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Abstract

Lead concentrations of 59 different types of vinegars (154897 * in balsamic vinegars and 36-5@ |I=* in wine vinegars) were deter-
mined using both inductively coupled plasma mass spectrometry (ICP-MS) and graphite furnace atomic absorption spectrometry (GFAAS)
Although the precision of direct analyses, following simple agueous dilutions, with either instrumental method was poor; that precision,
following nitric acid and/or hydrogen peroxide digestions, markedly improved with either instrument and the values obtained with the two
instruments were in good agreement. The efficacy of different digestions, including (1) nitric acid using a heating block, with or without
addition of hydrogen peroxide and (2) mixtures of nitric acid and hydrogen peroxide using ultraviolet (UV) photolysis, were then assessed.
The latter procedure was found to be much faster and more efficient, but it was limited by the relatively high levels of contaminant lead
in hydrogen peroxide. Consequently, it is recommended that lead concentrations in vinegar be measured following a nitric acid diges-
tion and UV photolysis to oxidize all organic matter before ICP-MS or GFAAS analysis; and it is further recommend that the thermal
settings for the latter analyses be adjusted to account for the apparent presence of relatively volatile organolead compounds in vinege
digests.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction endogenous or anthropogenic orig#)7]. Conversely, the
lead may come from contamination during the vinegar pro-
Exposure to contaminant lead remains a public concernduction proces§3].
because of its pervasiveness in the environment and increas- Although there are numerous published studies on the
ing evidence of lead’s sub-lethal toxicities at exposure lev- concentration of lead in wine, only a handful of studies have
els lower than previously thought harmful]. In response looked at the concentration of lead in vineddr5,9,10].
to those concerns, there have been orders of magnitude reWhile some of those studies measured the lead in vinegar
ductions in atmospheric emissions of industrial lead, which or wine directly after simple dilutiofil0—12], quite often a
have resulted in a pronounced decrease in blood lead levelssample clean-up step was employed prior to the instrumen-
in the US and elsewhef2]. Now, the most common route  tal analysis. This pretreatment is often needed because, in
of exposure to the general population, in countries where addition to acetic acid and alcohol, both vinegar and wine
leaded gasoline has been banned, is through the ingestion o€ontain, suspended particles and polymeric organic com-
food and water contaminated with lefg]. pounds, particularly sugars, which interfere with GFAAS
Among those foods is vinegar, which can contain rel- and ICP-MS measurements. The polymeric organic matter
atively high levels of lead4,5]. It may, like wine, come might cause blockage of the injector tube and cones of the
from the grapes vinegar is made from and it might be of ICP, due to incomplete pyrolysis of the sugars in the plasma
and formation of residual carbon depodit8]. During the
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after several graphite tube firings which adversely affect the 3. Experimental
analysig[11].
Two types of oxidation are most common: acidification 3.1. Reagents
and irradiation. Wet digestion using nitric acid is usually
employed to oxidize the organic matter, and those oxidative All solutions were prepared with de-ionized water
digestions are often accelerated by heating the samples i(18 MQcm~1) from a Milli-Q® analytical reagent-grade
Teflon or other inert and trace metal clean containers on awater purification system (Millipore, Bedford, MA). Cali-
heating block or heating plate. The addition of hydrogen per- bration standard solutions and internal standards were pre-
oxide also speeds up the oxidation process, but most peroxpared from commercial lead standard solution (Spex Plasma,
ides contain relatively high amounts of lead. Alternatively, Edison, NJ). Trace metal grade (TMG) nitric acid and
ultraviolet (UV) and/or microwave energy have also been hydrochloric acid (Fisher Scientific, Pittsburgh, PA) were
used to oxidize the organic matter in wif3,14] which is used for cleaning laboratory ware. Optima grade nitric acid
a precursor of many vinegars. Since UV photolysis has not (Fisher) was used for the preparation of calibration standard
previously been applied to vinegar digestions, and the rela-solutions and analytical solutions. High purity hydrogen
tive accuracy and efficacy of the different analytical meth- peroxide 30% (Ultrapur, Bayer, Pittsburg, NJ), together
ods for measuring lead in vinegar have not been previously with nitric acid was used for both heat and UV digestions.
determined. The matrix modifier used for GFAAS analysis contained
0.05 mg of NHH2PO4 and 0.003 mg of Mg(N@)2 per Sl
of solution (Environmental Express, Mt. Pleasant, SC).
2. Background
3.2. Instrumentation
Vinegar is produced by a two-stage fermentation process
of suitable sugar or starch containing agricultural material 3.2.1. ICP-MS
such as grapes, apples, rice, garlic or even onidss. All ICP-MS measurements were made with a Thermo-
Besides vinegar from red and white wine, there are spe- Finnigan Element magnetic sector high resolution ICP-MS
cial products such as vinegar from Jerez (Sherry vinegar) using a Glass Expansion Conikal nebulizer, a Scott-type
in Spain or balsamic vinegar elaborated from a specific re- double pass spray chamber (cooled t¢@P and standard
gion of Italy, Modeng15] Aceto Balsamico di Modena, a  nickel cones. Since there were small or no polyatomic in-
typical Italian product is produced from fresh grape must, terferences for lead, it was analyzed at low resolutios- (r
which is concentrated up to a third of its original volume 300) using?®®Bi as an internal standard. The instrument op-
by a slow heating process. The traditional method of pro- erating parameters and data acquisition details are listed in
duction requires storage in different wood barrels up to 25 Table 1.
years. Another balsamic vinegar is produced by blending
the concentrated must with acetic acid, and the mixture is 3.2.2. GFAAS
allowed to mature in wooden barrels to develop the typical Graphite furnace atomic absorption spectroscopy
organoleptic propertiefd 5]. (GFAAS) analyses were made on a Perkin-Elmer SIMAA
Consequently, there may be pronounced differences in the6000 instrument, fitted with a Zeeman background corrector
organic composition of different types of vinegars, includ- and AS72 auto sampler. End capped, traversely heated py-
ing different balsamic vinegars. There may also be large rocoated graphite tubes with an integrated L'vov platform
differences in the lead concentrations of different vinegars, (Perkin-Elmer) were used. A lead electrodeless discharge
based on the origins of the ingredients and the productionlamp (Perkin-Elmer) was used at the recommended line of
process. Both of those variables complicate accurate and283.3nm and a lamp current of 450 mA. Magnesium ni-

precise measurements of lead in vinegar. trate (Mg(NG)2)/ammonium phosphate (NjH>POy) was
Table 1

ICP-MS operating and acquisition parameters

RF power (W) 1250

Plasma gas flow (Imint) 13

Auxiliary gas flow (Imirrt) 0.75

Nebulizer gas flow (Imin?) 0.85-0.95 (optimized daily)

Sample flow rate (! mint) 60

Data acquisition (low resolution, 200 scans)

Isotope % mass window Sample time (s) Samples/peak Segment duration (s) Detection mode

208pp 5 0.001 100 0.050 Count
209B; 5 0.001 100 0.050 Count
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Table 2 yellow analytical solutions. These were then analyzed for

Optimized GFAAS program for measuring lead concentrations (tg| their lead concentration by GFAAS or ICP-MS.
in vinegar, following acid, UV and/or microwave digestions

Temperature Ramp Hold time Gas flow Read 3.5.2. UV digestions

€< time (s) () (mimin”?) The UV digestion unit consisted of a medium pressure
110 5 30 250 No mercury vapor discharge tube (1200 W; Hanovia, Union,
130 o 30 250 No NJ) positioned on the ceiling of a purpose-built aluminum
700 15 30 250 No X :

1400 0 3 0 Yes hOL_Jsmg, (36cnx 29 cmx 23cm; U\_/O—cleaner model 342,
2450 1 3 250 No Jelight Inc., Laguna Hills, CA), which was cooled by a fan.

A digital photometer (model JL1400A, Jelight Inc., Irvine,

CA) was used to monitor the power of the UV radiation
used as a chemical modifier. The optimized, based on testsjuring the oxidation (x= 9.2+ 0.4mW cnt 2 during the

conducted for this report (see following section on GFAAS continuous operation of the Hg lamp).
Program Optimization) GFAAS program used is shown in  The digestions were carried out by placing 16 custom-

Table 2. made PTFE 15ml digestion cups fitted with quartz glass
caps in the UV digestion unit.
3.3. Samples Vinegar samples (0.59) were weighed in tarred Teflon

vials. These and 1 ml of TMG nitric acid and 0.5 ml of 30%
Vinegar samples were purchased from retail stores in Cal- hydrogen peroxide were added prior to the UV treatment.
ifornia. Fifty-two different types of balsamic vinegar, four
wine vinegars, one apple cider vinegar, one rice vinegar and3.6. Quality control
one garlic vinegar were analyzed. The vinegars were mostly
in glass bottles, but some were in plastic or ceramic bottles. Sample batches consisted of 24 analytical portions in-
cluding several duplicate samples. Spikes of lead were
3.4. Contamination control added (90-15Qg1~1) prior to digestion to several vinegar
analytical portions representative of the variety of products.
The exteriors of the bottles were rinsed with deionized Standard solutions were analyzed after every 10 analytical
water before opening in a HEPA filtered (Class 100) trace solutions to ensure instrument performance. Each analytical
metal clean laboratory. Aliquots were placed in Teflon di- batch contained at least three method blanks, three spiked
gestion vessels that were cleaned with Micro-90 liquid lab- analytical samples, and three reference materials. Because
oratory grade detergent (Cole-Parmer, Vernon Hills, IL) and there is no commercially available certified reference ma-
deionized water when first used or after an incomplete di- terial for lead in vinegar (or wine), we used the National
gestion. Subsequently, digestion vessels were re-cleaned bynstitute of Standards and Technology (NIST) 1640 Stan-
soaking them overnight in 8 M TMG hydrochloric acid fol- dard Reference Material (SRM) for trace metals in natural
lowed by at least 8h in hot TMG nitric acid. The vessels waters (NIST, Gaithersberg, MD) with a lead concentration
were then rinsed with reagent water and dried under class(where X is the meant S.D.) of 2789 + 0.14ugl~! to
100 HEPA-filtered laminar flow air. All other plastic ware monitor the extraction efficiency of the digestion process.
(polyethylene or Teflon) used for storing analytical solutions
were cleaned using the same procedure, dried, capped, and
stored under class 100 HEPA-filtered laminar flow air or 4. Results and discussion
double bagged in trace metal clean, self-locking (ZifPloc
plastic bags. The GFAAS was in a HEPA-filtered air room 4.1. Nitric acid digestion
and directly beneath a HEPA-filtered (Class 100) laminar

flow canopy within a plastic enclosure. As previously noted, only a small number of studies
have been published on the determination of lead in vinegar

3.5. Vinggar digestions [4,5,9,10]. Most of them have employed a sample pretreat-
ment to destroy the organic matter, which might interfere

3.5.1. Heating block digestions with GFAAS or ICP-MS analyses. In contrast, a few studies

Analytical portions were weighed (0.5-1.0g) into Teflon have reported direct analysis of lead in wine by GFAAS
digestion vessels, and 10 ml of TMG nitric acid was added. [16] or ICP-MS[11,17] after a simple aqueous dilution.
Vessels were covered loosely with acid cleaned Teflon lids However, our attempts to analyze vinegar with or without
and placed in the heating block (CPI International, Santa dilution by either GFAAS or ICP-MS resulted in erroneously
Rosa, CA). They were initially digested at 30 for 2-3 h to high lead concentration values (compared to nitric acid di-
avoid sputtering then the temperature was increasedt690 gested vinegar) and relatively poor precision. This analyti-
and then digested to dryness. After cooling, the digests werecal variability is illustrated inTable 3, which is a summary
dissolved in 1 M TMG nitric acid, producing a clear to light of the lead determination in four different types of balsamic
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Table 3 necessary for digestion of vinegars with lead concentration
Comparison of lead concentrations in four different balsamic vinegars jn the low to SUth -1 level.
analyzed by GFAAS and ICP-MS with and without nitric acid digestion

Vinegar Lead concentratiBr(ugl—1) 4.3. GFAAS analysis

Simple dilution Digested with nitric acid

Although the instrument manufacturer (Perkin-Elmer)
recommended a maximum ashing and atomization temper-
Balsamic-1 595 (18) 447 (7) 319 (9) 306 (6) atures of 400 and 140, respectively, in the furnace pro-
Sz:zzz:gg ‘2357_’3 gg; zgg g%) 12? g)) 1(;‘)‘ ((52)) gram for lead determination, the use of chemical modifiers
Balsamic-4 349 (4) 109 (17) 99 (9) 95 (4) allows 'much higher ashing .and atomization temperatures.

Freschi et al[11] used an ashing temperature of 10@and

a M(_aan and rela?ive standard deviation (values in parenthesis) of at an atomization temperature of 180D to determine lead in

least six determinations. diluted wine samples and nitric acid wine digests using a
phosphate/magnesium matrix modifier. Buldini et [4B]

vinegars (six replicate digestions or analyses). Because ofg|so used a phosphate/magnesium modifier and were able to

their complex organic content, those vinegars proved to be getermine lead in nitric acid wine digests using ashing and

the most difficult to analyze by either GFAAS or ICP-MS  atomization temperatures of 900 and 18QQ respectively.

and with and without a prior nitric acid digestion. In the absence of a vinegar or similar matrix SRM with

Specifically, measurements with both types of instruments certified lead concentration, we initially started the optimiza-
yielded significantly (P< 0.05, pairedt test) higher lead  tjon of the furnace program using digested vinegar spikes
concentrations in balsamic vinegars after simple aqueousgnd NIST SRM 1640 (natural water) that had undergone
dilutions compared to measurements after acid digestions.5 similar nitric acid digestion process as the vinegars. We
The disparity was greater in direct analyses of undigested ysed the manufacturers recommended ashing and atomiza-
diluted vinegars by GFAAS. In addition to vinegar matrix tjgn temperatures with a Mg(N§»/NH4H,POs chemical
interferences, we noticed irreproducible sample deposition modifier. We found ashing and atomization temperatures of
on the graphite tube due to adhesion of vinegar solutions togog and 1400C, respectively, to be optimum for analysis
the Teflon GFAAS deposition tubing. Moreover, this prob- of digested natural water SRM and quantitative recovery.

GFAAS ICP-MS GFAAS ICP-MS

lem persisted after filtering and diluting the vinegars. However, the same furnace program produced low lead re-
The agreement and precision of the analyses between thgoveries of spiked digested vinegar samples.
two instruments was greatly improved & 0.997, m = An investigation of the GFAAS measurements of vinegar

0.94, simple linear regression) after nitric acid digestions. gigests with similar lead concentrations as the SRM showed
These improvements are attributed to the oxidation of or- 3 sharp drop in absorbance between 700 and®80gf the
ganic matter. That destruction eliminates interferences re- gigested vinegar samples, but not for the SRM. This dis-
sulting from nonspecific absorption and scattering of light parity is shown inFig. 1. It contains plots of the variation

due to concomitant species in the vinegar solutions. of absorbance during ashing and atomization temperatures
steps of the two types of samples.
4.2. UV and heat digestion Curvatures in both plots indicate the digestion of the vine-

gar samples produced a relatively labile lead compound(s).
Nitric acid, and to a lesser extent hydrogen peroxide, are Their volatilization between 700 and 800 markedly al-
widely used for wet digestions of organic and inorganic mat- tered the measurements of lead concentrations of the vinegar,
ter prior to instrumental analyses of metals. The oxidative which was not replicated in the measurements of lead in the
digestions are accelerated by heating the samples in TeflonrSRM. This thermal variability underscores the importance
or other inert, trace metal clean containers on a heating blockof close investigation of the furnace program optimization
or heating plate. Those thermal energy sources are now of-for different sample types and matrices.
ten being replaced by microwave and UV radiation in sam-
ple preparations where acid digestion is necessary, becausd.4. Quality control
they may be faster and may be done within a closed system
[13,18]. Process blanks (reagent water) were also analyzed to-
Comparing the two methods, nitric acid digestions with gether with the samples. The mean blank lead concentra-
UV radiation were faster than those with heating blocks tion was 0.03.gl~! (n = 4) with a standard deviation of
and the digestions were more complete. While the addition 0.04, giving a detection limit of 0.12g 11 analyzed by
of hydrogen peroxide further enhanced the degradation of GFAAS after nitric acid and heat digestion. The spike re-
organic material in the vinegars, the amount of contaminant covery (x+ S.D.) of six different vinegars was 26 5%,
lead in TMG hydrogen peroxide we used was relatively high while the mean recovery of NIST 1640 SRM digests was
(~15pg1~1) and comparable to the lead concentration in 97.4+ 1.3%. The relative standard deviation for duplicate
some of the vinegars. Thus, cleaner hydrogen peroxide isanalysis was<8%.
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Ashing Table 4
Lead concentrations in vinegar

1.0 - ®- Type of vinegar Number of Lead concentration (ngh)
O brands

Range Mean  Standard
deviation

0.81 ® O Balsamic 36 15-68 44 15
12 73-110 85 12
2 174-179 173 4

Balsamic (aged)-1 1 276

o0 SRM Balsamic (aged)-2 1 307
® vinegar Wine 36-62 50 12

Garlic 15

Apple 6.6
Rice 19

o) All vinegars 59 7-307 64 54

0.6 -

0.4 1

Normalised Absorbance

N

0.2 1

( J o
0.0 All measurements are means of at least four or six replicate determinations.

200 400 600 800 1000
Ashing Temperature (°C) therefore, hypothesize that most of the lead in those vine-
gars comes from their contact with contaminant lead sur-
faces during production and storage, possibly metal fittings
Atomization securing the barrels used to age the vinegars.
This hypothesis is based on the results of several studies of
o e the sources of lead contamination in grape Wih&,20,21],
o because there are no published studies on the sources of
lead contamination in vinegar. Three of the wine studies
[7,20,21]found the production and storage process to be the
main source of lead contamination rather than the grape or
) o the soil. For example, Almeida and VasconcdRg] found
;gg&gar that only about a quarter of the total content of lead in
Portuguese fortified and red table wines, respectively, came
from soil and atmospheric deposition and that the rest of
the lead was introduced in the vinification processes. They
° concluded that marked reductions of the lead content in the
wines would occur if the sources of lead were removed from
0.0 T . . 1 the tubes and containers used in the vinification system, par-
1900 1700 1500 1300 1100 ticularly by using welding alloys and lead free fittings. They
Atomization Temperature (°C) also observed that wines produced via traditional vinifica-
tion methods had a higher lead concentration compared to
those produced by modern technology.

1.0 - e}
o)

O [ ]
® ®

[ Je
[ Jeo!

o
@
!

Normalised Absorbance
©
[6)]

o
w
1

Fig. 1. Variation of absorbance with GFAAS ashing and atomization
temperatures for NIST 1640 natural water SRM and a balsamic vinegar
after nitric acid (65% m/m) digestion.

5. Conclusions

4.5. Lead concentrations in vinegars

Lead concentrations in different types of vinegar vary

Table 4 summarizes the results of the measurements. from less than 10 to more than 3@g1~%, and the accu-

Again, these included analyses of lead concentrations inracy and precision of those lead concentration measurements
52 different types of balsamic vinegars, 4 wine vinegars, 1 with different protocols may also vary widely. Direct deter-
apple vinegar, 1 garlic, and 1 rice vinegar. The concentra- minations of lead in vinegar by ICP-MS and GFAAS may
tion of lead in the balsamic vinegars ranged from 14.9 to provide irreproducible measurements and give poor agree-

307wg 11, with a mean of 68 5691~ ment between the two types of instrumental analysis, but
It is notable that the balsamic vinegar @ 6) with there is good agreement in measurements with the two types
the highest lead concentration (3®719.5ug|~1) was, re- of instrumental analysis after vinegar is digested with nitric

portedly, produced by the traditional method of produc- acid. While use of nitric acid and evaporative digestion in
tion, which involved aging in different vintage wood barrels. heating blocks is an effective and clean method of process-
Another balsamic vinegar with a high lead concentration ing vinegars prior to ICP-MS and GFAAS analysis, nitric
(257ug1~1) had, reportedly, been aged for 18 years. We, acid digestions with UV photolysis reduce the time required
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to process the vinegar and increase the oxidation of its or- ~ for Toxic Substances and Desease Registry (ATSDR), 1999,
ganic constituents. Although the digestion times may be fur- http://www.atsdr.cdc.gov/toxprofilésaccessed on 6 October 2003.
ther enhanced with the addition of hydrogen peroxide the [4] F. Corradini, L. Marcheselli, A. Marchetti, C. Preti, C. Biancardi, J.

. . . . Aoac. Int. 77 (1994) 714.
amount of contaminant lead in TMG hydmgen perOX|de IS [5] A. Acosta, C. Diaz, A. Hardisson, D. Gonzalez, Environ. Contam.

too high for measurements of lead concentrations in vine- Tox. 51 (1993) 852.
gars with concentrations 50 ug -1, Therefore, we recom- [6] V.R. Angelova, A.S. Ivanov, D.M. Braikov, J. Sci. Food Agric. 79
mend nitric acid digestion of vinegars before ICP-MS or (1999) 713.

GFAAS determination. and that the latter measurements use [7] V. Orescanin, A. Katunar, A. Kutle, V. Valkovic, J. Trace Microprobe
' Tech. 21 (2003) 171.

aShing _and atomization temperatures of 600 and 1800 [8] M.I. Guerrero, C. Herce-Pagliai, A.M. Camean, A.M. Troncoso, A.G.
respectively, rather than the manufacturer’'s recommended  Gonzalez, Talanta 45 (1997) 379.
settings because of the apparent volatilization of relatively [9] A. Del Signore, B. Campisi, F. Di Giacomo, J. Aoac. Int. 81 (1998)

labile forms of lead in vinegars above those temperatures. 1087. _ o _
[10] Z.J. Suturovic, N.J. Marjanovic, N.M. Dostanic, Nahrung 41 (1997)
111.
[11] G.P.G. Freschi, C.S. Dakuzaku, M. de Moraes, J.A. Nobrega, J.A.G.
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