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Abstract

Purpose The aim of this study was to develop a new and rapid sample digestion procedure for metal extraction using ultra-
sonic energy together with a combination of an ionic liquid and mineral acids as extractants.

Methods A fixed mass of sediment (about 0.50 g) was extracted with a combination of low volumes of NaHCO;, HCI, HNO;,
HF and the ionic liquid Bmim[BF,]. Afterwards, the mixture was sonicated for 20 min. After neutralizing the hydrofluoric
acid excess, the extracts were filtered and measured by ICP OES where Cd, Cr, Cu, Ni, Pb and Zn were determined.
Results The recoveries in certified reference materials ranged from 92 to 102% for LGC-6137, from 88 to 98% for IAEA
SL-1 and from 81 to 98% for MURST-ISS-A1, with a good precision (relative standard deviation (RSD) < 10.0% for all
the certified reference materials). The new digestion procedure was successfully applied to the determination of metals in
estuarine sediment samples, with a satisfactory precision (RSD <9.5%). The results showed no significant statistical differ-
ences compared to those obtained by the conventional digestion procedure (with an a-error of 0.05).

Conclusion This approach has led to satisfactory results in the determination of the total metal concentrations for most of
the elements studied using shorter analysis times than the conventional procedure, and small volumes of hydrofluoric acid.
The new pretreatment method made it possible to satisfactorily assess the total metal concentrations in estuarine sediments.
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1 Introduction

Responsible editor: Sophie Ayrault The occurrence and persistence of potentially toxic met-
als in the marine environment are being studied around the
world due to the increasing accumulation of these pollut-
ants in both sediments and biota (Rajeshkumar et al. 2018).
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Environmental Protection Agency, Appendix A to Part 423
webpage).

In recent years, several researchers have emphasized the
need to know the total content of metals with the aim of
identifying points with high metal concentrations and thus
classifying the polluted places (Sakan et al. 2011). In addi-
tion, the total metal concentration is also necessary when
evaluation of fractionation studies is carried out (Chand and
Prasad 2013). In this regard, it is important to perform an
overall mass balance to ensure that the sequential extraction
procedures were executed correctly, i.e. the sum of the metal
concentrations of all fractions should match the total metal
concentration.

On the other hand, it should be noted that sample treat-
ment is a crucial step in most analytical methods dedicated
to the determination of total metal concentration in sediment
samples (Wang et al. 2016). Instruments used in most of the
analytical techniques are not able to deal directly with solid
samples, and some pretreatment must be performed to put
the sample in the right form. Metal determination in sedi-
ment samples requires solid matrix digestion. Thus, the sam-
ple must be completely dissolved to ensure that all bound
metals are released into the solution. The total dissolution of
sediments is achieved by the use of hydrofluoric acid and/or
mixtures with other strong acids, such as nitric, hydrochlo-
ric and/or perchloric acid (Rao et al. 2008). The treatment
involving aqua regia (ISO 1995) is one of the most accepted
or recommended methods because, in combination with
flame atomic absorption spectrometry (FAAS), it provides
analytical performance parameters which are appropriate in
nearly all cases (ISO 1995). However, it is noteworthy that
the aqua regia procedure is not considered a total digestion,
since the metal recoveries do not reach 100% of the metal
content in the solid sample (Alsaleh et al. 2018).

For this reason, several methods for the digestion of sedi-
ments or soil samples were based on a combination of strong
acids with the application of high temperatures. Traditional
methods involved sand bath, plate or block heating (Cook
et al. 1997; Giingor and Elik 2007; Paul et al. 2018). How-
ever, these conventional procedures have certain limitations
mainly related to long digestion times and large volumes of
strong acids (Giiven and Akinci 2011).

Many authors have developed different digestion pro-
cedures involving microwave and ultrasound-assisted acid
digestion/extraction of metals in environmental solid samples
which have several benefits, such as shorter analysis time and
lesser contamination risks (Kazi et al. 2009; Garcia-Casillas
et al. 2014). Ultrasonic (US) energy as a technique to speed
up the extraction of metals from sediments has become a
standard practice to improve the digestion procedure (Frena
et al. 2014). In a previous work, we have observed that the
combination of ionic liquids and chelating extractants accel-
erates and enhances the extraction efficiency (Alvarez et al.
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2017). Ionic liquids (ILs) are organic salts with melting
points lower than 100 °C (i.e. they become liquid at room
temperature). They consist of an arrangement of organic cat-
ions (e.g. ammonium, imidazolium, phosphonium, among
others), and both inorganic and organic anions (such as PFg,
BF,, Cl). ILs show different interesting properties, such as
higher thermal and electrochemical stabilities, ionic conduc-
tivity, good dissolving ability due to their solvation potential
with respect to both polar and non-polar compounds, negli-
gible vapour pressure, non-flammability and non-volatility
(Chaban 2015; Rajadurai and Anguraj 2020).

In the last decades, ILs aroused great interest as extractants
and, particularly, in the field of metal extraction (Pribylova
2011; Stojanovic and Keppler 2012; Janssen et al. 2015). Several
researches have studied the mechanism of interaction between
metals and ILs (Stojanovic and Keppler 2012; Janssen et al.
2015) which is based mainly on the ion exchange, the neutral
extraction and coextraction and the classical physical adsorp-
tion process (Stojanovic and Keppler 2012; Janssen et al. 2015;
Rajadurai and Anguraj 2020). The type of interaction mechanism
between metal ions and ILs depends largely on the length of
the alkyl chain, which confers different hydrophobic/hydrophilic
characteristics to ILs (Stojanovic and Keppler 2012; Rajadurai
and Anguraj 2020).

The goal of this research is to develop a new digestion
procedure for the total metal assessment in sediments. Fur-
thermore, the method aims to achieve satisfactory extrac-
tions, while reducing the consumption of acids, particularly
HF, and shortening digestion times. This method was per-
formed using an ionic liquid, assisted by ultrasound energy
(IL/US). The combination of 1-butyl-3-methylimidazolium
tetrafluoroborate and the US irradiation made it possible
to decrease the extraction time and the volume of strong
acids used in comparison with conventional methods (acid
treatment + plate heating). It has to be emphasized that the
ultrasound energy tends to accelerate the digestion process.

2 Experimental
2.1 Reagents, samples and instrumentation

All the laboratory material (both plastic and glass) was care-
fully conditioned using 10% HNO; for 24 h, and washed
with doubly distilled water before use. Analytical grade
reagents and double-distilled water were used throughout
this research. 1-Butyl-3-methyl-imidazolium tetrafluorobo-
rate (Bmim[BF,]) was acquired from Merck. Hydrofluoric,
hydrochloric and nitric acids were purchased from Carlo
Erba (Erbatron RSE). Multi-element metal standard solu-
tions (Cr, Cu, Cd, Ni, Zn and Pb, purchased from Merck)
of 10.00 mg L~! were prepared by dilution with 0.5 mol
L! HNO; (from Carlo Erba). Quality control standards were
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unielemental solutions with a concentration of 1000 mg L™
prepared in 0.1% m/v purified nitric acid. Blank solutions
consisted of a 0.5mol L™! solution of the same solvent.

An ultrasonic bath with an output power of 160 W (TEST-
LAB model TB 04 TA) was used to assist the extraction
process. An inductively coupled plasma atomic emission
spectrometer (Shimadzu ICPS-1000) operated at 1.2 kW
of radio frequency power. An observation height of 12 mm
above the load coil (ALC) was selected, with the following
argon gas (99.99% purity) flow rates of 1.4, 1.1 and 1.0 L
min™! for the plasma, auxiliary and nebulizer (a concentric
nebulizer, Conikal U-Series nebulizer, Glass Expansion),
respectively. The solution uptake rate was 1.2 mL min~!. A
cyclonic spray chamber (Glass Expansion, 50 mL) was used.

The lines used in the determination were 267.80, 327.40,
226.57,231.6,213.92 and 220.42 nm for Cr, Cu, Cd, Ni, Zn
and Pb, respectively (Alvarez et al. 2011). The integration
time was 5 s. The detection limits were estimated from suc-
cessive determinations of the blank solution. The practical
values were calculated as the ratio between three times the
standard deviation of the blank signal (n=10) and the slope
of the calibration curve obtained for each element, accord-
ing to Eurachem guidelines (Magnusson Ornemark 2014).
The quantification limits (expressed in mg kg™') were the
following: 0.07 (Cr), 0.13 (Cu), 0.03 (Cd), 0.10 (Ni), 0.03
(Zn) and 0.13 (Pb).

Three sediment reference materials were used for vali-
dation purposes: estuarine sediment reference material for
trace metals LGC-6137 (Laboratory of the Government
Chemist, Teddington, UK), Antarctic bottom sediment refer-
ence material MURST-ISS-A1 (Italian Research Program in
Antarctica) and lake sediment reference material IAEA SL-1
(International Atomic Energy Agency, Analytical Quality
Control Services).

Six sediment samples were collected in the Bahia Blanca
estuary situated in the southeast of the Buenos Aires prov-
ince, Argentina (Fig. S1). Three specific zones of the estu-
ary were sampled: Galvan harbour, which corresponds to
an industrialized area near to the discharges of petrochemi-
cal plants (samples S1, S2, S5 and S6); the mouth of the
Maldonado stream, which runs through the city of Bahia
Blanca (sample S3); and Cuatreros port, a recreational fish-
ing area (sample S4). The sediment samples were taken from
the top layer (less than 5 cm in depth). The oxic sediments
were light brown and scaly in appearance, with no smell of
sulphide.

Several portions of sediments were taken at each sam-
pling site, along a zigzagging track, and homogenized in
order to obtain representative composite samples, which
were maintained at 4 °C until further analysis (Alvarez
et al. 2011). Prior to the digestion, the samples were air-
dried at room temperature for at least 72 h, and sieved with

stainless-steel meshes (size of 63 pm, N° 250). The smaller
particles were homogenized by grinding them in an agate
mortar. The sediment samples were analyzed in triplicate
using the procedures described below (Sec. 2.2.1 and 2.2.2).

2.2 Applied digestion procedures
2.2.1 Total metal concentrations (acid/heating)

In order to obtain the total metal concentrations, the sedi-
ment samples (1.0 g of dry material) were treated using the
conventional digestion procedure involving 12.0 mL of a
mixture of concentrated acids HF/HCI/HNO; (5 +5+2)
combined with heating by means of a hot plate followed
by the addition of 2.0 mL of perchloric acid. Then, 2.0 mL
of HNO; were added for dissolving of residue, and made up
to 25.0 mL with doubly distilled demineralised water. The
total digestion time was about 6 h (Alvarez et al. 2011). All
the estuarine samples and also the reference materials were
treated with this method. The extracts were filtered through
0.45 pm filter membranes prior to ICP OES measurements.

2.2.2 lonic liquid-ultrasound assisted digestion (acid/IL/US
method)

The parameters selected to enhance the digestion proce-
dure were the sonication time, the volumes of the different
acids used, the concentration of ionic liquid Bmim[BF,] and
the presence/absence of salts. The bath ultrasonic power
(100 W) was determined calorimetrically by measuring the
time—temperature increase. Subsequently, a central compos-
ite design (Fernandez et al. 2014) was applied to optimize
the experimental variables selected by the Plackett—-Burman
design (PBD). These variables were HF volume and sonica-
tion time.

Under the optimized conditions, a fixed mass of sam-
ple (0.50+0.01 g) was placed into a PTFE tube. Then, an
extractant mixture consisting of 0.12 g of NaHCOj;, 4.0 mL
of 50 mM Bmim([BF,], 2.0 mL of HCI, 2.0 mL of HNO;
and 1.0 mL of HF was added, making up to a final volume
of 15 mL. Afterwards, two tubes of sample were soni-
cated in the ultrasonic bath for 20 min at 100 W, rotating
their position after 10 min. This procedure was carried out
in order to improve the reproducibility between samples,
because the ultrasonic bath has two piezoelectrics. Deter-
gent (0.25% v/v) was added to the water bath to improve the
cavitation process (Alvarez et al. 2017). A saturated boric
acid solution was directly added after digestion to neutralize
the hydrofluoric acid excess (Odika et al. 2020). The extracts
were filtered using 0.45pum filter membranes and measured
by ICP OES.
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2.3 Statistical data treatment

The values obtained from the analysis of the three reference
materials (i.e. LGC-6137, IAEA-SL-1 and MURST-ISS-
A1) using the proposed method were regressed against the
corresponding certified values. When these sets of data are
consistent, the obtained straight line regression should have
a slope of about 1, and an intercept near to 0. The similarity
between the obtained regression coefficients and the theo-
retical value (slope =1, intercept=0) could be tested using
the statistical joint interval test of slope and intercept. In
this test, in the absence of bias, the point (1,0) should fall
within the elliptical confidence region centred on the slope
and intercept values of the straight regression line obtained
(with a confidence level a=0.05) (Massart et al. 1997).
The same statistical test was applied to compare the results
obtained using the Acid/IL/US method in the analysis of
the sediment samples and those recovered when the same
samples were treated with the procedure described in Sec.
2.2.1 (Alvarez et al. 2011).

3 Results and discussion

3.1 lonic liquid/ultrasound-assisted digestion
procedure optimization

The proposed Acid/IL/US procedure was optimized by
means of experimental design, comparing the efficiency
of the digestion techniques with the conventional heating
method. Metal recovery was calculated as in Eq. 1.

investigated in a univariate manner. However, the experi-
mental design methodology makes it possible to understand
the effect of the variables with minimal experiments (Massart
et al. 1997). In a variable screening study, when the influ-
ence of a high number of factors is analyzed to determine
which of them are relevant, saturated fractional factorial
designs could be applied. The PBD is a particular case in
which only the main factors affecting the extraction can be
estimated with a few experiments, and presumes that the
interactions between the variables can be ignored altogether
(Myers and Montgomery 2002). Therefore, the number of
factors can be evaluated up to k=N — 1 independent vari-
ables, where N represents the number of experiments. Each
variable was investigated in two levels, high (+) and low
(-) (coded factor levels), according to preliminary assays
(Hibbert 2012).

Therefore, a matrix design involving 11 variables (seven
real variables and four dummies) was used. A dummy vari-
able is defined as an imaginary variable, whose variation
between the coded levels does not represent an experimental
physical change in the design. Therefore, it cannot possibly
have an effect on the response. They were used to estimate
the standard deviation effects in the statistical meaning
(Fernindez et al. 2014; Nario et al. 2019). Non-significant
imaginary variables for any of the responses demonstrate
that there is neither an unknown factor nor a systematic error
in the design.

Table 1 shows the Plackett—Burman matrix indicating the
12 random experiments and the levels of each different vari-
able (i.e. HF, HCI and HNO; volumes, presence or absence
of salt (both NaCl and NaHCO,), IL concentration and soni-

metal extracted by acid/IL/US procedure

%Recovery = 100 X (

ey
metal extracted by conventional acid/heating method)

3.1.1 Screening step

The selection of the variables in acid/IL/US procedure in
sediment samples was carried out according to previously
published researches by our group (Alvarez et al. 2001,
2011). In the literature, the ratio extractant volume/sedi-
ment mass ranges from 12.5:1 (Alvarez et al. 2017) to 50:1
(Giingor and Elik 2007). However, the more often used ratio
is around 25:1. In the current research, the 30:1 relationship
was used. The other variables that could potentially affect
the procedure were the volumes of each acid, the concentra-
tion of the IL, the sonication time and the presence of two
salts, NaCl and NaHCO;. Regarding the latter variables, it
has been reported that the use of salts can improve metal
extraction efficiency when ILs are used (Alvarez etal. 2017).

The study of this large amount of variables or factors
would involve a large number of experiments if they were
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cation time). The experimental domain, i.e. the range of the
studied variables, was selected on the basis of preliminary
studies.

The main effects of the variables may be visualized and
interpreted by a Pareto chart. The variables are symbolized
by individual bars in descending order taking into account
their standardized effect, which is the ratio of the estimated
effect to its standard error (Aguirre et al. 2020). Significance
of the factors was evaluated by a r-test. Thus, all the effects
larger or equal to 7.51 (critical value) were significant. The
critical effect is related to the tabulated r-value (2.78) and
to the estimation of the standard error of the effect (2.71),
which was estimated from the dummies’ effects (Fernandez
et al. 2014). Figure 1 shows the Pareto chart corresponding
to the effects calculated for each variable after the analysis
of the PBD. As it can be seen, the only two variables that
have an effect higher than the critical value (7.51) were the
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Table 1 Experimental variables and levels of the Plackett—-Burman design

Factor A Factor B Factor  Factor D Factor E Factor F Factor G Dummies Response
HF volume HCI volume CHNO; IL Time NaCl NaHCO, (Cu%
(mL) (mL) volume concentration sonication (0.1 mol L~1) (0.1 mol recovery)
(mL) (mM) (min) LY

1 0.2 2 5 10 20 Without Without 1 -1 1 -1 86.89

2 0.7 5 5 5 20 With Without 1 -1 -1 -1 85.44

3 0.2 5 5 5 20 Without With -1 1 1 1 83.45

4 0.7 5 2 10 20 Without With -1 -1 =1 1 10224

5 0.2 2 2 10 20 With Without 1 1 -1 1 89.59

6 0.7 2 2 5 20 With With -1 1 1 -1 85.44

7 0.2 2 2 10 Without With -1 -1 -1 -1 79.01

8 0.7 2 5 5 10 Without Without 1 1 -1 1 82.66

9 0.7 2 5 10 10 With With -1 -1 1 1 83.08

10 0.2 5 2 5 10 With Without 1 -1 1 1 68.1

11 02 5 5 10 10 With With -1 1 -1 -1 66.78

12 0.7 5 2 10 10 Without Without 1 1 1 -1 82.25

sonication time and the HF volume, which means that both
have significant effects on the response. Besides, both vari-
ables have a positive sign. That is to say, when the sign of the
effect is positive, the response (i.e. recovery) improves as the
variable assumes higher values, and vice versa.

Since the other variables showed no significant effects,
the levels of these variables for the next stage of the response
surface methodology were set according to the sign of the
effects calculated for the PBD. Thus, the values of the vari-
ables were fixed as follows: 2 mL of 37% w/w HCl and 2 mL
of 65% w/w HNO;, 10 mM of ionic liquid, absence of NaCl
and presence of NaHCO;.

3.1.2 Optimization strategy

The optimal values for the variables that showed significant
effects in the PBD (i.e. HF volume and sonication time) were

E: SONICATION TIME
A: HF VOLUME
F:NacI
D: IL CONCENTRATION
K: bumMMIE
B! HCI VOLUME
C: HNO, VOLUME
J: DUMMIE
|: DUMMIE
G: NaHCO,

H: pumMmiE

oo
= L
o
N
N

o
N
FS

6
Effect

Fig. 1 Pareto chart with the standardized main effects in the Plackett—
Burman design. The line indicates the critical value for the significance
of effects

found using a central composite design (CCD) for the two
factors. The CCD was constituted by a two-level factorial
design and two central points with additional star points
(a= +1.41). Table 2 shows the design involving the selected
experiments and the corresponding experimental matrix.

Figure 2 exhibits the Pareto chart of standardized effects
at p=0.05 showing the absolute values and indicating which
of them are positive or negative. The variables showing an
absolute value higher than 2.202 (located on the right of the
blue line) were significant. As it can be seen, only the quad-
ratic term of HF volume (AA) showed a significant effect
on the digestion recovery. The negative sign of the quad-
ratic term indicates the presence of a local minimum in the
response surface (Hibbert 2012).

As it can be seen in Fig. 2, the HF volume and the soni-
cation time showed non-significant effects on the response.
However, the interaction between these variables has a posi-
tive sign. This indicates that when one variable increases
and the other decreases, the best recoveries are obtained. In
this study, the best response was obtained when the soni-
cation time and the HF volume were 20 min and 1.0 mL,
respectively. This fact concurs with the contour graphic of
estimated response surface shown in Fig. S2. From this fig-
ure, it can be seen that the recovery increases for higher HF
volumes and lower sonication times. A possible explana-
tion of this fact can be attributed to the interaction between
the variables (AB) as mentioned before. Other studies pub-
lished in the literature reported similar optimal conditions
in the analysis of ashes samples (Ilander and Viisdnen 2007,
2009). They found that the most suitable sonication time for
HF digestion was about 20 min, after which a decrease in
signal was observed.

@ Springer
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Table 2 Experimental variables,

; Factor Key Level
levels and star points of the
central composite design (CCD) -« Low Central High +a
HF volume (mL) A 0.50 0.58 0.75 0.92 1.00
Sonication time (min) B 20 24 30 36 40

Even though the volume of HF established in the experi-
mental design is the highest, it is still a low volume. This is
probably related to a kind of synergistic effect between the
ILs and the acids used in the extraction process. The mecha-
nism of action of ILs is not yet fully understood (Stojanovic
and Keppler 2012). Several authors have suggested that fluo-
rine-containing anions could lead to the in situ generation of
hydrofluoric acid under strong acidic conditions (Swatloski
et al. 2003; Stojanovic and Keppler 2012; Zimmermann et al.
2020). The hydrolytic degradation of these compounds could
potentially contribute to better extraction efficiency in the total
metal determination even when low volumes of HF were used.

Several authors have reported different relationships
between the HF volume and the mass of sediment, either
for methods using conventional heating or for microwave-
and ultrasound-assisted methods (Table S1). Regarding the
conventional heating methods, Paul et al. (2018) employed
3 mL HF for the digestion of 0.100 g of sediment (volume/
mass of sediment ratios of 30 mL g™!). They obtained good
recoveries for Cu, Ni and Pb, using a digestion at 220 °C
for 12 h, which were between 92.9 and 102.6%, and the
precision was lower than 8%. Besides, Cook et al. (1997)
compared various digestion procedures with diverse HF
volume/mass of sediment ratios (10 mL g~!, 8 mL g7},
4 mL g~!). They analyzed two different sediment samples
(one of them with high metal content) and obtained similar
results using the different HF volume/mass relationships.
However, the recoveries were slightly better for 10 mL g™

« I | =
--
| I
oo |
0 1 2 3 4

Standardized effect

B AB is the interaction effect between HF volume vs sonication time

[ AA and BB are the quadratic effects of HF volume and sonication time
B Factor A: HF volume

M Factor B: sonication time

Fig. 2 Pareto chart of main effects in the central composite design for
metal recoveries
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ratio and decreased as the ratio diminished. They argued
that the performance of HF-based digestions was different
depending on the metal analyzed and the type of sediment.
For this reason, comparison between methods is not straight-
forward. Likewise, Giingor and Elik (2007) used a ratio of
20 mL g™'. The recovery values ranged from 98.6 (obtained
for Cu in river sediment samples) to 102% (obtained for Pb
in pond sediment samples).

On the other hand, other researchers reported microwave
irradiation methods for total metal extraction in sediments.
Some methods applied a volume/mass ratio of 6 mL g~
(USEPA 1996b; Cook et al. 1997). In order to minimize
the amount of HF used in the digestion, some authors have
made some modifications to the USEPA method. This is
the case of Benomar et al. (2012), who adapted the 3052
USEPA method to use smaller amounts of HF, achieving an
HF volume/sediment mass ratio of 5 mL g_l. Meanwhile, Lo
and Sakamoto (2005) employed a higher ratio (15 mL g™"),
since they needed 3 mL of HF for the digestion of 0.2 g of
sediment. Finally, Sastre et al. (2002) treated 1.0 g of sedi-
ment with a microwave assisted procedure involving 5 steps.
In three of them, a HF volume of 10 mL was used. Thus, the
volume of HF per gram was 30 mL.

Other methods carried out the digestion process with the
aid of ultrasound energy. Giingor and Elik (2007), for exam-
ple, developed a digestion method involving a mixture of
nitric, perchloric and hydrofluoric acids in a 2:1:1 ratio of
volumes. Since they used a total volume of 25 mL of acid
mixture to treat 0.5 g of sediment, the HF volume/sediment
mass ratio was 12.5 mL g~!. Frena et al. (2014), in turn,
employed 0.100 g of sediment, and performed the digestion
using a volume/mass ratio of about 10 mL g~

Compared to all the studies cited above, the Acid/IL/US
method proposed in the current investigation used the lowest
volume/mass ratio, i.e. 2 mL g™, since it was able to digest
0.5 g of sediment using 1 mL of HF.

Regarding the pretreatment time, a common feature of
conventional methods is the use of long digestion times
(Table S1). The methods reviewed in this study oscillated
between 1 and 16 h (Cook et al. 1997; Giingor and Elik
2007; Paul et al. 2018). On the other hand, the application of
microwave energy to assist the digestion made it possible to
considerably reduce the digestion time. In this case, this time
varied between 15 and 20 min (USEPA 1996b; Benomar
etal. 2012) to 41 min (Cook et al. 1997). The exception was
the method proposed by Sastre et al. (2002) that took about



Journal of Soils and Sediments

91 h. Finally, the time taken for ultrasound-assisted digestion
methods is also about 15-25 min. For instance, Frena et al.
(2014) reported a digestion time of about 15 min followed by
another 15 min of centrifugation. Likewise, Giingtr and Elik
(2007) developed a method in which ultrasound is applied
for 25 min, followed for several steps related to acid evapora-
tion and centrifugation. Furthermore, the method Acid/IL/
US takes 20 min, which is within the range of time of the
reported ultrasound-assisted digestion methods. It is note-
worthy that the total treatment time is 20 min, as no further
centrifugation and evaporation operations were necessary.
Despite the fact that digestion times are similar for ultra-
sound and microwave assisted procedures, it is important
to take into account the time needed to cool the digestion
mixture in microwave assisted methods, which can take up
to 20 min using an ice bath (Filgueiras et al. 2000). From
this point of view, ultrasound-assisted digestion has an addi-
tional advantage, as the temperature in ultrasound-assisted
digestion is considerably lower than the one achieved in
microwave-assisted digestion.

3.2 Determination of metals in reference materials

Several authors reported that although there are official
methods — Method 3050B (USEPA 1996a), Method 3051A
(USEPA 2007), Method 3052 (USEPA 1996b) — for metals
determination, these methods present certain limitations. In
particular, method 3050B (concentrated HNO;) has the draw-
back of atmospheric contamination hazard. It is noteworthy
that methods 3050B and 3051 A (HC1+HNO;) are not total
digestion techniques, but they are considered pseudo-total
extraction methods. In method 3052 (HNO; + HF), the use
of microwave-assisted digestion involves overtime cooling
of the reactors that needs to be achieved before opening. Da
Silva et al. (2014) reported that method 3052 has the high-
est recoveries and the lowest standard deviations, but over-
estimated the concentrations, and for this reason it was not
recommended. Therefore, it is important to evaluate different
strategies to achieve efficient digestion.

Table 3 shows the obtained and certified concentration
values for the three sediment reference materials. Overall,
the results were satisfactory in both trueness and precision.
The recoveries obtained comparing the proposed method
with the certified values of the reference material ranged
between 81% (Cr in MURST-ISS-A1) and 102% (Cd and
Cu in LGC-6137). Precision was evaluated as the percent-
age relative standard deviation (%RSD), under repeatability
conditions, by applying the complete procedure in triplicate
to different aliquots of each reference material. Highly sat-
isfactory precision values (less than 10.0%) were obtained
for the procedure. The lowest %RSD value was obtained for
zinc, whereas the highest one was recorded for cadmium
(both in MURST-ISS-A1).

In order to test for the presence of bias, the values
obtained by the acid/IL/US method were regressed against
the certified values, using bivariate least squares (Massart
et al. 1997). The regression equation was y=1.05x+0.04,
and the correlation coefficient 0.996, indicating, in a qualita-
tive manner, that the obtained values fit well to the certified
ones. Figure S3 shows that the elliptical region of confi-
dence centred on the obtained regression coefficients (i.e.
1.05 slope and 0.04 intercept) contains the theoretical point
(1,0). Therefore, there are no significant statistical differ-
ences between both sets of results, considering a significance
level of @=0.05, which indicates that the Acid/IL/US diges-
tion procedure attained good metal extraction efficiencies.

Other authors reported similar recoveries, ranging from
80 to 117% using different reference material as BCR-146R
(Sakan et al. 2011), SRM NIST 2704 (Chand and Prasad
2013) and SRM NIST 2702 (Alvarez-Vézquez et al. 2014),
among others. Ghosh and Maiti (2018) also applied the
3051 method to the LGC 6137 certified reference material
with good results (recoveries > 88%). Fabri-Jr et al. (2018)
used an Antarctic Marine Sediment as certified reference
material (MURST-ISS-A1), applying the extraction pro-
cedure of Method 3052 (USEPA 1996a, b), with recover-
ies>92%. Islam et al. (2020) reported that using Method
3051A (USEPA 2007) in reference material IAEA-SL-1
they obtained recoveries greater than 89%. Furthermore,
other authors applied ultrasound-assisted methods for metal
extraction in different reference materials. For instance,
Mimura et al. (2016) analyzed the certified reference mate-
rial Buffalo River Sediment 8704 (NIST, MD) to assess Cr,
Cu, Zn, Cd and Pb, using an ultrasonic bath for 180 min.
The recoveries ranged from 80.1% (Pb) to 93.7% (Zn).
Also, Frena et al. (2014) proposed a fast extraction proce-
dure using also an ultrasonic bath. The optimal conditions
were applied to three different sediment reference materi-
als (MESS-3, PACS-2 and NCS DC 78,301). The authors
reported good results for all the metals in terms of accu-
racy, although chromium data were not available. Another
study was carried out by Fernandez-Ortiz de Vallejuelo et al.
(2009). They used a glass sonotrode in combination with a
mixture of HNO;—HCI for 6 min to assess metals concen-
trations in a NIST 1646a certified reference material with
recoveries ranging from 25% (Al) to 125% (Zn). The vari-
ation in the recoveries observed in the different published
articles seems to be more related to the complex matrix of
the certified reference materials than to the concentration
levels of the metals in these samples (Sakan et al. 2011;
Chand and Prasad 2013).

Also, the same reference sediment samples were analyzed
using the conventional acid/heating procedure (Table 3).
Normally, conventional heating through a wet digestion pro-
cedure uses a combination of some concentrated acids, such
as hydrofluoric, hydrochloric, nitric and perchloric. These
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Table 3 Total metal

concentrations (mg kg™!) LGC-6137 Cd

(mean + s) for different Certified value 0.5)°
reference materials obtained by Acid/heating” 0.47+0.05
bth acid/heating treatment and % recovery 94
acid/IL/US procedure % RSD 106
Acid/IL/US" 0.51+£0.04
% recovery 102
% RSD 7.8
Deviation% -8.5
MURST-ISS-A1 Cd
Certified value 0.54+0.02
Acid/heating” 0.50+0.04
% recovery 93
% RSD 8.0
Acid/IL/US" 0.49+0.04
% recovery 91
% RSD 8.2
Deviation% 2.0
TAEA-SL1 Cd
Certified value 0.26 +£0.05
Acid/heating” 0.23+0.02
% recovery 88
% RSD 8.3
Acid/IL/US” 0.24+0.02
% recovery 92
% RSD 83
Deviation% -4.3

Cr Cu Ni Pb n
47+7 (31.60)" (31.50)" 73.0+3.6  231+16
41+4 27.65+2.63 26.15+2.11 683+59  208+12
87 88 83 94 90

9.8 95 8.1 8.6 5.7
44+4 32.13+2.38 28.85+245 70.8+6.6  230+12
94 102 92 97 99

8.5 7.4 8.5 9.3 5.4

13 -16.2 -10.3 3.7 -104

Cr Cu Ni Pb Zn
421435 579+1.15  956+0.76  21.0+2.1  51.9+32
36.2+3.1 538+0.52  8.12+0.77  18.0+1.9  514x+1.1
86 93 85 86 99

8.4 9.7 9.5 10.4 2.1
33.9+33 548+0.55  8.68+0.85  189+1.77 50.7+1.40
81 95 91 90 98

9.8 10.0 9.8 9.4 2.8

6.4 -1.9 -6.9 4.8 15

Cr Cu Ni Pb Zn
104+9 30.0+5.6 449+85 37.7+74  223+10
99.1+9 269+1.95  40.6+4.1 357+35  216+14
95 90 90 95 97

8.7 73 10.1 9.8 6.6
91.3+8 27.1+1.4 41.3+3.8 37.0+£34  207+15
88 90 92 98 93

8.7 5.1 9.2 9.1 7.3

7.9 -1.0 -1.7 92 3.9

*All the determinations were performed in triplicate (n=3)

combinations were applied for metals determination in sedi-
ment samples (Javan et al. 2015; Niedzielski et al. 2015;
Maity et al. 2016). In our case, the conventional procedure
was sufficient to solubilise most of the metals in the sedi-
ment samples of the study area, even those incorporated in
stable crystalline lattices of the mineralogical phases. The
disadvantage of this procedure is that the digestion time
takes at least 6 h (Alvarez et al. 2011). Perhaps, the method
should have been re-optimised, but it continued to be used
for ICP OES, as it gave good results, and the samples from
the Bahia Blanca estuary did not require lower detection
limits. Thus, the conventional method was used as designed.

The results obtained by the acid/IL/US digestion
method were also compared with those recovered by the
conventional acid/heating procedure for the analysis of the
three reference materials. Table 3 reports the deviation
(expressed as a percentage) of the values obtained with
our method with respect to the conventional one. The bias
of the concentration values between both sample treat-
ment methods was less than 10% for almost all the ele-
ments, which could be considered “negligible” (i.e. less
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than 10%) for this kind of samples, as stated by Chand and
Prasad (2013). Only in the analysis of LGC-6137 were
the deviations slightly higher than 10% for Ni and Zn, and
about 16% for Cu, which could still be considered as non-
important deviations (Chand and Prasad 2013). In these
cases, the deviations were negative, which means that our
method obtained better recoveries than the conventional
acid/heating method. Furthermore, most of the determina-
tions showed that the acid digestion/IL/US method made it
possible to obtain better recoveries than the conventional
procedure with respect to the certified values of the refer-
ence materials. In fact, the acid/heating procedure led to
better results only in five of the eighteen determinations
(Cd, Cr and Zn in MURST-ISS-A1, Cr and Zn in IAEA-
SL1). Moreover, a z-test for paired data between the recov-
eries obtained by both the conventional (acid/heating) and
the proposed (acid/IL/US) methods was performed. The
results showed significant differences between the two
methods (t.,.=2.24; t_;,=2.11) with an «a value of 0.05.
The results indicate that the proposed method is a good
alternative to the conventional procedure.
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3.3 Metal concentrations of estuarine sediment
samples

The acid/IL/US method was applied to the six estuarine sedi-
ment samples to assess the concentrations of Cd, Cr, Cu, Ni,
Pb and Zn. The obtained results are summarized in Table 4.
The %RSD values for the acid/IL/US method ranged from 4.1
to 9.5%, which could be considered “acceptable” (i.e. RDS
lower than 20%) for this type of samples (Chand and Prasad
2013; Niedzielski et al. 2015). Looking at the precision per

element, it can be seen that chromium, nickel and lead showed
a larger dispersion in the results than the other metals. The
%RSD values ranged from 6.7 to 9.4% for chromium, 7.5 to
9.4% for nickel and 6.1 to 9.5% for lead. On the contrary, zinc
showed the lowest %RSD values (between 4.1 and 6.8%),
which is to be expected as it is well known that precision is
concentration-dependent, and is better at higher concentrations
(Thompson 2012). Indeed, the amount of zinc in the samples
is, at least, one order of magnitude higher than the concentra-
tions found for the other metals. In the same way, the relatively

Table 4 Total metal

; 1 Acid/IL/US Acid/heating
concentrations (mg kg™ ') and
% RSD (n=3) for different Metal concentration” RSD% Metal concentration” RSD% Deviation (%)
sediment samples (mgkg™) (mg kg™h)
S1 Cd 4.75 6.7 4.70 8.7 —-1.1
Cr 48.33 6.7 54.47 9.3 11.3
Cu 70.82 6.7 70.63 9.3 -0.3
Ni 39.46 7.9 40.25 9.4 2.0
Pb 36.12 8.4 39.75 9.5 9.1
Zn 235.7 5.3 228.1 7.5 -33
S2 Cd 3.58 59 342 8.2 —-4.7
Cr 34.36 9.1 39.05 9.1 12.0
Cu 79.84 7.9 85.07 9.2 6.1
Ni 43.08 7.5 45.12 7.7 4.5
Pb 67.85 6.1 73.86 9.1 8.1
Zn 198.2 5.7 183.7 8.2 -79
S3 Cd 3.98 6.3 4.03 7.9 1.2
Cr 45.38 8.9 50.68 9.6 10.5
Cu 103.8 6.1 109.7 8.7 54
Ni 35.39 8.4 38.05 8.8 7.0
Pb 65.53 9.2 70.28 8.9 6.8
Zn 150.7 4.9 143.8 6.8 —-4.8
S4 Cd 2.93 6.8 2.98 9.1 1.7
Cr 27.48 8.1 30.15 9.3 8.9
Cu 79.95 7.5 80.30 9.8 0.4
Ni 25.14 9.4 26.15 7.9 39
Pb 37.62 8.4 39.76 8.2 54
Zn 402.6 4.1 388.2 6.3 -3.6
S5 Cd 1.97 6.1 1.85 9.7 —-6.5
Cr 22.69 94 26.08 9.5 13.0
Cu 86.11 8.9 91.05 8.4 54
Ni 29.25 9.1 31.12 9.7 6.0
Pb 30.55 9.5 32.85 9.7 7.0
Zn 149.8 6.8 152.6 8.1 1.8
S6 Cd 222 6.8 2.13 9.4 —42
Cr 17.95 7.5 19.85 9.4 9.6
Cu 102.2 6.1 100.8 8.9 -14
Ni 22.06 8.5 21.98 8.7 -04
Pb 24.62 9.5 27.05 9.8 9.0
Zn 246.8 4.1 245.3 5.2 -0.6

“Values obtained as the average of the triplicate analysis of the samples

@ Springer



Journal of Soils and Sediments

low %RSD values obtained for cadmium (5.9 to 6.8%), which
is present in very low concentrations in the sediment samples,
are noticeable. In fact, concentrations of cadmium found in
the sediment samples were as low as 1.97 mg kg~!, which
is about 65 times the limit of quantification for Cd in the
ICP OES determination carried out in the current research
(0.03 mg kg™!). On the other hand, the lowest concentration
for Zn (the most abundant element in the samples) is about
5000 times the limit of quantification for this element (also
0.03 mg kg™h).

The values recovered by both digestion procedures were
also compared on an element-by-element basis. Table 4 shows
the percentage deviation values obtained for Acid/IL/US with
respect to the conventional digestion procedure. The deviation
values for all the elements were lower than 10%, except for
chromium, for which the bias ranged between 9.6 to 13%. Even
though these values could be considered as acceptable (Chand
and Prasad 2013; Niedzielski et al. 2015), there were statistical
significant differences (@ =0.05) between both methods for
chromium. This fact would indicate that the extraction ability
of the proposed method is lower than the conventional one.
Other studies on the determination of total metals also reported
difficulties in determining chromium (Hornberger et al. 1999;
Iander and Viisidnen 2009; Kumkrong et al. 2021). Moreover,
the results obtained with the conventional method in the cur-
rent study also show low recoveries for MURST-ISS-A1 and
LGC-6137.

Regarding precision, Table 4 shows that the Acid/IL/US
procedure presented lower RSD% values than the conven-
tional digestion method, where the RSD% was lower for
the Acid/heating procedure only in four of the 36 samples.
However, a statistical comparison between the variances,
corresponding to the determination of each element in each
sample, showed that there were no statistically significant
differences between the precision of the two methods (n =3;
a=0.05).

It is important to note that, according to the sediment
quality guidelines (SQG), if metal concentrations in the
sediments are less than the threshold effect concentration
(TEC), this indicates that there are no harmful effects on
biota. However, if the concentrations are higher than the
probable effect concentration (PEC) this indicates probable
harmful effects (MacDonald et al. 2000). In this study, the
total concentrations are below this value for all metals at all
sampling points (Fig. S4). However, Cd should be monitored
at sampling point S1, since its value is close to PEC.

4 Conclusions
The obtained results point out that the proposed acid/IL/US

procedure is a fast and accurate method for total trace metal
determination in estuarine sediments. The combination
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of ionic liquids and ultrasound assistance technologies
for improving the digestion method makes it possible to
obtain satisfactory results, which showed good correspond-
ence with the certified reference materials for the analyzed
metals. In addition, the acid/IL/US method exhibits such a
digestion efficiency that makes it suitable to estimate the
total metal concentration in sediment samples from poten-
tially polluted environments. Notably, at all sampling points
studied, none of the metals exceeds the probable effect con-
centration (PEC).

In addition, the volume of hydrofluoric acid is 60% less
than the one used in conventional digestion procedure, con-
sidering the same mass of sediment, and the net digestion
time of analysis is 20 min. Moreover, there are certain post-
digestion operations (e.g. evaporation) which are commonly
performed in most of the reported methods and are not pre-
sent in our method. Besides, digested samples do not need a
waiting time for cooling before further analysis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11368-021-03042-6.
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