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ssolvable Mg/Al layered double
hydroxides as an adsorbent for the dispersive solid
phase extraction of gold nanoparticles prior to their
determination by atomic absorption spectrometry†

Tatiana G. Choleva and Dimosthenis L. Giokas *

In this work, dissolvable layered double hydroxides (LDH) were used for the first time for the extraction and

preconcentration of metallic nanoparticles from water samples. Magnesium–aluminum LDHs were

prepared in situ in a sample solution by alkaline co-precipitation and separated by centrifugation. It was

found that gold nanoparticles (AuNPs) and gold ions could be simultaneously extracted by the LDH by

electrostatic interactions and anion exchange reactions, respectively. Separation of AuNPs from gold

ions could be achieved by ultracentrifugation enabling the selective determination of AuNPs in the

sample. Two analytical techniques based on molecular and atomic spectrometry (spectrophotometry

and electrothermal atomic absorption spectrometry) were used to optimize the method and determine

the concentration of AuNPs in spiked environmental water samples at femtomolar concentration levels,

respectively. Under the optimized experimental conditions the method enables the determination and

speciation of AuNPs at concentration levels as low as 16 femtomole L�1 with satisfactory recoveries (71–

91%) and good reproducibility (<9%).
1. Introduction

Over the past decade the use of nanomaterials in a broad
spectrum of applications and technologies has grown rapidly
and is expected to increase even further in the near future.1,2 It is
therefore reasonable that great concern has been raised
regarding their potential release into the environment and their
effects on ecosystems and living organisms.3,4 For this reason
several regulation authorities have classied nanoparticles as
emerging environmental pollutants and try to formulate a basis
for potential preservation measures.5,6

The rst step is assessing the fate, transportation and
potential risks of nanoparticles in the environment and their
determination in various environmental compartments such as
wastewater and natural waters. This task, however, is not facile
for several reasons: (a) the concentrations of nanoparticles are
expected within the pg L�1 to the low ng L�1 levels and current
instrumental techniques can hardly accomplish such sensi-
tivity, (b) matrix effects may interfere with the analysis and
affect the accuracy of the results, and (c) dissolved ions of the
same nature may be misinterpreted as nanoparticles.7,8 There-
fore, the analysis of nanoparticles in environmental samples
nnina, 45110, Ioannina, Greece. E-mail:
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5

requires a combination of both appropriate analytical methods
for their extraction and preconcentration and sensitive analyt-
ical techniques for their detection which almost invariably rely
on atomic spectroscopy due to its high sensitivity and
selectivity.9

The extraction and preconcentration of nanoparticles from
environmental samples has been successfully accomplished by
a variety of methods that use either liquid or solid extraction
templates such as micelles and other surfactant aggregates (e.g.
cloud point extraction),10–13 binary or ternary solvent mixtures
(e.g. LPME and its modications),14–16 solid phase extraction and
microextraction (e.g. resins and magnetic nanoparticles)17–20 etc.
Most of these methods provide information regarding the
chemical footprint of nanoparticles (such as composition, mass
and concentration) while some methods may also provide
physical information (e.g. size, shape, and aggregation). Impor-
tantly, almost all of these methods enable the selective deter-
mination of nanoparticles over their precursor metal ions thus
avoidingmisinterpretations that could lead to an overestimation
of the nanoparticle concentration in the environment. Not all of
these methods, however, can extract and preconcentrate both
metal nanoparticles and their corresponding metal ions simul-
taneously which is necessary when investigating the environ-
mental fate of nanoparticles that may involve several
transformation pathways (dissolution, reformation, etc.).21

Although rapid progress has been made in the adaptation of
conventional sample preparation methods to the extraction of
This journal is © The Royal Society of Chemistry 2020
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nanoparticles, the use of layered double hydroxides (LDHs) for
the extraction and preconcentration of nanoparticles has not
been reported. LDHs are ionic lamellar solids made from the
stacking of positively charged (brucite-like) layers of mixed
metal hydroxides.22,23 These layers are bound together by elec-
trostatic interactions and hydrogen bonds with interlayer
counter-anions and solvation (i.e. water) molecules. LDHs are
typically made of divalent and trivalent metal cations, (such as
Mg2+, Zn2+, Al3+ or Fe3+) and interlayer charge-compensating
anions (such as NO3

�, Cl�, CO3
2�, etc.). Due to their high anion

exchange capacity, increased porosity, and high specic surface
area, LDHs have been considered as a promising sorbent for
enriching inorganic and organic anions.24–26 Moreover,
advanced treatment of the surface and structure of LDHs has
extended their potential as extraction sorbents for a variety of
other organic compounds.27–30

In this work, we examined the analytical utility of LDHs as
sorbents for the extraction of metallic nanoparticles from water
samples for the rst time. Using AuNPs as model nanoparticle
species, the experimental parameters affecting the extraction
efficiency of AuNPs of variable size and surface coating were
examined and optimized. We also developed a simple proce-
dure for separating Au ions from AuNPs and demonstrate, as
a proof-of-concept application, the utility of LDHs in the
determination of AuNPs at ultra-trace levels in spiked environ-
mental water samples by electrothermal atomic absorption
spectrometry.

2. Experimental part
2.1. Reagents

Hydrogen tetrachloroaurate trihydrate ($99.9% trace metals
basis), aluminum nitrate nonahydrate ($98%), magnesium
nitrate hexahydrate ($99%), sodium borohydride, tri-sodium
citrate, and high purity nitric acid for inorganic trace analysis
(TraceSELECT® Ultra) were purchased from Sigma-Aldrich
(Steinheim, Germany). HPLC-grade methanol was obtained
from Fisher Scientic (Loughborough, UK).

2.2. Equipment

UV-Vis absorption measurements were performed with
matched quartz cells of a 1 cm path length using a Jenway
(Essex, UK) 6405 UV/Vis spectrophotometer. A PerkinElmer
Spectrum Two attenuated total reectance-infra red (ATR-IR)
spectrometer was used for determining the vibrational relaxa-
tions of the collected LDH. Scanning electron microscopy (SEM)
experiments were performed with a JEOL JSM-6300 instrument.
A Shimadzu AA-6800 electrothermal atomic absorption spec-
trophotometer (ETAAS) equipped with an ASC-6100 autosam-
pler was used for the determination of gold at 242.8 nm using
a self-reversal hollow cathode lamp (Heraeus, Hanau, Germany)
operating at 10 mA.

2.3. Synthesis of gold nanoparticles

The synthesis of AuNPs of variable sizes and with different
surface coatings was performed using the experimental
This journal is © The Royal Society of Chemistry 2020
procedures described in our previous studies without modi-
cations.12,13,31 The average size distribution and the concentra-
tion of the synthesized AuNPs were calculated using the method
of Haiss et al.32 by determining the ratio of the absorbance of
the AuNP suspensions at the surface plasma resonance peak to
the absorbance at 450 nm.

2.4. Experimental procedure

In 50 mL of an aqueous sample solution (likely to contain both
AuNPs and gold ions), 0.5 mL of the 1 mol L�1 KOH solution
and 0.5 mL of the Mg2+/Al3+ solution (75/25 mmol L�1) were
added sequentially. The solution was mixed by vortex agitation
for 1 min and centrifuged at 6000 rpm (4200 g) for 25 min. The
precipitate was collected at the bottom of the vial and redis-
solved in 0.5 mL of 2.5 mol L�1 HCl.

To separate gold ions from AuNPs and remove the excess
amount of K+, Mg2+ and Al3+, the extract obtained aer disso-
lution of the LDH with HCl was transferred to a graduated
Eppendorf vial with 1.0 mL distilled water (a total volume of 1.5
mL). The solution was centrifuged at 18 000 rpm (15 120 g) for
20 min to precipitate the AuNPs and leave gold ions and other
co-existing species in the suspension and in the supernatant
solution. Then 1.4 mL of the aqueous supernatant was carefully
removed with a glass Pasteur pipette and slowly replaced with
1.4 mL of 6 M HNO3 in order to minimize the redispersion of
AuNPs. The separation procedure was repeated two more times
to completely remove dissolved ions (in total three times). An
aliquot of 20 mL of the nal solution was used for the analysis by
ETAAS according to the temperature program given in Table
S1.†

2.5. Real samples

Genuine water samples (river and lake water and effluent
wastewater) were ltered through 0.45 mm glass ber lters and
spiked with known amounts of AuNPs. The samples were used
without further treatment.

3. Results and discussion
3.1. Characterization of LDHs and the mechanism of AuNP
extraction

The LDHs that were formed under the experimental working
conditions conformed to the characteristics of LDHs, as pub-
lished previously, exhibiting the typical IR bands observed in
Mg2+–Al3+ LDH (Fig. 1a) with characteristic peaks at 3450 cm�1

of the O–H vibrations, the O–H bending vibrations at approxi-
mately 1630 cm�1, the NO3 vibrations at 1380 cm

�1 and theMg–
O–Al vibrations at 450 cm�1.24 The SEM images (Fig. 1b) show
that LDHs exhibit a plate-like shape and generally tend to have
a hexagonal-like morphology which is typical for many
LDHs.33,34

3.2. Optimization of the experimental procedure for the
extraction of AuNPs

The efficiency of LDHs in extracting AuNPs from water samples
was optimized by investigating the concentration and ratio of
Anal. Methods, 2020, 12, 368–375 | 369
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Fig. 1 (a) ATR-IR spectra of theMg2+/Al3+ LDH; (b) SEM images of LDH
at different magnification (from left to right: 65�, 100�, 300�,
2000�).

Analytical Methods Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 8

/2
5/

20
25

 9
:3

3:
48

 P
M

. 
 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
the precursor metal ions (Mg2+ and Al3+), the concentration of
KOH, the extraction time and temperature as well as parameters
related to the collection and the elution of AuNPs (i.e. the
centrifugation and elution steps). Optimization experiments
were performed in 10 mL aqueous solutions fortied with 15.8
nmol L�1 of citrate-capped AuNPs (4 nm). Due to the fact that
AuNPs exhibit a unique peak wavelength related to their plas-
mon resonance, the optimum experimental conditions
producing the highest signal were determined spectrophoto-
metrically by recording the absorbance of the HCl extract
solutions at the peak wavelength, against a reagent blank. Once
the optimum conditions for the extraction of AuNPs have been
established, the method was transferred to ETAAS by isolating
the AuNPs (20 nm) by means of ultracentrifugation in order to
relieve the extract from co-extracted species that may interfere
with the analysis and accomplish high sensitivity.
Fig. 2 Effect of the Mg2+/Al3+ concentration (a) and ratio (b) on
extraction. Conditions: 15.8 nmol L�1 of citrate-capped AuNPs (4 nm),
100 mmol L�1 KOH, room temperature, 1 min mixing time, centrifu-
gation for 30 min at 6000 rpm (4200 g), dissolution in 0.5 mL of 0.5
mol L�1 HCl.
3.3. Effect of the Mg2+ and Al3+ concentration and ratio

The concentration and ratio of bivalent and trivalent metal ions
affect both the structure and the surface charge of the LDHs. A
ratio of M2+/M3+ between 2 and 4 is necessary for the formation
of a LDH,23 therefore the inuence of Mg2+ and Al3+ concen-
trations was initially investigated at a Mg2+/Al3+ ratio of 3 by
varying the total cation concentration from 1.0 to 10.0 mmol L�1

(Fig. 2a). The absorbance signal was found to increase with the
cation concentration up to 5 mmol L�1 but decreases at higher
concentrations. On the basis of these observations, the
optimum concentration of Mg2+ and Al3+ was set at 5 mmol L�1

(3.75 mmol L�1 of Mg2+ and 1.25 mmol L�1 of Al3+).
With regard to the Mg2+/Al3+ ratio, it was observed that the

higher extraction efficiency was attained at a Mg2+/Al3+ ratio of
2 : 1 and above (Fig. 2b). Since a 3 : 1 molar ratio is commonly
used in LDH-mediated extractions we adopted a molar ratio of 3
as optimum.
3.4. Effect of the KOH concentration

The addition of alkali is not only an essential prerequisite for
the formation of LDHs by coprecipitation but it also determines
the surface charge of AuNPs and therefore their ability to
interact with the positively charged LDH surface. The inuence
of the KOH concentration was investigated from 10–100 mmol
L�1 by rapidly adding the KOH solution into the sample
370 | Anal. Methods, 2020, 12, 368–375
containing the AuNPs and the soluble salts of Mg2+ and Al3+.
From the results depicted in Fig. S1† it is made clear that the
highest absorbance signal is obtained between 30 and 50 mmol
L�1 of hydroxide ions while at higher concentrations the signal
decreases slightly possibly due to the strong competition of
OH� anions with the negatively charged citrate-capped AuNPs
for the positive surface charge of the LDH layers. A KOH
concentration of 50 mmol L�1 was therefore used throughout
the remaining work for the formation of LDHs.
3.5. Effect of the extraction time and temperature

The extraction time and temperature were investigated in the
range from 2 to 45 min and 10–50 �C, respectively (Fig. S2†). The
data show that extraction rapidly reaches equilibrium at room
temperature possibly because the in situ formation of LDHs
facilitates the spontaneous interaction of AuNPs with the LDHs.
Longer extraction times or an increase in the temperature of the
solution offer no improvement in the extraction efficiency as
evidenced by the fact that the absorbance signal reaches
This journal is © The Royal Society of Chemistry 2020
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a plateau or decreases, respectively. These conditions are
particularity favorable for sample throughput because a large
number of samples can be prepared simultaneously without the
need for strict control of the reaction time and temperature.
3.6. Effect of ionic strength

The addition of inorganic electrolytes to regulate the ionic
strength of the sample solution may affect the extraction effi-
ciency in two different ways. The rst is by counterbalancing the
negative surface charge of AuNPs, which may facilitate their
aggregation and reduce their electrostatic interaction with the
positively charged LDH surface. The second is by affecting the
structure and morphology of LDHs as well as the selectivity of
anion exchange. In our work we prepared LDHs using nitrate as
counterions by using nitrate salts of Mg2+ and Al3+. Therefore,
we studied the inuence of ionic strength by using NaNO3 in
order to avoid anion exchange reactions with other anions. The
addition of NaNO3 was examined in the concentration range
from 0 to 500 mmol L�1 in two experiments. In the rst exper-
iment NaNO3 was added aer the formation of LDHs while in
the second experiment NaNO3 was added before the formation
of LDHs. The data in Fig. 3 show that the addition of the NaNO3

concentration induces a decrease in the absorbance signals.
This is probably because the excess amount of anions adsorbs
on the oppositely charged surface of the LDH screening the
surface charge of the LDH.34,35 This in turn reduces the elec-
trostatic interactions between the negatively charged citrate-
capped AuNPs and the positively charged LDH, thus reducing
the extraction efficiency. In parallel, as the concentration of Na+

counter-ions increases the negative surface charge of citrate-
capped AuNPs is counterbalanced. Therefore the electrostatic
interactions between citrate-capped AuNPs and LDHs are
signicantly suppressed.
Fig. 3 Effect of ionic strength on extraction. Conditions: 15.8 nmol L�1

of citrate-capped AuNPs (4 nm), room temperature, Mg2+ and Al3+

concentration 6.7 mmol L�1 (1/3), 50 mmol L�1 KOH, 1 min mixing
time, centrifugation for 30min at 6000 rpm (4200 g), dissolution in 0.5
mL of 0.5 mol L�1 HCl.

This journal is © The Royal Society of Chemistry 2020
These mechanisms are veried by the fact that the reduction
in the extraction efficiency is more signicant when NaNO3 is
added before the formation of LDHs because Na+ ions can
counterbalance the surface charge of citrate-capped AuNPs
before they can interact with the positively charged surface of
the LDHs. On the other hand, when NaNO3 is added aer the
formation of LDHs, the inuence of NaNO3 is less signicant
because some of the citrate-capped AuNPs have already inter-
acted with LDHs. Hence, the reduction in the extraction effi-
ciency may be due to the competition for the remaining citrate-
capped AuNPs. On the basis of these observations we concluded
that the method could be applied in water samples of low ionic
strength (e.g. river, lake water etc.) but not in samples with
a high salt content such as seawater, estuarine water etc.

3.7. Extraction and elution of AuNPs

The nal step in the extraction of AuNPs involves the separation
of the LDH from the bulk sample phase and its dissolution in
order to release the entrapped AuNPs. From Fig. S3† it can be
concluded that centrifugation for 25 min at 6000 rpm (4200 g) is
necessary to quantitatively collect the LDH. Lower centrifuga-
tion times do not effectively separate the LDH which remains in
the solution as evidenced by the fact that the aqueous (sample)
solutions remain turbid. As a result the extraction efficiency of
AuNPs decreases and the recorded absorbance value of AuNPs
in the extract solution (Fig. S3†) also decreases.

The dissolution of the LDH collected aer centrifugation is
a critical step in the overall process. The LDH must be quanti-
tatively dissolved in order to release the extracted AuNPs and
not interfere with the measurements. The dissolution of LDH is
easily accomplished by the addition of HCl but the concentra-
tion of HCl necessary to dissolve the LDH was found to depend
on the amount of LDH formed during extraction, which in turn
is determined by the sample volume that is extracted. For
example, to maintain a constant concentration of 5 mmol L�1

for Mg2+/Al3+ (at a molar ratio of 3) 50 mmol of Mg2+/Al3+ ions are
required for 10 mL of aqueous sample solution and 250 mmol
for 50 mL of the aqueous sample solution. Through trial-and-
error tests we found that the concentration of HCl increases
almost analogous to the amount of LDH. Specically, the LDH
formed from 50 mmol of Mg2+/Al3+ (1/3) cations could be
completely dissolved in 0.5 mL of 0.5 mol L�1 HCl while the
LDH formed from 250 mmol of Mg2+/Al3+ (1/3) cations required
0.5 mL of 2.5 mol L�1 HCl to be dissolved completely. On the
basis of these observations and in order to maintain a uniform
experimental procedure, irrespectively of the sample volume,
we dissolved the LDH in 0.5 mL of 2.5 mol L�1 HCl.

3.8. Extraction of AuNPs with different sizes and coatings

AuNPs are used in a plethora of different applications, there-
fore, it is expected that AuNPs will occur in the environment in
a large variety of different sizes, morphologies and surface
coatings. In addition, AuNPs undergo a series of physico-
chemical transformations in the environment that change their
initial structural and surface properties.22 Therefore, to enable
the determination of AuNPs in environmental samples,
Anal. Methods, 2020, 12, 368–375 | 371
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analytical methods should be able to extract and determine the
total concentration of AuNPs irrespectively of their size and
surface coating.

The generic utility of the method in the extraction of AuNPs
of different sizes and surface coatings was evaluated by
extracting 10 mL of aqueous solutions containing citrate-cap-
ped AuNPs of 4–60 nm and AuNPs (4 nm) coated with various
coatings (in addition to citrate) such as polymers (PVP and PVA)
and biomolecules (cysteine). These surface coatings cover
a wide range of AuNP capping agents that are used to stabilize
AuNPs through electrostatic, steric and electro-steric
interactions.

Table 1 presents the calibration functions of the method
with citrate-capped AuNPs of variable size. To enable a direct
comparison the functions have been calculated using the molar
concentration of gold ions (that was used to prepare the AuNPs)
and employing logarithmic curves since for larger AuNPs the
response deviated signicantly from linearity. The slopes of the
calibration functions decreased with increasing AuNP size
which is reasonable because (a) AuNPs of different sizes contain
different amounts of gold atoms (b) AuNP suspensions are
typically polydispersed and (c) AuNPs exhibit different absor-
bance responses that red-shi with increasing AuNP size.
Similar observations have been reported using other
methods.11,31 From these observations we concluded that this
method is suitable for obtaining an estimate of the total
concentration of AuNPs. This is made by extrapolating the
measured signal to that obtained from AuNPs of a specic size
(i.e. the concentration is expressed as equivalents of AuNPs of
a specic size that was used for calibration). This approach is
common in all generic analytical methods that measure the
total concentration of a specic class of compounds (e.g. assays
for total antioxidant capacity as gallic acid equivalents, methods
of the total phenolic content as trolox equivalents etc.) and has
been widely adopted for the analysis of metal nanoparticles by
various methods and techniques which calculate the nano-
particle concentration on the basis of an average nanoparticle
diameter (usually between 15–20 nm).11,16,18,31

To study the extraction efficiency of AuNPs stabilized with
different surface coatings we prepared AuNPs coated with PVP,
PVA, cysteine and citrate ions and extracted them under the
Table 1 Logarithmic calibration functions (in the form of y¼ a ln x+ b)
obtained from the extraction of citrated-capped AuNps of variable
average size distribution

Size (nm) Slope Intercept
Concentration range
(as Au3+ mol L�1 � 10�6) R2

4 0.19 2.47 3–20 0.991
7 0.16 2.20 1.5–10 0.98
10 0.17 2.20 3–20 0.98
14 0.11 1.44 3–30 0.99
20 0.1 1.32 2–30 0.994
30 0.09 1.30 5–30 0.997
50 0.08 1.10 2–30 0.98
60 0.05 0.76 3–30 0.996

372 | Anal. Methods, 2020, 12, 368–375
optimum experimental conditions. The dose–response curves
showed that citrate-capped AuNPs were more effectively
extracted than AuNPs coated with other molecules. This was
attributed to the surface charge of citrate-capped AuNPs as
compared to other coatings such as PVP, PVA and cysteine.
Although all AuNPs that were examined in this work have
a negative charge36–38 citrate-capped AuNPs have lower zeta
potential. In addition, citrate is a small molecule as compared
to large molecules such as PVP and PVA where steric repulsion
forces are signicant. Finally cysteine, although it has a free
carboxyl group like citrate, also has an ammonium moiety
which is positively charged under the working conditions (pKa

¼ 8.2) and may repel the positively charged LDH. When citrate-
capped AuNPs were added to tap water the dose–response
curves were similar to those observed for other AuNP coatings.
This was attributed to the complexation of alkaline earth metals
with the carboxylate groups of citrate ions that neutralize the
highly negative surface charge of citrate-capped AuNPs.39 In
contrast, there was no signicant difference in the dose–
response curves of PVP, PVA and cysteine-capped AuNPs in tap
and distilled water. Therefore, in real samples it should be ex-
pected that a uniform response should be produced for AuNPs
with variable coatings (Fig. 4).
3.9. Combination of the method with atomic spectroscopy
and species selectivity

Spectrophotometry may be an easy and convenient method for
the determination of AuNPs due to their characteristic absor-
bance in the visible region of the electromagnetic spectrum.
However, the sensitivity of spectrophotometry is limited to the
low nmol L�1 concentration levels. Specically, the calibration
function obtained from spectrophotometric detection by
extracting 50 mL of aqueous solutions containing increasing
concentrations of citrate-capped AuNPs (4 nm, 8 calibration
points) was linear in the range of 0.14–2.1 nmol L�1 (or 0.09–1.4
mg L�1 gold ions) according to the calibration function y ¼
Fig. 4 Dose–response curves obtained by extracting 10 mL of tap
water spiked with increasing concentrations of AuNPs (4 nm) with
different surface coatings.

This journal is © The Royal Society of Chemistry 2020
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0.28x � 0.02, R2 ¼ 0.998. Such concentrations may eventually
become relevant in the wastewater of laboratories or industries
producing large amounts of AuNPs but the concentrations of
AuNPs released into the environment are not expected to exceed
the ng L�1 or pg L�1 levels. Therefore, more sensitive analytical
techniques based on atomic spectroscopy are required for the
environmental surveillance of AuNPs.

The application of ETAAS was examined as a means to
improve the sensitivity of the method and enable the determi-
nation of AuNPs at the ng L�1 and pg L�1 levels. ETAAS,
however, cannot discriminate between AuNPs and dissolved Au
ions that may be present in natural waters. The presence of
dissolved Au ions in natural waters may introduce a “Trojan-
horse-like” co-extraction effect where Au ions are mis-
interpreted leading to false-positive estimation of the AuNP
concentration in real samples. To assess the selectivity of the
method against Au species we extracted aqueous solutions
containing citrate-capped AuNPs (20 nm), AuCl4

� and mixtures
of 1 : 1 AuCl4

�/citrate-capped AuNPs (20 nm) at equimolar gold
concentration levels under the optimum experimental condi-
tions. The results showed that both AuNPs and AuCl4

� were
efficiently extracted using the LDH. In fact, AuCl4

� ions could be
quantitatively extracted at concentrations as high as 6 mg L�1

due to anion exchange with the interlayer nitrate ions which
means that gold ions in environmental samples will also be
quantitatively extracted and misinterpreted as AuNPs.

To circumvent this problem we introduced a cleanup step
before ETAAS analysis. In this step, the acidic extract obtained
aer dissolution of the LDH with HCl was ultracentrifuged
three times at 18 000 rpm (15 120 g) for 20 min in order to
precipitate the AuNPs.40 The AuNPs that were attached at the
bottom of the Eppendorf vial were redispersed in 6 MHNO3 and
an aliquot of this sample was directly analyzed by ETAAS.
Additionally, due to the clean-up step, no interferences from
other ions (such as Ca2+, Fe3+, Cu2+, and Zn2+) that may also
precipitate at the working pH value was observed since they
were also dissolved and separated in the supernatant solution.
3.10. Analytical gures of merit

To evaluate the analytical merits of the method we extracted 50
mL of aqueous solutions containing increasing concentrations
of citrated-capped AuNPs (20 nm) and analyzed them with
ETAAS. Parameters such as the linearity of the calibration curve,
reproducibility, and recoveries from various water samples were
evaluated.
Table 2 Recovery of citrated-caped AuNPs from spiked environmental

Sample Spiked AuNPs (fM) Foun

River water 100.0 91
200.0 183

Lake water 100.0 71
200.0 160

Effluent wastewater 200.0 157
400.0 340

This journal is © The Royal Society of Chemistry 2020
The experimental results show that the calibration curves
obtained from 8 calibration points are described by a rst order
polynomial in the range of 50–500 fmol L�1 (12–120 ng L�1 gold
ions) according to the equation y ¼ 5 � 10�4x � 0.01, R2 ¼
0.998. The linear range obtained with ETAAS covers the
concentration ranges that are predicted for nanomaterials in
environmental samples based on probabilistic or material ow
algorithms.4,41 The detection limit, dened as three times the
signal to noise ratio, was 19 fmol L�1, corresponding to 4.6 ng
L�1 gold ions (calculated on the basis of spherical AuNPs of an
average diameter of 20 nm), which is better than or comparable
to the LODs reported in previous studies.11–14,17–20,31,42 The LOD
can conceivably be improved by increasing the ratio of the
sample to extractant volume (i.e. increasing the sample volume
or decreasing the volume of HNO3 at the nal step of the
procedure) or by resorting to more sensitive detectors such as
ICP-MS. We assume that higher ratios combined with ICP-MS
could bring the LOD to the attomolar levels providing a signi-
cant advancement to the early monitoring of AuNPs in the
environment. The RSD of the measurements for 5-fold deter-
mination of AuNPs at a concentration level of 200 fmol L�1 was
evaluated in spiked distilled and river water samples. The RSD
ranged from 7.8 to 8.9% in distilled water and river water,
respectively, which was considered to be acceptable for the
analysis of real samples.
3.11. Method application and recoveries

Although nanomaterials are already considered as emerging
environmental pollutants their release into the environment is
still limited and real positive samples are not available. There-
fore, spiking experiments were used to assess the applicability
of the method in the analysis of real samples. Genuine water
samples of variable matrix complexity (river water, lake water
and effluent wastewater) were spiked with AuNPs and extracted
under the optimum experimental conditions. Taking into
consideration our previous ndings regarding the inuence of
surface charge of AuNPs on the extraction efficiency and in
order to compensate for unrecognized variations in the
enrichment procedure, both instrumental and method cali-
bration were performed simultaneously using the same stan-
dard solutions composed of 50 mL tap water fortied with
increasing concentrations of citrate-capped AuNPs (20 nm).

Despite the very low spiking levels of AuNPs (i.e. femtomolar
levels), the recoveries ranged from 71–91.5% (Table 2), which is
within the range of recovery rates reported in other
samples

d AuNPs (fM) Recovery (%) RSD (%, n ¼ 3)

91 6.7
91.5 6.3
71 7.4
80 7.1
78.5 8.2
85 7.9
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studies.11–14,17–20 Therefore, the method is suitable for the
determination of trace levels of AuNPs in environmental
samples.
4. Conclusion

In this work we demonstrated for the rst time the ability of
layered double hydroxides to extract AuNPs from environmental
water samples. The extraction is accomplished in a single step
through electrostatic interactions between the positively
charged AuNPs and LDHs by in situ formation and dissolution
of LDHs in the sample by regulating the pH of the solution.
Additionally, by using this method both AuNPs and Au ions can
be extracted while species separation is accomplished by
ultracentrifugation. In combination with ETAAS the method
enables the determination of AuNPs at the femtomolar
concentration levels with satisfactory analytical features and
sensitivity that are comparable with those of more complex
methods or advanced analytical techniques. A disadvantage of
the method is the need for ultracentrifugation prior to detec-
tion. However, the simplicity of the experimental procedure, the
high sample throughput (36 or more samples can be extracted
simultaneously depending on the capacity of the centrifuge)
and the very low detection limits (femtomolar and potentially
attomolar levels with more sensitive detectors) make the
method an attractive alternative for routine applications.
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