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Abstract This study compares four sample dissolution
methods for Boron determination in two National Institute
of Standard and Technology (NIST) botanical Standard
Reference Materials (SRMs) and three Agriculture
Canada/NIST RMs, each having a reference (certified or
best estimate) B concentration. The dissolution treatments
consisted of: 1) dry ashing at 500°C, 2) wet digestion with
HNO3 + H2O2, 3) extraction with hot HNO3 and 4) closed
vessel microwave dissolution. The samples were spiked
before and after imposing dissolution treatments to study
B recovery by inductively coupled plasma mass spectro-
metric (ICP-MS) analysis. Microwave digests of NIST SRM
1515 and some in-house RMs were also used to compare
the B values of ICP-MS and ICP-AES (atomic emission
spectrometry). While all three digestion methods (dry ash-
ing, wet ashing and microwave) dissolved botanical sam-
ples, only the microwave method worked well for animal
tissues. In terms of B values in these materials, there was
no significant difference among the three digestion treat-
ments. Near 100% recovery of B spiked before and after
the sample dissolution indicates that there may not be a
significant loss of B during the dissolution process used in
this study. Extraction with hot HNO3 was as effective as
the three digestion treatments, and B values for this method
agreed well with reference values. For the botanical mate-
rials studied, the B values determined by ICP-AES were
not significantly different from ICP-MS values. This study
shows that a simple, time and labor efficient hot HNO3 ex-
traction is as effective as other digestion/dissolution meth-
ods for quantitative B recovery from biological materials.

Introduction

Boron is an essential element for plants [1] and its defi-
ciency as well as toxicity threaten crop productivity in

many areas [2]. Though the essentiality of B for animal is
not yet fully established [3, 4], there is growing evidence
that it may have a metabolic role in human and animal nu-
trition [5, 6]. Excess of B in food products and drinking
water is considered harmful for health [7]. Radiobiologi-
cal destruction of tumor tissue by Boron Neutron Capture
Therapy (BNCT) involves administering 10B to diseased
tissues followed by irradiation with slow neutrons [8].
This technique requires targeting of 10B to appropriate tis-
sues and precise monitoring of B concentrations in tumor
and surrounding tissue samples. Therefore, a method with
high precision and low detection limit is required to deter-
mine the quantity and the isotope composition of B in bio-
logical materials.

Analyte introduction in an aqueous liquid phase is con-
ventient for most analytical instruments. Boron present in
biological materials is brought into the liquid phase either
by destroying the sample matrix or extracting it with some
solvents. The sample matrix may be destroyed by fusion,
wet or dry ashing and microwave dissolution methods.
The closed-vessel (high pressure) microwave dissolution
method is fast and overcomes contamination and volatiliza-
tion problems of open-vessel methods. However, high-
pressure methods may be hazardous due to the danger of
explosion [9, 10]. Boron contamination and leaching of B
from borosilicate glass digestion vessels may increase the
B values [9] which may explain the higher recovery of B
in wet digestion compared to the microwave dissolution
method found by Bañuelos et al. [11]. Boron extraction
with dilute acids also overcomes contamination and vola-
tilization problems without dealing with strong acids and
high pressure.

Boron may be analyzed colorimetrically or by absorp-
tion, emission or mass spectrometry. Several colorimetric
methods which make use of reagents such as azomethine-
H, carminic acid, curcumin, dianthrimide, methylene blue
or quinalizarine, have been used for B analysis [12]. All
spectrophotometric methods however, have high limits of
detection (LOD) and suffer from matrix interferences
[13]. The azomethine-H method, which has been heavily
used, may not be suitable for B determination in micro-
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wave digests of biological materials because the yellow
color of the digest interferes with the 420 nm wavelength
used for this method. Atomic absorption and emission
spectroscopy methods (AAS and AES) are not sufficiently
sensitive for many applications and suffer from severe in-
terferences, memory effects, calibration drift and back-
ground noise [14, 15]. Prompt-γ spectrometry can detect
B in intact tissue, but it is a time-consuming method with
relatively higher limits of quantification (1.0–2.5 µg · g–1)
and detection (0.3–0.8 µg · g–1) depending on the irradia-
tion time [16]. Lower detection limits may be possible
with the prompt-γ method [6]; however, as the B concen-
tration in the sample decreases, the counting time to
achieve desired precision increases drastically, often ren-
dering this method impractical [17]. The measured values
by the prompt-γ method did not well agree with the refer-
ence values for the materials having less than 5 µg · g–1 B
concentration [16]. Inductively coupled plasma atomic
emission and mass spectrometry (ICP-AES, or ICP-MS)
are fast and give linear response over a wide range of
boron concentrations. However, B determination by ICP-
AES suffers severe interferences from Fe [18, 19]. ICP-
MS offers lower LOD’s and high precision over other
methods of B determination and can measure 10B and 11B
isotopes similtaneously.

The ICP-MS signals may be affected by spectroscopic
and non-spectroscopic interferences from the elements
present in the sample [9, 20]. HNO3 is an ideal acid for
ICP-MS because it results in minimal corrosion of the in-
strument components while its components, H, O and N,
are already present in air and water used as solvent [21].
Instrument noise and drift can be corrected using beryl-
lium as internal standard [18, 22] and matrix effects may
be minimized by matrix matching in the sample solutions
and calibration standards [23].

Published reports comparing sample dissolution meth-
ods for B determination often contradict [11, 24, 25].
While Isaac and Jones [26] reported that the dry ashing
method was as effective as the wet ashing method, others
[24, 11] showed that the wet ashing method was better
than the microwave or dry ashing methods. The relative

effectiveness of sample dissolution methods for B extrac-
tion from biological materials is still unresolved. This study
compares four sample dissolution methods for the purpose
of finding a convenient method that minimizes contamina-
tion and volatilization loss, yet, quantitatively extracts B
from biological materials for ICP-MS or ICP-AES analysis.

Materials and methods

Two National Institute of Standard and Technology (NIST) botan-
ical SRMs, Agriculture Canada/NIST RMs and some in-house
RMs were used for this study. Boron values for the in-house RMs
were determined by ICP-AES following the microwave digestion
and independently confirmed by two laboratories namely, Servi-
Tech-Hastings, NE, and University of Minnesota Research Analyti-
cal Laboratory. Plant and animal materials used in this study rep-
resented a wide range in B concentration (Table 1). Dry matter
contents of each material was determined and analytical values
were adjusted to reflect B concentration on dry weight basis. ICP-
AES (Thermo Jarrell Ash, Atom Scan 25, Menlo Park, CA) and
ICP-MS (Perkin Elmer/Sciex, ELAN 500, San José, CA) were
used for B determination in this study. The external calibration
method was used for B determination by both methods using 0-2
µg · mL–1 B standards (source: 10000 µg·mL–1 B Spex standard so-
lution from Spex Industries, Inc., N. J.) in 1 mol/L HNO3 and ap-
proximately 0.5 ppm beryllium as an internal standard. Beryllium
is an excellent choice of internal standard to compensate for in-
strumental drift, noise and matrix interference as its mass is very
close to that of boron [23, 22]. The concentration of SPEX stan-
dard was verified against NIST boric acid standard (SRM 951).
The measured concentration of 0.20 µg/L NIST boric acid against
the Spex standard was 0.20 ± 0.04 µg/L. Between successive mea-
surements, the system was rinsed with 1% HNO3 for about 30 s.
For some samples, ICP-AES values determined by the external
calibration method were verified by the standard addition calibra-
tion method. Trace metal grade HNO3 (Fisher Scientific), 30%
H2O2 (Fisher Scientific) and double deionized water (18 MΩ cm)
were used throughout the study.

Effects of sample size

A preliminary study was conducted to examine the effect of sam-
ple size on B recovery using NIST botanical SRM 1515 (apple
leaves). Sample sizes from 0.1 to 0.5 g were digested by the mi-
crowave dissolution method (described later) and the B concentra-
tions in the digests were analyzed by ICP-AES using the external
calibration method.
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Table 1 List of biological ma-
terials used in this study and
their reference B concentrations

NIST = National Institute of
Standard and Technology,
AGRIC. CANADA/NIST =
Produced by Agriculture
Canada and distributed by NIST,
UCD = University of Califor-
nia, Davis,
RM = Reference material
SRM = Standard Reference
Material
a Certified: B concentrations
certified by NIST; Best esti-
mate: B concentrations are de-
termined by interlaboratory
analysis but not certified

Material Source Reference B Concentrationa

(µg · g–1 tissue) Remarks

Apple SRM 1515 NIST 27 ± 2 Certified
Peach SRM 1547 NIST 29 ± 2 Certified
Tomato leaves RM 1573 NIST 30 Best estimate
Corn bran RM 8433 AGRIC CANADA/NIST 2.8 ± 1.2 Best estimate
Bovine muscle RM 8414 AGRIC CANADA/NIST 0.6 ± 0.4 Best estimate
Whole egg powder RM 8415 AGRIC CANADA/NIST 0.4 ± 0.26 Best estimate
Barley straw RM 124 UCD 9.5 ± 2.6 Best estimate
Alfalfa whole tops RM 150 UCD 27.2 ± 2.8 Best estimate
Kiwi blades RM 157 UCD 59.8 ± 4.6 Best estimate
Pistachio leaves RM 171 UCD 245 ± 14 Best estimate
Corn blades RM 184 UCD 20.3 ± 2.4 Best estimate
Alfalfa whole tops RM 483 UCD 58.1 ± 4.8 Best estimate
Sugar maple wood RM 8607 FORESTRY CANADA 6.2 ± 4.9 Best estimate



Comparison of sample dissolution methods

Two NIST botanical SRMs – apple leaves (SRM 1515) and peach
leaves (SRM 1547) –, one botanical RM – corn bran (RM 8433) –,
and two animal RMs – whole egg powder (RM 8415) and bovine
muscle (RM 8414) – were used for this study (Table 1). Three
replicates of each sample were spiked with 10 µg B (using a 100
µg mL–1 B solution of H3BO3, NIST SRM 951) before the sample
dissolution procedure to study the effects of dissolution treatments
on B losses during the dissolution process. Boron concentrations in
digests/extracts were analyzed by ICP-MS. The sample dissolution
treatments were as follows:

Dry ashing. Approximately 0.5 g samples were weighed into 30
mL porcelain crucibles and ashed in a muffler furnace at 300°C
for 1 h followed by 500°C for 12 h. Ashed samples were allowed
to cool to room temperature, digested with 10 mL 1 mol/L HNO3
over a hot plate at 80°C for 20 min., filtered through Whatman fil-
ter paper No. 1 and diluted to 50 mL with water.

Wet digestion. About 0.5 g samples were weighed in 75 mL gradu-
ated borosilicate glass digestion tubes to which 0.1 mL ceric am-
monium nitrate and 3 mL conc. HNO3 were added and allowed to
oxidize overnight under a fume hood. The digestion mixture was
heated on a digestion block at 110°C for about 30 min. After the
dense fumes subsided, 2 mL of 30% H2O2 was added and the mix-
ture was heated for another 30 min. Four more additions of H2O2
and heating were repeated and the temperature was increased to
125°C. Two milliliters conc. formic acid and few drops of 5.6 mol/L
HCl were added and the mixture was heated again for 30 min. The
digests were cooled to room temperature, filtered through What-
man filter paper No. 1 and made up to 50 mL with water.

Microwave dissolution. Microwave vessels, CEM model MDS-
81D (CEM Corp., Mathews, NC) and Microwave oven, Amana
model RS8MP (Amana Refrigeration Inc., Amana, Iowa) were
used for all microwave dissolutions. Approximately 0.5 g samples
were weighed in 120 mL Teflon-lined digestion vessels to which 2
mL 30% H2O2 and 0.5 mL conc. HNO3 were added. The vessels
were closed and predigested at room temperature for 10 min, fol-
lowed by microwaving for 2 min at 296 W power and 8 min at 
565 W power [27]. The samples were cooled under a hood to ap-
proximately room temperature, vented and diluted to 50 mL vol-
ume with water.

Hot HNO3 dissolution. Preliminary dissolution studies using 0.5 to
2.0 mol/L HNO3 showed that 1.0 mol/L HNO3 quantitatively ex-
tracted B from the biological materials and there was no additional
extraction with more concentrated solution (data not shown). Ten
milliliters 1 mol/L trace-metal grade HNO3 were added to approxi-
mately 0.5 g samples weighed in 50 mL polystyrene centrifuge
tubes. The tubes were capped and heated in a microwave oven (de-
scribed above) to boiling (about 30 s). The samples were then fil-
tered through a Whatman filter paper No. 1 and diluted to 50 mL
volume with water.

Spiking the sample digests/extracts. The objective of this study
was to examine the effects of digest/extract matrices on B recovery
and compare with the recovery of B spiked before sample dissolu-
tion. The dissolution treatments utilized in this study resulted in
different final matrices, which could also affect B recovery. There-
fore, it was necessary to resolve these effects from the effects of
the dissolution process on B recovery. A 25 mL portion of di-
gest/extract from each treatment was spiked with 5 µg B using a
100 µg mL–1 B solution (H3BO3, NIST SRM 951). The samples
were analyzed by ICP-MS using the operating parameters shown
in Table 2.

Statistical analyses

For both ICP-MS and ICP-AES methods, the boron concentration
from the five normalized signals of each sample after subtracting

the average normalized signal of the blank gave the mean reading
and relative standard deviation (RSD %). Recovery of the spike
was based on the amount of B spiked and the difference between
the mean B concentration of the spiked and respective unspiked
sample. Confidence limits [sample mean ± t0.05 (df = 2) × SE] were
calculated to compare differences in B concentration between dis-
solution treatment means as well as between differences in spike
recovery. All B concentration measurements and percentage re-
coveries were based on the signal (mass-to-charge ratio) of 10B.

Comparison of ICP-MS and ICP-AES values

Boron concentrations of NIST tomato leaves (RM 1573) and three
in-house RMs determined by ICP-AES using external calibration
method were compared with those determined by ICP-MS using the
operating parameters shown in Table 2. In the case of ICP-AES,
we also evaluated the effect of the emission wavelengths (249.773,
249.678, 208.959, and 182.641 nm) for the accuracy of the B analy-
sis. A standard addition calibration method was used for the ICP-
AES at 249.773 nm wavelength to verify the B values obtained
from the external calibration method at different wavelengths. The
wavelength 249.773 nm was found most sensitive and was there-
fore subsequently used in the comparative study with ICP-MS.

Results and discussion

Sample size study

The boron recovery was not affected by the microwave
dissolution of 0.1 to 0.5 g sample mass of NIST SRM
1515 (Table 3). Although the B concentration in the digest
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Table 2 Operating conditions for the ICP-AES and ICP-MSa

Parameter ICP-AES ICP-MS

Plasma gas flow (L min–1) 15 1.4

Auxiliary (L min–1) 1.5 12.0

Nebulizer (L min–1) 2 0.5

Sample flow rate (peristaltic pump) 3 3
Sweeps/replicate 4 1
Replicates/ 3 5

No. readings/replicate 3 1

Estimated time (s)
per replicate 5
per sample 26

Resolution Normal Normal

Scanning model Peak hop

a ICP-AES Jarell Ash Aton Scan 25
ICP-MS Elan 500

Table 3 Influence of sample
size on the boron recovery of
microwave digested NIST-
SRM 1515 analyzed by ICP-
AES at 249.773 nm

Sample size (g) µg B · g–1

0.1 28.3 ± 2.3
0.15 27.8 ± 2.2
0.2 27.4 ± 1.9
0.2 27.1 ± 1.5
0.4 27.3 ± 1.5
0.5 26.9 ± 1.4
Certified value 27.0 ± 2.0



tended to progressively increase as the sample size de-
creased, the differences were not significant. Some bio-
logical materials used in the sample dissolution study con-
tained very low B concentrations (Table 1). Smaller sam-
ple sizes of these materials would result in B concentra-
tions in the digest too low to analyze reliably. Therefore,
we used 0.5 g mass of all material in the sample dissolu-
tion study.

Effects of sample dissolution methods

Plant tissues were fully dissolved by three digestion meth-
ods (dry ashing, wet digestion and microwave dissolution).
The hot HNO3 dissolution method extracted B without de-
composing/dissolving the biological materials. Animal
tissues were difficult to dissolve either by dry ashing or by
wet digestion. Some charred materials were still visible in
animal tissues at the end of dry ashing, suggesting an in-
complete digestion. The wet digested animal tissues con-
tained scum and micelle floating on top of the digest.
Among the four digestion methods studied, only the mi-
crowave dissolution method worked well for dissolving
animal tissues. However, microwave digests of plant as
well as animal tissues were yellowish in color, possibly
because of the presence of organic materials in the digest.
The hot HNO3 dissolution is a non-destructive method
that prevents volatilization loss of B. However, extracts in
this method were also generally light brown, possibly due
to the presence of organic materials extracted with HNO3.

B concentration

The sample dissolution treatments, in general, produced
no significant difference in B concentration (Table 4). The
effects of dissolution treatments were more consistent for
the materials with higher B concentrations (SRMs 1515
and 1547) than those with lower B concentrations (RMs,
8414, 8415 and 8433). Biological materials used in this
study were either SRMs or RMs each having a reference
B value. The amounts of boron extracted by the four dis-
solution methods were generally within the confidence
limits (sample mean ± t0.05 (df = 2) × SE) of their respective
reference values, suggesting that all these sample dissolu-
tion methods were equally effective for B determination

by ICP-MS. The limits of detection (3σ of the blank) were
0.004 for dry ashing and microwave, 0.006 for the hot
acid and 0.01 µg B mL–1 for wet digestion methods. Both
ICP-MS and ICP-AES share the same sample ionization de-
vice (ICP) and in both instruments, the sample digest/ex-
tract is subjected to similar conditions during the ioniza-
tion process. Therefore, these results are expected to hold
true for ICP-AES analysis also.

Measured B concentrations of SRM 1547 tended to be
lower than its certified value regardless of the dissolution
method used. Measured B concentrations of RM 8414
(0.2 µg · g–1) by dry ashing and microwave dissolution
techniques were lower than its reference value (0.6 ± 0.4
µg · g–1) but were still within the acceptable range because
of high standard deviation of the reference value. Mea-
sured B values for the wet digestion method tended to be
higher compared to those for other dissolution (especially
dry ashing and microwave dissolution) methods regard-
less of the sample material. Wet digestion was performed
in borosilicate glass tubes which is likely to contribute B
to the digest because of B leaching from the glassware.
Boron concentration in the blanks of the wet digestion
method tended to be higher and more variable than of other
methods (Table 4). In addition, the use of conc. HNO3 in
the wet dissolution method resulted in more acidic digest
than in other methods. Being closest in the mass number of
B, Be is the best internal standard for B determination by
ICP-MS [23, 28, 29]. However, the acidity of the sample
extract/digest suppresses the Be signal more than the 10B
signal [18]. Therefore, a sample matrix with higher acid-
ity would result in a higher 10B/Be signal ratio and thus
higher apparent 10B concentration in the sample digests.
To avoid contamination, contact of sample or digests with
borosilicate glass should be avoided.

Boron concentrations in RMs 8414, 8415 and 8433
(animal tissues and corn bran, originally low in B concen-
trations) by dry ashing and microwave dissolution meth-
ods were within the range of their respective reference
values, however, those by the wet digestion and the hot
HNO3 dissolution methods tended to be more variable and
generally higher. Boron tends to adhere to the sample in-
troduction and other parts of the analytical instruments.
The release of the adhered B to subsequent samples and
also B volatilization in the spray chamber result in the
memory effect. The memory effect of B is particularly
problematic and may cause significant errors in the deter-
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Table 4 Effects of sample dis-
solution methods on B concen-
tration

a Values are at dilutions similar
to those for tissue digests (100 ×)
b Best estimated concentrations
c Certified values

Method Boron concentration (µg · g–1) Reagent
blank

Apple Peach Corn bran Bovine Whole egg (µg B mL–1)a

SRM 1515 SRM 1547 RM 8433 muscle powder
RM 8414 RM 8415

Dry ashing 26.6 ± 1.5 25.0 ± 0.1 3.0 ± 0.6 0.2 ± 0.3 0.4 ± 0.4 0.004
Microwave 27.8 ± 2.4 26.4 ± 1.9 3.9 ± 2.5 0.2 ± 0.5 0.4 ± 0.6 0.0001
Wet digestion 31.7 ± 8.7 26.2 ± 1.2 5.8 ± 1.7 2.3 ± 3.0 1.8 ± 3.0 0.007
Hot acid 28.3 ± 2.1 27.2 ± 0.8 5.4 ± 0.8 4.5 ± 0.8 0.3 ± 0.4 0.003
Reference value 27 ± 2.0c 29.0 ± 2.0c 2.8 ± 1.2b 0.6 ± 0.4b 0.4 ± 0.3b



mination of a sample with low B concentration if it is run
following a sample of high B concentration. High varia-
tion in these materials may have resulted from the mem-
ory effects.

The choice of the dissolution method may depend on
the tissue in question, time, cost and analytical instrumen-
tation available. The hot HNO3 dissolution method was as
effective in extracting B from these biological materials
as the three digestion methods. The hot HNO3 method is
simple, fast and requires no concentrated acid or base.
Since this method extracts B from the biological materials
without decomposing them, the majority of the elements
of the sample do not enter the extract. Thus the extract is
likely to have a simpler matrix than those of the other dis-
solution methods. This method also minimizes cross-con-
tamination and volatilization losses.

Bañuelos and Akohoue [11] reported lower B values 
in microwave digests as compared to wet digest of plant 
tissue when B was analyzed by ICP-AES. Findings of
Bañuelos and Akohoue [11] were contrary to those of
Evans and Krähenbühl [23] who reported that the mea-
sured B values in microwave digests of plant or animal
RMs either by ICP-AES or by ICP-MS were in agreement
with their reference B concentrations. Pennington et al.
[30] also reported no difference between closed vessel mi-
crowave dissolution and dry ashing of NIST-SRM citrus
leaves and a certified ammonium borate standard ana-
lyzed by ICP-AES. Some published research cited in this
section was carried out with biological materials for
which B values were not certified. Two biological materi-
als used in our study had NIST certified B values (Table
4). Our measured values were in good agreement with
their certified values. They are also supported by the near
100% recovery of analyte spiked before the sample disso-
lution procedure (will be discussed later).

We found acceptable spike recovery and slightly less
variation in the B concentration in microwave digestion
compared to wet and hot HNO3 dissolution methods. The
microwave technique is faster than other decomposition
methods, requires less acid and minimizes volatilization
losses and cross-contamination [10]. However, measure-
ment of B isotope ratio in microwave digests by ICP-MS
resulted in higher 11B : 10B ratio than expected (data not
presented). Closed vessel microwave digests have high
carbon contents resulting in a large 12C peak that tends to
tail into the 11B peak. Evans and Krähenbühl [23] ob-
served higher spectral interference of 12C on the 11B peak

for ICP-MS when measurements were done in normal res-
olution mode (0.8 u) which we used in this study. How-
ever, such interferences were minimal at high resolution
(0.6 u). The error in B isotope ratio measurement in mi-
crowave digests by ICP-MS due to tailing of the 12C peak
may have serious implications in B tracer studies using
10B enriched materials and also in B determination by the
isotope dilution method. Therefore, the interference of the
12C peak on 11B should be seriously examined in mi-
crowave digests whenever 11B values are employed. We
suggest using dry ashing to decompose biological materi-
als when the 11B isotope is employed.

Recovery of spiked B

Spiking of biological materials before digestion was in-
tended to detect possible B loss due to fixation or vola-
tilization. Boron spiked to the samples prior to digestion
was quantitatively recovered in the digests/extracts irre-
spective of the method of sample dissolution. Lower re-
covery of spiked B in corn bran (RM 8433) compared to
other materials was consistent with all sample dissolution
methods (Table 5). Whole egg powder (RM 8415) showed
more variation in spike recovery than other materials.
Bovine muscle and whole egg powder are inherently very
low in B and comprised a larger error in determining their
inherent B content, possibly due to uncertainty in the
blank correction (Table 4) and the memory effect. We sup-
pose that the B, spiked before the sample dissolution pro-
cedure, was fully recovered within the limits of analytical
errors. Spike additions prior to sample digestion tend to
have high variations since they reflect the compounded
errors associated with spike addition, sample weight, di-
gestion, dilution and analysis as well as sporadic losses.

Published reports on the merits of sample dissolution/
extraction methods are ambiguous and conflicting. Bañue-
los [24] reported at least 40% higher B concentration for
wet digestion compared to dry ashing and attributed this
to higher volatilization losses of B during dry ashing.
Contrary to these results, Isaac and Jones [26] reported no
B volatilization during dry ashing carried out in a muffle
furnace at 500°C for 4–12 h. We followed the protocol of
Isaac and Jones [26] for dry ashing. Our data show that
there may not be significant loss of B in any of the four
sample dissolution treatments employed in this study. In
our study, measured B values of botanical SRMs 1515
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Table 5 Recovery of B spiked
to the samples prior to diges-
tion. Analysis by ICP-MS

Method Recovery (%)

Apple Peach Corn bran Bovine Whole egg
SRM 1515 SRM 1547 RM 8433 muscle powder

RM 8414 RM 8415

Dry ashing 101 ± 11 97 ± 8 94 ± 7 100 ± 15 88 ± 8
Microwave 109 ± 33 104 ± 20 90 ± 12 105 ± 20 100 ± 10
Wet digestion 103 ± 12 100 ± 35 81 ± 38 105 ± 15 90 ± 26
Hot acid dissolution 97 ± 11 103 ± 28 91 ± 7 97 ± 17 98 ± 12



and 1547 matched with their certified values for all four
dissolution methods. For these SRMs, quantitative recov-
ery of sample-B (good agreement with their certified val-
ues, Table 4) and near 100% recovery of B spiked before
the sample dissolution (Table 5) show that there was no
significant volatilization loss of B during the sample dis-
solution process. For RMs 8433, 8414 and 8415 also, the
recovery of B spiked before the sample dissolution was
close to 100% (Table 5) which indicates that there was no
significant volatilization loss of B. However, due to un-
certainties (large standard deviation) in measuring sam-
ple-B concentrations in these materials, the reliance on
these findings will remain within the frame-work of ana-
lytical uncertainties. This study also does not address the
possibilities of volatilization loss during sample prepara-
tion and handling processes, which may be important for
some biological materials.

Spiking digests/extracts with B examined the effects of
digest matrices of different sample dissolution methods
on B recovery by ICP-MS. The sample matrix may affect
B measurement by ICP-AES [14, 15] and ICP-MS [31].
The presence of excess dissolved solids may cause depo-
sition on the ICP-MS interface, gradually clogging the
sample orifice, leading to loss of sensitivity and memory
errors. Variations in acid and salt concentrations affect
nebulizer performance resulting in analytical variations
[32]. In order to prevent ionization suppression in ICP-
MS analysis, salt levels should be kept below 0.2% [32].
In addition, salt and acid concentrations of sample digests/
extracts and calibration standards should be matched as
closely as possible. All calibration standards used in this
study were prepared in 1.0 mol/L HNO3.

Boron spiked to sample solutions after the dissolution
process was also quantitatively recovered in dry ashing,

microwave dissolution and wet digestion treatments. Re-
covery of spiked B in the hot HNO3 dissolution treatment
was somewhat lower (< 95%) than in other dissolution meth-
ods (Table 6). However, low recovery for this method was
neither reflected in B spiked before the dissolution proce-
dure (Table 5) nor in unspiked materials (Table 4), which
should have been the case if the matrix of the extract was
suppressing the B signal. The fact that the B concentrations
in unspiked extracts of the hot HNO3 dissolution method
were not lower than the certified values (Table 4) also
rules out matrix suppression. In fact, the B concentration
in the hot HNO3 dissolution treatment of unspiked sam-
ples, especially for bovine muscle, tended to be signifi-
cantly higher than the estimated values (Table 4). Since
these values are subtracted to compute spike recovery, this
may have resulted in lower recoveries of B spiked to the
sample extracts/digests.

Comparison of ICP-MS and ICP-AES analyses

Boron concentrations in microwave digests of four botani-
cal materials measured by ICP-AES at four emission
wavelengths are shown in Table 7. Boron concentrations
were the same within SD at all emission wavelengths ex-
cept at 182.641 nm, where B concentrations were higher.
This was particularly evident for SRM 1515 (32.7 µg · g–1)
and RM 157 (64.2 µg · g–1), possibly due to spectroscopic
interferences of other elements in the digest. The reliability
of B concentrations measured by ICP-AES was verified
by B concentration measurements using the standard ad-
dition method at 249.773 nm wavelength (Table 7). Re-
sults of the standard addition method showed that B mea-
surements in the microwave digests of the biological ma-

1190

Table 6 Recovery of B spiked
to the sample solution after di-
gestion. Analyzed by ICP-MS

Method Recovery (%)

Apple Peach Corn bran Bovine Whole egg
SRM 1515 SRM 1547 RM 8433 muscle powder

RM 8414 RM 8415

Dry ashing 107 ± 0.6 101 ± 10 96 ± 17 86 ± 5 100 ± 54
Microwave 101 ± 22 100 ± 10 95 ± 14 94 ± 13 105 ± 19
Wet digestion 101 ± 11 104 ± 22 108 ± 16 91 ± 17 92 ± 7
Hot acid dissolution 95 ± 4 91 ± 12 89 ± 13 84 ± 4 93 ± 12

Table 7 Evaluation of ICP-AES emission wavelengths for measuring B concentration in microwave digests of botanical reference ma-
terials

Material Wavelength (nm) Expected values

249.773 249.773 249.678 208.959 182.641

Std. Add.a External calibration
µg B · g–1 tissue

NIST SRM 1515 27.2 ± 1.4 28.7 ± 1.0 28.6 ± 0.9 28.8 ± 1.1 32.7 ± 1.0 26.0 ± 2.0
UCD RM 157 53.9 ± 3.6 54.6 ± 3.9 55.1 ± 3.9 54.0 ± 3.9 64.2 ± 3.9 59.8 ± 4.6
UCD RM 171 232 ± 10 229 ± 8 229 ± 9 230 ± 8 231 ± 13 245 ± 14
UCD RM 111 395 ± 18 380 ± 16 387 ± 15 393 ± 13 393 ± 13 410 ± 11

a Std. Add. = Standard addition method of calibration
Numbers following ± signs are standard deviations (SD)



terials under study were reliable. RM 171 showed higher
variation in B concentration across all wavelengths stud-
ied, which was also confirmed by standard addition mea-
surements (Table 7).

A comparison of ICP-MS and ICP-AES methods for
microwave digests of selected UC Davis and NIST materi-
als (Table 8) showed that ICP-MS and ICP-AES estimates
of B concentrations were close to each other. Data show
that both ICP-AES and ICP-MS may be used for B deter-
mination provided limitations of these methods are con-
sidered before the analysis. Two most sensitive B emis-
sion lines in ICP-AES have interference from Fe [18, 19].
However, iron levels in the materials selected for study
were such that they did not interfere with the B determi-
nation. A significant advantage of ICP-MS over ICP-AES
is that the ICP-MS allows B determination by the isotope
dilution method. Despite the memory problem, ICP-MS
appears to be the method of choice for B determination as
it can measure the isotope ratio and is more precise, sen-
sitive and suffers less interferences than ICP-AES.

Conclusions

Within the stated uncertainties, there was no significant
difference in the four sample dissolution methods used in
this study. These findings were reinforced by near quanti-
tative recovery of sample-B and good agreement of the
measured values with the reference values. Near 100% re-
covery of B spiked before the sample dissolution indicates
that there may not be a significant loss of B during either
dry ashing (if the protocol is as stated) or other methods of
sample dissolution used in this study. This study also
shows that simply heating samples in 1.0 mol/L HNO3 is
adequate to fully extract B from botanical materials. The
hot HNO3 dissolution method is time and labor efficient
and avoids volatilization and cross-contamination.
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Table 8 Boron recovery (µg · g–1) from microwave digests of three
botanical reference materials using ICP-AESa and ICP-MS

Materials ICP-AES ICP-MS Reference values

UCD-SRM 483 58.6 ± 2.1 60.6 ± 1.8 58.1 ± 4.8
NIST 1573 29.3 ± 1.0 32.6 ± 1.5 30
SRM 8607 8.4 ± 1.8 7.1 ± 0.9 6.2 ± 4.9

a ICP-AES measurements at 249.773 nm wavelength


