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A  simple  method  to convert  gold  from  waste  gold  solutions  used  in  chemical  laboratories  and  chem-
ical  industries  into  metallic  gold  nano  particles  using  styrene  maleic  acid  copolymer  beads  has  been
approached.  The  styrene  maleic  acid  copolymer  beads  with  an  average  bead  diameter  400–600  microns,
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exhibiting  exceptionally  high  rough  surface  was  used  as  a polymer  matrix  for  the  reducing  gold  from  aque-
ous solution  to metallic  nano  gold. Uptake  of gold  ions  from  aqueous  waste  gold  solution  was  attempted
in a batch  process.  Conversion  of  gold  to metallic  nano  gold  was  achieved  without  the  use  of  any  external
reducing  agents.  The  metallic  nano  gold  particles  could  be  embedded  into  polymer  matrix  within  2 h.
The  beads  exhibited  high  temperature  resistance  and  could  sustain  upto  400 ◦C.
dsorption

. Introduction

Nanogold aggregates and gold nano particles have attracted
ttention due to their potential and practical applications as
anoelectronic devices, catalyst, biological sensors [1–9] etc. The
pplications of gold nanoparticles to detect analytes based on opti-
al and electronic methods are a hot area of research [10–14].
he ability of gold to produce heat after absorbing light provides
edicinal usage with applications in gene and drug delivery [15].
ith the conventionally used methods, synthesis of gold nanopar-

icles by physical methods provides nanoparticles in a narrow range
ut requires the use of expensive equipments and has low yield.
he hazardous effects of organic solvents, reducing agents and
oxic reagents used for gold nanoparticles synthesis has encour-
ged researchers to develop alternative methods for preparation
f nanogold [16,17].  Uptake of Au(III) ions from aqueous solutions
nto chitosan, bagasses ash, bacterias, durio zibethinus husk, acti-
ated carbon etc. have been reported in the literature [18–22].  Here
e report the novel method for synthesis of pure form of gold

n nano size which is stable when heated upto 100 ◦C. This nano
orm of pure gold was synthesized in the polymer matrix with-
ut the use of external reducing agents. The affinity of the polymer

o bind chemically with the bulk gold from aqueous solution and
lowly reduce it to nano form has been empowered. The concen-
ration of the gold solution plays a key role in determining the
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size of the nanoparticles. The nanogold embedded polymer matrix
was found to be stable to concentrated acids and alkalis, UV light
and could sustain upto 600 ◦C. This simple and versatile polymer
matrix thus innovatively converts gold from waste gold solutions
from the chemical laboratories and chemical industries into gold
nanoparticles which are the purest form of gold.

2. Methods

In a typical synthesis, 36 ml  styrene, 42 ml divinyl benzene and
50 g maleic anhydride were vigorously stirred in a reaction vessel
with aqueous solution of in situ formed Mg(OH)2, saturated with
NaCl to form spherical crosslinked styrene-maleic anhydride poly-
mer  which was then hydrolyzed to form crosslinked styrene-maleic
acid (SMA) polymer. This polymer was purified by continuous soxh-
lation to remove adhering salts and dried at 50 ◦C under vacuum to
constant weight [23]. The synthesized SMA  polymer was colourless
and stable upto 400 ◦C.

Mimicked gold solution was  prepared by dissolving chloroau-
ric acid (HAuCl4) in deionized water. The pH of the stock solution
prepared by dissolving 0.5 g chloroauric acid in 1000 ml deionized
water was  found to be 6.5. Chloroauric acid solution of 100 mg/l,
250 mg/l and 500 mg/l Au(III) ions were prepared by diluting the
stock solution, which showed characteristic UV peaks at 310 nm.
Uptake of gold ions from 20 ml Au(III) solution using 0.5 g of poly-

mer  was monitored by examining the decrease in 310 nm peak.
Complete disappearance of the 310 nm peak was  observed within
4 h. The polymer was left in the solution for further 24 h. Slow
reduction of Au(III) to Nanogold was  observed which changed the

dx.doi.org/10.1016/j.jhazmat.2012.03.020
http://www.sciencedirect.com/science/journal/03043894
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Fig. 1. A representative range of polymer matrix coloured with gold nano

Fig. 2. (a) X-ray diffraction pattern of nanogold embedded polymer matrix; (b)
characteristics peaks and (c) d spacing of pure metallic gold.

Fig. 3. SEM images of nanogold embedded polymer matrix formed using (a) 100 mg/l A
treated  nanogold embedded polymer matrix at (d) 200 ◦C, (e) 400 ◦C and (f) 600 ◦C.
particles (a) SMA  beads and (b–d) nanogold embedded SMA  beads.

colour of the polymer to pink, purple and blue-black depending on
the concentration of Au(III) solution used. The wide range of colour
displayed by the polymer matrix with adsorbed nanogold particles
is shown in Fig. 1(a–d).

3. Results and discussions

The XRD pattern for the nanogold embedded polymer matrix is
shown in Fig. 2a. Fig. 2b shows the observed characteristic peaks
for nanogold embedded polymer matrix and Fig. 2c shows the
characteristic d spacing for pure metallic gold as obtained from
JCPDS-International Center for Diffraction Data. The XRD pattern
reveals the peaks with d spacing of 2.34279, 1.43883 and 1.26127 Å,

which are indexable as (1 1 1), (2 2 0) and (3 1 1) reflections respec-
tively in a cubic space group. These peaks match well with the
d spacing of pure metallic gold in cubic Fm3̄m space group. The
appearance of these diffraction peaks indicates the presence of pure

u(III) solution, (b) 250 mg/l Au(III) solution and (c) 500 mg/l Au(III) solution. Heat
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Fig. 4. TGA graph of crosslinked SMA  polymer.

old in nano form embedded into the polymer matrix. This is also
onfirmed from the scanning electron microscopic (SEM) images
nd EDS spectra’s obtained for these samples.

Fig. 3(a–c) shows the SEM images of the gold nanoparticles
mbedded polymer matrix. In addition, energy dispersive X-ray
pectroscopy (EDS) measurements and quantitative elemental
nalysis made on each sample shows the expected primary metal
lement signals along with weak Na signals, which suggests the
ole of Na ions in reduction of gold. The EDS spectra’s obtained are
hown below respective SEM images. The SEM micrographs with
agnification of 5000× (Fig. 3a–f) show the presence of gold nano

articles bound to the surface of the polymer matrix. The micro-
raphs also indicate the scattered nanoparticles present on the
urface in high concentrations around the micro fissures and micro
oids. The polymer exhibits the pink, purple and blue black coloura-

ion even though the particles cover only a fraction of polymer. This

ay  be because of high extinction coefficient of gold under surface
lasmon resonance conditions. The results are in good agreement
ith the literature report [24].

Fig. 5. FTIR spectrum of polymer and
aterials 217– 218 (2012) 447– 451 449

To confirm the presence of pure metallic gold, the nanogold
embedded polymer beads were heated between 200 ◦C and 600 ◦C.
The change in the colour of the polymer matrix (pink, purple and
blue-black) to black indicates that the nanoparticles agglomerate
during the process of heating which could be reflected from the
SEM images (Fig. 3d–f). The styrene maleic acid copolymer being
thermostable upto 500 ◦C (as observed from the TGA graph (Fig. 4)),
no dimensional change in the polymer was  observed. The EDS
graph of such heat treated nanogold embedded polymer matrix also
showed the presence of gold peak. Thus the presence of pure metal-
lic nanogold in the polymer matrix could be confirmed. Heating the
polymer matrix above 600 ◦C caused complete decomposition of
the sample hence; further heating was  not carried out.

The Fourier Transform Infrared spectrum of the polymer and
nanogold embedded polymer is shown in Fig. 5. The resonance sta-
bilized carboxylate anions peaks were observed at 1600 cm−1 and
1400 cm−1. The aromatic –C–H stretching frequency at 3024 cm−1

was also noted. The presence of para substituted benzene was
confirmed from the –C C– stretch at 1450 cm−1 and two  bands
near 1600 cm−1[25]. The free acid peak corresponding to the reac-
tion between chloroauric acid and SMA  polymer was observed at
1639 cm−1, which suggests the initial chemisorptions of gold fol-
lowed by simultaneous reduction to nano form. Thus it can be
presumed that the interaction is through the carboxyl group of
maleic acid to stabilize the gold nanoparticles. The schematic rep-
resentation of the process and predicted mechanism is shown in
Fig. 6.

The adsorption efficiency was  studied varying the initial concen-
tration, pH of the gold solution and amount of sorbent at 27 ◦C for
an initial period of 60 min. The results showed pronounced effect
of solution pH on uptake of Au (III) ions from aqueous solutions.
Effective adsorption was  observed at pH 6.5 (Fig. 7a). Increasing the
concentration of the gold ions in the solution showed the decrease
in the adsorption efficiency which can be attributed to the satu-
ration of active sites on the polymer surface (Fig. 7b). Adsorption
efficiency however increased with increase in the sorbent amount

form 0.1 g to 0.5 g. This increase in the uptake is due to the increase
in the active adsorption site contributed by additional amount of
sorbent. No significant increase in the adsorption efficiency was
observed with use of sorbent beyond 0.5 g (Fig. 7c).

 nanogold embedded polymer.
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ig. 6. Schematic representation of adsorption and reduction of gold to nanogold
nto polymer matrix.

The efficiency of adsorption was validated by applying the Fre-
ndlich adsorption isotherm model which considers the multilayer
dsorption onto heterogeneous surface. The Freundlich equation

26]:

e = KF Cen (1)

ig. 7. (a) Effect of solution pH; (b) Effect of initial solution concentration; (c) effect of 

sotherm parameters; (e) pseudo second order model and (f) pseudo second order kinetic
aterials 217– 218 (2012) 447– 451

where qe and Ce are equilibrium concentration of gold ions in adsor-
bent (mg/g) and liquid phase (mg/l). KF and n are the Freundlich
constants. The linearized equation takes the form:

ln qe = 1
n

ln Ce + ln KF (2)

The plot of ln qe versus ln Ce as shown in Fig. 7(d) presented the
value of n to be 2.45 which indicate the favorable adsorption and
strong interaction between the gold ions and the polymer matrix.
The isotherm parameters are shown as insert in Fig. 7(d) clearly
indicates that the equilibrium adsorption isotherm can be very well
described by Freundlich model. The dynamics of adsorption pro-
cess in terms of order and rate constants were evaluated using the
pseudo second order kinetic adsorption model as described by Ho
[27]

d
qt

dt
= k2 (qe − qt)2 (3)

where k2 (g mg−1 min−1) is the second order rate constant. The
integrated form of the Eq. (3) is

1
qe − qt

= 1
qe

+ k2t (4)

Rearranging Eq. (4) gives,

t

qt
= t

qe
+ 1

k2qe2
(5)

the plot of t/qt versus t as shown in Fig. 7(e) yielded the second
order rate constant k2, equilibrium capacity qe and regression coef-
ficient (R2) for initial Au(III) concentration varying from 100 to
500 mg/l. The calculated values as presented in Fig. 7(f) shows good
agreement with the experimental values and obtained regression
coefficient values indicates that the pseudo second order kinetic
polymer as adsorbent. Adsorption of transition metal ions like
Cu(II), Ni(II), Zn(II)) using various adsorbents reported in literature
suggests favorable Freundlich adsorption mechanism and rate of

adsorbent dose; (d) Freundlich adsorption isotherm plot; insert shows Freundlich
 parameters.
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dsorption could be well described by pseudo second order rate
quation [28–30].

. Conclusions

The previous work on nanogold synthesis is mostly with the
elp of toxic reducing agents and capping agents like sodium boro-
ydride, stannous chloride, ascorbic acid, TX-100 (Triton X-100
C14H22O(C2H4O)n)), ethylene glycol, cetyltrimethylammonium
romide, which results in formation of gold nanoparticles but do
ot ensure the purest form of metallic gold. We  have adopted a
rocedure that can reduce gold to its metallic nano form and simul-
aneously entrap it into the polymer matrix, without the use of any
ddition reagents. We  anticipate that with this polymer the for-
ation of metallic gold nanoparticles is possible using the spent
astewater. Such polymer can find excellent potential applications

n gold coating industries. Such gold loaded polymer being stable
o acidic conditions can also find potential application as catalyst in
ighly selective chemical transformation, biomedical applications.
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