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Abstract—In this research, a preconcentration procedure was developed for the determination of silver in
environmental samples using high-resolution continuum source graphite furnace atomic absorption spec-
trometry (HR-CS GFAAS). During the preconcentration step, bentonite was used as a cheap solid sorbent in
ultrasound-assisted dispersive micro solid-phase extraction. The experimental parameters including pH of
the sample solution, bentonite amount, and ultrasonication time as well as the main parameters of HR-CS
GFAAS were investigated. The limit of detection was 0.01 ug/L, and the achieved preconcentration factor
was 34. The relative standard deviation was 5%. The accuracy of this method was validated by analyses of
NIST SRM 2709 (San Joaquin soil), NIST SRM 2711 (Montana soil), and NIST SRM 1643e (trace elements
in water) certified reference materials. The proposed method was successfully applied for the determination
of silver in soil and water samples.
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The content of silver in environmental samples has
increased due to its extensive use in the industry, espe-
cially as conductors, switches, and contacts in electri-
cal applications, the catalyst in chemical reactions and
for soldering. Silver is also used in medicine, photo-
graphic industry, jewelry, for the production of mir-
rors, coins, tableware, and batteries [1]. Recently, pro-
duction of Ag nanoparticles for nanotechnology, med-
icine, food storage, textile coatings, and envi-
ronmental applications has significantly increased [2].

Silver concentrations in environmental samples
vary greatly and depend on geological area and dis-
tance from the anthropogenic sources of this element.
The common range of mean contents of Ag in soils is
between 0.06 and 0.4 mg/kg, but soils from mineral-
ized areas are usually enriched in Ag. In world ocean
waters, Ag concentration has been estimated in the
range from 0.024 to 40 ng/L. Due to accumulation
capacities of plants, Ag concentrations in them may be
highly elevated when they grow in Ag-contaminated
soils. This element is also relatively easily accumulated
by aquatic biota that plays a crucial role in its cycling
in aquatic environments, especially in its transfer to
the food chain [3].

Silver is considered toxic for humans. The toxicity
of Ag depends not only on its total concentration but
also on its speciation. Silver is a reactive element in the

aquatic environment, however, only the free ionic
form (Ag") is highly toxic at low concentrations [4].
The most common species of Ag occurring in soils are
inorganic forms (e.g., Ag", Ag?", and AgO™") [3].

Due to the very low concentration of silver in envi-
ronmental samples and the matrix interferences, the
direct determination of this element by graphite fur-
nace atomic absorption spectrometry (GFAAS) can be
difficult [5]. Preconcentration and isolation of the
analyte from the matrix can be achieved using the
extraction techniques. Nowadays, nanomaterials are
often used as solid sorbents [6].

Bentonite has a typical layered silicate structure
consisting of two silica tetrahedral sheets and a central
octahedral one. The interlayer space is easily accessi-
ble to water and other polar liquids [7]. This clay is
characterized by biocompatibility, high surface area,
eminent cation exchange capacity, and relatively low
cost [8—11].

Dispersive micro solid-phase extraction (DMSPE)
using various nanomaterials as solid sorbents is
becoming more popular due to its many advantages,
e.g., immediate interaction between metal ions and
the nanomaterial as well as shorter time required for
sample preparation in comparison with classical solid-
phase extraction [12, 13].
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Table 1. Experimental conditions for HR-CS GFAAS
detection of Ag

Parameter Value
Wavelength, nm 328.068
Lamp current, A 9
Spectral range, pixel 200
Dispersion, pm/pixel 2
Read time, s 5
Delay time, s 0
Measurement mode Peak area
Sample volume, UL 20
Modifier Pd + Mg
Modifier concentration, ug/ul 2+2
Modifier volume, uL 5

Techniques such as liquid-liquid extraction [14],
cloud point extraction [15], and dispersive liquid-lig-
uid microextraction [16, 17] have been used so far to
preconcentrate and separate trace Ag amount. The lit-
erature review has also revealed several papers related
to the preconcentration of Ag on solid sorbents using
solid-phase extraction prior to the determination by
graphite furnace atomic absorption spectrometry. Sil-
ver has been successfully preconcentrated on alumina
modified with polyethylenimine [18], silica gel modi-
fied with 3-aminopropyltriethoxysilane [19], mag-
netic nanocomposite modified with thiourea [20],
carbon [21], chelating sorbent SPHERON® Thiol
1000 [22], and immobilized diethyldithiocarbamate
(DDTC) on surfactant-coated alumina [23].

The purpose of this project was to improve the ana-
lytical potential of graphite furnace atomic absorption
spectrometry with slurry sampling prior to Ag deter-
mination in environmental samples after dispersive
micro solid-phase extraction using bentonite as a solid
sorbent.

EXPERIMENTAL

Instrumentation. An Analytik Jena ContrAA 700
high-resolution atomic absorption spectrometer
equipped with a 300 W xenon short-arc lamp (Ana-
Iytic Jena, Jena, Germany) as a continuum radiation
source was used throughout these experiments. In the
research, a graphite furnace was used for Ag atomiza-
tion. After the measurement, data were transferred to
the computer for processing. The operating parame-
ters of the high-resolution continuum source (HR-
CS) GFAAS instrument are summarized in Table 1.

A UniClever focused microwave sample prepara-
tion system (Plazmatronika, Wroctaw, Poland) oper-
ating at 2450 MHz and 300 W maximum output was
used for certified reference materials and soils diges-
tion. The computer-controlled system with continu-
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ous temperature, pressure, and microwave power
monitoring was equipped with a high-pressure TFM-
PTFE vessel and a water cooling system. The vessel
capacity was 110 mL, and the maximum pressure and
maximum temperature were 100 atm and 300°C,
respectively.

Bentonite was weighed using an M2P microanalyt-
ical balance (Sartorius, Gottingen, Germany) with a
resolution of 1 g (electronic weighing range up to
2 g). The pH values were measured with a pH-meter
(pH 211 Microprocessor, Hanna Instruments, Kehl,
Germany) supplied with a combined glass electrode. A
Sonopuls HD 70 ultrasonic cell disruptor/homoge-
nizer (70 W, 20 kHz, Bandelin, Germany) equipped
with a 2-mm titanium microtip was used for dispersive
extraction before HR-CS GFAAS detection. A centri-
fuge (model EBA 20, Hettich, Germany) was
employed for phase separation after the extraction
procedure.

Gases and reagents. Compressed high-purity argon
obtained from Air Products (Warsaw, Poland) was
used as an inert gas. Working standard solutions of Ag
were prepared from a 1000 mg/L atomic absorption
standard solution (Merck, Darmstadt, Germany).
Pd(NO;), and Mg(NO;), modifier stock solutions
(10.0 = 0.2 g/L for each element) were obtained from
Merck. The pH of the sample solutions was adjusted
with 65% (v/v) HNO; and 30% (v/v) NaOH of the
highest quality (Suprapur, Merck, Darmstadt, Ger-
many). The bentonite (average particle size <25 um)
supplied from Aldrich (Steinheim, Germany) was
used as a solid sorbent in dispersive micro solid-phase
extraction. All mineral acids (65% (v/v) HNO; and
40% HF (v/v)) and 30% H,O, (v/v) of the highest
quality (Suprapur, Merck, Darmstadt, Germany)
were used for samples digestion. Deionized and dou-
ble distilled water (quartz apparatus, Bil8, Heraeus,
Germany) was used throughout the research. The
water resistivity was 18 MQ cm.

Certified reference materials and environmental
samples. The accuracy of the method described in this
study was evaluated using three certified reference
materials (NIST SRM 2709, NIST SRM 2711, and
NIST SRM 1643e) supplied by the National Institute
of Standards and Technology, Gaithersburg, USA.

In this study, soil and water samples were analyzed.
Soil samples were collected from the outer surface
(10—20 cm) after removing surface contamination. A
plastic spatula was used for sample collection. Then,
soil samples were dried thoroughly. To ensure homo-
geneity, it was necessary to grind the solid samples.
This was achieved in an agate pestle and mortar by the
manual grinding of solids. After that, the samples were
sieved through a <2 mm sieve and digested. The water
samples were stored at 4°C in polyethylene flasks for a
maximum of 7 days. The samples were filtered before
analysis using a Cameo syringe filter with a polytetra-
fluoroethylene (PTFE) membrane and a pore size of
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about 0.22 mm (GE Water & Process Technologies,
USA).

Microwave-assisted high pressure Teflon bomb
digestion. Approximately 300 mg of powdered certi-
fied reference material or real sample was placed in the
TFM-PTFE vessel of the microwave system and
moistened by 1 mL of 30% H,0,. Then, 4 mL of 65%
HNO; and 2 mL of 40% HF were added. The samples
were heated for 20 min at 300 W. After microwave-
assisted digestion, the clear solutions were transferred
into 20-mL calibrated flasks and diluted to a volume
with high-purity water. Prior to further analysis, these
samples were appropriately diluted depending on the
concentration level of Ag. A corresponding blank was
also prepared according to the microwave-assisted
digestion procedure detailed above.

Preconcentration and atomic absorption spectros-
copy determination procedures. A total of 1000 mg of
bentonite was placed into a 10-mL flask and filled with
deionized water up to the mark to obtain a 10% (w/v)
suspension. The bentonite was weighed using a micro-
analytical balance. The suspension of bentonite was
dispersed for 1 min using a Sonopuls HD 70 ultrasonic
cell disruptor/homogenizer equipped with a 2-mm
titanium microtip. The sample solution (10 mL) was
mixed with 5 mg of bentonite (as 50 UL of a 10% (w/v)
suspension). The sample pH was adjusted to 8 using a
pH-meter supplied with a combined glass electrode.
Then, the sample was sonicated for 5 s using an ultra-
sonic homogenizer. Homogenization was achieved
promoting a reaction between metal ions and benton-
ite. Subsequently, the mixture was centrifuged for
2 min at 4500 rpm. A centrifuge was employed for
phase separation after the extraction procedure. Ag
ions adsorbed on the bentonite settled at the bottom of
the tube. Then, the aqueous phase was removed, and
the metal-loaded bentonite was suspended using
0.2 mL of deionized water. To determine the analyte,
20 pL of the slurry was injected into the graphite tube
for HR-CS GFAAS detection under optimized condi-
tions. Before transfer to the graphite furnace, the sam-
ples were homogenized using the ultrasonic homoge-
nizer for 5 s. Following DMSPE extraction, calibra-
tion was performed using the standard addition
method. The extraction was carried out in three repli-
cates for each sample (10 mL). After extraction, the
liquid phase was removed, and the appropriate vol-
umes of the standard solution were added to the
metal-loaded bentonite. Next, distilled water was
added to each sample to the volume of 0.2 mL to form
a stable suspension before analysis.

The slurry should be stabilized using highly viscous
liquid media to prevent rapid sedimentation [24]. In
this study, the repeatability of the results obtained
using ultrasonic homogenization of the slurry was sat-
isfactory (relative standard deviation (RSD) <5%).
Thereby, no slurry-stabilizing agent was added.
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RESULTS AND DISCUSSION

Analytical blank. Slurry sample preparation mini-
mizes the chance of sample contamination compared
to conventional sample preparation procedures. How-
ever, there are still several possible sources of contam-
ination, e.g., bentonite used as an adsorbent and the
reagents used to optimize pH of the sample solution.
Blank was determined using the same treatment pro-
cedure as for samples, i.e., DMSPE procedure. The
absolute blank achieved for Ag was 0.004 ng.

Selection of instrumental conditions. The operating
parameters of the HR-CS GFAAS instrument are
given in Table 1. Silver was determined in its most sen-
sitive wavelength (328.068 nm) as the primary reso-
nance line. The peak areas of the absorbance signals
were used for calculations. An analytical blank was
also used throughout the procedure. The mean blank
value was subtracted from the sample value after all
calculations. During the study, the standard addition
method was used for Ag determination.

The temperature program was optimized for a stan-
dard solution containing 0.5 ug/L of Ag after precon-
centration on bentonite. The influence of pyrolysis
temperature on integrated absorbance was studied
within the range 0of450—850°C (Fig. 1) in the presence
of a mixture of PA(NO;), and Mg(NO;),. Maximum
analytical signal was achieved at a pyrolysis tempera-
ture of 650°C. After optimization of pyrolysis condi-
tions, the effect of atomization temperature on Ag
analytical signals was studied within the range of
1450—1950°C (Fig. 1). In this research, an optimum
pyrolysis temperature of 650°C was used. Maximum
analytical signal was achieved at an atomization tem-
perature of 1750°C. The temperature program used for
Ag determination in certified reference materials and
environmental samples is shown in Table 2.

Effect of sample pH. Sample pH plays an important
role in the adsorption of Ag on bentonite. The oxides
of aluminum, calcium, magnesium, iron, and silicon
occur in bentonite. The hydroxylated surfaces of
oxides develop a charge on the surface in an aqueous
solution through amphoteric dissociation. The
amphoteric oxides favor the adsorption of anions at
lower pH, while adsorption of cations increases with
increasing pH. The low adsorption of Ag* on benton-
ite at lower pH is due to strong H* ion competition for
the available exchange sites [25].

The influence of pH was investigated in the range
of 3—10 (Fig. 2). Modification of pH was accom-
plished by adding appropriate amounts of NaOH or
HNO,. The analytical signals remained low up to
pH 4. It was observed that when pH was relatively low
(4—7), integrated absorbance increased with pH.
When the pH value was 8, the integrated absorbance of
the analyte reached a maximum. However, when pH
exceeded 8, the analytical signal decreased slightly for
Ag. Therefore, in this study, the pH value of 8 was cho-
sen for further experiments.
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Fig. 1. Optimization of pyrolysis and atomization temperatures performed for sample solution containing 0.5 ug/L of Ag after
preconcentration on bentonite. Conditions: sample volume—10 mL, sample pH 8, centrifugation time—2 min, ultrasonication
time—>5 s, adsorbent amount—5 mg. The error bar is the standard deviation (n = 5).

Effect of bentonite amount. To obtain the highest
analytical signals, an appropriate amount of bentonite
as an adsorbent should be used in the DMSPE proce-
dure. To achieve the optimum amount of bentonite
necessary for quantitative enrichment of Ag, the intro-
duced amount of adsorbent ranged from 1 to 15 mg per
sample (10 mL). It was observed that the integrated
absorbance increased with bentonite amount in the
range of 1—5 mg (Fig. 3). This can be explained by the
increase in the number of active sites on the bentonite
surface available for binding metal ions. The analytical
signal reached maximum at bentonite amount equal to
5 mg. The amount of bentonite was found to have a
plateau of integrated absorbance in the range of 5—
15 mg because the number of active sites was sufficient
to bind all metal ions present in the samples. There-
fore, in this study, 5 mg of bentonite was chosen for
further experiments. The influence of the ultrasonica-
tion time on integrated absorbance of the analyte was
also investigated within a range of 1—-10 s, and the

ultrasonication time of 5 s was chosen for further anal-
ysis.

Adsorption capacity. To determine the adsorption
capacity of bentonite, 20 mg of the adsorbent was
added to 10 mL of the sample solution containing
25 mg/L of Ag. The experiment was performed at a pH
value of 8. Following sonication for 10 s, the mixture
was centrifuged for 3 min at 4500 rpm, and the water
phase was collected. The concentration of remaining
Ag ions in the water phase was determined using HR-
CS GFAAS. The adsorption capacity (g,) was calcu-
lated from the Eq. (1):

g =V(cy—c)/W, (1)

where ¢, and ¢, are the element concentrations before
and after adsorption (mg/L), Vis the sample volume
(L), and Wis the adsorbent mass (g) [10]. The adsorp-
tion capacity was found to be 8.5 mg/g for Ag.

Analytical figures of merit. In this work, the limit of
detection (LOD) was calculated according to the

Table 2. Graphite furnace temperature program for Ag determination using HR-CS GFAAS

Step no. Stage Temperature, °C Ramp, °C/s Hold, s Gas]f}m;ate,
1 Drying 80 20 2.0
2 Drying 90 3 20 2.0
3 Drying 110 10 2.0
4 Pyrolysis 350 50 20 2.0
5 Pyrolysis 650 300 10 2.0
6 Gas adaption 650 0 5 Stop
7 Atomization 1750 1500 3 Stop
8 Cleaning 2450 500 2.0
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Fig. 2. Influence of pH on Ag adsorption (0.5 ug/L) on bentonite. Conditions: sample volume—10 mL, centrifugation time—
2 min, ultrasonication time—35 s, adsorbent amount—>5 mg. The error bar is the standard deviation (n = 5).
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Fig. 3. Influence of bentonite amount on Ag adsorption (0.5 ug/L). Conditions: sample volume—10 mL, centrifugation time—
2 min, ultrasonication time—>5 s, sample pH 8. The error bar is the standard deviation (n = 5).

International Union of Pure and Applied Chemistry
(IUPAC) definition (Eq. (2)):

LOD =3SD/m, (2)

where SD is the standard deviation of 10 consecutive
measurements of blank solution, and m is the slope of
the addition graph [26]. The limit of detection was

0.01 ug/L for Ag.

Five replicate measurements of the total procedure
blank solution were carried out, and the RSD of the
background value for the raw data was calculated. The
RSD was 5% for Ag. This reflects the precision of the
total procedure. The absolute blank achieved for Ag
was 0.004 ng. The linear range of the calibration curve
was 0.05—5 ug/L.
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The limit of detection achieved for Ag (0.01 ug/L)
is seventy times better than LOD obtained using
immobilized DDTC microcolumn [23], about eight
times better than LOD obtained using silica-gel mod-
ified with 3-aminopropyltriethoxysilane [19], and two
times better than LOD achieved using SPHERON®
Thiol 1000 as a solid sorbent [22] prior to flame atomic
absorption spectrometry. The limit of detection
obtained using magnetic nanocomposite modified
with thiourea [20] is superior by a factor of four to the
limit of detection obtained in this work. The limit of
detection reported by Avila et al. [21] is about thirty
times better than that achieved for Ag using bentonite
as a solid sorbent. The limit of detection obtained for
Ag using alumina modified with polyethylenimine
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Table 3. Determination of Ag in certified reference materials using HR-CS GFAAS technique after adsorption on bentonite

Sample Certified value, ug/g Found?, ug/g Value of #-test Significance®
NIST SRM 1643e 1.062 £ 0.075¢ 1.09 +0.05¢ L1138 NS
(trace elements in water)
NIST SRM 2709 0.41 £0.03 0.43 £0.02 2.236 NS
(San Joaquin soil)
NIST SRM 2711 4.63£0.39 4.81 £0.24 1.677 NS
(Montana soil)

aStandard deviation for five replicate measurements, ®significance of r-test (n = 5) at a 95% confidence level (Zigicas = 2.776; NS—not

significant), “concentration in pg/L.

[18] is nine times better than LOD reported in this
work.

While direct comparison of detection limits is often
misleading owing to the use of different systems, oper-
ating conditions, and modes, it is clear that the detec-
tion limit that can be achieved using HR-CS GFAAS
with slurry sampling after bentonite adsorption is bet-
ter than this obtained for conventional GFAAS. The
preconcentration factor achieved for Ag was 34. It was
calculated using the ratio of the analyte concentration
in the solid phase (c;) to the initial concentration of
the analyte (cy) in the sample solution (PF = ¢,/c;)
[27]. The liquid sample concentration used for assess-
ing the detection limit and precision was 0.1 ug/L. A
sample throughput is relatively high. Typically, at least
8 samples can be prepared within 30 min.

Accuracy verification. To ensure the accuracy and
precision of the method, three certified reference
materials were analyzed. These certified reference
materials were chosen because they were the closest
available to soil and water samples and are certified for
the assessment of the analyte of interest. Results
obtained for certified reference materials are summa-
rized in Table 3. Short-term precision is expressed as
the RSD of five replicate measurements of each sam-
ple. The results are in agreement with certified values
for certified reference materials according to the 7-test
at a 95% confidence level. The obtained results show

Table 4. Determination of Ag in environmental samples
using HR-CS GFAAS technique after adsorption on ben-
tonite

Sample Found?, ng/g
Seawater 0.038 +0.002°
Lake water 0.061 £ 0.003°
River water 0.046 + 0.002°
Soil 1 0.094 £+ 0.005
Soil 2 0.115 = 0.006
Soil 3 0.128 £ 0.004

aStandard deviation for five replicate measurements, bconcentra-
tion in pg/L.
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that the proposed method can be applied to the pre-
concentration and determination of Ag in environ-
mental samples.

The certified reference materials used during the
research have complicated matrices containing high
concentrations (mg/kg) of elements such as Ba, Cu,
Mn, P, S, and Ti, even at the % level (Al, Ca, Fe, K,
Mg, Na, Si). The results of analysis obtained in the
presence of these elements proved that the interfer-
ences from foreign ions can be ignored. For this rea-
son, further studies of the matrix effect were not car-
ried out.

Silver determination in environmental samples. To
evaluate the usefulness of the proposed method for Ag
determination, it was quantified in three water sam-
ples (seawater, lake water, and river water) and three
soils collected in the vicinity of the Legnica Copper
Smelter (South-West Poland, Silesia) using the exper-
imental conditions optimized previously. The results
for the samples analyzed using the proposed method
are given in Table 4. Quantification of Ag was based on
the standard addition method. In all cases, the preci-
sion (RSD) of replicate determination is approxi-
mately 5%.
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