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Abstract

This work presents simple and reliable methods for the determination of Cd and Cr in fish
oil and lipoid samples by high-resolution continuum source graphite furnace atomic
absorption spectrometry (HR-CS GF AAS). Only a simple dilution using 1-propanol was
adopted as sample preparation for the determination of Cd and Cr in order to reduce the
high viscosity of the lipoid samples. Pt was employed as permanent chemical modifier and
Pd was used as chemical modifier in solution, added over the sample for the determination
of Cd for a better performance and sensitivity. Cr was determined without a chemical
modifier. The accuracy of the proposed methods was evaluated by comparison with
microwave-assisted digested samples and determination by HR-CS GF AAS, showing good
agreement between 2% and 13% for both elements without statistical difference
(confidence interval of 95%). The limits of detection for Cd and Cr were 0.5 pg and 7 pg,
respectively, corresponding to 0.15 ng g and 2 ng g*, respectively. The developed
methods can be described as clean, fast and accurate, which did not require any sample pre-
treatment stages, such as digestion or matrix oxidation, and could be extended to different

lipoid matrices, demonstrating their robustness.

Keywords: High-resolution continuum source graphite furnace atomic absorption
spectrometry; Determination of Cd and Cr; Sample preparation; Dilute-and-shoot approach;

Fish oil analysis.



1. Introduction

Fish is an important part of the diet of many people around the world, making it the
most common source of OMEGA-3 in the human diet [1]; OMEGA-3 is an essential fatty
acid [1] with properties of preventing stroke and neurodegenerative diseases [2], increasing
appetite [3], preventing heart disease, sudden death, hypertension [4] and menstrual
discomfort [5]. The recommended consumption of two servings of fish per week is enough
to get all the benefits of the OMEGA-3 and all the important vitamins and proteins present
in fish meat [6]. However, fish also carries the risk of exposure to high concentrations of
heavy metals, such as mercury, chromium, cadmium and lead, as well as environmental
contaminants, such as organochlorides, accumulated due to biomagnification [7].

An alternative for the benefits of fish meat without the risk of contamination by
heavy metals and organochlorides are supplementation products, such as fish oil capsules
[8]. The industrial process to obtain the OMEGA-3 ensures safety and neutral organoleptic
characteristics by the refining steps, necessary to remove toxic compounds, such as heavy
metals, pesticides, non-triglycerides, colorants and smelly compounds [1].

One of the most notorious contaminants in sea food is cadmium [9], a metallic
element with a biological half-live between 10 and 30 years that accumulates in the kidney
and liver. Intoxication with cadmium causes renal dysfunction and bone demineralization
[10]; it is classified as a Group-1 carcinogen by the International Agency for Research on
Cancer (IARC) [11]. The control of cadmium levels is mandatory to avoid problems caused
by intoxication due to the consumption of contaminated food or supplements. The
European Regulation EC No 488/2014, establishes the maximum level of cadmium allowed
for food supplements at 1.0 mg kg™ [12]. To ensure the safety of cadmium levels in
foodstuffs, the European Standard stipulates a list of methods to determine cadmium at
trace levels. Most of the methods employ for sample preparation dry ashing, microwave-
assisted acid digestion and posterior determination by flame atomic absorption
spectrometry (FAAS), graphite furnace atomic absorption spectrometry (GF AAS) or
anodic stripping voltammetry (ASV) [13]. The British standard stipulates a method for
cadmium determination using inductively coupled plasma mass spectrometry (ICP-MS)

after pressure digestion [14].



Another metallic element that is also classified as a Group-1 carcinogen by the
IARC [15] is chromium. This contaminant can be found in the environment in two different
oxidation states, Cr(\VI1) and Cr(111). Chromium(VI) does not occur naturally, but is a result
of anthropogenic and industrial activities [16]. Although Cr(l1l) occurs naturally, it is
insoluble and the great majority of Cr(l1l) present in the marine environment is found in the
sediments. Cr(V1), in contrast, is soluble in water and might become a harmful contaminant
for fish and other marine life [17], but it is not commonly found in foodstuff [18]. Cr(ll1) is
an essential trace element for humans, since it regulates the fat metabolism and natural
glucose and can be found in whole grains, meat, fish, vegetables and mushrooms [18, 19],
with a recommended intake of 40-50 pg per day [20].

There are no data about maximum permissible intakes of Cr(lll) due to its low
toxicity. Since Cr(ll1) is an essential trace element, its levels in foodstuff must be specified,
to ensure the correct intake. The European Committee for Standardization, through
standard No. EN 14082/2003, established dry ashing as sample preparation; and after
dilution in HCI the solution is applied to GF AAS to determine chromium in food [21].
Again, the standard method uses hazardous reagents and laborious techniques of sample
preparation. The use of dry ashing makes impossible the re-use of the sample solutions for
the determination of organic components or volatile elements; in addition, it is very time
consuming and exposes the sample to potential contaminants.

The goal of this work was to look for a simple and fast procedure to determine
heavy metals in fish oil samples that is suitable for routine analysis in a fish oil factory.
This work proposes methods to determine chromium and cadmium, present at trace levels
in raw and processed fish oil, by high-resolution continuum source graphite furnace atomic
absorption spectrometry (HR-CS GF AAS) using a ‘dilute-and-shoot’ approach. This
includes only the dilution in 1-propanol as sample preparation, avoiding the use of highly
concentrated acids, oxidant reagents, procedures that include unstable emulsion formation
or laborious sample preparation methods, such as dry ashing or microwave-assisted acid

digestion.
2. Experimental

2.1. Instrumentation



A high-resolution continuum source atomic absorption spectrometer Model contrAA
600 (Analytik Jena AG, Jena, Germany) was used for all measurements. The spectrometer
is equipped with a xenon short-arc lamp with a nominal power of 300 W, operating in a
hot-spot mode, emitting a spectral continuum between 190 and 900 nm; a charge-coupled
device (CCD) array detector and a high-resolution double monochromator, consisting of a
prism monochromator for pre-dispersion of the radiation and an echelle grating
monochromator for high resolution. All measurements were performed using the main
spectral lines of cadmium at 228.802 nm and chromium at 357.869 nm using the integrated
absorbance mode of three pixels (peak volume selected absorbance, PVSA, Ass.in [22]).

Pyrolytically coated graphite tubes with PIN platform (Analytik Jena, Part No. 407-
AB81.025) were used in all experiments. For comparison and to check the accuracy of the
developed method, Cd and Cr were also determined after microwave-assisted acid digestion
for determination by HR-CS GF AAS. Digestions were carried out using a TOPwave
laboratory microwave oven (Analytik Jena) with rotor CX 100 and independent, contact-

free temperature and pressure control for each vessel.

2.2 Materials and reagents

Ultrapure water, with a resistivity of 18 MQ cm was obtained from a Model Mega
ROUP (Equisul, Pelotas, Brazil) purification system, and it was used in the dilution and
preparation of the standard solutions. Stock standard solutions of 1000 mg L' Cd and 1000
mg L* Cr (Sigma-Aldrich, St. Louis, USA), were used to prepare the calibration curves. For
evaluation of the accuracy, the well-established microwave-assisted digestion with a
mixture of concentrated nitric acid (HNOs;, 67%, Fluka, Neu-Ulm, Germany), which was
further purified by sub-boiling distillation in a quartz still (Kirner Analysentechnik,
Rosenheim, Germany), and hydrogen peroxide (H,0,, 30%, Sigma, Sdo Paulo, Brazil), was
used. For the development of the simplified fast procedure, 1-propanol (Sigma-Aldrich)
was employed as diluent for the oil and lipoid matrices, using 15-mL polypropylene flasks.
For the graphite tube coating and thermal stability study, stock standard solutions of 1000
mg L™ Ir, Zr (Fluka), Mg, Pd and Pt (Sigma-Aldrich) were used as permanent modifiers or

modifiers in solution.

2.3. Samples



The raw marine fish oil sample, which has been used for all optimizations of the
methods, was supplied by Golden Omega S.A. (Arica, Chile). It originated mostly from
Peruvian anchovy (Engraulis ringens) and Chilean mackerel (Trachurus murphyi) from the
South Pacific Ocean. The method was applied to the determination of Cd and Cr in the raw
fish oil sample and the intermediate products from four different stages of purification of
the raw fish oil during the industrial process of Golden Omega in order to ensure the quality
and safety of the final oil product. The method was also applied for different lipoid
samples, including raw fish oil from a Brazilian fish oil factory and commercial cocoanut

butter and milk butter samples acquired in a local supermarket.

2.4. Procedure and sample digestion

For the proposed method, about 1.0 g of fish oil was weighed in polypropylene
flasks and filled up to 10 mL with 1-propanol. Thirty puL of the resulting solution was
pipetted directly onto the platform of the graphite tube without permanent modifier or
previously coated with 400 ug Ir, Pd, Pt or Zr, using ten consecutive injections of 40 pL of
the respective modifier stock solution, each injection followed by the temperature program

shown in Table 1.

For the microwave-assisted digestion, about 500 mg of fish oil or lipoid sample was
weighed directly into each vessel and 5 mL 37% HNO3zand 3 mL 30% H,0O, were added,
and the vessels closed for the temperature program shown in Table 2. After cooling, the
digested samples were diluted with water to 15 mL and the concentrations of Cd and Cr
were determined using HR-CS GF AAS in the same way as described for the samples
diluted with 1-propanol. For the statistical calculation, the Graph Pad In Stat (Graph Pad In
Stat Software Inc, version 3.00, 1997) software was employed and a 95% significance level

was adopted for all comparisons.

3. Results and Discussion
3.1 Temperature program

For Cd and Cr determination using GF AAS, two permanent modifiers and no

modifier were studied and compared in this work. For Cd, Ir and Pt were chosen in this



study due their efficiency reported by Bulska et al. [23] and Thomaidis et al. [24],
respectively, while, in the case of Cr, Zr and Pd were chosen based on previous studies [25,
26], where Cr was determined in marine sediment and fish feces slurry, respectively by GF
AAS.

3.2 Cadmium

The study of the permanent modifiers for this work was performed using 10 pL of
an aqueous solution of 1 pg L™ Cd. As can be seen in Figure 1A, when no modifier was
employed the highest sensitivity was found around a Tpy, of 400 °C and a T, of 1400 °C.
These results are coherent with those found by Bulska et al. [23] for Cd in aqueous
samples, who described losses at pyrolysis temperatures above 300 °C when no modifier
was used. For Pt as the permanent modifier, the optimum temperatures for pyrolysis and
atomization were 800 °C and 1600 °C, respectively, which is higher than the Tpy, of 650 °C
found by Thomaidis et al. [24] for Cd in sewage sludge. For Ir as the permanent modifier,
the Ty 0f 800 °C and the T, of 1800 °C were in agreement with data published by da Silva
et al. [27] for Cd in human serum.

The determination of metals in complex organic matrices demands higher pyrolysis
temperatures and longer hold times than in other matrices. Pyrolysis temperatures of at least
800 °C are required to eliminate all the concomitants and prepare the analyte for the
atomization. For fish oil samples, temperatures lower than 800 °C are prohibitive since at
these temperatures the matrix is not removed sufficiently and causes excessive smoke
during atomization, which results in radiation scattering, a higher noise level and a lower
precision between measurements. Pyrolysis temperatures above 800 °C and hold times of at
least 15 s provided a satisfactory elimination of the organic matrix from the graphite
platform and tube, so that no additional cleaning stages whatsoever were required. For that
reason, considering the results shown in Figure 1a, the studies without modifier were
discontinued, once the analyte losses were significant at higher temperatures.

To evaluate the thermal behavior of Cd in the sample using Ir or Pt coated
platforms, the same study was carried out using raw fish oil diluted with 1-propanol. The
pyrolysis and atomization curves are shown in Figure 1b. When Pt was employed as
permanent modifier, the highest sensitivity was obtained for pyrolysis and atomization

temperatures of 800 °C and 1600 °C, respectively, which is in agreement with the data



found for aqueous standard solutions. This behavior might also be an indicative for the
possibility of using aqueous standard solutions for calibration to quantify fish oil samples.
For Ir, the highest sensitivity was obtained at pyrolysis and atomization temperatures of 800
°C and 1700 °C, respectively. The integrated absorbance values obtained with Ir as the
permanent modifier were slightly lower than those for Pt, and for this reason, Pt was
adopted as permanent modifier for the next studies. Although the mechanism of action of
permanent modifiers is still a point of discussion, it was speculated that platinum acts as a
catalyst in breaking C-C and C-H bonds of organic compounds [28]. This catalytic role of
Pt could be a reason for the higher sensitivity achieved when Pt is used as permanent
modifier.

Chemical modifiers in solution are occasionally also applied in addition to a
permanent modifier to improve the thermal stability of the analyte, making possible higher
pyrolysis temperatures without losses. Pd and the mixture of Pd/Mg were chosen for the
evaluation of the thermal stability of Cd in fish oil diluted with 1-propanol. Usinga 1 g L™
solution of chemical modifiers, 10 pg of Pd or 10/15 pg of Pd/Mg, were injected with the
sample on the Pt coated graphite platform, and the results are shown in Figure 2a. The
mixture of Pd/Mg is commonly used as a chemical modifier for Cd determination. Good
results were reported by Oliveira et al. [29] for Cd determination in oil shale by-products,
where pyrolysis temperatures of up to 800 °C could be used without significant losses using
only the mixture of Pd/Mg as chemical modifier in solution. In the same way, Bulska et al.
[23], using aqueous standards of Cd, added Pd as modifier in solution and found good
results, and pyrolysis up to 900 °C could be applied. In this investigation, Pd or the mixture
of Pd/Mg presented improvement in stability and sensitivity when compared with the
results obtained without a chemical modifier in solution, making possible pyrolysis
temperatures of up to 1000 °C without significant losses. Pd showed higher stability at
higher temperatures than Pd/Mg and a more symmetrical signal was obtained at an
atomization temperature of 1700 °C. The temperatures for Pd as chemical modifier found in
this work were slightly higher than those found by Bulska et al. [23] when Pd was used as
chemical modifier in solution and Ir as permanent modifier. However, best results were

found in this work using Pt instead of Ir as permanent modifier, since Pt can provide a



thermal stability at higher temperatures compared with Ir, even without a chemical modifier
in solution.

To investigate the possibility of calibration with aqueous standard solutions, the
study of the chemical modifiers in solution was made with 10 pL of an aqueous solution of
Pd or a Pd/Mg mixture. . As can be seen in Figure 2b, the effect of chemical modifiers in
solution for Cd in fish oil samples is not the same as that obtained in aqueous solution
(refer to Figure 2a). Since fish oil is a complex matrix, composed mainly of lipoid chains,
and PGM can act in the degradation of such matrices [30], the improvement of sensitivity is
plausible when the chemical modifiers in solution are applied to organic matrices. The
thermal behavior of Cd applying Pd/Mg, or no chemical modifier in solution, were
significantly different between fish oil and aqueous standard solutions. However, Pd in
solution as chemical modifier, when applied to aqueous samples shows the same thermal
behavior as when applied to fish oil samples, with a symmetrical and sensitive signal
achieved at pyrolysis and atomization temperatures of 1000 °C and 1700 °C, respectively.

Due to the sensitivity and signal profile, Pt was chosen as permanent modifier and
Pd as chemical modifier in solution; pyrolysis and atomization temperatures of 1000 °C and

1700 °C, respectively, were selected. The temperature program is shown in Table 3.

3.3 Chromium

No modifier and Zr and Pd as permanent modifiers have been investigated for the
determination of Cr, using an aqueous solution of 10 pug L™ Cr. When no modifier was
used, the highest sensitivity was obtained with pyrolysis and atomization temperatures of
1100 °C and 2500 °C, respectively. When Pd or Zr was used as permanent modifier, the
highest sensitivities were found for pyrolysis and atomization temperatures of 1300 °C and
2500 °C, respectively. These results showed good agreement with data reported by Oliveira
et al. [31] who found best results at 1200 °C / 2600 °C with Pd as the permanent modifier.
Bermejo-Barrera et al. [32] used pyrolysis temperatures up to 1300 °C without significant
losses using a Zr coated graphite tube. Our results are shown in Figure 3a. It has to be noted
that the sensitivity obtained with both permanent modifiers was about a factor of two lower

than that without a modifier.



For comparison, the same measurements were also carried out with a solution of 0.5
g mL™ fish oil in 1-propanol. The thermal behavior was evaluated without modifier and
with a tube coated with Pd or Zr as a permanent modifier, as shown in Figure 3b. To
evaluate the pyrolysis curves, the atomization temperature was fixed at 2400 °C for all
modifiers and no modifier, and for atomization, the pyrolysis temperature was fixed at 1100
°C without modifier and at 1300 °C for Zr and Pd as the modifiers. When no modifier was
used, the highest sensitivity was obtained with a pyrolysis temperature of 1100 °C and an
atomization temperature of 2500 °C. The temperatures are in agreement with those found
for the aqueous solution. Zr also showed values comparable with the aqueous solution, with
a pyrolysis temperature of 1300 °C and an atomization temperature of 2600 °C. Only for
Pd, the optimum conditions were slightly different from those found for the aqueous
solution. The highest sensitivity was found for a pyrolysis temperature of 1000 °C and an
atomization temperature of 2600 °C. As in the study with an aqueous solution, the use of
these permanent modifiers resulted in significant losses of sensitivity compared to the
situation without a permanent modifier at the same temperatures. Based on these results,
the use of a permanent modifier was discarded for the determination of Cr in fish oil

samples.

The lipoid matrix of the fish oil can be a challenge for the determination of volatile
elements, such as Cd, which need to be stabilized at high temperatures, making necessary
the use of chemical modifiers, permanent and/or in solution. Although Cr is not volatile, the
use of chemical modifiers in solution has been investigated to ensure the thermal stability,
since the fish oil matrix needs a long exposure time to high temperatures to eliminate all
organic constituents. Pd/Mg and Pd, respectively, have been chosen as chemical modifiers
in solution to study the thermal behavior of Cr in a tube without permanent modifier. The
combination of Pd and Mg is known as a “universal chemical modifier” [30] and its
efficiency was verified for more than 20 elements. Bermejo-Barrera et al. [32] studied the
effect of Pd alone or in mixtures as chemical modifier and obtained thermal stability even
at high temperatures. As can be observed in Figure 4a, the use of chemical modifiers in
solution improved the thermal stability, keeping the signal almost constant up to 1400 °C.
However, after a great number of cycles have been performed, the signals increased,

probably due to a memory effect.
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To investigate this behavior, a complete atomization cycle with a previously used
tube, but without the addition of sample or standard solution was carried out, and no signal
of the analyte was detected. As described by Quadros and Borges [33], this increase of the
signal might be attributed to 1-propanol as the diluent. 1-propanol makes it possible that the
analyte penetrates into the graphite pores and is only gradually released at high
temperatures in the atomization stage. Since Cr is not a carbide forming element, all the Cr
Is released in the atomization stage in the absence of chemical modifiers. In the presence of
a solution of Pd or Pd/Mg as chemical modifier, due to the thermal stability, the analyte
remains in the graphite pores even after the cleaning stage. In a study of the chemical
modifier in aqueous solution, Cr did not show any trace of this effect; therefore, it is quite
likely that 1-propanol is the responsible reagent permitting the analyte to penetrate the
graphite pores. The thermal behavior of Cr in aqueous solution was in agreement with the
results obtained with the fish oil sample. To avoid this effect and once the chemical
modifiers in solution did not improve the analytical signal, no modifier at all was used for
Cr determination. These results are shown in Figure 4b.

Due to the highest sensitivity and the good signal profile, a pyrolysis temperature of
1100 °C and an atomization temperature of 2500 °C were chosen for all further
measurements. No permanent or chemical modifier in solution was used. The temperature

program for this work is shown in Table 4.

3.4. Figures of Merit

The figures of merit, such as the limit of detection (LOD), limit of quantification
(LOQ) and the linear correlation coefficient (R®) were evaluated and can be seen in Table 5.
The LOD was calculated as 36/S (n = 10), where o is the standard deviation of 10
measurements of a blank and S is the slope of the calibration curve; the LOQ was
calculated as 100/S of the same data set. The LOD was 0.5 pg (0.15 ng g™) for Cd and 7 pg
(2 ng g™) for Cr. The characteristic mass, mo, which is defined as the analyte mass that
provides an integrated absorbance of 0.0044 s, was 1.5 pg for Cd and 6 pg for Cr. The
linear range was determined in order to ensure the working range and showed linearity up

to 330 pg for Cd and 1080 pg for Cr. To prove the compatibility of the calibration with
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aqueous standards, a standard addition calibration was made, and the slopes were compared
with the calibration using aqueous standard solutions. The difference between the slopes
was 10% for Cd and 4% for Cr, which might be considered an acceptably accurate
correlation between matrix and aqueous solution, and the calibration could be carried out

using aqueous standard solutions.

3.5 Analysis of lipoid samples

The developed methods have been applied to samples from four stages of the
industrial refining process of fish oil from Chile, to a raw fish oil sample from Brazil and
commercially available samples of cocoa butter and milk butter. In the same way, the
method was also applied to commercial fish oil capsules acquired in Brazil and Germany;
however, none of the capsules contained fish oil with a detectable concentration of Cd or
Cr, so that the results are not shown in Table 6.

In order to establish the trueness of the results, the samples were also submitted to a
microwave-assisted acid digestion, and the digested samples were analyzed using the same
HR-CS GF AAS equipment and the same temperature program as for the samples diluted
with 1-propanol. The LOQs for microwave-assisted digested samples were 1 ng g™ and 13
ng g™ for Cd and Cr respectively. The comparison is based on a t-test of two experimental
means with 95% confidence and the results obtained by the proposed methods were not
significantly different from those obtained after microwave-assisted digestion.

The proposed methods achieve LOQs low enough to be compatible with European
legislation [14], which stipulates a maximum value of 1.0 pg g™ Cd, to guarantee the safe
consumption of supplements. For Cr, the low values can be an indicative for the absence of
pollutants, since Cr(V1) is in the environment due to anthropogenic activities [17]. The

results are shown in Table 6.

Among the evaluated fish oil samples, only the raw oil (stage 1) showed a
significant concentration of Cd (about 1.4 ug g™) using the proposed direct determination
and microwave-assisted digestion. To find a relatively high concentration of Cd in this raw
oil demonstrates that Cd is not in its ionic form, Cd **, because if it were, Cd could be
removed at the early stages of the oil extraction from fish, where all the meat is boiled in

water, and would not remain in the lipoid fraction. However, Cd remains in the oil phase
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and can form interesting complexes with stable lipoid structures. We cannot proof this
information until now, but probably these results will open a new way for the studies
involving lipoid matrices and will answer questions about the Cd metabolism and the route
of transport through the cells in biological systems.

There is a lack of information about Cd in biological systems and fish oil. Beniwal
et al. [34] showed that the increase in Cd concentration can cause alterations in the lipoid
profile of developing mustard seed, causing regularly a decrease in the total and non-polar
lipids. The authors report a significant correlation between the increase of saturated fatty
acids and the Cd concentration, while unsaturated fatty acids showed a significant decrease
when the Cd concentration was positive. These two statements allowed the interesting
conclusion that Cd induced increase in the saturated/unsaturated ratio, since the activity of
olelyl-CoA desaturase enzyme was affected when the Cd concentration was increased.
Similarly, the same observation was made by Chia et al. [35] in studies of the lipoid
composition in microalgae in the presence of different positive concentrations of Cd and
phosphate.

In the other stages of the fish oil cleaning (stage 2-4, Table 6), the Cd concentration
was below the LOD of the method (0.15 ng g™). This shows that the removing process,
adopted by the company between the first and the second stage, which uses the adsorbent
bentonite for clean-up, is successful. Among the other samples, just cocoanut butter showed
a low concentration of Cd (0.007 + 0.001pg g™), and using the proposed method, it was
possible to quantify this concentration, since the dilution factor is low compared with
microwave-assisted digestion. Furthermore, it was one more evidence how sensitive the
developed method using HR-CS GF AAS and the dilute-and-shoot approach are. Regarding
the microwave-assisted digestion procedure, the concentration found using this approach
was below the method’s LOD (1 ng g™).

In addition, Cr has been found in the oil A with concentration of 1.3 + 0.1 ug g™, oil
from stage 1 (1.1 + 0.1 pg g™), cocoanut butter (0.071 + 0.02 ug g™), and milk butter
(0.051 + 0.01 pg g™), while the other samples had no detectable Cr concentration (<2 ng g°
1). Regarding the significant concentration of Cr found in the oil samples (A oil and stage
1), we expect to find only Cr(l11) in the lipid phase since its hexavalent form is reduced by

the organic matter, which makes Cr(VI1) a harmful contaminant for fish and other marine
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life. Generally, in the environment, the Cr(VI) compounds are reduced to Cr(lll), because
they are strong oxidizing agents and highly corrosive [36]. As in the case of Cd, these
results open a new way for studies involving Cr in lipoid matrix, such as fish oil, and
further efforts will be necessary.

Cocoa butter and milk butter showed concentrations of 0.071 + 0.02 pg g* and
0.051 + 0.01 pg g™, respectively, showing a good agreement with the well-established
method employing microwave-assisted digestion and determination by HR-CS GF AAS.
For the other samples (stages 2-4), the concentrations were below the LOQ of the proposed

method (2 ng g™) and the microwave-assisted digestion procedure (13 ng g™).

4. Conclusions

Rapid and sensitive methods have been developed for Cd and Cr determination in
lipoid matrices by HR-CS GF AAS. The samples were just diluted using 1-pronanol and
injected onto the platform of the GF, coated with Pt and using Pd as chemical modifier in
solution when Cd was determined, while no modifier was used in the Cr determination. The
sample preparation does not require the use of acids or oxidant reagents, reducing the
volume of residues and the associated risks, and making needless the use of secondary
instrumentation. The dilution in 1-propanol reduces the viscosity of the fish oil to a degree
that injection with an autosampler became feasible, and no additional rinsing was
necessary. The accuracy of the proposed HR-CS GF AAS methods was verified by
comparing the ‘dilute-and-shoot’ method with microwave-assisted acid digestion, and no
significant difference was found between the two methodologies. From the results found in
the Cd determination using pooled oil (stage 1), an interesting hypothesis was proposed in
the literature [34] about organo-cadmium compounds, which were found in the lipoid phase

(oil phase) and could influence the structure of the lipoid profile.
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FIGURE CAPTIONS

Figure 1. Pyrolysis and atomization curves for Cd using Pt or Ir as permanent chemical
modifier.

a) 10 pg Cd in an aqueous solution; (e) without modifier; Ty for pyrolysis curve = 1400
°C; Tpyr for atomization curve = 400 °C. (A) 400 pg Pt as permanent modifier; (m) 400 pg
Ir as permanent modifier; for both modifiers:T, for pyrolysis curve = 1700 °C; Ty, for
atomization curve = 800 °C.

b) 30 pL of fish oil in 1-propanol; (m) 400 ug Ir as permanent modifier; (A) 400 pg Pt as
permanent modifier; for both modifiers: Ty for pyrolysis curve = 1700 °C; Ty, for

atomization curve = 800 °C.

Figure 2. Pyrolysis and atomization curves for Cd using a Pt coated platform and in
addition a chemical modifier in solution.

a) 20 pL of a solution of fish oil in 1-propanol: (m) without a chemical modifier in solution;
(#) 15 pg/10 pg of Pd/Mg in solution as chemical modifier; (%) 10 pg of Pd in solution as
chemical modifier; in all three cases: T4 for pyrolysis curve = 1700 °C; Ty, for atomization
curve = 800 °C.

b) 10 pg Cd in aqueous solution: (m) without chemical modifier in solution; Ty for
pyrolysis curve = 1700 °C; Tpyr for atomization curve = 800 °C; (¢) 15 pg/10 pg of Pd/Mg
in solution as chemical modifier; Ty for pyrolysis curve = 1700 °C; T,y for atomization
curve = 800 °C; (%) 10 pg Pd in solution as chemical modifier; Ty for pyrolysis curve =
1700 °C; Ty, for atomization curve = 800 °C.

Figure 3. Pyrolysis and atomization curves for Cr using Pd or Zr as permanent chemical
modifier.

a) 200 pg Cr in an aqueous solution (m) without a modifier; Ty for pyrolysis curve = 2400
°C; Tpyr for atomization curve = 1100 °C. (») 400 pg Zr as permanent chemical modifier;
(@) 400 png Pd as permanent modifier; in both cases: Ty for pyrolysis curve = 2400 °C; Tpyr

for atomization curve = 1300 °C.
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b) 30 pL of a solution of 0.5 g mL™ fish oil in 1-propanol. (m) without modifier; T for
pyrolysis curve = 2400 °C; Ty for atomization curve = 1100 °C. (o) 400 pg Pd as
permanent modifier; (P) 400 pug of Zr as permanent modifier; in both cases: Ty for

pyrolysis curve = 2400 °C; Tpy, for atomization curve = 1300 °C.

Figure 4. Pyrolysis and atomization curves for Cr using different modifiers in solution.

a) 30 pL of a solution of 0.5 g mL™ fish oil in 1-propanol: (#) without chemical modifier;
(w) 15 pg/10 ug of Pd/Mg in solution as chemical modifier; (%) 10 pug Pd in solution as
chemical modifier; in all three cases: T, for pyrolysis curve = 2300 °C; Ty, for atomization
curve = 1100 °C.

b) 200 pg of Cr in aqueous solution: (m) without chemical modifier; (¢) 15 pg/10 ug of
Pd/Mg in solution as chemical modifier; (x) 10 pug Pd in solution as chemical modifier; in

all three cases: T for pyrolysis curve = 2500 °C; Ty, for atomization curve: = 1100 °C.
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Fig. 2
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Table 1. Temperature program for Ir, Pd, Pt or Zr coating of the PIN platform.

Step T/°C Ramp/°Cs® Hold Time/s
1 90 5 40

2 110 1 40

3 130 1 40

4 1200 300 25

5 2100 500 10

6 2100 0 5




Table 2. Program for microwave-assisted digestion of fish oil and other lipoid samples.

Temperature / °C

Pressure / bar

Ramp time / min

Hold time / min

145
170
200
50
50

4
40
40

0

0

2

5
2
0
0

10
5
20
10
1
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Table 3. Temperature program for Cd determination in fish oil and lipoid samples by HR-
CS GF AAS after dilution with 1-propanol. Permanent modifier: Pt, and Pd added as

modifier in solution.

Stage T/°C Ramp/°Cs™ Hold Time /s
Drying 1 150 50 15
Drying 2 250 50 20
Pyrolysis 1000 100 15
Atomization 1700 3000 5
Cleaning 2100 1000 4
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Table 4. Temperature program for the determination of Cr in fish oil and lipoid samples by

HR-CS GF AAS after dilution with 1-propanol. No permanent modifier or modifier in

solution was used.

Stage T/°C Ramp/°Cs™ Time/s
Drying 1 150 50 15
Drying 2 250 50 20
Pyrolysis 1100 100 15
Atomization 2500 3000 5
Cleaning 2600 1000 4
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Table 5. Figures of merit for the determination of Cd and Cr in fish oil and lipoid samples

by the proposed method using HR-CS GF AAS.

Figure of merit Cd Cr
Slope (s pg™) 0.1043 0.0381
R? 0.998 0.999
Mo (PY) 1.5 6
LOD (pg) 0.5 7
LOD (ng g™) 0.15 2
LOQ (ng g™) 0.5 7
Linear range (pg) 1.5-360 23 —1080
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Table 6. Determination of Cd and Cr in fish oil and other lipoid samples by HR-CS GF

AAS using just a dilution in 1-propanol, in comparison with microwave-assisted digestion .

The values represent the mean of five measurements * standard deviation (SD).

1-propanol dilution / pg g™

Microwave-assisted digestion /

Sample Mg g™

Cd Cr Cd Cr
Oil A ND 1.3+£0.1 ND 1.2+0.05
Stage 1 14+0.2 1.1+£0.1 1.3+£0.2 1.3+£0.04
Stage 2 ND ND ND ND
Stage 3 ND ND ND ND
Stage 4 ND ND ND ND
Cocoanut butter 0.007 £0.001 0.071+0.02 ND 0.082 £0.03
Milk butter ND 0.051+£0.01 ND 0.050 £ 0.01

ND: Not detected.
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HIGHLIGHTS

e A simple method was developed for Cd and Cr determination in fish oil.

e The “dilute-and-shoot “procedure involves just the dilution of the sample in 1-
propanol.

e Cdand Cr can be determined using aqueous standard solutions for calibration.

e Low limits of quantification can be achieved due the low volume of solvent com-
pared to digestion.
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