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Abstract

The increasing industrial use of silver nanoparticles (AgNPs) has led to interest in their determination in different types
of environmental complex samples, including saline matrices such as aquaculture waters. A simple, reliable, and green
analytical method using instrumentation available in most of the laboratories has been developed for the determination of
silver as nanoparticles in saline samples. Cloud point extraction (CPE) was used for the separation of AgNPs from seawater,
and silver was then determined in the surfactant-rich extracts by electrothermal atomic absorption spectrometry (ETAAS).
Parameters related to ETAAS and the cloud point extraction procedure (Triton X-114 concentration, volume of complexing
agent (EDTA), pH and type of buffer, effect of repetitive extraction, matrix modifier, etc) were evaluated. A concentration
of Triton X-114 of 12% (v/v), a volume of 750 pL of saturated EDTA, and a pH of 7.0 were selected as the optimum condi-
tions for the separation of AgNPs. Standard addition calibration solutions in a concentration range from 0 to 3.0 ug L™! of
AgNPs were subjected to the CPE procedure and used for silver determination by ETAAS. The LOD and LOQ were 0.038
and 0.125 pg L™ of silver (as AgNPs), respectively. The method is precise (whole procedure 9.7%) and accurate (recovery
percentages 99+4%), showing a good selectivity for the extraction of AgNPs, while ionic Ag remains in the aqueous phase.
Moreover, the results of size analysis of the nanoparticles in the surfactant extracts of seawater samples spiked with AgNPs
(40 and 60 nm) by SP-ICP-MS and TEM were in good agreement.
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Introduction

In recent years, the use of nanomaterials has increased in
different industrial sectors due to their specific properties
because of their small size. Inorganic nanoparticles are a
type of nanomaterial with many applications in different
areas. According to the Nanotechnology Product Database
(StatNano), silver nanoparticles (AgNPs) and titanium diox-
ide nanoparticles (TiO,NPs) are the most widely used along
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with silicon oxide nanoparticles [1]. This database includes
1093 products containing AgNPs, most of them in sectors
such as medicine, textiles, cosmetics, environment, and
home appliances. Some of their applications are due to sil-
ver’s antibacterial and fungicidal properties [2-5]. Because
of the increasing use of these nanoparticles, they are released
into the environment (e.g., water and soil), reaching sewage
treatment plants, rivers, and seawater. Nanoparticles present
in aquatic systems can be transformed into other species [2,
6], accumulate in marine organisms, be transferred through
the trophic chain, and finally reach humans. Several stud-
ies have been carried out to evaluate AgNPs bioaccumula-
tion and toxicity in marine organisms. Thus, Wang et al. [7]
studied the toxicity, bioaccumulation, and biotransformation
of citrate and polyvinylpyrrolidine (PVP) coated AgNPs in
marine organisms via marine sediment exposure. The results
obtained from 7-day toxicity tests indicated that these NPs
did not exhibit toxicity to the amphipod (Ampelisca abdita)
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and mysid (Americamysis bahia) at <75 mg Kg~! dry wt.
However, a 28-day study showed Ag accumulation in the
marine polychaete Nereis virens exposed to citrate-AgNPs,
PVP-AgNPs, as well as AgNO;. Authors concluded that
AgNPs surface capping agents influenced Ag uptake, bio-
transformation, and/or excretion. Lopez Mayén et al. [8]
studied the bioaccumulation of PVP-AgNPs in Palmaria
palmata and Ulva sp. seaweed. A bioaccumulation study
was conducted with seaweed exposed to 0.1 and 1.0 mg L™!
PVP-AgNPs (15 nm) for 28 days. Authors concluded that the
bioaccumulation changed with the type of seaweed and was
not proportional to the concentration. Aratjo et al. [9] stud-
ied the effects of AgNPs on the metabolism of turbot, Scoph-
thalmus maximus, from the proteomic modifications caused
by exposure to sublethal concentrations of the nanomaterial.

Several analytical techniques have been used for the deter-
mination of the metallic content in inorganic nanoparticles
in different matrices [10]. Among the most used techniques
are atomic spectrometry or inductively coupled plasma mass
spectrometry (ICP-MS), after subjecting the sample to a pre-
vious separation step such as cloud point extraction (CPE),
capillary electrophoresis (CE), or field flow fractionation
(FFF) [11-13]. On the other hand, single particle ICP-MS
(SP-ICP-MS) can provide information on the size and con-
centration of nanoparticles without prior separation [6, 14].
The advantage of ICP-MS over other techniques is its high
sensitivity, but the main drawback is the high cost of the
instrumentation, which makes it unaffordable for most of
the routine analysis laboratories. On the other hand, a major
problem when analyzing nanoparticles in seawater samples
is the high salt content, leading to interferences during the
analysis. One way to avoid this problem is to dilute the sam-
ple, with the risk of the concentration level being below the
detection limit of the technique. A review about the current
trends and challenges in the analysis of the engineered NPs
in seawater was reported by Timerbaev et al. [15].

Atomic absorption spectrometry with electrothermal
atomization is a more cost-effective technique that is avail-
able in most laboratories. Several studies are reported in
the literature for the determination of inorganic nanoparti-
cles in different types of samples using CPE and ETAAS.
Therefore, Hartmann et al. [16] developed a method for trace
determination of AgNPs in water samples (sewage treatment
plant and river water). Lopez-Garcia et al. [17] reported a
study for speciation of AgNPs and Ag(I) using CPE and
ETAAS applied to spiked tap water, mineral water, and two
seawater samples. Lopez Mayéan et al. evaluated a method
using CPE for the preconcentration of AgNPs in wastewater
samples by ETAAS [18].

The aim of this work was to develop a sensitive, low-
cost, and selective method for the determination of AgNPs
in seawater samples using CPE and ETAAS. The method
was evaluated for different nanoparticle sizes. The influence
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of several parameters affecting CPE and ETAAS applied
to seawater samples is described in detail. In addition, the
SP-ICP-MS technique was used to check for variations in
nanoparticle size during the extraction process.

Materials and methods
Instrumentation

An atomic absorption spectrometer 1100B model equipped
with a HGA 700 graphite furnace, deuterium background
correction, and an AS70 autosampler (Perkin Elmer, USA)
was used for Ag determination in the CPE extracts. A
NexION® 2000 instrument (PerkinElmer, USA) operating
in SP-ICP-MS was used to obtain AgNPs concentration and
size distribution. More details about the instrumentation are
provided in the Supplementary information.

Reagents

All the details about reagents are also provided in the Sup-
plementary information.

Cloud point extraction procedure

Cloud point extraction procedure was used for AgNPs
extraction. Therefore, a volume of 40 mL of seawater sample
was introduced in a conical tube. Then, 750 pL of saturated
EDTA, 500 pL of 12% v/v Triton X-114, and 500 pL of
buffer solution pH 7.0 (1.25 M acetic acid/1M acetate) were
added. The suspension was vortexed and then introduced
in a water bath at 60 °C for 30 min. The tubes were then
centrifuged at 4500 rpm at 4 °C for 15 min. The supernatant
phase was discarded, and the surfactant phase was used for
analysis by ETAAS and SP-ICP-MS. The determination of
silver in the surfactant phase by ETAAS requires a digestion
of the extract before the analysis. Ultrasonic-assisted acid
digestion was carried in an ultrasonic bath at 60 °C for 30
min after the addition of 25 pL of 69% (w/w) HNOj to the
sample extracts.

In the experiments by SP-ICP-MS, the surfactant phase
was diluted with ultrapure water 200 times before the
analysis.

Silver determination by ETAAS

Silver determination in the digested CPE surfactant-rich
phase was performed by ETAAS. The analysis was carried
out using a hollow cathode lamp working at 15 mA, with a
wavelength of 328.1 nm and a spectral bandwidth of 0.7 nm.
A deuterium background correction lamp and an integration
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Table 1 Temperature program of ETAAS for Ag determination in the
CPE extracts

Step Tem- Ramp time Hold time (s) Argon Flow
perature  (s) (mL min™!)
)

Dry 150 25 25 300

Mineraliza- 1300 20 20 300

tion
Atomization 1800 O(read)
Cleaning 2500 3 3 300

Table 2 Operational conditions for AgNPs analysis by SP-ICP-MS

Parameter/Component Type/Value/Mode

Nebulizer CT R* Meinhard

Spray chamber 5 °C refrigerated glass
cyclone chamber with
Peltier PCX

Cone material Nickel

Radiofrequency power 1600 W

Plasma gas flow 15.0 L min™!

Auxiliary gas flow 1.2 L min~!

Nebulizer gas flow 1.15 L min™!

Sample uptake rate 0.21 mL min~'

Dwell time 50 ps

Acquisition time 100 s

Readings 2x10°

Operation mode Standard

Isotope 107Ag

Rejection parameter q (RPq) 0.25

Transport efficiency, TE(%) 11%

time of 3 s were used. The temperature program of ETAAS
is shown in Table 1.

A mixture of palladium nitrate and ascorbic acid in con-
centrations of 50 mg L™ and 172 mg L', respectively, was
used as a chemical modifier. The sample volume injected
was 20 pL.

AgNPs analysis in the CPE extracts by SP-ICP-MS

CPE extracts were analyzed by SP-ICP-MS to evaluate pos-
sible changes in nanoparticle size during the extraction pro-
cess. CPE extracts were diluted with ultrapure water before
the analysis by SP-ICP-MS using the operational conditions
shown in Table 2. Syngistix™ Nano Application software
was used for data treatment in the analysis by SP-ICP-MS.
The data treatment using this software requires measurement
of the sample flow rate and transport efficiency. The trans-
port efficiency was estimated using PEG-COOH gold nano-
spheres of nominal diameter of 50 nm from Perkin Elmer

(with a diameter measured by TEM of 51 nm). A suspension
of 1.016 x 10° part mL~! was introduced in the ICP-MS at a
sample uptake rate of 0.21 mL min~!, and *’Au isotope was
monitored. An external Ag ionic calibration between 0 and
2.0ugL71(0,0.5, 1.0, and 2.0 ug L") prepared in ultrapure
water was used for SP-ICP-MS analysis. The AgNPs con-
centration and size distributions in the diluted extracts were
directly obtained from the software after analysis.

Statistical analysis

Syngistix™ Nano Application software (Perkin Elmer) was
used for data treatment in the analysis by SP-ICP-MS, while
Statgraphics X VIII (Warrenton, USA) and Microsoft Excel
were used for the statistical analysis of the data obtained by
ETAAS in this research work.

Results and discussion

ETAAS is an inexpensive analytical technique for the deter-
mination of the total elemental content, and prior separation
is necessary to selectively determine the silver content in the
form of nanoparticles. Seawater samples have a very com-
plex matrix due to their high salinity, causing interferences
in analytical methods. The removal of the matrix (mostly
NaCl) is important to decrease interferences and background
signal [19]. In addition, the concentration levels of nano-
particles in the samples are very low, so pre-concentration
steps are necessary. The CPE procedure allows the separa-
tion of the nanoparticles from the saline matrix, separating
the ionic form from the nanoparticulate at the same time as
the pre-concentration of the analyte takes place. Another
advantage of CPE is that it uses small volumes of reagents,
which are non-toxic, and the cost is low. The main drawback
is that the technique is time-consuming in comparison to
direct analysis using, e.g., SP-ICP-MS. However, in this last
technique, the accurate analysis of the size and concentration
of nanoparticles will also depend on the amount of dissolved
silver present in the sample.

Experiments were carried out to select experimental con-
ditions for selective AgNPs extraction from saline matrices
using CPE, as well as the optimum conditions for the analy-
sis of Ag in the surfactant-rich phase from CPE by ETAAS.

Optimization of the operational conditions for Ag
determination by ETAAS

Electrothermal atomic absorption spectrometry was used for
Ag determination in the surfactant phase from CPE. This
technique was selected because of its low cost of analysis
as well as its availability in most chemical analysis labora-
tories. A study was performed to select the conditions for

@ Springer



470 Page4of11

Microchim Acta (2025) 192:470

the different steps of the temperature program as well as the
selection of matrix modifiers.

The sample matrix can affect both the extraction process
and the determination by ETAAS. The mixture of Pd nitrate-
Mg nitrate had been used as a chemical modifier to minimize
matrix interferences in the analysis of Ag in the surfactant-
rich phases obtained after CPE of AgNPs in a previous study
applied to wastewaters [18]. However, this mixture was not
able to reduce the background signal from the extracts of
seawater homogenized with ethanol, and poor precision was
obtained in the analytical signals, even if two drying and two
mineralization steps were included in the graphite furnace
program.

Finally, after several experiments, it was decided to select
a mixture of Pd nitrate and ascorbic acid at concentrations
of 50 mg L™! and 172 mg L™}, respectively, as matrix modi-
fier. Bermejo-Barrera et al. [19] critically studied the use of
chemical modifiers for the quantification of high, medium
volatility and refractory metals in seawater. The background
absorbance depended on the salt content in the sample, min-
eralization and atomization temperatures, and the chemical
modifier used. For Ag (medium volatility), the background
was higher than for refractory elements, and the use of
reduced palladium (e.g., palladium nitrate + ascorbic acid)
improved the analytical characteristics such as sensitivity
and reduced the interferences of sodium chloride and potas-
sium sulfate.

To optimize the ETAAS temperature program, a 10-fold
diluted CPE seawater extract digested with nitric acid
was spiked with 5 ug L™! of AgNPs of 20 nm. The results
obtained, absorbance signal and background signal, for the
optimization of mineralization and atomization tempera-
tures are shown in Figure S1 (Supplementary information).
Considering the absorbance signals of the analyte and back-
ground, as well as the peak shape, 1300 °C and 1800 °C
were selected as the optimum temperatures for mineraliza-
tion and atomization, respectively.

Optimization of the cloud point extraction
procedure

After selecting the ETAAS measurement conditions, the
parameters affecting the CPE process were evaluated. The
effect of the volume of saturated EDTA, concentration of
Triton X-114, and pH in the AgNPs extraction were studied.

Optimization of the volume of chelating agent (saturated
EDTA)

The first parameter studied was the volume of saturated
EDTA added. EDTA is added to the sample to complex
ionic silver to prevent its extraction to the surfactant phase.
The starting conditions used for the optimization of the CPE
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procedure were those used in our previous work [18], with
some modifications.

Therefore, a volume of 40 mL of seawater sample spiked
with 5 ug L' of AgNPs (20 nm) was introduced in a coni-
cal tube. Volumes of 0.5 mL of 12% Triton X-114, 0.4 mL
sodium acetate (1 M), 0.1 mL of acetic acid (1.25 M), and
variable volumes of saturated EDTA (0.5, 0.75, 1.0, 1.25,
and 1.5 mL) were then added. The samples were vortexed
and introduced in a water bath at 60 °C for 30 min. After this
time, the samples were centrifuged at 4500 rpm for 20 min.
The supernatant phase was discarded, and the surfactant
phase, containing the AgNPs, was used for the analysis by
ETAAS after ultrasound-assisted digestion with nitric acid.
The experiment was carried out in triplicate for each volume
of EDTA and blank. The digested extract was diluted ten
times for the analysis by ETAAS using the measurement
conditions described above.

The results obtained are shown in Fig. 1a. The one-way
ANOVA test performed using the software Statgraph-
ics XVIII (Warrenton, USA) showed P-values lower than
0.05; then, this confirms statistically significant differences
between the average absorbances obtained for the EDTA
volumes studied at a 95% significance level. Based on the
results obtained, a volume of saturated EDTA of 750 uL
was selected.

Optimization of the concentration of Triton X-114

The second parameter evaluated was the percentage of the
surfactant Triton X-114. The study was performed by pre-
paring suspensions of AgNPs in seawater, as in the EDTA
effect study, and adding 750 pL of saturated EDTA, the same
volumes of acetic acid and sodium acetate, as well as 0.5 mL
of Triton X-114 of different concentrations (6, 8, 10, 12, and
14% (w/w)). Triplicates of each concentration level were
used with their corresponding blanks. CPE was performed,
and diluted extracts were analyzed. Absorbances are shown
in Fig. 1b. The best results were obtained for 12% (w/w)
Triton X-114; therefore, this concentration was selected for
further experiments.

The optimum concentration was higher than that used
in other studies. Lopez-Mayan et al. [8] used an optimum
concentration of 8.6% (w/w) Triton X-114 in the analysis of
wastewaters, while Wimmer et al. [6] employed 10% (w/w)
Triton X-114 to obtain seawater extracts before the measure-
ments by ICP-MS.

Optimization of pH

The last parameter evaluated was the pH of the medium.
For this, the CPE process was performed, adding the previ-
ously selected volume of EDTA and concentration of Triton
X-114 and varying the pH in a range from 4.7 to 8 (4.7,
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Fig. 1 Influence of (a) the volume of saturated EDTA added in the
AgNPs extraction process, (b) concentration of Triton X-114, (¢) pH

5.3, 5.9, 6.5, 7.0, 8.0) using the buffer solution of acetic
acid (1.25 M) and sodium acetate (1M). As in the previous
cases, the experiment was carried out in triplicate for each
pH value, as well as the corresponding blanks. After analysis
of the results obtained (Fig. 1c), pH = 7 was selected for the
extraction of AgNPs from seawater by CPE, similarly to a
previous study in our research group using fresh waters [8].

It was observed that the absorbances increased and sta-
bilized at pH 7.0 in the acetic acid/acetate buffer. Another
experiment was carried out at pH 9.0 and 10.0 using a phos-
phate buffer, and obtaining the maximum signal at pH 10.0.
However, in this case, the extraction of AgNPs vs. ionic
silver was not selective, probably due to the precipitation of
silver as phosphate.

Use of a double cloud point extraction procedure

Repetitive CPE procedures have been proposed to concen-
trate nanoparticles before transmission electron microscopy
combined with energy dispersive X-ray spectrometry (TEM-
EDX) [20]. As the sample analyzed in the present study
is seawater, which contains a high concentration of salts,
experiments were carried out using a double CPE procedure
to reduce the background signal in the ETAAS determina-
tion. The experiment was carried out by performing a first
CPE and separating the surfactant phase, which contains
the AgNPs. This organic rich phase was then weighed, and
40 mL of ultrapure water and the reagents necessary to
perform the second extraction (EDTA, Triton X-114, and
sodium acetate/acetic acid buffer) were added. After cen-
trifugation, both phases were separated, and the surfactant
phase was digested with HNO; before ETAAS analysis. In
the analysis of the aqueous phase, absorbance values were
similar, indicating that there was no loss of AgNPs in the
double extraction. After analysis of Ag in the surfactant
phase, it was observed that although there was a reduction
in the background signal, there was no improvement in the
precision of the method. At high concentrations of nanopar-
ticles, RSD % values higher than 10% were obtained (20%
and 28% for AgNPs concentrations of 1.0 and 1.5 ug L™},
respectively). Considering these results, it was decided to
discard the double extraction procedure. The precision in
the measurements was improved with the addition of 25 uL.
of 69%(w/w) HNO; to the extracts instead of ethanol [8] and
sonicating for digestion and homogenization before ETAAS
analysis.

The final optimized CPE procedure is described in the
“Cloud point extraction procedure” section.

Analytical figures of merits
Calibration. Influence of particle size

In our previous study, for the determination of AgNPs in
wastewater samples using CPE and ETAAS [18], two dif-
ferent calibration methods were compared: the standard
addition method using surfactant extracts to prepare AgNPs
standards and a standard addition subjected to the CPE pro-
cedure. Statistically significant differences were observed
between the slopes of both calibrations; therefore, standard
addition subjected to the CPE procedure was selected to
minimize the effect of the interferences due to the matrix
of the sample. Considering the results of our previous study
and the fact that the seawater sample matrix is much more
complex due to the high salt content, it was decided to use
the standard addition method subjected to the CPE process.

To perform the calibration, aliquots of seawater spiked
with concentrations of AgNPs of 0, 0.5, 1.0, and 2.0 ug L™

@ Springer



470 Page6of11

Microchim Acta (2025) 192:470

were subjected to the CPE procedure. The procedure was
carried out in duplicate for each concentration. The sur-
factant phase was then separated and analyzed in triplicate
by ETAAS. To assess whether the size of the nanoparticles
influenced the sensitivity of the method, calibration was per-
formed using three different sizes of AgNPs (20, 40, and 60
nm covered with citrate). The calibration equations (absorb-
ance vs. Ag concentration) obtained were A = 0.0596 [Ag] +
0.009, r =0.998 (for 20 nm), A = 0.0607 [Ag] + 0.00092, r
= 1.000 (40 nm), and A = 0.0623 [Ag] + 0.0148, r = 0.995
(60 nm).

The slopes of these calibrations were compared using
a t-test, and no significant differences were observed at a
95% significance level. This means that the sensitivity of
the method does not depend on the size of the nanoparticle
used to perform the extraction process.

Sensitivity

The sensitivity of the method was studied by the calculation
of the limit of detection (LOD) and quantification (LOQ).
These limits were calculated according to IUPAC recom-
mendations [21], considering the standard deviation of the
measurements of a blank (subjected to the CPE procedure
and digested with nitric acid in the US bath) and the slope
of the analytical calibration curve obtained. The LOD (3%
blank standard deviation/slope) and LOQ (10 X blank stand-
ard deviation/slope) obtained were 0.038 pg L~ and 0.125
ug L1, respectively.

Table 3 shows the characteristics of the methods used
for the analysis of AgNPs in environmental waters after
CPE. As it can be observed, the studies focusing on [6] or
providing some information on AgNPg in seawater [17, 22,
23] are very scarce. The calibration ranges and the detec-
tors used were also very different: ICP-MS and SP-ICP-MS
[6], ETAAS with high resolution continuum source (HRC-
SAAS) [17], total reflection X-ray fluorescence spectrometry
(TXRF) [22], and colorimetry [23].

The limits of detection reported in the literature depend
mainly on the type of technique used for the detection [15],
with the minimum value obtained by Wimmer et al. [6]
combining CPE and ICP-MS and diluting the surfactant-
rich phase with aqueous ethanol. Liu et al. [24] were the first
research group that determined Ag as AgNPs after CPE with
Triton X-114, microwave digestion of the CPE extract, and
ICP-MS detection, and obtained a LOD of 6 ng L™!. The
method was applied to river, lake, and wastewater treatment
plant (WWTP) waters. In a previous study by Bahadir et al.
[22] that used CPE with TXRF detection for the simultane-
ous determination of silver and gold nanoparticles, obtained
a limit of detection in aqueous samples 0.33 ug L', Analy-
sis of AgNPs using CPE with Triton X-114 and gold nano-
particles stabilized with Tween 20 for colorimetric assay
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provided a limit of detection of 1 ug L~ in tap water and
seawater [23].

The detection limit obtained in this study is better than
that reported by Lépez Garcia et al. [17] (0.05 ug L™1), per-
forming the calibration in a range of concentrations similar
to that of the present work (0.2-4.0 ug L™!). However, as
these authors use a high-resolution source spectrometer, they
can achieve a limit of detection as low as 2.0 ng L~!, consid-
ering only the three central pixels for analysis and decreas-
ing the calibration range to 0.005-0.1 ug L™'. However,
this detection limit is somewhat higher than that obtained
by Hartmann et al. [16] (0.7 ng LY for the determination
of AgNPs in river water samples and wastewater treatment
plant effluents. This difference in sensitivity may be due to
the high salt content of seawater and to the different types of
instruments or background correction system in the ETAAS
equipment used. A Zeeman-corrected atomic absorption
spectrometer was used in the study reported by Hartmann
etal. [16].

The LOD and LOQ obtained in a previous study of our
research group were 0.04 and 0.13 pg L™" using fresh water
and a graphite furnace with deuterium background correc-
tion, and they were then very similar to those achieved using
a seawater matrix. Therefore, it seems that the combination
of CPE and ETAAS was not strongly affected by the pres-
ence of the saline matrix.

Precision

Precision was assessed through repeatability and precision
of the whole procedure. The repeatability was evaluated by
performing ten repeated ETAAS measurements of a CPE
extract obtained from a seawater sample spiked with 1 ug
L~! of 20 nm AgNPs diluted ten times before the analysis.
The relative standard deviation obtained was 1.7%. The pre-
cision of the whole procedure was assessed using a seawa-
ter sample spiked with two concentration levels (0.5 and 2
ugL ") of 20 nm AgNPs, subjected in triplicate to the CPE
procedure. The average RSD was 9.7%. The relative stand-
ard deviation values are less than 10%, so we can conclude
that the method presents good precision.

Analytical recovery

The lack of certified reference materials is one of the main
problems found in the analysis of engineered nanoparticles,
specifically in seawater [15]. Since certified reference mate-
rials of AgNPs are not available, the accuracy of the method
was evaluated by calculating the analytical recovery. The
analytical recovery was assessed using a seawater sample
spiked with three concentration levels (0.5, 1.0, and 2.0 pg
L1 of 20 nm and 40 nm and 60 nm AgNPs subjected to the
CPE procedure in triplicate. The mean analytical recoveries



470

Page 7 of 11

Microchim Acta (2025) 192:470

(ernpaooxd
a[oym) %L°6

(uondALI0d

Te 1@

‘(-queadar) /1 % v¥66 —131 8¢0°0 =131 ¢—0  wnuenep) SYVIH PaIe0d 9BNI) J9)eMBIS  Apnis Judsald OSuO[y-e[aroreg
Jusnpye
dLMM Torem

%6y > %996—¢'18 -T18ug =181 001-1°0 SIN-dDI-D1 SAN-S8Y B[ pue JoALY [o¢] ‘Te 30 noyz

(uonen

(roqunu -Uo0u0d) | T jred I91EM

- opnred) % 901-9L  ,OTXG *(oz1S) wiu g7 =181 6-62°0 SI-dDI-dS SAN S8y de) pue e[ “ToAry [oz] Te 10 ToM
sjuonpur
sANSY pue sjuonpyo
(;-131 001 (s1oA9] payids) [eToISWWIOd dLMAM ‘Torem

%09'S  10J %8'88) %91 1-LS -13u9 =131 9%1-1°0 SIN-dDI pue sqNSV-dAd Y[ pue JOATY [c] ‘e ary
JI9)BMBIS

- % TO1-86 =18 =131 gzy-L1 oLnRUILIo0) paeod Aeniy pue 1ojem de], [zl e np

(197eMEIS payds)

%6 <(uoneIqrred J3JeMedS pue

%91 [euI=Ixd) %0018 T3¢0 =181 0001-1 JIXL paje0d Aenr)  IoAll ‘de) ‘[RIOUIN [czl ‘Te 10 1peyegq

(uonda1I0d

%0€¥ % 901-L6 =131 4070 (=181 01-0 wnuANop) SYVLA Paleod Aeniy SIOJEMAISEAL [81]  '[e 10 uekey-zodo]
=1 1310420 sordwes
3 g0 ‘(spexid ‘(spoxid [enuad ¢) (SVYVS JI)BMEIS OM) PUB

%09 % S01-96 [enuedo¢), J3ug 131105000 -O¥H) SVV.Ld pajeod jenr) [eseul ‘paoq ‘dey, [L1]  Te 3 eoren-zoedo
suonnjos oY}
-UAS ‘Iojemalsem
(uonoe110 pajeanun pue

% 8CI—8'L % 08 < e A = T8u06—6T'1 URWI9Z) SVV.IH PaIR0d 9eNL)  PAIRal IARM IOARY [o1] ‘[e 3o UueUIEH
Iojem 9ye[ pue

%8 % €CI—6L ~T8ug =181 4910 SIN-dDI Pa3e0d 2enin TOALT “ISIRMIISTAN [11] Te 30 Suex
J9)eMeds
SAN-SSV pue Ayrurpes Jur
(az1s SIN ‘SdN-IDSV -SBQIOUI [)IM SO

- % ¥6-88 upwu g T3UTQ =181 00§ -dDI-dS SIN-dDI ‘PaIR0d ABNLD)  -LIBW ‘SISIRMIISBA\ [9] ‘[e 30 Jowwipy

(% dS¥) uorsioalgd K10A009Y aol o3uer uoneIqIe) uondNRq SANSV Jo odA], 197em Jo adAL, PEN| sioyIny

uonoenxd jurod pnoyo I19)Je SI1JeMm [BJUSWUOIAUD UI SGNSV JO SISA[eur 10J SPOYIRIN € d|qel

pringer

As



470 Page8of11

Microchim Acta (2025) 192:470

obtained were 101+8 %, 90+5%, and 97+6% for spiked
AgNPs of 20, 40, and 60 nm, respectively. The recovery
percentages obtained are around 100% for the three particle
sizes studied, so it can be concluded that the method presents
good analytical recovery using the standard addition method.
Bahadir et al. [23] also observed by CPE-TXRF that the
recovery of AgNPs in spiked seawater was approximately
40-50% instead of 94% if the standard addition method is
not applied. Moreover, our study shows that the recovery
percentage does not depend on the nanoparticles size.

Selectivity

The aim of this work was to develop a selective method
for the determination of silver nanoparticles, so that in the
extraction process, the ionic silver would remain in the aque-
ous phase. Experiments were performed to evaluate the
capacity of the method to separate AgNPs and ionic silver.
Therefore, seawater sample spiked with 2 ug L™! of ionic Ag
was subjected to the CPE procedure in triplicate. Silver was
then determined in the acid-digested surfactant-rich phase
by ETAAS. The extraction efficiency of ionic silver obtained
was 4%. These results indicate that the method is selective
for the extraction of AgNPs and that ionic silver remains in
the supernatant phase.

Analysis of AgNPs in the extracts by SP-ICP-MS

Single particle inductively coupled plasma mass spectrom-
etry (ICP-MS) was used to determine the size of AgNPs in
the extracts after submitting a seawater sample to the CPE
procedure. The objective is to check whether a change in
particle size occurs during the extraction process.

For the experiment, a seawater sample was spiked with 2
ug L™! of AgNPs. Two different sizes of AgNPs were tested:
40 nm silver nanospheres (size by TEM: 41 + 5 nm) and
60 nm silver nanospheres (size by TEM: 59 + 6 nm), both
stabilized with citrate. The CPE protocol was applied in trip-
licate, and the surfactant-rich phase extracts obtained (no
digestion with nitric acid) were kept in the fridge for 24 h at
4 °C before the analysis by SP-ICP-MS.

The instrumental conditions applied for the SP-ICP-MS
measurements (Table 2) and the instructions for calibration
and calculation of transport efficiency are included in the
“AgNPs analysis in the CPE extracts by SP-ICP-MS” sec-
tion. The surfactant-rich phases were diluted 200 times with
ultrapure water before the measurements. Each extract was
diluted and analyzed in duplicate. The mean values meas-
ured showed a good agreement with the diameters obtained
by TEM for both particle sizes: 40.0 + 1.0 nm vs. 41 + 5 nm
(TEM) and 55.2 + 0.5 nm vs. 59 + 6 nm (TEM). The rela-
tive standard deviations of the mean (n = 12) were 3 and 1%
for particle sizes of 40 and 60 nm, respectively, indicating a

@ Springer

good precision in diameter size measurements. Two exam-
ples of size histograms are shown in Fig. 2. The limit of
detection in size (LODg;,.) was calculated after the analysis
of the rich surfactant extract of a seawater without spiked
silver diluted 200 times and using the spreadsheet designed
by Laborda et al. [25]. The LODy;,, obtained was 16.7 nm
using the 3o criteria (3% baseline standard deviation), or
19.8 nm using the 5o criteria. This LOD is slightly smaller
than the value of 22 nm reported by Wei et al. [26] who used
CPE and SP-ICP-MS to study the behavior of nano-silver
sulfide in environmental waters (lake, river, and tap water).
However, Wimmer et al. [6] obtained a LODy;,, of 6 nm for
seawater. The instrumental limit of detection for the concen-
tration of particles (LOD_,centration) Was 5.28 X 10° part L™
using the 5o criteria to avoid false positives, and referred to
sample, it was 1.06 x 108 part L™! (dilution 1:200).

SP-ICP-MS can be a powerful tool to monitor the
behavior of AgNPs in waters at concentrations as low as
ng L~! [27]. Toncelli et al. [28] had previously investi-
gated the dissolution of AgNPs in seawater microcosm
by SP-ICP-MS, observing a higher stability of branched
poly(ethyleneimine)-coated AgNPs in comparison to PVP-
AgNPs. Wimmer et al. [6] evaluated by CPE and SP-ICP-MS
the fate of AgNPs (citrate-coated, AgCIl-NPs, Ag,S-NPs) in
waters with increasing salinity and seawater, and they found
that most of them were dissolved after 72 h of incubation. In
the present study, the good agreement between the diameters
measured by SP-ICP-MS after CPE and the certified values
by TEM indicated that the extracts were stable during at
least 24 h and that single particle ICP-MS analysis is useful
for size analysis in saline matrices as seawater after the cloud
extraction procedure.

Cloud point extraction is useful to extract and enrich
NPs, but more studies are still needed to understand the
mechanisms of the separation of colloidal and dissolved spe-
cies and model their behavior. Automation of CPE will be
another important area of research to improve the efficiency
and strengthen the use of this technique in routine analyses
[29]. As it can be observed in Table 3, most of the studies
in the literature were performed using citrate-coated NPs.
The fate of AgCI-NPs and Ag,S-NPs was also studied in
saline matrices and seawater [6], and Zhou et al. [30] per-
formed the speciation of Ag,S and ZnS NPs in lake, river,
and wastewaters by liquid chromatography and ICP-MS
after CPE. Hartmann et al. [31] also evaluated the influence
of nanoparticle coating of AgNPs and matrix components
on the CPE. They found that CPE recoveries were between
82 and 105% for all the types of coatings studied (citrate,
PVP, 12-mercaptoundecanoic acid, mercaptosuccinic acid,
lysine, cysteine, starch, chloride, sulfide, phosphate) except
for bovine serum albumin. Moreover, these authors reported
the formation of AgNPs after the reduction of ionic silver
in the presence of organic matter. Similar studies should be
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Fig.2 SP-ICP-MS histogram
of a CPE extract of a seawater
sample spiked with (a) 40 nm
and (b) 60 nm AgNPs
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performed with real seawater samples of different salinities,
organic matter content, and to model the aging of the NPs in
different environmental conditions such as irradiation.

Conclusion

A simple, selective, inexpensive method for the determina-
tion of Ag as nanoparticles in seawater samples has been
developed after the optimization of ETAAS and CPE condi-
tions using this saline matrix. Calibration using the standard
addition method subjected to the CPE process was necessary
to minimize sample matrix effects, and the mixture palla-
dium nitrate-ascorbic acid was used as a matrix modifier for
the analysis of the surfactant-rich extract after an easy ultra-
sound-assisted digestion step with nitric acid. The slopes
of the calibration graphs obtained, precision and recovery
did not depend on the size of the nanoparticles used. The
results obtained with SP-ICP-MS showed that there was no
change in the size distribution of the nanoparticles during
the CPE process.

Considering the analytical characteristics of the pro-
posed method, and that ETAAS is a low-cost technique

\\m
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I —
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Diameter (nm)

available in many analytical laboratories, the developed
method could be used for the analysis of AgNPs in seawa-
ter samples in environmental analysis laboratories, espe-
cially if further developments in extraction automation are
achieved in the future.
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