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Abstract

A new method using diluted reagents (nitric and hydrochloric acids and oxygen peroxide) and ultrasound energy to assist metals acid
leaching with from edible seaweed was optimized. The method uses a first sonication at high temperature with hydrochloric acid as a previous
stage to an ultrasound-assisted acid leaching with 7 ml of an acid solution containing nitric acid, hydrochloric acid and hydrogen peroxide
at concentrations of 3.7, 3.0 and 3.0 M, respectively. Optimum conditions for the first sonication step were ultrasound energy at 17 kHz,
sonication temperature at 66, an acid volume of 2 ml, an hydrochloric acid concentration of 6.0 M and a sonication time of 10 min. It has
been found that the first sonication stage at high temperature with hydrochloric acid is necessary to obtain quantitative recoveries for As,
Ba, Fe and V. Otherwise quantitative recoveries were reached for the other elements investigated (Ca, K, Na, Mg, Cd, Cr, Cu, Mn, Ni, Pb
and Zn). The repeatability of the ultrasound-assisted acid leaching method was around 10% for all elements. Adequate limit of detection and
limit of quantification were reached by using inductively coupled plasma-optical emission spectrometry (ICP-OES) for measurements. The
method resulted accurate after analysing several seaweed certified reference materials (IAEA-140/TM, NIES-03 and NIES-09). The method
was finally applied to the multi-element determination in edible seaweed samples.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and the use of hydrofluoric acid is needed to guarantee a total
dissolution of the materigll-6]. However, the use of hy-
Multi-element determination in biological solid samples drofluoric acid presents several drawbacks such as corrosion
requires commonly a prior sample pre-treatment stage. Theseof glass and quartz parts of instruments, the use of additional
treatments are based on wet decomposition procedures, mosttages to destroy the excess of hydrofluoric acid and the spe-
of the time acid digestion processes assisted by microwavecial care needed because of its high corrosive and dangerous
energy, which use concentrated nitric acid, hydrochloric acid properties.
and/or oxygen peroxide as reagghisThese treatments lead As alternative, the use of diluted acids to extract or leach
to a total dissolution of the biological material except when trace elements from the biological matrices has been pro-
containing insoluble substances such as silicates. Plant maposed by some authors. These procedures do not involve the
terials, and specially seaweed, present high silicate contentstotal matrix sample destruction but the breakdown of the
chemical bonds between the trace elements and the matrix
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leaching process because of the induced cavitations proces$pain). The certified reference materials were IAEA-
occurring in the liquid when applying ultrasound energy pro- 140/TM, Fucus—Sea Plant Homogenate, from the Interna-
motes an increase of pressure and temperature, which allowtional Atomic Energy Agency and NIES-CRM-09, Sargasso,
a high analyte transport from the solid particles to the lig- from National Institute of Environmental Studies.

uid phasd12]. Because this high extracting efficiency, low

acids concentrations can be used, implying a low reagents2.3. Seaweed samples

consumption and low wastes.

Because of the current interest on seaweed as natural or Edible seaweeds were purchased by a local manufac-
health food, the analysis and control of contaminants in suchturer as a 100 g dried product or as canned cocked seaweeds
material is needed. This is important for trace elements be- (around 40 g wet weight). The samples include five Atlantic
cause these aquatic plants can bio-accumulate high trace eleseaweeds harvested in Galician coast (Northwest Spain):
ments concentrations, which can be dangerous for Human. InPorphyra and Palmaria (red seaweed) antUndaria pin-
addition, there are not European Union specific regulations natifida, Himanthalia elongata, antlaminaria ochroleuca
concerning seaweed as a food staff and/or levels of potential(brown seaweed). Canned cocked seaweeds were previ-
contaminants, such as some trace elements, in seaweed. ously lyophilised at-40°C for 2 weeks (LYPH-LOCK 6

The focus of the current work is the application of a previ- freeze dry system, model 77530 from Labconco Corporation,
ous ultrasound-assisted acid leaching procedure, which hakansas City, USA). Seaweed samples were pulverised in a
been shown as adequate for the accurate determination of/ibrating zircon ball mill for 45 min (power of 75%) and were
Ca, Cu, K, Mg, Mn, Na and Zn in seawef#], to extract kept into pre-cleaned polyethylene vials.
other metals such as Al, As, Ba, Cd, Cr, Cu, Fe, Ni, Pb and
V. Because of the lack of accuracy for some elements (Al, 2.4. Microwave acid digestion procedure
As, Ba, Fe and V) a previous treatment with hydrochloric
acid was optimized in order to achieve accurate results forall Powdered seaweed samples were acid digested according
elements. with a microwave induced acid digestion procedure described

elsewherg13,14]: around 0.2 g and 2 ml of concentrated ni-
tric acid were subjected to two microwave cycles at 330 W

2. Experimental and 2 min inserting a 5 min cooling stage in between. After
cooling in an ice-bath for 10 min, 1 ml of concentrated hy-
2.1. Instrumentation drogen peroxide was added and the bombs were irradiated

twice at 360 W and 3 min, inserting a 5 min cooling stage in

Optima 3300 DV inductively coupled plasma atomic emis- between too. Finally, acid digests were made up to 10 ml with
sion spectrometer (Perkin-Elmer, Norwalk, USA) equipped ultrapure water and were kept into polyethylene vialsa@ 4
with an autosampler AS 91 (Perkin-Elmer) and a GemCone before measurements. Because of the high silicon content
nebulizer on a cyclonic spray chamber. R&paodel UCI- in seaweeds, a non-soluble silicate was obtained in the acid
150 ultrasonic bath with a power of 400 W, working frequen- digests after this treatment. All seaweed samples have been
ciesat 17 and 35 kHz and programmable for temperature andsubjected to the microwave acid digestion procedure three
time was from R. Espinar S.L. (Barcelona, Spain). Vibrating or four times and R.S.D. values were lower than 5% for all
ball mill, Retsch (Haan, Germany), equipped with zircon cups elements investigated.
(15mlin size) and zircon balls (7 mm diameter) was used to
pulverise dried seaweed samples. Centrifuge Centromix (Se-2.5. Ultrasound-assisted acid leaching procedure
lecta, Barcelona, Spain) was used to separate solid and liquid
phases. Panasonic domestic microwave oven (Osaka, Japan), Pulverised seaweed, about 0.2 g, were directly weighted
programmable for time and microwave power from 100 to into centrifuge tubes and 2 ml of 6.0 M hydrochloric acid was
900 W, was used for total digestion of samples. The low pres- added. Since the ultrasonic energy in the R&dadel UCI-
sure poly(tetrafluorethylene) (PTFE) bombs were laboratory- 150 ultrasonic bath is generated in every spot of the surface,

made and hermetically sealed. the placement of samples in the bath is not critical. There-
fore, around six tubes were placed in the centre of the bath
2.2. Reagents and standard solutions and a first sonication stage at 17 kHz and at®%or 10 min

using was carried out (Fig. 1). This step is needed in order
Chemicals were of ultrapure grade, using ultrapure wa- to destroy cellular walls allowing a better leaching of some
ter, resistance 18 M@m~! (Millipore Co., Bedford, MA). elements such as [FB4] or As[13,15]. The solution was cen-
Multi-element standard solutions were prepared by com- trifuged at 3000 rpm for 10 min and the acid liquid phase was
bining stock standard solutions (1000 or 10,000%) Isup- separated by decantation and it was reserved. According to
plied by Merck (Poole, Dorset, UK). Nitric acid 70.0% Ref.[14], a volume of 7 ml of an acid/oxidising solution (3.7,
was supplied by Merck, while hydrochloric acid 37% and 3.0 and 3.0 M of nitric acid, hydrochloric acid and hydrogen
hydrogen peroxide 33% were from Panreac (Barcelona, peroxide, respectively) was added and a second sonication
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0.2 g seaweed necessary to extract total arsefii8] and iron and manganese

¥ [14] from seaweed. Therefore, the effect of a sonication stage
2.0 ml 6.0 M HCI at 17 kHz with a 6.0 M hydrochloric acid solution on the trace
elements extraction from seaweed was studied as a previous
nd 65 C ot 10 min step to the application of an ultrasound-assisted acid leach-
SR ing procedurd14]. The sonication time was fixed in 10 min
for all these experiments (Fig. 1) and experiments were car-
[ Exract [ pener | ried out at 20C (room temperature) and at 6. Fig. 2
f . shows the major and trace elements concentrations measured
O o after the application of the ultrasound-assisted acid leach-
1,0, 30 M) ing procedure from Refl14] (coded as “without HCI treat-
dilutionto mm@ ultrasounds at 17 kkiz ment”), with the first hydrochloric acid sonication step at
sentifugation 13000 20°C (coded as “sonication at room temperature”) and with

the first hydrochloric acid treatment at 85 (coded as “opti-
mized method”). It can be seen that the amount of metal ex-
tracted for most of the elements are similar for method using
the first hydrochloric acid sonication step (at 20 and®p

and for the conventional method without the hydrochloric
acid pre-treatment (ultrasound-assisted acid leaching method
stage at 17 kHz and 6% for 35 min (Fig. 1) was performed.  from Ref.[14]), exceptfor Al, As, Fe and Zn. This assumption
After centrifugation (3000 rpm and 10 min), the acid liquid has been proved after statistical comparison (Cochran’C and
phase was separated by decantation and combined with théartlett’s tests at a 95.0% to compare variances and ANOVA
hydrochloric acid leachate. Finally, combined acid leachates testto compare means) of both data sets. Therefore, Al, Fe and
were made up to 10 ml with ultrapure water. All seaweed Zn acid leaching from seaweeds offers a similar behaviour
samples have been subjected to the ultrasound-assisted acithan that previously reported for A%3], involving the use
leaching procedure three or fourtimes and R.S.D. values wereof a first hydrochloric acid sonication step before the ultra-
lower than 5% for all elements investigated. sound-assisted acid leaching process to assess quantitative
results.

| Extract I1 I | Pellet I

Fig. 1. Extraction scheme for ultrasound-assisted acid leaching of metals
from seaweed.

2.6. ICP-OES determinations
3.2. Effect of the temperature water bath on the
Major elements (Ca, K, Mg and Na) were determined in ultrasound-assisted acid leaching
the acid leachates by ICP-OES (radial configuration) using a
dilution factor of 1:10. Trace elements (Al, As, Ba, Cd, Cr, Recent studies have revealed that moderate temperature
Cu, Fe, Mn, Ni, Pb, V and Zn) were determined in the acid conditions combined with ultrasounds help to increase the
leachates by ICP-OES (axial configuration). Aqueous cali- metal releases from biological samplgs11]. Thus, the
brations were performed to determine major elements (ana-use of a water-bath temperature of °@ combined with
lyte concentration between 0 and 10 m)l However, the ultrasound energy at 35 kHz allows the quantitative extrac-
standard addition technique, covering analyte concentrationtion of selenium from mussel samplg¢$l], quantitative
ranges between 0 and 10 nTg} Ifor Al, Cu, Fe, Mn and Zn; recoveries whose cannot be reached by sonication at room
between 0 and 2mgt for As, Cd, Cr, Ni, V and Pb; be-  temperaturg16]. Therefore, the effect of temperature at the
tween 0 and 0.2 mgf for Ba, was used for trace elements first hydrochloric acid treatment has been investigated by
determinations. sonication different seaweeds samples at 17 kHz for 35 min
and at 20C (room temperature) or at 6&. Fig. 2 shows
that major (Ca, K, Mg and Na) and trace elements (Cu,

3. Results and discussion Mn, Ni, Pb and zn) are efficiently released when the first
hydrochloric acid treatment is carried out at°ZD (room

3.1. Effect of an hydrochloric acid pre-treatment before temperature), but Al, As, Ba, Fe and V are not quantitatively

the ultrasound-assisted acid leaching leached from seaweed under these conditions. Again, Al, As

and Fe need more drastic conditions than other major and

According to Mudioz et al.[15], the use of a first hy-  trace elements to be leached from seaweed. In addition, Ba
drochloric acid treatment before trace metals extraction from and V offer a similar leaching trends and it can be concluded
seafood products is necessary. Membranes cells are disruptethat these elements could be stronger bound to seaweed
by hydrochloric acid and mechanical stirring and quantitative matrix than other elements. Therefore, a first hydrochloric
total inorganic arsenic recoveries are reached from seafoodacid treatment at high temperature (€5 is necessary to
products. Similarly, the use of a previous treatment with hy- reach a quantitative extraction for Al, As, Ba, Fe and V from
drochloric acid combined with ultrasound energy was found seaweed.
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Fig. 2. Effect of a hydrochloric acid treatment and the sonication temperature on the acid leaching efficiency.

3.3. Analytical performances The limit of detection and limit of quantification are also
listed in Table 1. It can be seen good values to determine
The repeatability of the over-all procedure was assessed bymajor and trace elements in seaweed samples.
analysing a seaweed sample which was subjected seventimes The accuracy of the method was studied by analysing three
to the optimised ultrasound-assisted acid leaching processcertified reference materials (IAEA-140/TMsucus—Sea
R.S.D.s are listed ifiable 1. It can be seen good precisionis Plant Homogenate, NIES-CRM-0Z hlorella, and NIES-

achieved for all elements. CRM-09, Sargasso). Each reference material was subjected
to the optimised ultrasound-assisted acid leaching procedure

Table 1 four times, and the elements were measured twice in each

LOD, LOQ and repeatability of the methods acid leachate. Similarly, the three certified reference materi-
LOD? (wg g~Y) LOQ® (ngg~Y) R.S.DE (%) als were analysed after performing a microwave assisted acid

Al 0.65 218 9.0 digestion[13,14]. Tables 2 and 3how the results obtained

As 063 210 11.6 after analysing the acid leachates and the acid digest, respec-

Ba 0.01 0.05 3.2 tively. It can be seen, after statistical comparisons (t-test),

Ca 0.92 3.06 4.5 that good agreement with the certified/informative concen-

Cd 0.02 0.08 13 trations, for all elements except Al, Pb and V in all certified

SL gég gjgg ?1:2 reference materials and for Cr in IAEA-140/TM have been

Fe 0.11 0.38 5.0 obtained for acid leachates. However, good agreement with

K 17.03 56.76 8.3 certified/informative concentrations has been obtained after

Mg 0.13 0.43 7.6 using the HNQ/H>02 microwave assisted acid digestion.

Mn 0.01 0.04 2.1 These results could be expected because since it was com-

Na 3.63 1211 8.3 X "

Ni 0.36 121 114 mented before, more drastic conditions for temperature and

Pb 0.07 0.25 5.0 hydrochloric acid concentration were needed for Al and V,

v 0.12 0.40 1.9 elements which appear to be the strongest bound to seaweed

zn 0.02 0.07 1.0 matrix.

2 1.0D=3S.D./m (S.D.: standard deviation of 11 measurements of a
blank; m: standard addition slope). 3.4. Applications

b LOQ=10S.D./m (S.D.: standard deviation of 11 measurements of a

blank; m: standard addition slope). . .
¢ R.S.D.=S.D./mean (S.D.: standard deviation of seven determinations The proposed method was applied to 11 edible seaweed

of a seaweed sample; mean: the mean seven determinations of a seaweed@mples: two Nori (Porphyra) samplgs, tWO Dulse (Palmaria)
sample. samples, two Wakame (Undaria pinnatifida) samples, two
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Analysis of certified reference materials after ultrasound-assisted acid leaching

IAEA-140/TM (Fucus)

NIES-CRM-09 (Sargasso)

NIES-CRM-03 (Chlorella)

Certified value Found value Certified value Found value Certified value Found value
(ngg™h) (ngg™h) (ngg ) (ngg™h) (ngg ) (ngg )

Al 1184 + 2607 283+ 7 218 103+ 6 b <2.1¢
As 44,3+ 2.2 46.0+ 0.6 115+9 113+ 1 b <2.1C¢
Ba 20.24+ 8.9 79+ 0.1 b 84+ 0.3 b 5.0+0.1
Ca 12730+ 1782 13224+ 221 134006+ 536 13563+ 155 4900+ 294 5025+ 110
Cd 0.537+ 0.027 0.550+ 0.010 0.15£0.02 0.14+ 0.01 0.02% <0.08
Cr 10.4+ 0.8 3.6+ 0.2 0.2 0.20+ 0.04 b 1.14+0.1
Cu 5.05+ 0.30 4.89+ 0.13 4.9+0.2 4.9+ 0.1 3.54+0.3 3.3+0.1
Fe 1256+ 38 1220+ 9 187+6 178+ 3 1850492 17244+ 31
K 31100+ 2488 35353+ 389 61000t 1830 73002+ 523 12400t 620 10316+5
Mg 90704+ 907 9490+ 883 6500t 325 6321+ 82 3300+ 198 3156+ 78
Mn 56.1+ 2.2 54,1+ 0.1 21.2+1.1 204+ 0.5 69+5 63+1
Na 32000+ 6720 31250+ 2818 1700Gk 850 17829+ 125 b <12.1F
Ni 3.79+ 0.42 3.65+ 0.04 b 07401 b 0.50+0.06
Pb 2.19+ 0.64 1.40+ 0.02 1.35+0.05 1.174+ 0.04 0.6* 1.3+0.1
\% 3.67+0.48 2.96+ 0.02 1.0+0.1 0.7+ 0.1 b <0.4C¢
Zn 47.3+ 1.9 46.8+ 1.2 15.6+1.2 14.2+ 0.5 20.5+£1.0 19.7+0.2

2 Informative value.

b Not given.

¢ <LOQ.

Sea spaghetti (Himanthalia elongata) samples, two Kombu  Table 4lists the metals concentrations ranges for groups
(Laminaria ochroleuca) samples, and a canned seaweed inof samples according to their type (brown or red sea-
brines sample. weed). It can be seen that metal concentrations ranges af-
Portions of around 0.2 g were subjected to the optimised ter ultrasound-assisted acid leaching and microwave assisted
ultrasound-assisted acid leaching procedure by triplicate andacid digestion are similar, even for Cr, Pb and V, metals for
to a microwave assisted acid digestion (three times) too. Eachwhich lack of accuracy was observed when analysing certi-
acid leachate and acid digest was analysed twice, so the meafied reference materials. However, higher Al concentrations
concentration reported for each sample is related to six inde-were obtained for acid digests than those obtained in acid

pendent determinations.

Table 3

leachates.

Analysis of certified reference materials after HMB,O, microwave assisted acid digestion

IAEA-140/TM (Fucus)

NIES-CRM-09 (Sargasso)

NIES-CRM-03 (Chlorella)

Certified value Found value Certified value Found value Certified value Found value
(ngg ™) (ngg ™) (nggh) (ngg ) (nggh) (ngg ™)
Al 1184 + 2607 1220+ 14 215 209+ 2 b <2.1¢
As 44,3+ 2.2 43.0+ 0.3 115+9 110+ 1 b <2.1C¢
Ba 20.2+ 8.9 15.4+ 0.1 b 6.0+ 0.1 b 42+0.1
Ca 127304 1782 12901+ 156 13400t 536 13677+ 125 4900+ 294 5032+ 93
Cd 0.537+ 0.027 0.561+ 0.008 0.15+0.02 0.134+ 0.01 0.028 <0.08
Cr 10.4+ 0.8 9.7+ 0.3 0.2 0.18+ 0.03 b 0.8+0.1
Cu 5.05+ 0.30 4.93+ 0.03 49+0.2 5.0+ 0.1 3.5+0.3 3.4+0.1
Fe 1256+ 38 1219+ 17 187+ 6 182+ 1 1850+ 92 1901+ 33
K 31100+ 2488 33404+ 355 61000t 1830 700224 445 12400+ 620 125274183
Mg 9070+ 907 9121+ 541 6500+ 325 6771+ 64 3300+ 198 3374+ 84
Mn 56.1+ 2.2 54,1+ 0.4 21.2+1.1 20.2+ 0.2 69+5 66+ 1
Na 32000+ 6720 32320+ 2541 1700Gt 850 17750+ 212 b <12.1F
Ni 3.79+ 0.42 3.50+ 0.08 b 0.5+ 0.1 b 0.48+0.03
Pb 2.19+ 0.64 1.85+ 0.05 1.35+0.05 1.28+ 0.04 0.6% 1.24+0.1
\Y 3.67 + 0.48 3.33+ 0.15 1.0+0.1 0.9+ 0.1 b <0.4C¢°
Zn 47.3+ 1.9 46.3+ 1.0 15.6+1.2 14.7+ 0.4 20.5+£1.0 19.6+0.3
2 Informative value.
b Not given.

¢ <LOQ.
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Table 4

R. Dominguez-Gonzalez et al. / Talanta 66 (2005) 937-942

Metal concentration ranges, jrg g1, for different seaweed samples

Brown seaweed: Kombu, Wakame

Red seaweed: Dulse and Nori

Canned seaweed in brirfes

and Sea spaguetti §6) (n=4) (n=1)
Acid leaching Acid digestion Acid leaching Acid digestion Acid leaching Acid digestion

Al 4.8-14.9 2.4-10.7 9.4-78.2 5.6-66.4 89+1.4 6.3+0.6
As 20.3-72.0 19.8-71.3 7.5-25.2 7.1-245 10.9+0.2 11.1+0.1
Ba <0.09-19.2 <0.08-19.8 <0.08 <0.08 12.5+0.3 12.1+0.2
ce& 0.6-1.0 0.8-1.1 0.2-0.5 0.2-0.6 1.4+0.1 1.5+0.1
cd <0.P-1.6 <0.1°-1.3 <0.1°-0.2 <0.1°-0.3 1.0+0.1 1.0£0.1
Cr <0.39 <0.39 <0.39-0.60 <0.39-0.80 <0.39 <0.39
Cu 1.3-3.2 1.4-3.6 3.4-6.1 3.0-6.6 2.3+0.2 2.4+0.2
K¢ 33-7.8 3.7-75 1.4-53 1.4-59 1.7+0.2 1.5+0.1
Fe 19.6-84.7 19.9-84.4 95.1-205.1 99.5-208.8 82.4+2.6 84.3+4.0
Mg° 3.3-6.6 3.3-6.7 0.6-1.8 0.7-1.8 2.240.2 2.2+0.1
Mn 2.9-59.4 2.9-60.3 18.8-22.1 18.2-22.9 22.6+0.5 23.0+0.2
Nat 2.9-6.9 2.4-6.7 0.6-1.0 0.6-1.2 6.9+0.2 6.5+0.3
Ni <1.2°-2.6 <1.2-25 2.7-3.7 2.5-35 1.7+0.1 1.9+0.2
Pb 0.4-0.9 0.5-1.0 0.6-1.4 0.7-1.4 1.1+0.1 1.0+0.1
\% <0.4°-3.8 <0.4-3.9 6.2-32.1 6.3-33.1 3.6+0.1 3.6+0.1
Zn 10.6-71.2 10.4-71.3 48.8-158.9 46.6-158.5 44.9+0.7 43.3+0.8

a8 Sample analysed six times.

b <LOQ.

¢ Metal concentration in % (m/m).
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