoparticles, nanorods and nanowires of gold
display two distinct SPR bands referred to as transverse and longitu-
dinal electron oscillations. The transverse SPR band coincides with
the longitudinal SPR band of spherical gold nanoparticles. However,
the longitudinal oscillation is very sensitive to the nanoparticle
shape. In consequence, slight deviations from spherical shape can
lead to dramatic color changes. Longitudinal SPR band is a strong
function of the edge length of the triangles [34]. Gold nanorods
and nanowires exhibit a band corresponding to the short axis and
another corresponding to the long axis at a longer wavelength [10].

3.3. Characterization of gold nanoparticles

The morphology of the gold nanoparticles was observed by
transmission electron microscopy. Fig. 3 shows representative TEM
images of the nanoparticles synthesized using sugar beet pulp at
different pH values. TEM observations revealed that gold nanoparti-
cles formed at acidic medium were mainly triangular and spherical
(Fig. 3a and b). The edge length of the triangles can reach 200 nm
at pH 2. When the pH was increased to 4, the edge of the triangles
was not well defined and the average size was 160 nm, and spher-
ical nanoparticles (∼20 nm) were formed. An increase of initial
solution pH favored the formation of one-dimensional nanostruc-
tures. At neutral pH, gold nanorods together with spherical and
triangular nanoparticles were formed (Fig. 3c). The analysis shows
that the average diameter of the nanorods is about 25 nm and the
length is very variable from 40 to 290 nm. Gold nanowires were also
obtained at alkaline pH (Fig. 3d). The diameter of the nanowires is
approximately 30 nm.

The synthesis of gold nanotriangles under acidic conditions
could be produced by slow reduction and slow crystallization leads
to the formation of stable multiply twinned particles which evolve
into gold nanotriangles due to the shape-directing effect of the con-
stituents of the sugar beet pulp. Moreover, the difference in the
growth rates of the various crystallographic planes could lead to
the changes of the morphology of the nanoparticles [40].
Our results show that one-dimensional nanostructures were
produced increasing solution pH. The explanation for this prob-
ably involves Ostwald ripening and the capping action of the
biomolecules. In spite that molecules of the biomass were avail-
able, there may be competition from the hydroxide ion for the
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Fig. 3. TEM images of gold nanostructures synthesized using sugar bee

old ion. In fact, hydroxide is a strong complexing agent of gold
on (log K3 = 38.6) and could interfere with the capping ability of

olecules present in the sugar beet pulp [41].
Furthermore, sugar beet pulp, before and after being in contact

ith the gold aqueous solution for 48 h, was examined by SEM to

onfirm the biosorption mechanism (Fig. 4a). Gold particles were
icroprecipitated on the surface of the sugar beet pulp at low pH.

hese precipitates were formed in a second stage which was char-
cterized by a decrease of gold ion concentration in solution and the
bsence of color in the solutions after more than 24 h. The brighter

Fig. 4. Backscattered electron SEM micrograph of gold microparticles biosorbed onto
at different initial pH values: (a) pH 2, (b) pH 4, (c) pH 7 and (d) pH 10.

areas of the backscattered electron images correspond to metallic
gold, as identified by EDS analysis (Fig. 4b) giving an evidence of
the gold presence on the pulp. The precipitates had different sizes
and reached 6 �m.
3.4. Functional groups involved in the biosynthesis of gold
nanoparticles

The nature of the biomolecules involved in the reduction and
formation of gold nanoparticles was studied by FTIR analysis of

sugar beet pulp at pH 4 after 48 h (a) and its corresponding EDS spectrum (b).
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Fig. 5. FTIR spectra of (a) sugar beet pulp before and (b) after gold reduction and (c)
g
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he biomass before and after reduction and of the nanoparticles
Fig. 5). The FTIR spectrum of the unreacted sugar beet pulp shows
ands at 1742 and 1636 cm−1 (Fig. 5a). The first band is charac-
eristic of stretching vibrations of the carbonyl functional group
n ketones, aldehydes and carboxylic acids. The second absorp-
ion at 1636 cm−1 corresponds to the amide I band. The intense
road absorbance at 3412 cm−1 is attributed to the O–H stretch-

ng modes of vibration in hydroxyl functional group in alcohols
nd N–H stretching vibrations in amides and amines. Moreover, the
059 cm−1 band can be assigned to C–O stretching vibrations. The
bsorption peak at 2930 cm−1 corresponds to C–H stretching vibra-
ion modes in the hydrocarbon chains. The spectrum of the biomass
fter gold reduction shows the same bands that in the untreated
iomass. The main difference between both spectra is that the
reated biomass exhibits peaks of less intensity for the amide I band.
his would suggest that proteins are responsible for Au(III) reduc-
ion and gold nanoparticles stabilization. The particles would have
een stabilized in solution by the capping agent provided by pro-
eins of the sugar beet pulp. FTIR analysis of gold nanoparticles
hows the presence of three bands at 1635, 1541 and 1457 cm−1

Fig. 5c). The two first absorptions are characteristic of amide I and
I bands, respectively. The other band at 1457 cm−1 is assigned to
he methylene scissoring vibrations of proteins. Another band at
043 cm−1 can be related to S O stretching vibrations. Sugar beet
ulp may contain proteins and it is well-known that gold nanopar-
icles can be capped and stabilized by them. The surface-bound is
stablished through free amine groups or cysteine residues in the
roteins [34,42].

. Conclusions

Reduction of tetrachloroaurate with sugar beet pulp is a simple,
oom temperature and efficient biological method to synthesize
old nanostructures from dilute solutions that can reuse industry
astes. This could be an alternative method for the nanoparticles

ynthesis from dilute hydrometallurgical solutions.
The nanoparticle shape can be controlled by the initial pH of the

queous HAuCl4 solution. Proteins are the principal biomolecules
nvolved in the biosynthesis.

Optimum gold biorecovery requires control of both pH solution
nd time reaction. Gold biosorption took place at low initial pH

alues after 24 h due to the presence of hydroxyl groups in the
iomass.
g Journal 164 (2010) 92–97
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