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Abstract Establishing fast, simple, low-cost, and efficient
sample preparation procedures to determine elements in food-
stuffs is a relevant aspect for nutritional and health purposes.
For this reason, the recently proposed closed-vessel
conductively heated digestion system (CHDS) was evaluated
for the digestion of milk powder, chocolate powder, and sol-
uble coffee samples aiming for Ca, Cu, Fe, K, Mg, Mn, Na,
and Zn determinations by high-resolution continuum source
flame atomic absorption spectrometry (HR-CS FAAS) and
Cd, Mo, and Se determinations by inductively coupled plasma
mass spectrometry with tandem configuration (ICP-MS/MS).
The accuracy was evaluated by analyzing two milk certified
reference materials digested by the CHDS and a microwave
oven for comparison. When using the CHDS, recoveries for
the analytes varied from 91 to 104 %. For microwave diges-
tions, recoveries within the 94—109 % intervals were obtained.
The method was then applied to the samples. For comparative
purposes, the analytes were also determined in the samples
after microwave digestion, and the results between the two
digestion systems showed no differences based on a paired ¢
test at a 95 % confidence level. Similar analytical blanks were
obtained because quartz digestion tubes were used in both
digestion systems. The CHDS with quartz tubes is an interest-
ing alternative for laboratories dedicated to large-scale routine
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analysis because volatile elements usually found in very low
concentrations in food samples such as Cd and Se can also be
determined.
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Introduction

Essential elements such as Ca, Cu, Fe, Mg, Mn, and Zn are
frequently added in several industrialized food products to
meet nutritional requirements (Inam and Somer 2000).
Despite their great importance in human health, some of these
elements can also present toxic effects when in high concen-
trations. Considering those aspects, the information about the
metal content in industrialized food samples is a relevant as-
pect for nutritional and health purposes (Martino et al. 2000).
Although the Codex Alimentarius Commission does not es-
tablish maximum concentration levels for essential elements
in foodstuffs, determining the concentration of essential ele-
ments such as Fe, Cu, Mn, Zn, Ca, Mg, Na, K, Se, and Mo for
nutritional purposes, as well as toxic elements such as Cd, is
considered a recent trend in the literature (Bizzi et al. 2011a;
Terol et al. 2010; Karadjova et al. 2000). Therefore, it is im-
portant to develop fast, simple, low-cost, and efficient sample
preparation and analytical procedures for quality control.
Among the techniques used to determine metals in food
samples, high-resolution continuum source flame atomic ab-
sorption spectrometry (HR-CS FAAS) can be considered an
interesting alternative since it achieves limits of detection five
times better in comparison to line-source flame atomic absorp-
tion spectrometry (LS FAAS) and allows multielemental anal-
ysis in fast sequential mode (Welz 2005). Comparing to
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conventional LS FAAS, possibilities of background correction
and elimination of interferences are increased because the spec-
tral environment of the analytical line can be completely ex-
plored. The greatest advantage of HR-CS FAAS in relation to
LS FAAS is the need for only one single lamp for all elements
instead of one lamp for each element (Welz et al. 2003, 2007;
Becker-Ross et al. 2006; Villanueva-Alonso et al. 2009). In the
recent years, it was demonstrated in literature a great interest in
applying HR-CS FAAS to determine various analytes in food
samples (Paz-Rodriguez et al. 2015; Ozbek and Baysal 2015;
Li and Chen 2014; Brandao et al. 2010, 2011).

Inductively coupled plasma mass spectrometry (ICP-MS)
is an important technique for trace element analysis due to its
high sensitivity, multiclement capability, and high sample
throughput (Becker 2007). However, the main drawback to
perform trace element analysis by ICP-MS is related to spec-
tral interferences. In order to increase the potential to deal with
spectral overlaps, an inductively coupled plasma tandem mass
spectrometer (ICP-MS/MS) was recently proposed. It presents
an octopole reaction system (ORS?) located in-between two
quadrupole analyzers and allows the operation of the ICP-MS
instrument in MS/MS mode. This configuration improves the
control of collision and reaction processes inside the ORS?
due to the pre-selected mass/charge ratio, and it has been suc-
cessfully applied in order to determine several elements in
different types of sample (Balcaen et al. 2013; Amais et al.
2014, 2015; Amaral et al. 2015; Virgilio et al. 2015).

The sample preparation procedure must be reproducible
and adequate to the sample introduction system. In addition,
from a green chemistry perspective, sample decomposition
with low consumption of reagents is also desirable (Bizzi
et al. 2010, 2011a, b; Castro et al. 2009). The recently pro-
posed closed-vessel conductively heated digestion system
(CHDS) was applied for botanical samples and proved to be
an efficient and cheaper alternative to closed-vessel micro-
wave-assisted digestion (Miranda et al. 2014a, b). The
CHDS can be considered an excellent option for sample prep-
aration in atomic spectroscopy analysis due to the low costs

involved in acquisition and maintenance, efficient digestion
using small volumes of reagents, and low analytical blanks.

The goal of this study was the evaluation of the CHDS with
quartz tubes for the digestion of milk powder, chocolate pow-
der, and soluble coffee samples aiming for Ca, Cu, Fe, K, Mg,
Mn, Na, and Zn determinations by HR-CS FAAS and Cd, Mo,
and Se determinations by ICP-MS/MS.

Experimental
Instrumentation

The CHDS is depicted in Fig. 1. The system comprises an
aluminum heating block with 28 orifices (18.2 mm diameter,
50 mm deep) for quartz digestion tubes (15 mm internal di-
ameter, 18 mm outside diameter, 200 mm height, and internal
volume of 34 mL), a temperature control terminal, two
cooling fans, and a digestion cabinet resistant to acid fumes
(polypropylene coated inside). The equipment is operated via
an industrial grade control terminal where the heating program
is created and automatically followed by the system via a
proportional-integral-derivative controller. The quartz diges-
tion tube is maintained sealed during digestions by a Teflon
cover containing a perfluorinated (FFKM) o-ring, which is
pressed by the screw cap. The screw cap works as a safety
seal and allows the integrity of the vessel in case of overpres-
sure since it is more fragile than the tube. Samples and certi-
fied reference materials (CRMs) were digested using the
CHDS. Further details about the CHDS can be found else-
where (Miranda et al. 2014b).

A closed-vessel microwave (MW) oven (Multiwave, Anton
Paar, Graz, Austria) equipped with a 6 position rotor for quartz
vessels (internal volume of 50 mL, minimum filling volume of
6 mL) was employed as a comparative digestion system.

The micronutrients (Cu, Fe, Mn, and Zn) and the macro-
nutrients (Ca, Mg, K, and Na) were determined when
employing a ContrAA 300 high-resolution continuum source
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Fig. 1 Schematic setup details of the CHDS with quartz tubes
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Table 1 Instrumental operating

conditions for HR-CS FAAS Analyte Wavelength (nm) Air gas flow (L h™) C,H, gas flow (L h™) Burner height (mm)
Ca 239.856 508 70 7
K 404.414 508 70 7
Mg 202.588 508 60 6
Na 330.237 508 80 6
Zn 213.857 508 60 6
Fe 248.327 508 65 7
Cu 324.754 508 40 6
Mn 279.482 508 80 6

flame atomic absorption spectrometer (Analytik Jena, Jena,
Germany) equipped with a Xenon short-arc lamp (XBO
301, 300 W, GLE, Berlin, Germany) operating in a hot-spot
mode as a continuum radiation source. High-purity acetylene
(99.7 %, Air Liquid, Sao Paulo, Brazil) and air were used as
fuel and oxidant gases, respectively. Micronutrients were de-
termined at the main lines, macronutrients at alternative lines,
and the aspiration rate was fixed at 5.0 mL min™'. The instru-
mental operating conditions for analyte determination by HR-
CS FAAS are described in Table 1.

Cadmium, Mo and Se determinations were carried out
using an Agilent 8800 ICP-MS (Agilent Technologies,
Japan) equipped with two quadrupole mass analyzers (Q1
and Q2), located in-between an octopole reaction system
(ORS?). Pure oxygen (>99.999 %, Air Products, Sao Paulo,
SP, Brazil) was used as a reaction gas to generate the oxide
species of the analytes into ORS®>. The ICP-MS/MS operation-
al parameters are shown in Table 2.

Reagents, Analytical Solutions, and Samples

Deionized water (18-2M-cm resistivity) obtained with a
Millipore Rios 5® reverse osmosis and a Millipore Milli-
Q™ Academic® deionizer system (Millipore, Bedford, MA,
USA) were used to prepare all solutions. All glassware and
polypropylene flasks were washed with Extran® laboratory
detergent (Merck, Darmstadt, Germany), soaked in 10 % (v/
v) HNO; for 24 h, and rinsed with deionized water prior to
use; 65 % m/m Suprapur® nitric acid (Merck, Darmstadt,
Germany) and 30 % m/v H,O, (Merck, Darmstadt,
Germany) were used for sample digestion. Cd, Mo, and Se
individual stock standards (SpecSol, Sao Paulo, Brazil) con-
taining 1000 mg L' were used to prepare analytical standards
by sequential dilution in 5 % (v/v) HNO3, in the range of
0.025-10 pg L' for ICP-MS. Analytical calibration solutions
of Ca, Cu, Fe, K, Mg, Mn, Na, and Zn were prepared by
appropriate dilution of 10,000 mg L' individual stock stan-
dards (SpecSol, Sdo Paulo, Brazil) in 1 % (m/v) La media for
HR-CS FAAS. A 5 % (m/v) La stock solution was prepared by
dissolving 58.6 g La,O5 (Merck, Darmstadt, Germany) in

250 mL of 37 % m/m hydrochloric acid (Spectrum,
Gardena, USA) and making the final volume up to 1000 mL
with deionized water. Two milk CRMs from the National
Institute of Standards and Technology (NIST, Gaithersburg,
MD, USA) were used to check the accuracy and precision:
1549 non-fat milk powder and 8435 whole milk powder. Milk
powder, chocolate powder, and soluble coffee samples were
purchased at a local market in Araraquara, Sao Paulo, Brazil.

CHDS Digestion Procedure

In order to avoid overpressure when using the CHDS, the sample
mass is limited to 200 mg, a pre-digestion is performed to reduce
the incidence of fast exothermic reactions and 1 mL of 30 % m/v
H,0, is added in the acid mixture to remove NO, from the
gaseous phase during the digestion process. Hence, digestions
can be performed at lower pressures, and quartz tubes with thin-
ner walls (1.5 mm) can be used to improve heat exchange.

In comparison to open-vessel systems, costs for running
sample digestion with the CHDS are lower because it requires
small volumes of reagents (2 mL of HNO; and 1 mL of
H,0,). The CHDS also provides faster digestions, minimizing

Table 2

Instrumental operating conditions for ICP-MS/MS

Instrument parameter

Operating condition

RF power (W) 1550

Sampling depth (mm) 8.0

Nebulizer Concentric nebulizer—glass
Spray chamber Scott type—double pass
Auxiliary gas flow rate (L min ") 1.8

Carrier gas flow rate (L min ") 1.09

Integration time (s) 3.0

Mass/charge ratios selected in Q1 80ge. %Mo, 14Cd
Operating mode MS/MS

Cell gas 0,

Oxygen flow rate (mL min ") 0.50

Mass/charge ratios monitored in Q2

8086160, 98M01602, 114Cd
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Table3  Results (mean-standard deviation, n=3) for Ca, K, Mg, Na, and Zn (mg kg ') in CRMs and samples by HR-CS FAAS after digestion with

the CHDS and a closed-vessel microwave (MW) digestion system

Element
Ca (mg kg ) K (mg kg ") Mg (mg kg ) Na (mg kg ) Zn (mg kg ')
CRM
Whole milk powder Certified 9220+490 13,630+470 814+76 3560+400 28.0+3.1
CHDS 9161+97 (99 %) 13,028+326 (96 %) 772+28 (95 %) 32294229 (91 %) 28.4+0.5 (101 %)
MW 87204221 (95 %)  12,774+345 (94 %) 802+16 (99 %) 33724245 (95 %) 30.4+0.9 (109 %)
Non-fat milk powder  Certified  13,000+500 16,900+300 1200430 4970+100 46.1+£2.2
CHDS 12,734+295 (98 %)  15,864+426 (94 %) 1096+54 (91 %)  4632+175 (93 %) 45+2 (98 %)
MW 12,790+305 (98 %)  16,103+354 (95 %) 1124421 (94 %)  4689+125 (94 %) 45+1 (98 %)
Sample
Non-fat milk powder MW 5419+221 13,464+309 926+31 5992444 63+1
CHDS 5778+257 12,986+395 922+11 5896+112 64+3
Whole milk powder | MW 1785+161 8099+59 498 21 2247440 89+6
CHDS 1763+36 8198+182 486+9 2207+70 83+2
Whole milk powder2 MW 2212492 8300+216 513+20 2588+44 T1+3
CHDS 2173+154 8037+197 481+34 2604+42 731
Chocolate powder 1 MW 501491 3850+188 390+2 1065+13 7.6+0.4
CHDS 501+83 3820106 40516 1015+34 8.0+0.1
Chocolate powder 2 MW 270+14 3345+94 355+19 1550+49 6.0£0.9
CHDS 276+14 3168+84 348=+11 1660+67 6.1£0.5
Chocolate powder 3 MW 35612 4251+166 389=+16 1029+54 52+0.5
CHDS 362+13 4098+177 367+22 1079+45 5.6=£0.7
Soluble coffee 1 MW 1399456 35,589+641 2879+100 96+4 <LOQ
CHDS 1434+75 35,783+1768 2914+73 93+5 <LOQ
Soluble coffee 2 MW 1129467 34,227+1118 2753+45 93+7 <LOQ
CHDS 1147484 33,996+839 2789+25 106+6 <LOQ
Soluble coffee 3 MW 1273+36 46,516+666 2971427 154+6 <LOQ
CHDS 1277+11 47,259+1146 3074+48 155+7 <LOQ

Values in parentheses are recoveries

electricity cost. In the context of contamination by reagents,
for the same amount of sample, much less digestion reagent is
needed with the CHDS. Another drawback in open-vessel
digestion is that airborne contamination and/or losses by vol-
atilization frequently occur.

Acid digestion using reflux system with cold finger is a
simple way to mineralize several types of samples, and the
loss of volatile elements is avoided due to the condensation of
the volatile species. However, the main disadvantage is the
relatively long time taken for digestion (from 2 to 4 h) and
the low temperatures used. Decomposition effectiveness is
limited by the boiling point of acids, and sulphuric acid is
usually used to improve digestion efficiency, which is disad-
vantageous for many measurement techniques (Ferreira et al.
2013). On the other hand, there is no need to use sulphuric
acid in the CHDS because the boiling point of the acid mixture
(HNO3/H,0,) is elevated when the pressure inside the vessel
increases, leading to a faster and more efficient digestion.

@ Springer

Two CRMs, three milk powder, three chocolate powder,
and three soluble coffee samples were digested in triplicate
using the CHDS. Sample masses of 200 mg were accu-
rately weighed directly in quartz digestion tubes followed
by the addition of 2.0 mL of concentrated HNO; and
1.0 mL of 30 % m/v HyO,. According to the certificates,
the concentrations of Cu, Fe, Mn, and Cd in the CRMs
were below the typical LODs obtained for HR-CS FAAS
(Cu, Fe, Mn) and ICP-MS/MS (Cd), so those elements
were spiked before digestion in order to obtain final con-
centrations of 10 mg kg ' Cu, 50 mg kg ' Fe,
20 mg kg'' Mn, and 1 mg kg ' Cd. The quartz tubes
were fully closed and placed in the heating block. The
following heating program was applied: (1) 20 to
230 °C, 30 min ramp; (2) 230 °C, 15 min hold; and (3)
30-min ventilation until 60 °C. The digested samples were
transferred to polypropylene flasks, and the volume was
made up to 20 mL with deionized water.
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Table 4 Results (mean+standard deviation, n=3) for Fe, Cu, and Mn in CRMs and samples by HR-CS FAAS after digestion with the CHDS and a

closed-vessel microwave (MW) digestion system

Element
Fe (mg kg ) Cu (mg kg ) Mn (mg kg )

CRM
Whole milk powder Certified (spiked) 1.8+1.1 [50.0] 0.46+0.08 [10.0] 0.17+0.05 [20.0]

CHDS 48+1 (93 %) 10.940.2 (104 %) 20.7+0.3 (103 %)

MW 50+1 (97 %) 10.3+0.2 (98 %) 20.8+0.3 (103 %)
Non-fat milk powder Certified (spiked) 1.78+0.10 [50.0] 0.7+0.1 [10.0] 0.26+0.06 [20]

CHDS 50+2 (97 %) 10.6+0.2 (99 %) 21.0£0.3 (104 %)

MW 53+1 (102 %) 11.240.3 (105 %) 20.4+0.2 (101 %)
Sample
Non-fat milk powder MW 185+13 110+8 4.1+0.1

CHDS 179+8 110+4 4.0+0.1
Whole milk powder 1 MW 100+3 65+2 1.26+0.02

CHDS 1064 67+1 1.22+0.03
Whole milk powder 2 MW 92+7 55+4 0.50+0.05

CHDS 95+6 57+5 0.54+0.03
Chocolate powder 1 MW 42+1 3.5+0.1 4.6+0.1

CHDS 40+1 3.3+0.2 4.9+0.2
Chocolate powder 2 MW 29+1 2.4+0.1 4.7+0.2

CHDS 36+5 2.5+0.2 5.0£0.2
Chocolate powder 3 MW 32+1 3.7+0.2 4.8+0.1

CHDS 31+3 3.2+0.4 5.0+£0.6
Soluble coffee 1 MW <LOQ <LOQ 10.2+0.2

CHDS <LOQ <LOQ 10.8+0.4
Soluble coffee 2 MW 15+3 <LOQ 10.3+0.2

CHDS 16+2 <LOQ 10.3+£0.2
Soluble coffee 3 MW 28+1 <LOQ 20.0£0.1

CHDS 30+1 <LOQ 19.7+£0.3

Values in parentheses are recoveries. Values in brackets are spiked concentrations in milligrams per kilogram

Microwave Digestion Procedure

In order to compare the results obtained with the CHDS, the
same CRMs and samples were digested in triplicate using the
microwave oven according to the following procedure:
200 mg of the material were accurately weighed in the micro-
wave quartz vessels followed by the addition of 3.0 mL of
concentrated HNO;, 1.0 mL of 30 % m/v H,0O,, and 2.0 mL
of deionized water. Before the digestion, Cu, Fe, Mn, and Cd
aliquots were spiked in the CRMs in order to obtain a final
concentration of 10 mg kg ' Cu, 50 mg kg ™' Fe, 20 mg kg’
Mn, and 1 mg kg™' Cd. Quartz tubes were fully closed and
placed in the microwave oven. The following heating program
was applied: (1) 100-600 W, 5 min ramp; (2) 600 W, 5 min
hold; (3) 1000 W, 10 min hold; and (4) 0 W, 20-min ventila-
tion. The maximum temperature was set to 230 °C. The
digested samples were transferred to polypropylene flasks
and diluted up to 30 mL with deionized water.

Results and Discussion

The HR-CS FAAS allowed fast sequential determination of Ca,
Mg, K, Na, Cu, Fe, Mn, and Zn in only one run. This is inter-
esting from the practical point of view because major and minor
elements can be determined without further dilution of samples
for measuring analytical lines of elements present at high con-
centrations (Ca, K, Mg, and Na). On the other hand, the deter-
mination of the same analytes by LS FAAS is more time con-
suming because the weak emission of hollow cathode lamps
restricts the number of alternative lines available, requiring fur-
ther dilutions of samples for the determination of Ca, K, Mg,
and Na. The ICP-MS/MS allowed the determination of Cd,
Mo, and Se in low concentrations, avoiding spectral interfer-
ences. The mass/charge ratios 808 %Mo, and "'*Cd were se-
lected in quadrupole 1, pure oxygen was used to generate the
oxide species of the analytes in the ORS® and %°Se'®0, and
%Mo'°0, and '"'*Cd were monitored in quadrupole 2.
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Table S Results (mean+standard

deviation, n=3) for Cd, Mo, and Element
Se in CRMs and samples by ICP- - B B
MS/MS after digestion with the Cd (mg kg ) Mo (mg kg ) Se (mg kg )
CHDS and a closed-vessel
microwave (MW) digestion CRM
system Whole milk Certified 0.0002 [1.0] 0.29+0.13 0.131£0.014
powder (spiked)
CHDS 0.98+0.02 (98 %)  0.30+0.02 (103 %)  0.126%0.004 (96 %)
MW 0.9940.03 (99 %)  0.30+£0.02 (103 %)  0.132+0.005 (101 %)
Non-fatmilk  Certified 0.0005+0.002 [1.0] 0.34 0.11+0.01
powder (spiked)
CHDS 0.94+0.05 (94 %)  0.36+0.02 (104 %)  0.1093%0.0006 (99 %)
MW 0.95+0.04 (95 %)  0.35+0.01 (103 %)  0.109+0.001 (99 %)
Sample
Non-fatmilk MW <LOQ 0.279+0.003 0.134+0.009
powder CHDS <LOQ 0.282+0.002 0.136+0.002
Whole milk MW <LOQ 0.2200.008 0.087+0.002
powder 1 CHDS <LOQ 0.216+0.003 0.090+0.003
Whole milk MW <L0Q 0.491+0.009 0.112+0.004
powder 2 CHDS <LOQ 0.51£0.01 0.123+0.007
Chocolate MW 0.0112+0.0003 0.059+0.002 0.043+0.0.002
powder 1 CHDS 0.0109=0.0002 0.057+0.001 0.042+0.04
Chocolate MW 0.0162+0.0009 0.056+0.002 0.025+0.001
powder 2 CHDS 0.015+0.001 0.054+0.006 0.027+0.002
Chocolate MW 0.024+0.009 0.073+0.001 0.0410.007
powder 3 CHDS 0.027+0.003 0.074+0.002 0.041+0.003
Soluble coffee MW <LOQ 0.091+0.004 0.26+0.03
1 CHDS <LOQ 0.09:0.01 0.24+0.02
Soluble coffee MW <LOQ 0.094+0.002 0.215+0.007
2 CHDS <LOQ 0.093+0.002 0.210:0.004
Soluble coffee MW <LOQ 0.106+0.002 0.268+0.007
3 CHDS <LOQ 0.107+0.001 0.276+0.006

Values in parentheses are recoveries. Values in brackets are spiked concentrations in milligrams per kilogram

The CHDS has no specification for a minimum volume of
reagents and allowed the digestion of food samples with only
2 mL of HNO; and 1 mL H,O,. Nevertheless, the microwave
digestion system used in this work requires at least 6 mL of
reagents. It was also possible to digest food samples with the
CHDS without pressure/temperature monitoring by limiting the
sample mass to 200 mg and using adequate amount of hydrogen
peroxide (1 mL) in the acid mixture. During digestion, the main
product NO, reacts with O, and H,O to regenerate HNOs. Nitric
acid regeneration removes the excess of NO, from the gaseous
phase and reduces the risks of overpressure (Miranda et al.
2014a). In the CHDS, an immersed temperature sensor is not
mandatory because the heat transfer is limited by the temperature
of the aluminum heating block. In microwave digestion systems,
heating must be strictly controlled by an immersed temperature
sensor. In closed-vessel digestion systems, a fast exothermic re-
action can occur during the digestion of a new type of sample,
but a temperature sensor cannot stop this sort of reaction anyway,
and the rupture of the safety seal is unavoidable.

@ Springer

Table 6  Limits of quantification (LOQ) obtained with the CHDS and
with the closed-vessel microwave digestion system

Technique Element LOQ (mg kgfl)
CHDS MW digestion system
HR-CS FAAS Ca 0.35 0.23
K 0.03 0.04
Mg 0.05 0.03
Na 0.03 0.06
Fe 14.5 14.6
Cu 1.13 0.72
Mn 1.76 1.03
Zn 3.63 3.84
ICP-MS Cd 0.0061 0.0048
Mo 0.0100 0.0098
Se 0.0073 0.0070
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Table 7  Wet digestion sample preparation techniques

Sample preparation Advantages Drawbacks Acquisition and  Green feature
technique maintenance cost
CHDS Fast digestions (~45 min), low sample Sample mass limited to approximately Low Low acid consumption

contamination, low blank values, digests
with low residual carbon content
Open-vessel wet digestion Higher sample masses can be digested

(digestion block/hot plate)

200 mg (100 mg carbon content)

The efficiency of decomposition is limited Low
to the boiling temperature of the reagents,

sample contamination, and losses of volatile
elements can occur, relatively long time taken
for digestion (~4 h)

Wet digestion using reflux
system with cold finger

Higher sample masses can be digested, loss
of volatile elements is avoided due to the
condensation of the volatile species

The efficiency of decomposition is limited to Low
the boiling temperature of the reagents,
relatively long time taken for digestion (~4 h),

the experimental work is complicated when
many samples have to be digested

Focused microwave-assisted Higher sample masses can be digested The efficiency of decomposition is limited to Medium
wet digestion the boiling temperature of the reagents,
sample contamination, and losses of
volatile elements can occur
Microwave-assisted wet Fast digestions (~30 min), low sample Sample mass limited to approximately High Low acid consumption

digestion contamination, low blank values, digests
with low residual carbon content,

possibility of using diluted acids

500 mg (250 mg carbon content)

The accuracy was evaluated by analyzing two CRMs
digested by the CHDS and the microwave oven for compari-
son. The results obtained by HR-CS FAAS using both diges-
tion systems are presented in Table 3 (Ca, K, Mg, Na, and Zn)
and Table 4 (Cu, Mn, and Zn). The results obtained by ICP-
MS/MS for Cd, Mo, and Se are shown in Table 5. When using
the CHDS, recoveries for the analytes varied from 91 to
104 %. For microwave digestions, recoveries within the 94—
109 % intervals were obtained. For all analytes determined by
HR-CS FAAS and ICP-MS/MS, the precision as relative stan-
dard deviations (RSD) of three replicates were usually lower
than 5 %. The method was then applied to milk powder, choc-
olate powder, and soluble coffee samples. For comparative
purposes, the analytes were also determined in the samples
after microwave digestion. The results between the two diges-
tion systems depicted in Tables 3, 4, and 5 showed no differ-
ences based on a paired 7 test at a 95 % confidence level. The
concentrations of Cu and Zn in all soluble coffee samples were
below the limit of quantification (LOQ). The concentrations
of Cd were above the LOQ only in chocolate powder samples.

For each analyte, the LOQ was calculated as the concen-
tration corresponding to tenfold the standard deviation of 10
independent sample blank measurements divided by the slope
of the analytical curve (Gustavo Gonzalez and Angeles
Herrador 2007). According to the results presented in
Table 6, LOQs were similar using both digestion systems.
Similar analytical blanks were obtained because quartz diges-
tion tubes were used in both digestion systems.

There are many systems with open or closed vessels for
conductive heating digestion that have good performance and
are still used by many laboratories for sample preparation for
further determination of elements. The CHDS is also an alterna-
tive for wet digestion of food samples with high organic content

that presents many desirable features not found simultaneously
in any conductively heated digestion system. The advantages,
drawbacks and other characteristics of the CHDS, and other
sample preparation techniques are presented in Table 7.

Safety Concerns

Operations with pressurized tubes containing a hot acid mix-
ture must follow some precautions because a tube explosion is
a hazard that must be cogitated. If the pressure inside the
quartz digestion tube of the CHDS exceeds the limit during
digestion, the screw cap ruptures and the pressure escapes.
However, in case of destructive failure of the tube during
digestion, the cabinet guards the analyst from personal injury.

Tubes were only handled after the block was cooled down
from 230 to 60 °C. At 60 °C, internal temperatures and pres-
sures are reduced to the point that the sealed quartz tubes can
be safely opened. Using lab coat, goggles, and protective
gloves, tubes were opened with the fume hood ventilation
on and behind the protection shield.

Conclusion

The results obtained in this study extend the applications of the
CHDS to food samples with higher contents of fat such as whole
milk powder. This simple, low-cost, and high-throughput diges-
tion system can be used to prepare samples for subsequent de-
termination of a large number of elements by atomic spectrom-
etry, including volatile species such as Cd and Se.

@ Springer



1894

Food Anal. Methods (2016) 9:1887-1894

Acknowledgments The authors would like to thank the Sdo Paulo
Research Foundation (FAPESP) for the financial support 2014/12595-1
and fellowships provided to K. M., A. V., and F. M. F. (grants
2012/02891-7, 2014/18393-1, and 2012/23323-7). The authors are also
grateful to the Conselho Nacional de Desenvolvimento Tecnologico
(CNPq) for the financial support (grant 303255/2013-7) and fellowship
provided to M. A. B. (grant 140934/2013-8). We also thank Agilent
Technologies for the technical support.

Compliance with Ethical Standards

Conflict of Interest Kelber Miranda declares that he has no conflict of
interest. Alan Lima Vieira declares that he has no conflict of interest.
Marcos André Bechlin declares that he has no conflict of interest.
Felipe Manfroi Fortunato declares that he has no conflict of interest.
Alex Virgilio declares that he has no conflict of interest. Edilene
Cristina Ferreira declares that she has no conflict of interest. José
Anchieta Gomes Neto declares that he has no conflict of interest.

Ethical Approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Informed Consent Not applicable.

References

Amais RS, Amaral CDB, Fialho LL, Schiavo D, Nobrega JA (2014)
Determination of P, S and Si in biodiesel, diesel and lubricating oil
using ICP-MS/MS. Anal Methods 6:4516-4520

Amais RS, Virgilio A, Schiavo D, Nobrega JA (2015) Tandem mass
spectrometry (ICP-MS/MS) for overcoming molybdenum oxide in-
terferences on Cd determination in milk. Microchem J 120:64—68

Amaral CDB, Amais RS, Fialho LL, Schiavo D, Amorim T, Nogueira
ARA, Rocha FRP, Nobrega JA (2015) A novel strategy to determine
As, Cr, Hg and V in drinking water by ICP-MS/MS. Anal Methods
7:1215-1220

Balcaen L, Woods G, Resano M, Vanhaecke F (2013) Accurate determi-
nation of S in organic matrices using isotope dilution ICP-MS/MS. J
Anal At Spectrom 28:33-39

Becker JS (2007) Inorganic mass spectrometry: principles and applica-
tions, 1st edn. Wiley, Chichester

Becker-Ross H, Florek S, Heitmann U, Huang MD, Okruss M, Radziuk
B (2006) Continuum source atomic absorption spectrometry and
detector technology: historical perspective. Spectrochim Acta B
61:1015-1030

Bizzi CA, Flores EMM, Picoloto RS, Barin JS, Nobrega JA (2010)
Microwave-assisted digestion in closed vessels: effect of pressuriza-
tion with oxygen on digestion process with diluted nitric acid. Anal
Methods 2:734-738

Bizzi CA, Barin JS, Garcia EE, Nobrega JA, Dressler VL, Flores EMM
(2011a) Improvement of microwave-assisted digestion of milk pow-
der with diluted nitric acid using oxygen as auxiliary reagent.
Spectrochim Acta B 66:394-398

Bizzi CA, Flores EMM, Barin JS, Garcia EE, Nobrega JA (2011b)
Understanding the process of microwave-assisted digestion combin-
ing diluted nitric acid and oxygen as auxiliary reagent. Microchem J
99:193-196

Brandao GC, de Jesus RM, da Silva EGP, Ferreira SLC (2010) Use of
slurry sampling for the direct determination of zinc in yogurt by high
resolution-continuum source flame atomic absorption spectrometry.
Talanta 81:1357-1359

@ Springer

Brandao GC, Matos GD, Ferreira SLC (2011) Slurry sampling and high-
resolution continuum source flame atomic absorption spectrometry
using secondary lines for the determination of Ca and Mg in dairy
products. Microchem J 98:231-233

Castro JT, Santos EC, Santos WPC, Costa LM, Korn M, Nobrega JA, Korn
MGA (2009) A critical evaluation of digestion procedures for coffee
samples using diluted nitric acid in closed vessels for inductively
coupled plasma optical emission spectrometry. Talanta 78:1378—1382

Ferreira SLC, Silva LOB, Santana FA, Junior MMS, Matos GD, Santos
WNL (2013) A review of reflux systems using cold finger for sample
preparation in the determination of volatile elements. Microchem J 106:
307-310

Gustavo Gonzilez A, Angeles Herrador M (2007) A practical guide to
analytical method validation, including measurement uncertainty
and accuracy profiles original. Trends Anal Chem 26:227-238

Inam R, Somer GA (2000) Direct method for the determination of sele-
nium and lead in cow’s milk by differential pulse stripping voltamm-
etry. Food Chem 69:345-350

Karadjova I, Girousi S, Iliadou E, Stratis I (2000) Determination of Cd,
Co, Cr, Cu, Fe, Ni and Pb in milk, cheese and chocolate. Mikrochim
Acta 134:185-191

Li C, Chen SL (2014) Determination of calcium in leisure foods by
incomplete digestion-microemulsion sampling-high resolution con-
tinuum source flame atomic absorption spectrometry. Adv Mater
Res 1010:417-421

Martino FAR, Sanchez MLF, Medel AS (2000) Total determination of
essential and toxic elements in milk whey by double focusing ICP-
MS. J Anal At Spectrom 15:163—168

Miranda K, Pereira-Filho ER, Gomes Neto JA (2014a) A new closed-
vessel conductively heated digestion system: fostering plant analysis
by inductively coupled plasma optical emission spectroscopy. J
Anal Atom Spectrom 29:825-831

Miranda K, Vieira AL, Gomes Neto JA (2014b) High-throughput sugar-
cane leaf analysis using a low cost closed-vessel conductively heat-
ed digestion system and inductively coupled plasma optical emis-
sion spectroscopy. Anal Methods 6:9503-9508

Ozbek N, Baysal A (2015) A new approach for the determination of
sulphur in food samples by high-resolution continuum source flame
atomic absorption spectrometer. Food Chem 168:460—463

Paz-Rodriguez B, Dominguez-Gonzalez MR, Aboal-Somoza M,
Bermejo-Barrera P (2015) Application of high resolution-
continuum source flame atomic absorption spectrometry (HR-CS
FAAS): determination of trace elements in tea and tisanes. Food
Chem 170:492-500

Terol A, Paredes E, Maestre SE, Prats S, Todoli JL (2010) High-
temperature liquid chromatography inductively coupled plasma atom-
ic emission spectrometry hyphenation for the combined organic and
inorganic analysis of foodstuffs. J Chromatogr A 1217:6195-6202

Villanueva-Alonso J, Pena-Vazquez E, Bermejo-Barrera P (2009) Use of
high resolution continuum source atomic absorption spectrometry as
a detector for chemically generated noble and transition metal va-
pors. Spectrochim Acta B 64:659-665

Virgilio A, Amais RS, Schiavo D, Nébrega JA (2015) Dilute-and-shoot
procedure for determination of As, Cr, P, Pb, Si, and V in ethanol
fuel by inductively coupled plasma tandem mass spectrometry.
Energy Fuel 29:4339-4344

Welz B (2005) High-resolution continuum source AAS: the better way to
perform atomic absorption spectrometry. Anal Bioanal Chem 381:69-71

Welz B, Becker-Ross H, Florek S, Heitmann U, Vale MGR (2003) High-
resolution continuum-source atomic absorption spectrometry, what
can we expect? J Braz Chem Soc 14:220-229

Welz B, Borges DLG, Lepri FG, Vale MGR, Heitmann U (2007) High-
resolution continuum source electrothermal atomic absorption spec-
trometry—an analytical and diagnostic tool for trace analysis.
Spectrochim Acta 62:873-883



	Determination...
	Abstract
	Introduction
	Experimental
	Instrumentation
	Reagents, Analytical Solutions, and Samples
	CHDS Digestion Procedure
	Microwave Digestion Procedure

	Results and Discussion
	Safety Concerns
	Conclusion
	References


