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Introduction

The issue of food analysis is exceed-
ingly complex and requires the
cooperative efforts of knowledgeable,
dedicated individuals from many
disciplines. Understanding the impli-
cations of metals in foods seems
deceptively simple; however, this is
not the case. Metal determinations
can resolve many issues and are
typically performed to answer three
questions. First, how much of a
nutrient metal (mineral) is present
and is the product labeled properly?
Next, is the product what it claims

to be and does it comply with trade
laws? Finally, is the product whole-
some and safe to eat, is it contaminat-
ed, or has it been tampered with?

A discussion of the major issues

and how these questions may be
answered using Inductively Coupled
Plasma Optical Emission Spectrome-
try (ICP-OES) follows.

Food Labeling and Nutrient
Mineral Content

The issue of nutrient labeling has
come to the forefront because of the
Nutrition and Labeling Education Act
of 1990 (NLEA) that was passed to
help consumers maintain healthy
dietary practices. Former food
labeling requirements were some-
what lenient and required nutritional
labeling only if a product made
specific or implied health claims.

Table 1:The Nutrition Labeling Education Act of 1990 Food

Labeling Requirements

Mandatory

Nutrients Voluntary Nutrients
Calories Calories from Saturated Fat Vitamin K Copper
Calories from Fat Calories from Unsaturated Fat ~ Thiamin Manganese
Total Fat Calories from Carbohydrates Riboflavin Fluoride
Saturated Fat Calories from Protein Niacin Chromium
Cholesterol Unsaturated Fat Vitamin B6 Molybdenum
Sodium Polyunsaturated Fat Folate Chloride
Total Carbohydrates | Monounsaturated Fat Vitamin B12
Total Sugars Sugar Alcohols Biotin
Dietary Fiber Soluble Fiber Pantothenic Acid
Protein Insoluble Fiber Phosphorus
Vitamin A Protein as % Magnesium
Vitamin C Potassium Zinc
Calcium Vitamin D lodine
Iron Vitamin E Selenium

NLEA required full nutritional
labeling of 14 mandatory nutrients
for most Food and Drug Administra-
tion (FDA) regulated packaged food
products. Calcium, iron, and sodium
are mandatory nutrients. Thirty-five
other nutrients, including nine
additional metals, may be labeled
voluntarily. It has been predicted that
these nutrients will become mandato-
ry in the near future (1). Very few
foods are exempt and the complete

NLEA regulations were published in
the Federal Register (2). It was
estimated that 17,000 food compa-
nies in the United States were
affected by NLEA and that labels for
=200,000 products required modifica-
tion (2). Costs to implement NLEA
were projected at $2 billion (3). Food
labeling requirements are listed in

Table 1.
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The analysis of metals in foods
is challenging due to the high
variation in levels present. The
situation is complicated by natural-
ly occurring seasonal and varietal
variations. The use of official
validated analytical methodology is
preferred by regulatory agencies;
however, many official methods are
analyte- and matrix-specific. A
review of current validated Associa-
tion of Official Analytical Chemists
International (AOAC) methodology
for minerals and metals in foods (4)
revealed that many single-element
methods are currently in use. These
methods include titrations, colori-
metric analyses, UV/Visible analy-
ses, and flame and graphite furnace
atomic absorption spectroscopy.
Many of the methods have sample
throughput constraints and relative-
ly narrow linear dynamic ranges.
Others require the use of solvents
banned by the Montreal Protocol on
Substances that Deplete the Ozone
Layer (5). Time constraints make
multiple sample dilutions and
independent analysis impractical
and limit the utility of some
methods. AOAC recognized the
need for improved methodology and
developed a tool to help analysts
develop rugged generic methods.
The Food Matrix Triangle (6)
categorizes foods into nine sectors
based on fat, carbohydrate, and
protein content. AOAC proposes
that a method can be tested for all
food matrices by analyzing eighteen
types of samples, two from each
sector. The Food Matrix Triangle is
presented in Figure 1. Although no
AOAC food methods currently
employ ICP-OES, the multielement
capability, wide linear dynamic
range, and high sample throughput
are attributes that will prove benefi-
cial to analysts striving to meet the
challenges created by NLEA.
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Figure 1. Food Matrix Triangle.

(Reprinted from The Referee,Volume 17, Number 7, Pages 6-7,1993.)

Is the Product What it
Claims to be and Does it
Comply With Trade Laws?
This question encompasses the
issues of adulteration and mis-
branding. Misbranding refers to
misleading or inappropriate
labeling, and is directly linked to
NLEA. It was included in this
discussion however, because it is
related to another issue, adulter-
ation. Adulteration encompasses
two areas, contamination and fraud
involving the deliberate substitu-
tion of a less valuable constituent in
a food (7-8). Often an adulterated
product is also misbranded. Trace
metal analyses may detect occur-
rences of both. For example, a
vegetable labeled "low salt" would
be misbranded if the sodium levels
in the product were higher than
claimed on the label. Valuable
constituents omitted from foods

may have mineral profiles that can
identify the adulteration. For
example, a juice "cut" with water,
sugar, and flavors might have a
lower calcium content than 100%
pure juice. Misbranding and
adulteration issues occasionally
involve the geographical origin of
products. For example, a product
sold as 100% pure Florida orange
juice would be misbranded and
adulterated if juice from another
area was blended in. Trace metal
profiles have been used to establish
the country of origin of foods
because plants often have an
"elemental fingerprint" that matches
that of the soil in which they grew.
Plants grown in different locations
may have different elemental
profiles. Orange juice (9),
macadamia nuts and pistachios (10)
have been characterized in the
literature.



Food Quality and Safety
This complex question addresses
many areas including food quality,
adulteration, tampering, contamina-
tion, environmental pollution, and
geographical origin. Metal determi-
nations can be pertinent to all and
examples will be discussed briefly.
A classic example of the application
of ICP-OES to determine the food
quality involves food grade oils. Oils
contaminated with ppb levels of
metals can undergo accelerated
oxidation, and foods incorporating

these oils may taste rancid. Sample
preparation is difficult and involves
the use of flammable solvents. Lack
of analytical sensitivity restricts the
choice of usable analytical tech-
niques. The utility of ICP-OES for oil
analysis has been demonstrated (11).
Tampering, is a form of adulter-
ation and refers to deliberate
criminal acts. Components deliber-
ately added to food may have
characteristic metal profiles that
can link occurrences of tampering.
Contamination from food packaging

Table 2: Detection Limits (30) in pg/L (ppb) as a Function of

Analytical Technique

ICP GFAAS
Element OPTIMA 3000 XL Plasma 2000 5100 ZL
Ag 04 15 0.05
Al 2 6 0.3
As 2 30 05
Ba 0.07 0.15 0.9
Be 0.08 0.09 0.02
Cd 0.2 15 0.02
Co 04 3 04
Cr 0.2 3 0.08
Cu 05 15 0.25
Fe 0.3 15 0.3
Hg 05 30 150
K 2 75 0.02
Mn 0.1 0.6 0.09
Mo 0.7 75 0.2
Na 3 6 0.05
Ni 0.7 6 0.8
Pb 0.8 30 0.15
Sb 2 90 0.4
Se 2 90 0.7
Sr 0.1 0.08 0.06
Ti 0.2 0.75 0.9
TI 2 60 04
\Y 04 3 0.3
Zn 0.1 15 0.3

is also becoming more of an issue.
To protect children, the U.S. FDA
recently reduced the allowable lead
levels in foods packaged in lead-
soldered cans (7). This was imple-
mented following a 1992 incident in
which an 18 month-old child was
found to have elevated blood lead
levels caused by drinking juice from
lead-soldered cans. The child drank
approximately 36 ounces of juice
daily and ingested 600 pg of lead
daily; a level sufficiently high enough
to effect permanent damage and
disability to the child. Should lead
analysis become mandatory, ICP-OES
would be an applicable technique.
The environment in which a food is
grown can also cause contamination.
For example, plants grown in
contaminated soil and fish from
polluted waters may be contaminated
with heavy metals that can be
monitored with ICP-OES.

Advantages of ICP-OES
Although few food analysts currently
employ ICP-OES, the multielement
capability, wide linear dynamic range,
and high sample throughput are
attributes that will prove beneficial to
analysts striving to perform these
determinations. An axially viewed
plasma provides increased sensitivity,
lower background, and improved
detection limits compared to a
traditional, radially viewed plasma.
Viewing a plasma axially extends the
source path length, thereby increasing
analyte emission intensity and
improving sensitivity. This sensi-
tivity enhancement results in a 5- to
10-fold improvement in detection
limits over radially viewed plasmas.
With this configuration, elements can
be determined at levels previously
only attainable with GFAAS. A
comparison of detection limits by
technique is presented in Table 2 (12).
Radial viewing of a plasma offers
advantages of higher upper limit of
linearity, reduced easily ionizable
element effects, lower physical
interferences, and fewer spectral



interferences. A dual-view plasma
offers the best of both worlds. High
analytical sensitivity for minor
components and extended linear
dynamic range sufficient to allow
the accurate determination of major
components.

The objective of this study was to
determine concentrations of trace
metals of interest for nutritional
labeling, geographical origin, tamper-
ing, and contamination in fresh fruit,
juice, and juice products using a dual
view plasma. Major components were
determined using the plasma in the
radial configuration and minor com-
ponents were determined using the
axial configuration. Matrix-matching
of elemental and acid composition
was performed to minimize spectral
and physical interferences. By appro-
priate sample dilution, major com-
ponents were also determined using
the axial view to permit comparison
with and to validate the radial view
results.

Experimental

Juice Sample Preparation
Samples of authentic juices were pre-
pared from the raw fruit and diluted
to single strength and analyzed in this
study. Three subsamples of each pro-
duct were prepared by microwave
digestion using a MDS 2100 micro-
wave system (CEM, Matthews, NC).
Each juice was well shaken, opened
and sampled by pouring directly from
the original container into the micro-
wave vessel. Teflon® PFA microwave
vessels rated to 120 psig (CEM,
Matthews, NC) were used for the
digestion according to the manufac-
turer's directions (13) and closed
using the Capping Station (CEM,
Matthews, NC). Various juices were
selected for spiking. Samples and
blanks were spiked at levels that were
predicted for the diluted juice, and
the spikes were digested concurrently
with the juice samples to monitor any
elemental losses in the digestion
process. All products were prepared
following the digestion procedure
modified from the CEM application
note for Fruit Juice and Pulp (14).

Digestion Procedure:
Step 1:

vessels.
Step 2:

deionized H,O.

Ann Arbor, Ml).

Weigh <10 g single-strength juice into Teflon PFA digestion

Add 10 mL concentrated, ultrapure HNO, and 2 mL concentrat-
ed, ultrapure H,SO, to the sample.

Digest following the procedure in Table 3.
Cool for approximately 5 minutes and vent vessels.
Repeat Step 4 for juices containing pulp. Otherwise, proceed

Cool for 5 minutes, vent, and open the vessels using the

Add 3 ml ultrapure H,O, to complete the digestion of

Step 3:  Cap the vessel in the capping station.
Step 4:
Step 5:
Step 6:
to Step 5.
Step 7:
capping station.
Step 8:
remaining sugars
Step 9:

When effervescence ceases, transfer the samples into clean
containers and dilute to 100 mL with 18 megohm, distilled,

Step 10: Store the samples in clean high-density polyethylene bottles.
Step 11: Filter any residual pulp using acid-resistant syringe filters
(Acrodisk product number 4497, Gelman Scientific,

Table 3: Microwave Digestion Program for Juice Analysis

Parameter  Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Power (%) 10 20 0 15 0
Power (Watts) 51 141 0 96
Pressure (psig) 20 50 20 80 0
Run Time (min) 2 5 2 15 5
Time at Parameter
(min) 2 5 2 15 5
Fan Speed
(% of maximum) 100 100 100 100 100

ICP-OES Analysis

All analyses were performed on a
Perkin-Elmer Optima 3000™ DV
ICP-OES equipped with a dual-view
torch, Scott-type spray chamber,
and GemTip™ cross-flow nebulizer.
A PerkinElmer AS-91 autosampler
was used for sampling. Changing
plasma views is accomplished using
a computer controlled-mirror in the
transfer optics. In one position
(axial view), the optics are aligned
to view down the axial channel of
the plasma, in the other (radial
view) radiation from the side of the
plasma is reflected into the optics.

The Optima 3000 family

of instruments features an echelle
polychromator and a Segmented-
array Charge-coupled Device (SCD)
detector. This detector allows the
simultaneous analyses of approxi-
mately 5000 analytical emission
lines and provides the 2-4 best
analytical lines for each element.
The unique detector design permits
simultaneous measurement of the
analyte lines and spectral back-
ground that permits the best
possible detection limits in either
viewing configuration. This unique
detector offers additional versatility




and freedom from spectral interfer-
ences over conventional direct

Table 4: Instrumental Conditions:

reader-type simultaneous ICP-OES Parameter Optima 3000 DV
instruments. Because background RF Power: 1500 Watts
and analyte measurements are

performed simultaneously on this Nebulizer Flow: 075 L/min
instrument, improved analytical Auxiliary Flow: 0.5 L/min
sensitivity, analytical speed, and

high sample throughput are advan- Plasma Flow: 150 L/min
tages realized using Programmable Sample Flow:; 1.5 mL/min
Direct Reader technology instead of

a sequential ICP-OES instrument. Plasma Height: 15 mm
The plasma operating conditions are Plasma Viewing; Axial
listed in Table 4 and the experimen-

tal detection limits, wavelength, and Processing Mode: Area

background correction points are
listed in Tables 5-6. Differences in

Auto Integration:

10 sec min — 50 sec max

detection limits from those present- Read Delay. 60 sec

ed for the Optima 3000 in Table 2 Rinse Delay: 180 sec

may be attributed to the matrix. No .

attempt was made to optimize Replicates: 3

plasma conditions for any particular Wavelengths: Multiple
analyte or to optimize the procedure

for the best sample throughput. Background: Manual selection of points

Table 5: Detection Limits,Wavelength Selection and Background Correction Points for Radial View

Detection Limit LOQ Wavelength Peak Window Lower Bcg Upper Bcg
Element mg/L mg/L nm nm nm nm
Ca 15 50 317.935 0.0098 0.039 0.030
K 19 64 766.503 0.0233 0.140 0.139
Results concentrations lower than the LOQ The ability to select viewing modes

in the dilute solution are noted in
the appropriate tables. Different
dilution schemes would have
permitted reporting of additional
values. Table 14 shows good
agreement for the major compo-
nents determined using the radial
and axial modes and indicates
generally good agreement between
different analytical wavelengths.

Values for each juice analyzed are
presented in Tables 7-13 with
available reference data (16-24).
Little reference data was available
for these materials. The Limit of
Quantitation (LOQ) was defined as
ten times the standard deviation of
ten reads of the blank as a sample.
This corresponds to 3.333 times the
detection limit. Elements present at

and analytical wavelengths depend-
ing upon desired sensitivity
effectively extends the typical 5-6
order linear dynamic range quoted
for ICP-OES even further. Tables 15-
16 indicate that excellent spike
recoveries were attained using both
analytical modes.




Table 6: Detection Limits,Wavelength Selection and Background Correction Points
for the Axial View

Detection Limit LOQ Wavelength Peak Window Lower Bcg Upper Bcg

Element mg/L mg/L nm nm nm nm
Ag 05 16 328.070 0.0101 0.030 0.020
Al 160. 540. 308.213 0.0094 0.028 0.019
As 12, 38. 193.697 0.0059 0.017 0.030
B 65. 220. 182528 0.0056 0.000 0.011
Ba 03 10 233523 0.0072 0.021 0.029
Be 0.02 01 313.046 0.0096 0.039 0.029
Bi 16. 55. 222819 0.0068 0.007 0.014
Ca 4. 13. 317.935 0.0098 0.039 0.030
Cd 02 07 214434 0.0065 0.029 0.019
Co 038 27 228619 0.0069 0.021 0.000
Cr 02 08 205559 0.0063 0.012 0.025
Cu 11 36 324.759 0.0099 0.000 0.030
Fe 27 9.0 259.943 0.0079 0.023 0.016
Ga 20 7. 417.206 0.0127 0.025 0.064
In 8. 27. 230.602 0.0070 0.014 0.014
K404 2500. 8300. 404.717 0.0125 0.050 0.038
K766 6.7 22. 766.503 0.0233 0.140 0.139
Li 02 06 670.791 0.0204 0.081 0.102
Mg 4. 13. 279.082 0.0085 0.025 0.026
Mn 02 08 257.614 0.0078 0.024 0.023
Mo 15 5. 202.031 0.0062 0.013 0.018
Na 9. 30. 589.589 0.0182 0.055 0.073
Ni 06 19 231.604 0.0071 0.028 0.036
P213 1445, 480. 213621 0.0065 0.039 0.020
P214 130. 440. 214914 0.0065 0.000 0.020
Pb 35 11. 220.352 0.0067 0.013 0.000
Rb 12. 40. 780.021 0.0241 0.048 0.048
Se 45 14, 196.026 0.0061 0.018 0.019
Si 15 5. 212413 0.0065 0.019 0.026
Sr 0.01 00 407.765 0.0125 0.025 0.038
Ti 02 07 337.277 0.0104 0.000 0.031
TI 3 10. 190.798 0.0058 0.012 0.017
U 9. 30. 367.012 0.0112 0.034 0.011
02 05 292.402 0.0090 0.027 0.018

Zn 05 17 213.858 0.0065 0.020 0.026




Table 7: Mean Results for Orange Juice in pg/mL Compared with Reference Values

California FLValencia |Navel Orange | Pineapple Orange McHard (16) Orange Juice
Element [Mean RSD |Mean RSD | Mean RSD Mean RSD Florida Brazil Mexican Californian | (19) (17)
Ag <LOQ <LOQ <LOQ <z 0.002- 0001 -0010- <001
0028 0035 0132
Al <LOQ ND ND ND 0041- 0062567 0.206- 0098-
0.155 0.736 0.364
As ND ND ND ND <0015 <0015 NM NM
B 3335 265 <LOQ <LOQ <LOQ 0629-179 0596-259 103-153 102510 <02
Ba 00771 05 00254 25 02117 09 00258 19 0018- 0183 0051- 0099-
0100 0776 0550 0327
Be 00028 1147 ND ND ND <0001 <0001 NM NM
Bi ND ND ND ND 50-240
Ca 1233 04 6130 16 1030 05 8578 09 67-123 77120  87-135  102-150 60-120 £005
Cd ND ND ND ND <001 <001 NM NM
Co <LOQ <LOQ <LOQ <LOQ <001 <001 <001 <001
Cr 00176 1241 00109 625 ND <LOQ 0003- 0002- 0004- 0009- <5
0021 0064 0011 0031
Cu 05786 385 05345 18 03695 15 04351 12 0239 0154 -0143- 0321- <15
0460 0400 0356 0421
Fe 1005 60 08792 15 1016 150 05158 137 0641- 0800-749 180-632 107-848
5558
Ga ND ND ND ND 0016- 0022- 018-0231 0023-
0042 0147 0127
In <LOQ ND <LOQ <LOQ <001 <001 <001 <001 1100-
2500
K404 2205 15 2762 07 1754 13 2229 21 1520-2660 2030-3027 1245-2095 1741-2465 1400-
2300
K766 1875 04 1578 10 2054 15 1520-2660 2030-3027 1245-2095 1741-2465 70-170
Li 00142 93 <LOQ <LOQ <LOQ 0002- 0002- 0003- 0003- 70-150
0008 0007 0005 0026
Mg 1358 01 9003 14 9597 10 1253 12 95140  107-170 82-149  106-155
Mn 02939 79 02428 09 01603 32 02692 41 0173- 0218 0207- 0278
0316 0.794 0466 0921
Mo ND ND ND ND <001 <001  0002- <001
0038
Na 1191 25 2295 23 343 16 2483 39 39 0891-255 293-433 251978  114-196 <03
Ni ND 00755 39 ND ND 0.008- 0007- 0009- 0016-
0067 0092 0223 0062
pP213 220 07 1753 09 1584 10 1528 09 124-240  155-308 104-303  193-309
pP214 2204 09 1763 09 1586 12 153 14 124240  155-308 104-303  193-309
Pb ND 01674 41 ND ND <001 <001 NM NM
Rb 1248 28 1026 24 1381 14 1002 03 0236-  264-672 0630- 0757-373
0741 3403
Se 03363 134 03377 108 0302 296 03734 135 <5
Si 3249 76 07186 56 1456 38 05894 11
Sr 05368 02 00933 12 05209 04 01612 11 0095- 0288109 0325- 0395
0979 0713 0733
Ti <LOQ ND <LOQ <LOQ 0002- 0004- 0005 0012-
0022 0357 0020 0025
Tl ND ND ND ND
U ND ND ND ND
\ <LOQ ND <LOQ ND ND ND ND  0001-010
Zn 0357 185 03201 46 03401 800 03098 150 0.242- 0255- 0267- 0249-
0480 0527 0449 0538

ND: Below detection limit; LOQ: Limit of Quantitation




Table 8: Mean Results for Other Citrus Fruit in pg/mL Compared with Reference Values

Ruby Red Grapefruit Lime |Tangerine
Grapefruit Lime Tangerine Juice Juice Juice

Element Mean RSD Mean RSD Mean RSD a7) (18) (15, 23) (15)

Ag ND ND ND

Al <LOQ ND <LOQ

As ND ND ND <02

B ND 10.45 99.8 2779 301

Ba <LOQ 00638  190.0 0.0349 45

Be 0.0013 17 ND 0.0008 9.5

Bi <LOQ <LOQ ND

Ca 64.47 12 5025 1743 69.69 01 50-160 > 50 90-220 180

Cd ND ND ND <0.05

Co <LOQ ND <LOQ

Cr ND 00182 2120 ND

Cu 0.4939 22 <LOQ 0.5926 21 <5 0.30 0.25

Fe 0.3866 9.7 08732 2102 0.948 186 <15 0.30-3.0 20

Ga ND <LOQ ND

In <LOQ <LOQ <LOQ

K404 1221 0.6 2511 1545 1984 38 1000-2500 > 1000 1090-1500 1780

K 1261 0.6 278.6 1740 1942 13 1000-2500 > 1000 1090-1500 1780

Li <LOQ 00066  204.0 <LOQ

Mg 79.45 0.2 2324 1742 1294 16 70-170 >85 60-110 80

Mn 01141 13 00665 1941 0.6043 46 0.08 0.37

Mo ND ND ND

Na 5.867 22 7823 1732 7473 6.9 <30 <50 10-30 10

Ni ND <LOQ 01241 126.0

P213 146 04 16.00 2433 1105 33 70 140

P214 1536 0.3 16.17 250.3 1119 3.7 70 140

Pb ND <LOQ ND <0.3

Rb <LOQ <LOQ <LOQ

Se 02555 56 <LOQ 0.3677 93

Si 02502 259 5224 1586 0.7349 37

Sr 2577 11 03464 1739 0.0828 28

Ti 0.0083 200 0.0828 1503 <LOQ

TI ND ND ND

u ND <LOQ ND

\Y <LOQ 02444 1733 ND

Zn 08934 480 00584 5379 02669 312 <5 06-1 0.30

ND: Below detection limit LOQ: Limit of Quantitation




Table 9: Mean Results for Stone Fruit (Prunus spp) Cultivars in pg/mL

Compared with Reference Values

Sour Apricot |Cherry | Peach | Plum Raw | Prune
Apricot Cherry Peach Plum Prune Nectar Nectar
Element | Mean RSD | Mean RSD| Mean RSD | Mean RSD | Mean RSD (15) (15) (15) (15, 20) (15)
Ag <LOQ <LOQ <LOQ ND <LOQ
Al ND 7307 33 ND <LOQ 2045 37
As ND ND ND ND ND
B <LOQ ND 2216 122 2394 740 6.839 16.7
Ba 00215 51 00169 05 00281 29 00741 36 0413 11
Be <LOQ 00015 41 ND 00016 111 00036 504
Bi ND <LOQ ND ND ND
Ca 2473 04 642 05 2163 17 2667 06 1099 09 70 160 50 40-80 120
Cd ND <LOQ ND ND ND
Co <LOQ ND <LOQ <LOQ <LOQ
Cr 0.0134 271 ND ND ND 0.015 488
Cu 01851 148 02235 04 06003 28 03648 20 0319 298 073 104 0.69 043 0.68
Fe 05111 18 1742 02 <LOQ 0.1639 518 6255 0.8 38 32 19 1-4 11.80
Ga ND ND ND ND ND
In ND <LOQ ND <LOQ ND
K404 5467 41 1012 11 2185 12 6165 27 2029 23 1140 1730 400 1200-1900 2760
K 5907 35 1021 02 2054 08 7031 10 2066 1.0 1140 1730 400 1200-1900 2760
Li ND ND <LOQ <LOQ 00228 39
Mg 3298 39 6381 02 6283 21 3039 06 1042 12 50 90 40 40-70 140
Mn 02725 11 0352 03 04581 14 01769 20 1883 10
Mo ND ND ND ND ND
Na 6221 136 1644 17 188 24 2392 40 5464 43 30 30 70 0-30 40
Ni 00242 194 ND 00231 246 ND 0.0338 243
P213 4577 56 1215 02 1652 08 4954 33 1844 09 90 150 60 100 250
P214 4274 24 1130 03 1668 05 4959 42 1904 10 90 150 60 100 250
Pb ND ND ND ND ND
Rb 06265 457 0135 52 3014 12 <LOQ 1864 48
Se 02191 79 02309 77 02707 52 03799 106 03695 9.0
Si 3707 13 1335 18 0.0909 823 37 16 3257 35
Sr 01566 58 00338 01 00128 41 01052 12 08805 1.0
Ti <LOQ <LOQ ND <LOQ 01101 04
TI ND ND ND ND <LOQ
U ND ND ND ND ND
<LOQ <LOQ ND ND <LOQ
Zn 03300 56 01101 176 07957 25 01067 207 1132 24 09 10 08 10 21

ND: Below detection limit; LOQ

: Limit of Quantitation




Table 10: Mean Results for Grape Cultivars in pg/mL Compared with Reference Values

Concord Grape Red Grape White Grape Grape

Element Mean RSD Mean RSD Mean RSD (15)

Ag <LOQ <LOQ <LOQ

Al <LOQ 6.042 9.9 7.936 55

As ND ND ND

B 2.803 804 <LOQ <LOQ

Ba 0.4086 11 0.027 24 0.2318 05

Be <LOQ 0.0017 94 0.007 23

Bi ND ND <LOQ

Ca 100.8 10 4243 0.8 1824 03 90

cd <LOQ ND ND

Co <LOQ <LOQ <LOQ

Cr 02677 15 ND 0.0452 25

Cu 0.4083 05 1.878 04 03811 22 0.28

Fe 177 23 ND 5217 01 24

Ga ND ND ND

In ND ND <LOQ

K404 507.2 43 8832 28 236.2 19

K766 5505 14 9248 23 2894 09 1320

Li <LOQ ND 0.0066 43

Mg 113 10 63.88 25 128.7 07 100

Mn 4.893 0.6 0.4055 0.9 3617 04 36

Mo <LOQ ND 0.2162 05

Na 2047 37 3613 34 421 12 30

Ni <LOQ ND <LOQ

P213 93 27 189.1 18 110.6 05

P214 90.56 36 194.8 16 114.8 05 110

Pb <LOQ ND <LOQ

Rb 0.6865 06 <LOQ <LOQ

Se 0.2708 26.3 0.3016 459 0.3768 34

Si 9.805 22 5538 21 12.20 06

Sr 0.3661 11 0.1086 06 0.6318 03

Ti 0.1053 5.0 <LOQ 0.1681 15

Tl ND ND ND

U ND ND ND

\Y% 0.3437 10 <LOQ 0.8553 04

Zn 0.8165 540 0.609 517 0.8318 194 05

ND: Below detection limit LOQ: Limit of Quantitation




Table 11: Mean Results for Berries in ug/mL Compared with Reference Values

Blackberry Blueberry Boysenberry | Raspberry Strawberry | Blackberry | Blueberry | Boysenberry | Raspberry | Strawberry
Element Mean RSD | Mean RSD Mean RSD | Mean RSD | Mean RSD Raw Raw Frozen Juice Raw
(15) (15) (15) (19) (15)

Ag <LOQ <LOQ <LOQ <LOQ ND

Al 7070 130 9188 20 8925 30 7983 97 <LOQ

As ND ND ND ND ND

B ND ND ND 2773 772 2812 115

Ba 06458 10 01665 53 07793 01 1212 23 00746 14

Be 00015 142 00017 07 00015 40 00009 98 0001 330

Bi <LOQ <LOQ <LOQ ND ND

Ca 7877 03 3125 31 1317 01 2512 21 4389 08 320 60 270 110230 140

Cd <LOQ <LOQ <LOQ ND ND

Co <LOQ ND <LOQ <LOQ <LOQ

Cr 00085 58 ND <LOQ ND 00199 2103

Cu 05646 19 01669 56 03592 23 07182 17 01752 108 140 061 080 049

Fe 2874 07 ND 2391 12 4979 14 ND 57 17 85 380

Ga ND ND ND ND <LOQ

In <LOQ <LOQ <LOQ ND <LOQ

K404 9418 06 2384 04 2010 04 1381 20 5009 13 1960 890 1390 1300-2800 1660

K766 9807 03 2501 10 1838 10 1485 15 5715 04 1960 890 1390 1300-2800 1660

Li ND ND ND <LOQ <LOQ

Mg 9084 10 2315 08 181 05 190 15 4626 11 200 50 160 110230 100

Mn 9602 07 4515 26 681 03 3037 09 08858 41 1291 282 547

Mo ND ND ND ND ND

Na 3148 21 3814 02 2269 09 1045 248 3968 34 0 60 10 40 max 10

Ni 00206 326 ND 00724 20 00816 584 <LOQ

P213 5952 25 1889 50 1387 03 2040 25 504 38 210 100 270 98-244 190

p214 5402 26 1537 61 1290 05 2099 25 4957 40 210 100 270 98-244 190

Pb <LOQ ND <LOQ ND ND

Rb 08111 08 07573 14 1394 21 308 22 <LOQ

Se 02046 94 00846 103 02452 124 02639 451 <LOQ

Si 05593 104 09454 137 2253 42 1681 160 213 13

Sr 02619 09 00406 39 09523 05 2232 19 03001 11

Ti <LOQ <LOQ 01007 26 0095 100 <LOQ

T ND ND ND ND <LOQ

U <LOQ ND ND ND ND

\Y <LOQ <LOQ <LOQ <LOQ ND

Zn 3587 03 00671 104 1898 02 2297 101 0046 750 27 11 22 13

ND: Below detection limit; LOQ: Limit of Quantitation




Table 12: Mean Results for Tropical Fruit in pg/mL Compared with Reference Values

Banana Kiwi Mango | Pineapple
Banana Kiwi Mango Pineapple Raw Raw Raw Raw
Element | Mean RSD Mean RSD Mean RSD Mean RSD (21,22) (15) (15,21) (21, 24)
Ag ND <LOQ 00221 1797 <LOQ 001
Al 8025 85 9.025 6.9 <LOQ <LOQ 045
As ND ND ND ND 0.019
B ND <LOQ <LOQ <LOQ
Ba 01476 16 112 13 0291 23 0.0127 55 0.140
Be 00015 177 0.003 51 0.0045 17938 <LOQ
Bi <LOQ <LOQ ND ND 0.007
Ca 1743 12 2359 11 6331 21 4117 20 64.4 260 100 172
cd <LOQ ND <LOQ ND 0.014
Co ND <LOQ <LOQ <LOQ 0.007
Cr ND <LOQ 0.0696 148.1 ND 0122
Cu 03937 41 06622 20 1294 583 04648 147 21-54 1.10-86 1.2-89
Fe 06743 174 6871 13 116 219 02625 204 6.7-33 41 13-77.6 1.3-102
Ga ND ND ND ND 0.003
In <LOQ <LOQ <LOQ <LOQ
K404 1075 04 2800 27 1617 23 4771 60 3320 1560 1440
K766 1090 10 1407 40 5379 43 3589 3320 1560 1440
Li ND 0.0278 84 <LOQ ND 0.003
Mg 9776 11 1054 09 8789 22 4771 07 3278 300 90 184
Mn 07989 26 1441 10 0.7915 87 5541 31 343-57 0.27-25 8.8-135
Mo ND ND ND ND 0.079
Na 0514 902 3996 27 3444 30 06195 205 29.8 50 20 16.2
Ni ND ND <LOQ ND 0.064
P213 8034 04 1149 10 9681 24 1463 139 312 400 110 498
P214 7267 02 1211 15 9308 32 1345 178 312 400 110 4938
Pb <LOQ <LOQ ND ND 0.024
Rb <LOQ 4943 28 3479 44 04459 492 24
Se 01761 144 03001 6.2 03947 23 02876 95 0.009
Si 3878 284 1212 13 2381 16.6 1198 09 76.4
Sr 01297 02 1744 08 05121 29 0.0604 44 0.360
Ti 0.0439 1576 0.1007 33 <LOQ <LOQ 0.055
TI ND ND ND ND
U ND ND ND ND
<LOQ 0.0408 0.6 <LOQ ND 0.003
Zn 06880 545 09411 69 08476 318 0.0609 34.1 28-78 0.40-32 12-101

ND: Below detection limit; LOQ: Limit of Quantitation




Table 13: Mean Results for Other Fruit in pg/mL Compared with Reference Values

Red Currant Pear Red/White Currants Pear Nectar

Element Mean RSD Mean RSD Raw ( 15) (15)

Ag <LOQ <LOQ

Al 1225 42 ND

As ND ND

B <LOQ <LOQ

Ba 0.7174 10 0.6488 05

Be 0.0011 82 0.0373 170.0

Bi <LOQ ND

Ca 2005 06 65.73 038 330 50

Cd 0.0112 27 ND

Co <LOQ <LOQ

Cr <LOQ ND

Cu 03721 06 279 117.2 107 0.69

Fe 8,550 13 0.7001 75 10.00 19

Ga ND ND

In <LOQ ND

K404 2783 16 978.9 25 2750 2400

K766 1100 11 2750 400

Li ND <LOQ

Mg 9461 06 76.81 02 130 40

Mn 1152 09 0.3695 48 1.86 019

Mo ND ND

Na 19.34 38 2.309 80 10 70

Ni 0.1209 43 <LOQ

P213 2832 06 86.21 55 440 60

P214 266.6 05 8277 6.1 440 60

Pb <LOQ ND

Rb 0.9864 37 1375 57

Se 03212 10.3 <LOQ

Si 5553 6.0 0.7727 170

Sr 1251 0.7 0.5912 12

Ti 04314 04 <LOQ

TI ND <LOQ

] <LOQ ND

\ 0.0223 19 ND

Zn 1480 424 0.6203 139 23 0.8

ND: Below detection limit; LOQ: Limit of Quantitation



Table 14: Comparison of Mean Results by Viewing Modes for Selected Fruit in pg/mL

Compared with Reference Values

Viewing Banana Blackberry Blueberry Boysenberry | Sour Cherry Red Currant
Mode Element Mean RSD Mean RSD | Mean RSD Mean RSD Mean RSD Mean RSD
Radial Ca 1764 24 7558 10 304 12 1329 23 6272 04 200.3 0.6
K766 1208 09 1037 04 285 02 2074 30 1115 0.3 2729 14

Axial Ca 1743 12 7877 03 313 31 1317 01 642 05 2005 06
K404 1075 04 9418 06 238 04 2010 04 1012 11 2783 16

K766 1090 10 980.7 03 250 10 1838 10 1021 0.2 NM  NM

M: Not Measured

:;)arbg;r?k?ghlaejﬁfczzviggsl Element Blank Blank Blank Apricot Cg?gggd

Viewing Mode (%) (%) (%) (%) (%)

Ag 928 941 108.3 109.3 97.8

Ba 1015 99.9 104.8 9338 96.5

Be 99.1 100.4 1055 101.6 101.3

Bi 100.8 100.4 107.4 107.4 97.4

Ca 98.7 100.5 103.0 100.1 985

Cd 1021 100.0 1049 930 975

Co 99.7 100.3 1045 104.6 94.8

Cr 101.2 99.9 104.4 94.7 97.9

Cu 98.8 99.4 106.2 102.5 97.6

Fe 96.5 97.8 103.1 100.9 929

Ga 100.5 99.2 107.2 939 936

In 1038 99.1 1058 100.7 954

K404 95.2 100.2 104.6 995 914

K766 99.0 99.6 104.2 911 91.6

Li 98.7 99.1 104.4 101.8 96.9

Mg 984 100.3 104.8 104.3 97.7

Mn 976 99.1 1044 1019 809

P213 971 96.8 100.6 1141 105.8

P214 975 95.8 100.1 1075 109.3

Pb 100.9 99.2 103.9 929 95.8

Se 104.0 984 107.6 1108 1118

Sr 103.1 100.5 104.7 94.0 925

TI 99.8 1004 104.7 911 84.0

U 976 98.8 107.7 985 919

\Y 98.7 99.5 105.1 101.0 95.9

Zn 101.0 100.0 105.4 98.3 102.2
]:I(-)arblBel ;‘r?kssg:llijeﬁ?c%c;v;ggél Element Blank Blank Blank Apricot Cg?gsgd

Viewing Mode ®) ®) ®) ®) (%)
Ca 98.3 98.3 103.3 101.3 106.2

K766 989 989 1019 100.2 107.7




Conclusion

This work demonstrates that ICP-OES
is applicable to the determination of
trace elements in fruit, juice and juice
products. Axially viewed plasmas are
amenable to trace level work and give
detection limits comparable to
GFAAS and permit the determination
of nutrients not previously possible
by ICP-OES. All minerals stipulated
by NLEA may be determined in juice
using ICP-OES, and it is evident that
the technique is an effective tool for
the analyst attempting to meet the
challenges imposed by NLEA. Trace
elements important in establishing
geographical origin can be deter-
mined simultaneously with NLEA
elements, and other elements of
interest may be selected as needed.
Good agreement with available
reference values was achieved.
Excellent spike recoveries were
attained for all juice matrices. Sample
preparation time, which was the
primary limitation to sample through-
put, was minimized due to the wide
linear dynamic range and useful
analytical range of the dual-view ICP-
OES. All nutrients were determined
simultaneously in all samples
without multiple dilution/analysis
steps. Levels attainable were compa-
rable with GFAAS. Although no
attempts were made to optimize
sample throughput, actual instrumen-
tal sample throughput was impressive
relative to current validated methods
and to GFAAS. Microwave digestion
was shown to be a useful sample
preparation procedure allowing
acceptable precision, spike recover-
ies, and good agreement with avail-
able reference values and with
classical digestion methodology. The
dual-view capabilities of the instru-
ment effectively extend the useful
analytical range of ICP-OES.
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