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Abstract

The synergic effect between microwave and ultraviolet radiations was proposed for
chocolate digestion and further toxic element determination by inductively coupled plasma
mass spectrometry (ICP-MS). Arsenic, Cd, Ni and Pb were chosen to show the
applicability of the proposed method. Ultraviolet radiation was generated in situ using a
low-pressure Cd discharge microwave lamp inside each digestion vessel. Several
concentrations of HNO; (2, 4, 7 and 14.4 mol L'l) were evaluated as digestion media.
Parameters such as sample mass and microwave irradiation time were also evaluated in
order to provide the best conditions for chocolate digestion. A relatively high sample mass,
up to 600 mg of chocolate (white and milk), was digested using a diluted acid solution (10
mL of 4 mol L™ HNO:;), allowing for a final solution with dissolved carbon content lower
than 100 mg L™, which was suitable for [CP-MS measurements. The accuracy of the
proposed method was evaluated by the digestion of a certified reference material (CRM
BCR 414), and the agreement with the certified values for all analytes was between 95 and
98%. Recovery tests were also performed and results between 95 and 104% for all analytes
were obtained. The limits of detection for As, Cd, Ni and Pb by the proposed method were
0.87, 0.98, 29.7 and 7.85 ng g, respectively. Thus, for the first time, chocolate was
efficiently digested using only a diluted acid solution (digestion efficiency was higher than
90%). Moreover, the digests were suitable for subsequent ICP-MS analysis without any

filtration and/or extra-dilution step, as generally reported in the literature.

Keywords: toxic element determination, chocolate analysis, ultraviolet radiation,

microwave-assisted digestion, sample preparation, [CP-MS.
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1. Introduction
Chocolate is a food product widely consumed around the world, in all segments of society
and by people of all ages. This type of food is produced from cocoa beans, the fruit of the
cocoa tree (Theobroma cacao), to be consumed in bars or as powder for the preparation of
several foods (cakes, candies, breads, etc.)."* Although there are relatively high levels of
sugar and fat in these products, the consumption of chocolate and other cocoa products is
frequently associated with beneficial health effects. The presence of cocoa, milk and sugar
in chocolate composition can help to increase the ingestion of proteins, carbohydrates, fats,
minerals and vitamins.>> However, many studies have shown that potentially toxic
elements can be found in chocolates.”'® This contamination has been attributed to several
factors, such as the raw materials, process of manufacturing, wrappers where they are
stored, and environmental pollution, among others,>~%!%13-14.16:17

Arsenic, cadmium, nickel and lead are examples of elements that need to be
investigated in chocolate, due to their potential toxicity to the human body. The presence
of As in chocolate has been studied by other authors considering that the inorganic species
of this element which is carcinogenic for humans even at low concentrations.”'*'*'” In the
same way, studies about Cd and Pb concentration in chocolate necessarily take into
account the toxic effects on the human body, such as damage in hepatic and reproductive
systems, kidney failure, problems in brain functions, among others >*¢"*10-13-1617.19 Njcke]
is considered one of the main contaminants in chocolate, and a potentially carcinogenic
element to humans. Additionally, this element may cause, among other damages, dermal
symptoms of allergyin susceptible individuals.>®!41%:19:20
In general, these contaminants are present at trace levels in chocolate products,2

requiring the use of sensitive analytical techniques for element determination, associated

with a suitable sample preparation method. The sensitivity and multielement capability of
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inductively coupled plasma mass spectrometry (ICP-MS)*' make this technique attractive

7,14,16,22

for the determination of trace elements in chocolate, although the most of the

publications on this topic involve the use of analytical techniques based on atomic

absorption spectrometry (AAS).>*¢# 131518 Degpite the advantages related to the use of

23,24

ICP-MS for trace element determination, this technique usually requires a complete

digestion matrix in order to obtain solutions with lower dissolved carbon content, which
could interfere in the determination of some analytes.*'*> Therefore, the complexity of the

1,3,9,22

chocolate matrix, due to its high sugar and fat content, still makes the preparation step

of this sample a challenge.

49,11 511,26

Several methods involving dry ashing, suspension or emulsion, acid

extraction with conventional heating” and even wet acid digestion with

P5:69:1113.16,18 3,9,10,14,15,

conventiona or microwave-assisted heating 1722 have been described
to prepare chocolate samples for subsequent determination of several analytes. When ICP-
MS is used, the choice of sample preparation method is important in order to obtain digests
with low carbon content allowing lower interferences, especially for As. Microwave-

assisted wet digestion in closed vessels (MW-AD)'*%

and conventionally heated wet
digestion in open vessels'® using concentrated acids combined with oxidizing reagents have
been successfully applied for chocolate digestion and further toxic element determination
by ICP-MS. However, in the case of conventional heating in an open system, despite the
application of a filtration step prior to analyte determination, in view of removing
undigested lipids and to obtain a clear solution, the authors reported the need to use matrix
matching strategies during the determination step.'® In this sense, it is important to
emphasize that these procedures, involving concentrated reagents and/or additional steps

such as filtration or dilution after sample digestion, may lead to inconveniences such as

contamination or losses of analytes. In addition, the dilution of digests prior to the
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determination by ICP-MS, which is usually required when using concentrated reagents,
may lead to poor limits of detection (LODs), making the determination of elements at trace
levels difficult.”’

The use of diluted acids has also been reported in the literature for sample
preparation of chocolate prior to analyte determination by ICP-MS using the hot extraction
method, followed by a filtration step for the removal of sample matrix.”> However, ICP-
MS was only used for the determination of Cu, Mn and Zn, which are present in relatively
high concentrations, compared to elements such as As, Cd, Ni and Pb. Therefore, is
expected that interferences by dissolved carbon in digests are not very pronounced for the
determination of these elements (Cu, Mn and Zn) by ICP-MS, because a previous dilution
can be used.

An alternative for sample preparation that allows the use of diluted reagents, with
minimal dissolved carbon in digests, is the combination of microwave-assisted wet
digestion and ultraviolet radiation (MW-UV). In this system, electrodeless discharge lamps
used for ultraviolet generation are introduced into the digestion vessels used for MW-
AD.* Thus, the synergism of the microwave and ultraviolet radiations can provide a good
digestion efficiency using the minimal amount of reagents compared to conventional acid
digestion methods, even for samples with high carbon content.”®** This system was
originally developed by Florian and Knapp® for the digestion of skimmed milk powder,
and has been applied to other matrices.””?"*? However, it is important to notice that this
system has never been applied for the digestion of samples with a high fat content (around
30%) such as chocolate.

In the present study, the feasibility of MW-UV digestion was evaluated for the first
time for the digestion of chocolate samples for further determination of As, Cd, Ni and Pb

by ICP-MS. A systematic study was performed for the evaluation of HNO3 concentration,
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microwave irradiation time and mass of sample, aiming to use only diluted HNOs as a
digestion solution, without a filtration or extra-dilution step prior to the determination. The
efficiency of the digestion was evaluated by the determination of dissolved carbon in the
final digests. The accuracy of the proposed method was evaluated by recovery tests and by
analysis of a certified reference material (CRM). The proposed method was applied for the

digestion of a variety of white and milk chocolates.

2. Experimental

2.1. Instrumentation

In this study, a microwave sample preparation system (Multiwave 3000, Anton Paar,
Austria) equipped with eight high-pressure quartz vessels (internal volume of 80 mlL,
maximum operating temperature and pressure of 280 °C and 80 bar, respectively) was
used. Ultraviolet radiation was produced by using a Cd low-pressure discharge microwave
lamp inside each vessel (Anton Paar). The emission domain of this lamp in the UV region
is mainly located at 228 nm and the radiation intensity emitted during the microwave
heating program is dependent on the absorbed microwave energy and range from 1 to 10
W.?® The same microwave oven (Multiwave 3000, Anton Paar) and quartz vessels were
used for chocolate digestion by conventional MW-AD, as well as by the proposed MW-
UV method.

An inductively coupled plasma optical emission spectrometer (Spectro Ciros CCD,
Spectro Analytical Instruments, Germany) was used for dissolved carbon determination in
chocolate digests. The determination of As, Cd, Ni and Pb in digests was carried out using
an inductively coupled plasma mass spectrometer (Elan DRC II, PerkinElmer-SCIEX,
USA) equipped with a concentric nebulizer (Meinhard Associates, USA), a cyclonic spray

chamber (Glass Expansion, Inc., Australia) and a quartz torch with a quartz injector tube (2
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mmi.d.). The operational conditions of both instruments were adapted from previous

23,24

works and are shown in Table 1.

(Table 1)

Argon with a purity of 99.996% (White Martins, Brazil) was used for plasma
generation, nebulization and as an auxiliary gas, in both plasma-based instruments. Argon
was also used to remove dissolved CO, from digests for carbon determination by ICP
OES.

The determination of acidity in digests was performed using an automatic titrator
(Titrando 836, Metrohm, Switzerland). This instrument was equipped with an automatic
stirring module (model 803, Metrohm) and a combined pH electrode (model 6.0262.100,

Metrohm). Acidity was determined in digests after dilution to 25 mL.

2.2. Reagents, standards and samples

Nitric acid (Merck, Germany) purified using a sub-boiling system (Duopur, Milestone,
Italy) and ultrapure water (resistivity of 18 MQ cm) obtained from a purification system
(Mega Up, Megapurity, South Korea) were used in this study.

A multielement stock standard solution (SCP 33MS, SCP Science, Canada)
containing 10 mg L of each analyte was used to prepare the calibration curve (in 5%
HNO; v/v) for ICP-MS determination, ranging from 0.025 to 10 pg L. This stock
standard solution was also used for the analyte spike of the recovery test. Standard
solutions used for the dissolved carbon determination by ICP OES were prepared by the
dilution of citric acid (Merck) in 5% HNOj3 (v/v), ranging from 10 to 250 mg L. Yttrium

(1 mg L, Spex CertPrep, USA) was used as internal standard for carbon determination.
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A solution of 0.1 mol L' KOH (Merck) was used for the determination of residual
acidity. This solution was previously standardized using potassium hydrogen phthalate.

All materials used were immersed in 10% HNO; solution for 24 h. UV lamps were
cleaned for 20 min using concentrated HNO; at 120 °C under conventional heating. The
quartz vessels and polytetrafluoroethylene (PTFE) devices of UV lamps (spacers and base
rings) were cleaned using concentrated HNO; under microwave radiation (Multiwave
3000, Anton Paar) for 10 min at 900 W and for 15 min at 0 W (cooling step). Finally, all
materials were washed with ultrapure water and dried in a class 100 laminar flow bench
(CSLH-12, Veco, Brazil) before use.

Seven chocolate samples from different brands and produced in different regions of
Brazil were used. All samples were obtained as bars including milk (MC, numbered from 1
to 4) and white (WC, numbered from 1 to 3) chocolates. The basic composition of white
chocolate was sugar, whole and skimmed milk powder, cocoa butter, vegetable fat,
emulsifier and flavoring. Milk chocolate was composed of sugar, whole and skimmed milk
powder, cocoa butter, cocoa (liquor or powder), emulsifier and flavoring. According to the
manufacturers, the fat content in these products ranged from 26 to 34%, which is similar to
the fat content reported in the literature for white and milk chocolates.'

For the optimization of digestion procedures, a milk chocolate sample (MC1) was
arbitrarily chosen and other samples were only analyzed using the optimized conditions. A
certified reference material (CRM) of plankton (BCR 414), purchased from the
Community Bureau of Reference, was used for accuracy evaluation of the proposed

method.

2.3. MW-UV digestion method
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For sample preparation by MW-UV, sample masses from 500 to 700 mg were inserted into
the quartz vessels along with the UV lamps, PTFE devices and 10 mL of HNOj3 solution.
Nitric acid solutions (2, 4, 7 and 14.4 mol L'l) were evaluated as digestion media. The
microwave irradiation was carried out using the program shown in Table 2, which was
adapted from the microwave oven manufacturer for fat digestion.** Variations of
microwave irradiation were also performed in view of reducing the decomposition time.
Thus, microwave irradiation hold times of 20 and 10 min, instead 40 min, were also
evaluated. The best heating program was selected taking into account the digestion
efficiency, which was monitored by dissolved carbon determination by ICP OES, as well

as by recovery tests.

(Table 2)

2.4. Conventional microwave-assisted digestion method

For comparison of the digestion efficiency using the proposed method (MW-UV), the
digestion of chocolate using MW-AD was performed. In this way, the sample mass, HNO3
concentration and microwave irradiation program were used according to the best

conditions selected for the optimization of the MW-UV method.

2.5. Evaluation of digestion efficiency

The evaluation of the digestion efficiency of each condition was carried out by dissolved
carbon determination in digests using ICP OES. Prior to this determination, in order to
remove dissolved CO; from the digests, sample aliquots were purged with argon (0.1 L

min™) for 2 min.* The results of the dissolved carbon content in digests were expressed as
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mg C/100 mg of the sample. The digestion efficiency was also compared to the final

acidity in digests, in order to know the amount of acid consumed in the oxidation reaction.

2.6. Accuracy evaluation of the proposed method

The accuracy of the proposed MW-UV method was evaluated by the digestion of CRM
BCR 414 under the same conditions applied to samples. This CRM was chosen,
considering that there is no CRM of chocolate with certified values for As, Cd, Ni and Pb.
Moreover, taking into account that this CRM does not represent the sample matrix (mainly
due to the fat content and other major compounds), an additional study was performed in
order to evaluate the influence of chocolate matrix on the analyte recoveries. In this way, a
set of solid mixtures containing chocolate (MC1, 450 mg) and BCR 414 (150 mg) was
digested. Considering the CRM mass used, the equivalent concentration of As, Cd, Ni and
Pb added to the samples was 1705, 57.4, 2820 and 596 ng g, respectively. In addition,
accuracy was also evaluated using analytes spike (1 pg L™ for As, Cd and Pb, and 10 pg L°

! for Ni) of multielement standard solution added to the samples previously to digestion.

2.7. Analyte determination in chocolate samples

After the optimization of the sample preparation method, the selected conditions of
digestion by MW-UV were applied for white and milk chocolates. These conditions were
selected taking into account the analyte recoveries and the good digestion efficiency of a
high sample mass using a lower acid concentration combined with lower time
consumption. Digests were transferred to volumetric vessels using ultrapure water, to
carefully wash the digestion vessel walls and UV lamp (including its accessories), and they

were diluted to 25 mL for further determination of As, Cd, Ni and Pb by ICP-MS.

10
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All statistical calculations were performed using the software GraphPad InStat
Version 3.06 (GraphPad Software, Inc., USA).A significance level of 95% was adopted for

all comparisons.

3. Results and discussion

3.1. Optimization of MW-UV method

The optimization of the MW-UV method for chocolate samples was carried out using a
milk chocolate (MC1), which was arbitrarily selected. In these preliminary experiments,
parameters such as HNOj; concentration (2, 4, 7 or 14.4 mol L'l) used as digestion solution,
sample mass and microwave irradiation time were evaluated.

The evaluation of HNOj; concentration for chocolate digestion by MW-UV was
performed in order to achieve the lowest HNOjsconcentration that assures an efficient
digestion of 500 mg of chocolate. Initially, the heating program was applied as described in
Table 2. The results for dissolved carbon content and final acidity in the digests are shown

in Fig 1.

(Figure 1)

Using a 2 mol L' HNOj; solution the digestion was not considered effective (about
47 mg C/100 mg of the sample), corresponding to about 7800 mg L™ of dissolved carbon
in digest. However, when 4, 7 or 14.4 mol L' HNO; solutions were used, the dissolved
carbon content in the digests was always about 0.4 mg C/100 mg of sample (below 70 mg
L™ of dissolved carbon in the digests), which usually did not cause interferences in ICP-

MS analysis.>?® This high digestion efficiency is probably associated with the synergy

11
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between the MW and UV radiations, with the formation of highly reactive oxidizing
species, which allowed the sample digestion even using diluted acids.”**'**

Regarding the final acidity in digests, as expected, an increase of values with the
use of a higher concentration of HNO;, was observed (Fig. 1), although the dissolved
carbon content was practically the same for HNOs concentrations equal or superior to 4
mol L. When this HNOs concentration was used, a consumption of around 0.025 mol of
HNO; was observed (about 85% of the acid concentration added) for efficient digestion of
500 mg of the sample, resulting in final acidity in digests of around 0.5 mol L. However,
using 2 mol L™ HNOj3, the final acidity in digests was about 0.045 mol L, corresponding
to a consumption of 98% of the acid added. This low residual acidity can explain the low
digestion efficiency using this solution.

In addition, in order to assure the choice of a better digestion solution, analyte
spikes were performed for HNO; concentrations ranging from 4 to 14.4 mol L™. For all
solutions, recoveries between 95 and 99% were achieved for all analytes (Fig. 2). Thus, 4
mol L™ HNO; was considered a suitable solution for chocolate digestion using the MW-
UV method. It is important to point out that using this condition the adjustment of solution
acidity was not required and it was considered suitable for ICP-MS analysis as calibration
curves were performed using 5% HNOs which practically have the same acidity. However,
when a more concentrated digestion solution (7 or 14.4 mol L) was used, the higher
acidity in digests required an additional dilution before ICP-MS analysis. In this sense, the
selected digested solution in this study (4 mol L' HNO;) was the condition that allowed

the determination by ICP-MS without extra-dilution step.

(Figure 2)

12
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Sample mass was another parameter evaluated (up to 700 mg), in order to achieve
the digestion of a high mass of chocolate as possible. This evaluation was performed by
taking into account the residual acidity determined in final digests (by using 500 mg of
chocolate and 10 mL of 4 mol L' HNO;), which suggests the availability of acid for
digestion of higher sample masses. Thus, when 600 mg of the chocolate sample was
digested the dissolved carbon content was 0.4 mg C/100 mg of the sample, corresponding
to about 80 mg L™ of C in digests. These digests showed a final acidity of about 0.3 mol L
' However, when 700 mg of the sample was digested, despite the residual acid observed in
the digests (about 0.17 mol L™), the dissolved carbon was about 1 mg C/100 mg of the
sample (233 mg L™ of dissolved carbon). This carbon concentration corresponded to about
three times the obtained value for digests of 600 mg of the sample, and it can cause
problems such as deposits of carbon in the interface of equipment reducing the sensibility
of analyte determination by ICP-MS.

Based on these findings, for further experiments a mass of 600 mg of chocolate was
used, considering the suitable carbon content in digests, which was similar to those
obtained when 500 mg of chocolate was digested. It is important to mention that this is the
highest mass of chocolate efficiently digested in closed systems.*®!%-14:15:17:22

In order to reduce the digestion time, the microwave irradiation program was
changed, modifying the hold microwave irradiation time from 40 to 10 or 20 min.
Although the microwave oven allows the use of a higher power, the maximum irradiation
was set at 550 W. This power was used due to the limited pressure (80 bar), which was
achieved in the initial minutes of hold time, resulting in a power reduction of about 400 W.
For all heating programs evaluated, the ramp time was kept constant in order to avoid
sudden spontaneous reactions, considering the high content of organic compounds in the

12
samples.

13
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The maximum temperature observed for all evaluated programs was about 200 °C,
which was achieved when maximum pressure was reached. However, results for dissolved
carbon content in digests of chocolate using 10 min of hold time (about 1.60 mg/100 mg of
the sample, correspondent to 267 mg L' in the solution) and 20 min of hold time (about
0.80 mg/100 mg of the sample, corresponding to 133 mg L™ in the solution) were
significantly higher than those obtained using 40 min of hold time (about 0.4 mg/100 mg
of the sample). Thus, among the evaluated heating times, 40 min of hold time was chosen
as the most satisfactory condition, due to the digestion efficiency demonstrated in

comparison with others.

3.2. MW-AD method

The digestion of the chocolate sample using conventional MW-AD was performed in the
selected conditions for the proposed method (MW-UV): 600 mg of the sample, hold time
under microwave irradiation of 40 min and 10 mL of 4 mol L' HNO; as the digestion
solution. The only difference in this procedure (MW-AD) was the absence of the UV lamp
inside the quartz vessels. The final acidity in digests under these conditions was 0.24 mol
L and the solution aspect was clear. However, as expected, digestion by MW-AD was
less efficient (dissolved carbon content about 0.8 mg/100 mg of the sample, corresponding
to 160 mg L' in solution) when compared to digestion by MW-UV. This concentration of
dissolved carbon in the digests was twice that obtained by the MW-UV method, which
confirms the effect of UV radiation on the digestion of organic matrices even using a

diluted acid solution.

3.3. Accuracy evaluation of the proposed method

14
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The accuracy of the proposed MW-UV method was evaluated by digestion of CRM BCR
414 under optimized conditions. The results for As, Cd, Ni and Pb in CRM showed
agreement between 95 and 98% with certified values as can be seen in Table 3.
Additionally, recovery tests were carried out by analyte spikes of standard solution prior to
sample digestion, and also by mixture of the sample with CRM BCR 414. Recoveries in
both cases were between 95 and 104% for all analytes, confirming that a 4 mol L™ HNO;

solution is suitable for chocolate digestion using the MW-UV method.

3.4. Determination of As, Cd, Ni and Pb in chocolate by ICP-MS after digestion by
MW-UV

In order to evaluate the applicability of the proposed MW-UV method (600 mg of the
sample, 4 mol L! HNO; and hold time under microwave irradiation of 40 min) for
chocolate digestion and further determination of As, Cd, Ni and Pb by ICP-MS, the
proposed method was applied to the digestion of 7 chocolate samples, including white and
milk chocolates. These types of chocolate were selected because they are the most
consumed in Brazil, as well as to evaluate the content of toxic elements between the
chocolate types and brands.

The results of the analyte determination in the chocolate samples are shown in
Table 3. As can be seen, the Ni concentration was higher than the concentrations of As, Cd
and Pb in all samples. These findings are in agreement with previous studies, in which Ni

concentration is always higher than As, Cd and/or Pb concentration in chocolates.**%!1%!3

(Table 3)

15
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As can be seen in Table 3, Ni concentration was higher in milk chocolate than in
white chocolate. The same behaviour was observed for Cd, which was not detected (LOD
0.98 ng g™) in white chocolate. The source of Cd and Ni is probably the cocoa used as raw
material for milk chocolates, as reported in the literature, > 11131517 However, it is
important to mention that variations in the concentration of toxic elements in chocolates
can be also associated with the process of manufacturing, as well as with leaching of
metals from the packaging in which they are stored.® A different behaviour was observed in
As concentration in that the obtained values for the two types of chocolates varied in a
small range (11.7 to 21.7 ng g). In the same way, for Pb the obtained values for white and
milk chocolates were around 14.0 ng g, except for one white chocolate sample, where the
Pb concentration was lower than the LOD (7.85 ng g™') of method.

The obtained results for As, Cd, Ni and Pb in this study were similar to those

reported in the literature on milk chocolate.*”'%!

However, regarding to the determination
of these elements in white chocolates, it was not possible to perform a comparison, due to
the absence of studies involving the determination of these elements in this type of
chocolate.

The obtained values for Cd and Ni in this study were lower than the average of the
values reported in 2014 by the U.S. Food and Drug Administration (FDA) Total Diet Study
(TDS) for milk chocolates (Cd: 24 ng g'and Ni: 921 ng g™).>” For Pb, the obtained values
in this study were similar of the average concentration (13 ng g™ reported for this element
by FDA. It was not possible to compare the observed As concentration with the results
reported by the FDA, because these were lower than limit of quantification (40 ng g") of

the method used by the FDA laboratories. Otherwise, the proposed method allowed for As

determination in chocolates even at low concentrations (LOD 0.87 ng g™).

16
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It is important to emphasize that the As, Cd and Pb concentrations obtained for the
evaluated samples, were below the maximum levels recommended by the Brazilian Health
Surveillance Agency for this type of food (200 ng g™ for all analytes in chocolates with
cocoa content lower than 40%).*® There are no recommendations in Brazilian legislation
related to the concentration of Ni in chocolates. However, an ingestion of Ni lower than
100 pg day™ is suggested for adults,"” being 1000 pg day” the maximum level of daily

intake that is likely to pose no risk of adverse effects.*

3.5. Highlights of the proposed method

Using a diluted HNOs solution for chocolate digestion, in the proposed method, it was
possible to determine As, Cd, Ni and Pb by ICP-MS with a relative standard deviation
(RSD) lower than 7% and LODs of 0.87, 0.98, 29.7 and 7.85 ng g, respectively. These
LODs were significantly lower than those obtained after MW-UV using 14.4 mol L'
HNO; (As: 3.6 ng g'; Cd: 1.99 ng g, Ni: 73.5 ng ¢! and Pb: 22.4 ng g"), showing that
the use of diluted acid is suitable for further analyte determination even at a lower
concentration. In addition, blank values using diluted HNO; (4 mol L) for all analytes
were always significantly lower than those obtained using concentrated HNO;.

It is important to emphasize that, in this study, it was possible for the first time to
efficiently digest chocolate (efficiency higher than 90% considering the total carbon
content in the sample) using only diluted acid, without the addition of other oxidizing
reagents. Using diluted HNQO;, an extra-dilution of digests before ICP-MS determination
was not necessary (digests can be directly analyzed without interferences). Moreover,
using the proposed MW-UV method, the presence of particulate material was not observed
in digests, which eliminates the filtration step after sample digestion as usually performed

in other methods applied for chocolate analyses.'®**

17
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It is also important to highlight a positive aspect concerning the low dissolved
carbon content in digests obtained by the proposed method, which reduces the
interferences for ICP-MS determination. The matrix effects caused by the presence of
carbon are explained by changes in the plasma characteristics and the corresponding
changes in ion distribution in the plasma. However, for some analytes, as such as As, the
matrix effects are also related to an increase in analyte ion population, caused by charge
transfer reactions involving carbon-containing charged species in the plasma.” In this
sense, the carbon content in digests is an important parameter to be monitored before the

ICP-MS determination, mainly for analytes more susceptible to these interferences.

4. Conclusions

The proposed MW-UV method was suitable for the digestion of chocolate for further
multielement determination of As, Cd, Ni and Pb by ICP-MS. The synergic effect of
microwave and ultraviolet radiations enabled the use of diluted HNOs 4 mol L™ to digest
up to 600 mg of the sample. In this way, the MW-UV method avoids the use of
concentrated acids or other oxidizing reagents, significantly reducing the interferences in
the determination step, laboratory wastes and blank values. Moreover, using the proposed
method, digests with low dissolved carbon content were obtained, which was suitable for
analyte determination by ICP-MS, not requiring an extra-dilution or filtration step prior to
analysis.

The use of MW-UV and ICP-MS allowed the determination of As, Cd, Ni and Pb
content in different types of chocolate, making the procedure suitable for routine analysis.
Moreover, it was possible to observe different contents of some analytes in white and milk
chocolates, although in all cases the obtained concentration was lower than the limits

recommended by legislation.
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Figure Captions

Fig. 1. Dissolved carbon content () and residual acidity (-) in digests of milk

chocolate after MW-UV using HNOs as a digestion solution (n=3).

©CoO~NOUTA,WNPE

13 Fig. 2. Recoveries for As [, Cd [, Ni [ and Pb. Determination by ICP-MS after
15 chocolate digestion by MW-UV using 4, 7 or 14.4 mol L' HNO; as a digestion

solution (n=3).
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Table 1. Operational parameters for dissolved carbon determination by ICP OES and As,

Cd, Ni and Pb by ICP-MS.

Parameter ICP OES ICP-MS
RF power (W) 1400 1300
Argon flow rate (L min™)
Plasma 15.0 15.0
Auxiliary 0.2 1.2
Nebulizer 0.7 1.1
Spray chamber Scott double pass Cyclonic
Nebulizer Cross-flow Concentric
Sampler and skimmer cones - Pt

Ion lens

Analytes
As
C
Cd
Ni
Pb

Y

Emission line (nm)

193.094

371.029°

Auto lens “on”
Isotope (m/z)

75

111
58

208

*Yttrium was used as internal standard in the carbon determination.
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Table 2. Microwave irradiation program used in MW-UV method for chocolate digestion.

Step Operational conditions*

Power (W) Ramp (min) Hold (min)
1 550 20 40

2° 0 0 15

*Cooling step; *Maximum pressure and temperature were limited
in 80 bar and 280 °C, respectively; and maximum pressure rate of
0.5 bars™.
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Table 3. Results for As, Cd, Ni and Pb determination in chocolate and CRM using the

proposed MW-UV digestion method and determination by ICP-MS. Results are

presented in ng g'1 wet weight (values represent the mean and standard deviation

of n=4).
Sample Analyte concentration
As cd Ni Pb

White WC 1 153+0.7 <0.98? 105+5 <7.85°
chocolate  wco  1p4108 <0.98° 108+ 6 1534 0.9

WC3  217+12 <0.98° 973+ 6.7 137408
Milk MC1 151410  7.41+036 559+ 33 15.1+0.7
chocolate  \yn 117108 13.740.7 538 + 29 14.0+ 0.9

MC3  13.0+08 16.1+0.8 381 + 23 132406

MC4  13.6+09  182+1.0 652+ 41 1524009
BCR 414" 66704379 365+ 17 18067+ 831 38564201

"Certified values for CRM BCR 414 (As: 6820 + 280 ng g'; Cd: 383 + 14 ng g'; Ni: 18800
+800ng g'; Pb: 3970 £ 190 ng g');

“*LODs for Cd and Pb by proposed method.
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14 A new method based on synergism between MW and UV radiations was proposed for
chocolate digestion using diluted HNO; for subsequent determination of As, Cd, Ni and Pb

19 by ICP-MS.
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