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Flow  field-flow  fractionation  (Fl-FFF)  with  off-line  electrothermal  atomic  absorption  spectrometry
(ETAAS)  detection  was  developed  and  employed  for particle  size  characterization  of Ag NPs  stabilized  by
citrate,  pectin,  and  alginate.  Citrate  stabilized-Ag  NPs  were  prepared  from  sodium  borohydride  reduc-
tion of  silver  nitrate.  Sodium  citrate  was  used  as  the  capping  agent  to stabilize  Ag  NPs  and  prevent  the
aggregation  process.  Pectin  stabilized-  and  alginate  stabilized-Ag  NPs  were  prepared  from  ascorbic  acid
reduction  of silver  nitrate.  Pectin  and  alginate  were used  as  the  capping  agent  for  pectin  stabilized-  and
alginate  stabilized-Ag  NPs,  respectively.  Three  types  of Ag NPs  were  characterized  by  using  FlFFF,  zeta
umic acid potentiometer,  and  TEM technique.  The  mean  particle  sizes  of  Ag NPs  as characterized  by FlFFF  were  9  nm,
19 nm,  and 45  nm  for citrate  stabilized-,  pectin  stabilized-,  and  alginate  stabilized-Ag  NPs,  respectively,  in
deionized  water.  Further,  FlFFF  with  ETAAS  detection  was  employed  to observe  the  aggregation  of Ag NPs
of various  types  in environmental  water  in  the  absence  and  presence  of  humic  acid.  Citrate  stabilized-Ag
NPs  underwent  aggregation  more  rapid  than  the  pectin  stabilized-  and  alginate  stabilized-Ag  NPs  as  the

ricall
latter  two  types  were  ste
the  environment.

. Introduction

Silver nanoparticles (Ag NPs) are one of common engineered
anoparticles (ENPs) with at least one dimension within the size

rom approximately 1 nm to 100 nm [1].  Owing to their antibac-
erial properties, Ag NPs have been used in various consumer
roducts including textiles, personal care products, food storage
ontainers, and laundry additives. The release of Ag NPs into water
nd their mobilities in water should therefore be investigated. Sil-
er ions (Ag+) can be released from consumer products by oxidation
f metallic silver (Ag0) in contact with water [2,3]. Blaser et al. stud-
ed the model of total silver in the form of Ag+ ions or AgNPs released
rom plastic and textile into water and indicated that up to 15% of
he total Ag discharged into the environment [4]. Moreover, recent
tudies by Benn and Westerhoff confirmed that Ag NPs were easily
eleased from nanosilver-coated socks during the washing process
5].

Recently, the issue of mobility and toxicity of Ag NPs has gained

ignificant attention. In general, the smaller size can transport
aster and has much higher toxicity than the larger size. Moreover,
maller size Ag NPs (<5 nm)  are more toxic than any other forms
f silver [6].  The aggregation is also one of the primary controls on

∗ Corresponding author. Tel.: +66 2 201 5195; fax: +66 2 354 7151.
E-mail address: scasp@mahidol.ac.th (A. Siripinyanond).

021-9673/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.12.040
y  stabilized.  Further,  humic  acid could  prolong  the  stability  of Ag  NPs  in

© 2010 Elsevier B.V. All rights reserved.

both transport and toxicity of Ag NPs in the aquatic environment.
Not only temperature, pH, ionic strength of environmental water,
and concentration of Ag NPs show significant effect on the aggrega-
tion process, but also the surface property of Ag NPs is important [7].
The surface property of Ag NPs depends on how Ag NPs are synthe-
sized. Ag NPs can be synthesized using various methods resulting in
different shapes, sizes, and surface properties for numerous appli-
cations [8].  Normally, Ag NPs are synthesized via reduction of silver
nitrate in water using reductants and stabilizing agent or capping
agent for control of particle size to ensure a stable suspension [9,10].
The reductant and stabilizing agents commonly used are sodium
borohydride and sodium citrate, respectively. Greener processes
for the production of greener nanomaterials were reported by use
of nontoxic chemicals [11].

As the particle size of Ag NPs plays important roles to their
mobility and hence toxicity, particle size characterization of Ag
NPs is necessary. Size characterization techniques for Ag NPs
include dynamic light scattering (DLS) [12], transmission electron
microscopy (TEM) [7,13],  atomic force microscopy (AMF) [14], size
exclusion chromatography (SEC) [15], hydrodynamic chromatog-
raphy (HDC) [15], and flow field-flow fractionation (FlFFF) [13].

The use of FlFFF coupled off-line with AFM to observe the struc-
ture of the smaller size fraction of aquatic colloids was  reported to
fractionate citrate-stabilized Ag NPs at environmentally relevant
conditions [14]. In this study, the use of ETAAS as an off-line detec-
tor for the Ag NPs fractionated by FlFFF was evaluated. FlFFF with

dx.doi.org/10.1016/j.chroma.2010.12.040
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:scasp@mahidol.ac.th
dx.doi.org/10.1016/j.chroma.2010.12.040


4 matogr. A 1218 (2011) 4213– 4218

E
i
f
r
v
o

2

2

I
w
a
S
f
N
F
m
w

i
g
w
a

2

b
o
a
3
t

t
p
1
w
(
s
a
w

2

L
l
l
F
t
t
p
w
r
s
a
i
T
u
c

d
a

Table 1
FlFFF operating condition.

FlFFF: Model PN-1021-FO

Channel dimension/cm × cm × cm 27.7 long × 2.0 wide × 0.02 thick
Carrier liquid 0.02% FL-70 and 0.02 NaN3 (pH 9.5)
Channel flow rate/mL min−1 1.0
Cross flow rate/mL min−1 1.0
Equilibration time/min 2.2
Membrane 1 kDa MWCO  poly(regenerated

cellulose acetate)

Table 2
Electrothermal atomic absorption spectrometer operating condition for silver
detection.

ETAAS: Perkin Elmer Analyst 100-HGA-800

Step Temperature (◦C) Ramp time (s) Hold time (s)

1 Drying 130 20 30

particle size values obtained from FlFFF were in good agreement
with those from TEM (Fig. 2) and zetasizer as summarized in Table 3,
by which the particle size of alginate stabilized-Ag NPs was larger
than pectin stabilized- and citrate stabilized-Ag NPs, respectively.
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TAAS detection was employed for size characterization of Ag NPs
n environmental water. The aggregation phenomenon of Ag NPs
rom different synthesis methods including common method (cit-
ate stabilized) and green synthesis (polysaccharide stabilized) in
arious types of water was investigated. The effect of humic acid
n the aggregation of Ag NPs was also examined.

. Experimental

.1. Chemicals and samples

Silver nitrate was purchased from Carlo Erba (Rodano, MI,
taly). Sodium borohydride, sodium hydroxide, and sodium azide

ere purchased from Merck (Darmstadt, Germany). Humic acid
nd sodium citrate tribasic dihydrate were purchased from
igma–Aldrich (Steinheim, Germany). Pectin and alginate were
rom Fluka (Buchs, Switzerland). Gold nanoparticle standard (Au
Ps) of 10 nm diameter (Sigma–Aldrich) was used to calibrate the
lFFF channel. The humic acid stock solution (2000 mg  L−1) was
ade by dissolving 0.050 g of humic acid in 25 mL  of deionized
ater.

Water samples were collected from three different sites includ-
ng sea water from the Jausumran beach (Phetchaburi, Thailand),
round water from the Lopburi farm (Lopburi, Thailand), and tap
ater (Bangkok, Thailand). The samples were stored in a refriger-

tor and filtered through 0.45 �m membrane filters before use.

.2. Silver nanoparticles synthesis

Citrate stabilized-Ag NPs were prepared as described previously
y Yang et al. [16]. Briefly, 100 mL  of 0.3 M silver nitrate and 8 mL
f 12.6 M sodium citrate were mixed together in a conical flask,
nd then stirred at 50 rpm. Stirring was continued and 2 mL of
7 mM NaBH4 was added into solution. The yellow solution was
hen observed.

For polysaccharide stabilized-Ag NPs, Ag NPs were prepared by
he reduction of silver ion using ascorbic acid. Polysaccharide, i.e.,
ectin and alginate, were used to stabilize nanoparticles. Briefly,
00 mL  of 0.1% (w/v) polysaccharide solution (pectin or alginate)
ere mixed together with freshly prepared ascorbic acid of 1 mM

50 mL)  and vigorously stirred. Fifty milliliters of 2 mM silver nitrate
olution was added into the solution and 0.3 M NaOH (0.1 mL)  was
dded quickly. Stirring was continued and the final yellow solution
as observed.

.3. Instrumentation

The FlFFF system is a PN-1201-FO model (Postnova Analytics,
andsberg, Germany). The FlFFF channel dimensions are 27.7 cm
ength, 2.0 cm wide, and 254 �m thick. A 1-kDa regenerated cellu-
ose membrane (Postnova) was used. The carrier liquid was 0.02%
L-70 and 0.02% NaN3 was diluted in deionized water and adjusted
o pH 9.2–10. Sample volume of 20 �L was introduced into FlFFF via
he Rheodyne injector valve. A high pressure liquid chromatogra-
hy (HPLC) pump (Model PN 2101, Postnova Analytics, Germany)
as used to deliver the channel flow at 1 mL  min−1. The cross flow

ate fixed at 1 mL  min−1 was delivered by another HPLC pump of the
ame model. After fractionation, the effluent was directed through

 UV detector (Model S3210 UV–visible detector; Postnova Analyt-
cs) and the detector was set at 400 nm for detection of the Ag NPs.
he automatic fraction collector (Waters, Milford, MA, USA) was

sed to collect fraction from UV detector outlet. The FlFFF operating
onditions are shown in Table 1.

A Perkin Elmer Model AAnalyst 100 (Norwalk, CT, USA) with
euterium background corrector was used for detection of silver
fter the UV absorption detector. The Perkin Elmer Model AS-72
2 Ashing 800 20 30
3  Atomization 1800 0 8
4  Clean up 2600 1 5

autosampler was used to introduce solution into a graphite tube.
The furnace operating condition for silver and silver nanoparticles
measurement is summarized in Table 2.

The UV–visible absorption spectra of Ag NPs were observed by
using UV–visible spectrophotometer (Model V-530, Jasco, Easton,
MD,  USA). Zeta potential measurements were carried out using
the Zetasizer Nano ZS (Malvern Instruments Zetasizer1000 Hs,
Malvern, UK). A transmission electron microscope (TEM), JEOL JEM-
1230 (Peabody, MA,  USA), was used to acquire images of the Ag NPs.
The TEM was  operated at 25 ◦C and 80 kV.

3. Results and discussion

3.1. Particle size characterization of the synthesized silver
nanoparticles

Particle size characterization of three types of Ag NPs was per-
formed by using FlFFF as illustrated in Fig. 1. Particle sizes at peaks
were 9 nm,  19 nm,  and 45 nm for citrate stabilized-Ag NPs, pectin
stabilized-Ag NPs, and alginate stabilized-Ag NPs, respectively. The
Fig. 1. Hydrodynamic diameter distributions of Ag NPs: (♦) citrate stabilized
Ag-NPs; (©) pectin stabilized-Ag NPs; (×) alginate stabilized-Ag NPs. The FlFFF
conditions were as follows: channel flow 1 mL min−1, cross flow 1 mL min−1, RC
membrane (1 kDa), 0.02% FL-70 and 0.02% NaN3 as carrier liquid. UV–visible was
used as FlFFF detector.
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Table  3
Particle size of silver nanoparticles (Ag NPs) as determined by various techniques.

Ag NPs Particle diameter (nm)

TEM Zetasizer FlFFF with UV–visiblea FlFFF with ETAASa

Citrate-stabilized 11.3 ± 3.5 13.6 ± 3.1 9.50 ± 0.0 10.5 ± 0.5
.4 19.1 ± 0.1 18.2 ± 0.7
1 45.5 ± 0.1 40.1 ± 0.4

W
o
c
N
a
p
a

F
(

1.2

1.4
Pectin-stabilized 10.5 ± 5.1 18.3 ± 9
Alginate-stabilized 37.5 ± 2.3 48.8 ± 1

a The mean particle size (dmean) and associated standard deviation (n = 3).

ith UV–visible absorption spectrometry, the surface plasmon res-
nance peaks were observed at 390 nm,  400 nm,  and 412 nm for
itrate stabilized-, pectin stabilized-, and alginate stabilized-Ag

Ps, respectively, as shown in Fig. 3, suggesting the same trend
s those observed by the FlFFF, TEM, and zetasizer, as the smaller
articles exhibit plasmon resonance band as shorter wavelength
nd the larger particles exhibit the plasmon band at longer wave-

ig. 2. TEM images of (a) citrate stabilized-Ag NPs, (b) pectin stabilized-Ag NPs, and
c) alginate stabilized-Ag NPs.
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Fig. 3. UV–visible absorption spectra of silver nanoparticles prepared by different
stabilizer agents: (♦) citrate stabilized-Ag NPs; (©)  pectin stabilized-Ag NPs; (×)
alginate stabilized-Ag NPs.

length [17]. Nonetheless, the particle sizes of Ag NPs obtained from
different techniques were slightly different owing to the fact that
different techniques provide different particle size information.
TEM measures a number based size distribution of the core particle
excluding the stabilizing agent, while FlFFF and zetasizer measure
a mass based size distribution or hydrodynamic volume [13].

3.2. FlFFF with off-line ETAAS detection of silver

Electrothermal atomic absorption spectrometer (ETAAS) was
investigated as an off-line detector for FlFFF, as it was previously
illustrated possible for SdFFF [18,19]. With the ashing tempera-
ture of 800 ◦C and atomization temperature of 1800 ◦C for ETAAS
determination of silver, it was  possible to completely atomize the
fractionated particulate sample thus avoiding complex and lengthy
sample digestion steps [20]. Nonetheless, to confirm the similarity
between the atomization behaviors of the Ag NPs and silver ions,
calibration experiments were performed for Ag NPs of various types
and silver ions. Calibration curves obtained from all silver types
indicate that the slopes were not significantly different, suggest-
ing that the analytical sensitivities were the same for silver of all
types. It was  0.0227, 0.0214, 0.0235, and 0.0210 for silver ion, cit-
rate stabilized-, pectin stabilized-, and alginate stabilized-Ag NPs,
respectively. The standard t tests with a significance value of 0.05

were performed for data comparison and indicated that the calibra-
tion slopes were not significantly different. Table 4 summarizes the
characteristic masses, the limits of detection (LOD), and the limits of
quantification (LOQ) obtained for silver determination for various

Table 4
The characteristic mass (mo), slope, the limit of detection (LOD) and the limit of
quantification (LOQ) for silver determination by ETAAS for various types of Ag NPs
and  silver ion.

Sample Slope mo (pg) LOD  (�g L−1) LOQ (�g L−1)

Ag ion 0.0227 0.8 2.6 8.7
Citrate stabilized-Ag NPs 0.0214 0.9 2.8 9.3
Pectin stabilized-Ag NPs 0.0235 1.0 2.5 8.4
Alginate stabilized-Ag NPs 0.0210 0.9 2.8 9.4
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Table  5
The particle size of Ag NPs dispersed in various environmental waters.

Ag NPs Particle size (nm) of Ag NPs in various types of water as determined by FlFFF-ETAAS

Deionized water Tap water Ground water
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stabilized by pectin and citrate, respectively. This information is
Citrate stabilized 10.5 

Pectin  stabilized 18.2 

Alginate stabilized 40.9 

.d.: not detectable.

ypes of silver. As the analytical sensitivities obtained for all types of
ilver examined in this work were not significantly different, it was
ossible to use the standard calibration prepared from silver ions
or determination of silver in the fractionated silver nanoparticles.

.3. Ag NPs stability in environmental waters

The stability of Ag NPs in various environmental waters includ-
ng tap, sea, and ground water was investigated. UV–visible
pectrophotometry and FlFFF with ETAAS detection were employed
or such investigation. As reported earlier, the shift of the plas-

on  resonance band of Ag NPs towards the red end or the blue
nd depends upon the particle size, shape, state of aggregation,
nd the surrounding dielectric medium [17,21,22].  The blue shift
s observed when the particles are smaller, and vice versa the
ed shift is observed when the particles grow larger. Therefore,
V–visible absorption spectrum can be used to examine the sta-
ility and the aggregation behavior of citrate stabilized-Ag NPs,
s illustrated in Fig. 4. The maximum absorption of Ag NPs occurred
t approximately 400 nm.  Upon incubation of Ag NPs in various
ypes of water for 180 min, two bands were observed suggesting
hat the nanoparticles formed aggregation or deviated from spher-
cal symmetry [17]. Among the three types of Ag NPs synthesized
n this study, the stability of alginate stabilized-Ag NPs was  higher
han that of pectin stabilized- and citrate stabilized-Ag NPs, respec-
ively.

Flow FFF with ETAAS detection was also employed to observe
he changes in particle size distribution of various types of Ag NPs
pon incubation in various types of water for 180 min  as sum-
arized in Table 5. No peak was observed for Ag NPs dispersed

n seawater, suggesting that seawater caused change in Ag NPs
nto free Ag ion or other non-detectable forms. Changes in parti-
le size of Ag NPs were very significant when dispersed in ground

ater, as compared to those in tap water. In ground water, no
eak was observed for citrate stabilized-Ag NPs, whereas it was
etectable for other types of Ag NPs, suggesting that the stability
f citrate stabilized-Ag NPs was poorer than that of other types of
g NPs. Fig. 5 illustrates the hydrodynamic diameter distribution of
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ig. 4. UV–visible absorption spectra obtained for citrate stabilized-Ag NPs in differ-
nt types of environmental water: (�) deionized water; (©)  tap water; (�) ground
ater; (×) sea water, at contact time of 180 min.
16.7 n.d.
19.7 21.2
40.9 36.7

citrate stabilized-Ag NPs dispersed in various types of water. Fur-
ther experiments are necessary to investigate parameters affecting
changes in particle size of Ag NPs. Tap water was selected to be
investigated.

3.4. Parameters affecting particle size of Ag NPs in tap water

In environmental waters, the stability of Ag NPs depends on their
surface properties, pH, ionic strength, and the presence of natural
organic macromolecules and their concentrations [1,7,13,23].  The
stability of the colloidal systems in natural water can be governed
by two  fundamental mechanisms, which are steric repulsion and
charge stabilization or electrostatic interaction [24,25]. The steric
repulsion refers to the adsorption of polymers or macromolecules
onto the particle surface preventing the particle surfaces coming
into close contact with each other. Charge stabilization or electro-
static interaction refers to the distribution of charge species in the
system.

For this reason, stabilizing agent was  added in the Ag NPs
synthesis process to prevent nanoparticles from aggregation and
control the particle size of the Ag NPs. Various stabilizing agents,
including alginate, citrate, and pectin, were used in the synthesis
of Ag NPs. The stability of Ag NPs prepared from different stabiliz-
ing agents in environmental waters including tap, sea, and ground
water was examined.

3.4.1. Types of stabilizing agent
Ag NPs were dispersed in tap water and UV–visible spec-

trophotometer was employed to investigate the stability of Ag NPs
prepared from various stabilizing agents as shown in Fig. 6. Among
the three types of Ag NPs synthesized in this study, the stabil-
ity of Ag NPs stabilized by alginate was  found higher than those
in good agreement with the zeta potential value (mV) of each Ag
NPs as −51.3 ± 1.6, −35.6 ± 2.3 and −34.7 ± 2.4 for alginate, pectin,
and citrate stabilized Ag NPs, respectively. The nanoparticles with
zeta potential more negative than −30 mV  or more positive than
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Fig. 5. Hydrodynamic diameter distributions of citrate stabilized-Ag NPs in differ-
ent types of environmental water: (�) deionized water; (©) tap water; (�) ground
water; (×) sea water, at contact time of 180 min. ETAAS was used as FlFFF detector.
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in the presence of humic acid remained stable with increased con-
tact time, as shown in Fig. 10.  These findings are related with the
previous reports by Hahn and Stumm [28] who discussed about
the effect of NOM to stabilize inorganic colloids in natural waters
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ig. 6. UV–visible absorption spectra obtained for Ag NPs prepared from different
tabilizing agents: (♦) citrate stabilized-Ag NPs; (©) pectin stabilized-Ag NPs; (×)
lginate stabilized-Ag NPs in tap water, at contact time of 180 min.

30 mV are electrically stabilized while nanoparticles with low zeta
otentials tend to form aggregates [25].

These findings can be described by steric repulsion. The struc-
ure of stabilizing agent is the key factor to control Ag NPs stability;
arger steric structure offers higher stability than the smaller steric
tructure [17]. Therefore, alginate stabilized Ag NPs should have
igher stability than pectin and citrate stabilized Ag NPs, respec-
ively, according to the molecular weight of citrate, pectin, and
lginate as 258, 30,000–100,000, and 100,000–200,000 g mol−1,
espectively.

.4.2. Effect of contact time
The particle size information obtained from FlFFF with ETAAS

etection and zeta potential value from zeta potentiometer were
sed to provide evidence on Ag NPs aggregation. The aggregation
f 20 mg  L−1 citrate-stabilized Ag NPs in tap water was  tempo-
ally investigated as demonstrated by shifts in size distributions
ith increasing contact time. With increasing contact time, the size
istributions slightly broadened. The peak maximum appeared at

arger diameter size, showing clear evidence of Ag NPs aggregation.
he particle size at peak maximum (dp) and the mean particle size
dmean) increased with increasing contact time (Fig. 7a), suggesting
hat the aggregation process gradually occurred. The aggregation
f Ag NPs was confirmed by zeta potentiometer, and the results are
hown in Fig. 7b. The zeta potential values were less negative with
ncreasing contact time, suggesting that the nanoparticles became
ess stable.

.4.3. Effect of Ag NPs concentration
The concentration of silver nanoparticles also affects on stability

f nanoparticles in water. Therefore, the effect of Ag NPs concen-
ration was examined, as shown in Fig. 8. The mean particle size
dmean) increased when the concentration of Ag NPs decreased.
his might be explained by using the DLVO theory, by which the
ons present in water cause charge shielding effect, reducing the
iffuse layer size and thereby allowing NPs to come into contact
ufficiently closely to produce aggregation [26,27]. The very low
on concentrations in tap water were not effective to shield charge
f high amount of nanoparticles, but they were sufficient to shield
harge of small amount of nanoparticles.

.4.4. Effect of humic acid
The dissolved organic matter and natural organic macro-
olecules (NOM) in natural water may  react with Ag NPs, which
nfluenced on the stability of Ag NPs. As humic substances are
he most important class of NOM in aquatic environment, citrate
tabilized-Ag NPs were investigated for their stability in tap water,
oth in the absence and presence of humic acid using FlFFF with
Fig. 7. (a) The cumulative area plot of 20 mg L citrate stabilized-Ag NPs in tap
water at various contact times: (♦) 0 min; (�) 30 min; (�) 60 min; (×) 180 min; (©)
300  min. (b) Diagram showing the particle size and zeta potential value at various
contact times.

ETAAS detection and zeta potential measurement, as illustrated in
Figs. 9 and 10,  respectively. In the absence of humic acid, the parti-
cle sizes of citrate stabilized-Ag NPs increased with longer contact
time, as shown in Fig. 9a and the zeta potential values also became
less negative with increasing contact time (Fig. 10). In the presence
of humic acid of 200 mg  L−1, the particle sizes remained unchanged
in tap water even at 180 min  contact time (Fig. 9b), suggesting
that Ag NPs were stabilized with humic acid. This was further con-
firmed by the observation that the zeta potential values of Ag NPs
Diameter (nm)

Fig. 8. The cumulative area plot of particle size of citrate stabilized-Ag NPs in tap
water at varying concentrations of Ag NPs: (♦) 53 ppm; (�) 40 ppm; (©) 30 ppm;
(�) 20 ppm; (×) 10 ppm
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Fig. 9. Particle size distribution of citrate stabilized-Ag NPs: (©)  without humic acid
in  deionized water; (�) without humic acid in tap water; (×) with 200 mg L−1 humic
acid in tap water, at contact time of 180 min. ETAAS was  used as FlFFF detector.
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. Conclusions

Electrothermal atomic absorption spectrometry (ETAAS) was

ound efficient as an element specific detector for detection of silver
n Ag NPs samples fractionated by FlFFF. In environmental water,
itrate stabilized-Ag NPs undergo rapid aggregation than pectin and
lginate stabilized-Ag NPs, suggesting that the surface property is
he key factor that control the stability of Ag NPs in aquatic system.
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Humic acid affects on the stability of Ag NPs in the environment. In
summary, the stability of Ag NPs in environmental water depends
on the environment conditions such as types of stabilizing agent,
contact time, Ag NPs concentration, and the presence of humic acid.
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