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Arsenic Speciation in Krill
and Other Marine Qils by
Liquid Chromatography-
Inductively Coupled Plasma-
Mass Spectrometry

The content of total and inorganic arsenic was determined in krill oil,
and the newly developed speciation method was carried out through
a single laboratory validation. Krill oil samples were prepared by
microwave digestion with the use of diluted nitric acid and hydrogen
peroxide. Chromatographic separation of five arsenic species—arseno-
betaine (AsB), dimethylarsinic acid (DMA), arsenite (Aslll), mono-
methylarsonic acid (MMA), and arsenate (AsV)—was achieved by high
performance liquid chromatography (HPLC) using an anion exchange
column and strongly basic carbonate eluent. Detection of the arsenic
species was performed by inductively coupled plasma-mass spectrom-
etry (ICP-MS). Signal drift was corrected by post column addition of an
internal standard. Method performance was evaluated using percent
mass balance of speciated arsenic versus total arsenic, and recovery of
a fortified analytical portion (FAP). The average percent mass balance
from replicate preparations of krill oil samples was 95%, and the recov-
ery of FAP of all five species met the acceptance criteria of 95-105%.
This procedure should prove useful when quantitating inorganic arsenic
species in marine oils.

Katarzyna Banaszewski, Anna Plocicka-Okladlo, and Aaron Secrist

rill (Euphausia superba) is
a small crustacean com-

monly found in ocean waters
around the world. It mainly serves
as a food source for other aquatic

creatures such as fish, penguins,

and whales (1). In recent years,
krill has gained more popularity
in the natural product industry,
and the krill oil became a promis-
ing dietary supplement, due to its
high content of eicosapentaenoic
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Figure 1: Chromatographic separation of five arsenic species in a standard solution.
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Figure 2: Chromatographic separation of detected arsenic species in krill oil.

acid (EPA), docosahexaenoic acid
(DHA), and other health promot-
ing compounds, such as astaxan-
thin (2). Although similar to fish
oil, the omega-3 fatty acids in krill
oil are structurally different. The
omega-3 fatty acids in fish oil are
triglyceride bound, whereas in
krill oil they are in the form of
phospholipids, which can impact
the way they are being absorbed by
the body. (3) Although supported
by limited research, the potential

krill oil health benefits include im-
provement of heart health, reduc-
tion of inflammation and arthritic
pain, decreased incidences of obe-
sity, and cancer prevention, as well
as treatment for diabetes (4-6).
Although krill oil is rich in
health promoting biomolecules,
marine organisms tend to accumu-
late elements such as arsenic from
the water. Arsenic is a ubiquitous
element present in the environ-
ment, and its toxicity depends not
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Figure 3: Reproducibility data of arsenic species determined in replicate preparations

of krill oil.

only on total concentration, but
more importantly on the chemi-
cal form of the element. In gen-
eral, the inorganic arsenic species
(AsIII and AsV) are considered to
be the most toxic, whereas other
organically bound species are con-
sidered to have lower or no toxicity
in humans (7,8). There are many
organic forms of arsenic, includ-
ing methylarsonic acid (MMA)
and dimethylarsinic acid (DMA),
and the more complex arsenobeta-
ine (AsB). Even though methylated
arsenic species have been known
to be less toxic than the inorganic
species, to conduct a proper risk
assessment all arsenic species
present in the evaluated material
should be identified. Although
extensive literature has been pub-
lished on the topic (9-11), arsenic
speciation remains a challenging
task, and requires thorough under-

standing of the species present in
the analyzed matrix (12).

In recent years, the global de-
mand for krill oil has been on the
rise. The increasing popularity of
this dietary ingredient has led to
increased scrutiny by standard-
setting bodies and government
regulations around the world. In
December 2017, the Food Chemi-
cals Codex (FCC), a collection of
internationally recognized stan-
dards for the purity and identity
of food ingredients, released a
monographed standard for krill
oil. The aim of the monograph was
to help promote quality krill oil
identification and purity testing
to strengthen the position of krill
in the marketplace (13). Included
in the requirements for krill oil are
standards for EPA, DHA, phos-
pholipids, and astaxanthin. The
monograph also included a limit
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Table I: Instrument operating conditions

RF power 1550 W 1550 W Agilent anion
| Column exchange speciation
Plasma gas | 15| min 15 L/min column
flow (4.6 mm x 150 mm)
Makeup gas | o4 | /min | ~0.2 L/min Guard Hamilton PRP-X100
flow column
A: 2.5 mM ammonium
carbonate:0.2 mM
. EDTA:1% ethanol,
sy Mobile pH 11.0
1((?g\r,\rller) gas | 1.08L/min | 0.7-0.9 L/min phase B: 100 mM ammonium
carbonate:0.2 mM
EDTA:1% ethanol,
pH 11.0
Nebulyzer Glass Glass Mobile .
. . phase flow 1.0 mL/min
type concentric concentric
rate
Peristaltic 0.3 rps 0.1 rps Injection 100 pL
pump speed volume
Spray
chamber 2°C 2°C Column Ambient
temperature
temp.
HEHe @ L
Collision cell 10.0 AL G Pl 12 min
. mL/min time
mL/min
; _ Time | Mobile | Mobile
re?oTde (min) | Phase A | Phase B
Data miz 75 for . 0 100% 0%
acquisition A5+ and Spectrum Gradient 4 100% 0%
mode ¢
m/z 35 for 10 0% 100%
>ar 12| 100% | 0%
0.8 s (m/z 0.51s (m/z
Dwell time 75), 0.2 s 75), 0.21 s Post Run 1 min
(m/z 35) (m/z 89)

. Switching Time Column
Rep!lcates 1 3 valve (min) Position
perion time table 0 1

. 0.2 2
Er?er_gy dis 7.0 volts 5.0 volts
criminator 0.7 1

for inorganic arsenic at NMT 0.1
mg/kg (14). The method defined in
the monograph, which is not able

to accurately differentiate between
the chemical species of arsenic,
cannot be compared with higher
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Table 1I: Method detection and quantitation limits

AsB 1.69+0.2 58237 0.08 0.5 16 100
DMA 2.63+0.2 67785 0.08 0.5 16 100
Aslll 3.36 +0.2 49392 0.08 0.5 16 100
MMA 7.63+0.3 59377 0.08 0.5 16 100
AsV 8.79+0.4 101064 0.08 0.5 16 100
Table I11: Summary of the precision data from the analysis of krill oil samples
KrillOil 1 | 927.7 2977.6 0 359.9 | 667.0 667.0 5145.0 96
KrillOil2 | 915.9 | 2894.8 0 314.5 | 710.0 710.0 5145.0 94
Krill Oil 3 | 866.3 | 2941.5 0 330.3 | 6494 649.4 5145.0 94
Average | 903.3 | 2938.0 0 3349 | 675.5 675.5 5145 94.7
Stdev 32.6 41.5 NA 23.1 31.2 31.2 NA NA
%RSD 3.6 1.4 NA 6.9 4.6 4.6 NA NA

sensitivity and specificity specia-
tion methods, such as HPLC-ICP-
MS. Additionally, the complexity
of the krill oil matrix requires
suitable sample preparation able
to liberate arsenic species, and
allow for precise quantitation of
inorganic arsenic. The aim of this
study was to develop and validate a
method for arsenic speciation and
determination of inorganic arse-
nic in krill oil samples, and thus
contribute to a more accurate risk
assessment analysis regarding con-
sumption of krill oil supplements.

Experimental

Samples

Samples of krill oil dietary supple-
ments were purchased and found
to be representative of the various

krill oil suppliers present in the
marketplace today.

Reagents

All reagents and solutions were
prepared using ultrapure water
purchased from EMD Millipore.
Trace metal grade hydrochloric
acid (HCI), nitric acid (HNO,) and
hydrogen peroxide (H,0,, 30%)
were sourced from VWR Chemi-
cals BDH. Ammonium carbonate
(CH¢N,O,) was sourced from Alfa
Aesar. Sodium hydroxide (50% in
water), 200 proof ethanol, ethyl-
enediaminetetraacetic acid diso-
dium salt dehydrate (EDTA), and
Triton X-100 were purchased from
MilliporeSigma. Ultrahigh purity
argon and helium were supplied
by Airgas.
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Determination of

Total Arsenic by ICP-MS

The content of total arsenic in the
krill oil was determined by ICP-MS.
Briefly, samples of approximately
250 mg of homogenized krill oil were
digested with 5 mL of HNO, and 0.5
mL of HCI in PTFE high pressure
vessels using a microwave (Mars 6,
CEM Corporation). After completion
of the cycle, samples were cooled to
room temperature, transferred into
DigiTubes (SCP Science), and diluted
to 50 mL with ultrapure water. Fol-
lowing additional 5x dilution with 2%
HNO,:0.5%HCI:0.01% Triton X-100,
the total arsenic content in krill oil
was determined using an Agilent 7700
ICP-MS instrument (Agilent Technol-
ogies). The instrument conditions are
outlined in Table I. For total arsenic
determination, a multielemental stan-
dard was used (SPEX Certiprep), and
prepared in 2% HNO,:0.5%HCI:0.01%
Triton X-100 solution at concentra-
tions ranging from 0 to 200 ng/g.

Determination of Inorganic

Arsenic by HPLC-ICP-MS

For the determination of inorganic ar-
senic, approximately 250 mg of sam-
ple was weighed directly into a PTFE
digestion vessel. Using a calibrated
volumetric spigot, 5 mL of 0.28M
HNO, was added to each sample, fol-
lowed by 2.5 mL of hydrogen peroxide.
Samples were digested using a pro-
gressive microwave program (Mars 6,
CEM Corporation). The progressive
power ramp from 290-1800 W was
executed over 25 min, after which
the samples were held for additional
25 min while heated at 210 °C. The
use of microwave and hydrogen per-
oxide in preparation of krill oil sam-

ple resulted in a cleaner digestate and
more efficient extraction of arsenic
from the matrix. Additionally, the
quantitative oxidation of AsIII to
AsV allowed the determination of
total inorganic arsenic as a sum of
AsIIT and AsV. It has been previously
verified that no conversion of organic
species to inorganic arsenic occurs
(15). Prior to analysis, the samples
were transferred into a single use
calibrated polypropylene DigiTubes
(SCP Science), and diluted to 50 mL
with 2.5 mM ammonium carbon-
ate:0.2 mM EDTA:1% ethanol pH
11.0. Samples were filtered through
PTFE syringe filters into polypropyl-
ene HPLC vials, capped, and submit-
ted for HPLC-ICP-MS analysis.

Five standards were used for the
speciation analysis: arsenite (AsIII)
and arsenate (AsV) (1000 mg/L, Spex
Certiprep), dimethylarsinic acid
(DMA) (Alfa Aesar), monomethyl-
arsonic acid (MMA) (ChemService,
Inc.), and arsenobetaine (AsB) (Hon-
eywell Fluka Chemicals) (Figure 1).

All stock solutions were prepared
at 1000 pg/g, and their concentra-
tions were based on elemental arse-
nic, rather than the molecular weight
of the arseno compounds. All arse-
nic stock standards, except for As
IIT and As V, which are traceable to
NIST SRM, needed to be analyzed for
total arsenic content to confirm the
stock concentration. An intermedi-
ate solution was prepared at 200 ng/g,
and used in preparation of working
standards at concentrations ranging
from 0.25-20 ng/g. Working arsenic
standards were prepared in a solution
of 2.5 mM ammonium carbonate:0.2
mM EDTA:1% ethanol pH 11.0. The
analysis was performed using an
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Agilent 1260 HPLC system (Agilent
Technologies), consisting of a qua-
ternary pump, autosampler, and
a column compartment equipped
with a six port switching valve. The
chromatographic separation was
achieved on an Agilent anion ex-
change speciation column (Agilent
Technologies) (Figure 2).

An isocratic pump (Agilent Tech-
nologies) was used as an auxiliary
pump for the introduction of an in-
ternal standard during the analysis.
The internal standard (50 ng/g AsV
in mobile phase A) was delivered to
the switching valve using the isocratic
pump post column through pro-
grammed column switching, using
a 50 pL injection loop, which allows
for signal drift monitoring and peak
response correction. The speciated ar-
senic was determined with the use of
Agilent 7700 ICP-MS (Agilent Tech-
nologies). The ICP-MS and HPLC
conditions are shown in Table I.

Results and Discussion

Method Validation

and Quality Control

The method was carried out through a
single laboratory validation according
to the ICH Analytical Method Valida-
tion Guidelines (16), following criteria
for arsenic speciation described in El-
emental Analysis Manual (EAM) 4.11
(17). Evaluated parameters included
linearity, repeatability, intermediate
precision, specificity, system suitabil-
ity, limit of detection (LOD), and limit
of quantitation (LOQ). In addition,
the accuracy of a fortified analytical
portion (FAP) was determined. As a
part of quality control procedures, the
percent mass balance was calculated
between the sum of all arsenic species

detected and the total arsenic deter-
mined in each sample.

An analytical solution detection
limit (ASDL) and analytical solution
quantitation limit (ASQL) was estab-
lished for each analyzed arsenic spe-
cies following the FDA’s EAM, section
3.2 (18), and were based on standard
deviation of replicate analyses of a low
level mixed standard. The method
limit of detection (LOD) and limit of
quantitation (LOQ) were calculated
using the ASDL and ASQL multiplied
by the dilution factor. A summary of
the method’s detection and quantita-
tion limits are summarized in Table II.

Calibration curves consisting of
five points were established for all
analyzed arsenic species, and were
linear over the entire concentration
range with R? > 0.999. Precision of
replicate preparations of the krill oil
sample (n = 3) was performed. The
RSD limit for detected arsenic spe-
cies in replicate preparations was set
at <10%. The results from replicate
preparations of the krill oil sample
are summarized in Table III.

Intermediate precision data was
obtained to demonstrate the meth-
od’s performance over time. The RSD
limit of all replicates (n = 6) was set
at <15%, and met the criteria. Repro-
ducibility data of arsenic species de-
termined in replicate preparations of
krill oil is shown in Figure 3.

The fortification (spike) recovery
and precision was established for
each of the arsenic species deter-
mined in the krill oil (n = 3). The
sample was spiked with a mixed
standard at 50% of the concentra-
tion determined for each arsenic
species. The determination of FAP
recoveries was performed through
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standard addition, and the mean
recoveries of spiked arsenic was
within 94-105% for AsB, DMA, and
MMA. Inorganic arsenic was deter-
mined as a sum of AsIII and AsV,
and the recovery for total iAs was
within 98-102%.

Mass balance was calculated be-
tween the sum of all arsenic spe-
cies detected and the total arsenic
determined in the krill oil sample.
The percent mass balance was de-
termined for each sample analyzed,
and serves as a quality control mea-
sure to ensure that most of the arse-
nic is accounted for in the speciation
analysis.

Due to lack of a certified refer-
ence material (CRM) for arsenic
speciation in matrix similar to krill
oil, trueness of the method perfor-
mance could not be verified.

A large body of published litera-
ture reports arsenobetaine as the
predominant organic arsenic form
present in marine organisms (19-21);
nonetheless, the most abundant arse-
nic species identified in krill oil sam-
ples appeared to be DMA. It was ob-
served previously that the microwave
digestion of samples in the presence
of H,0, oxidizes AsIII to the more
stable AsV; however, a conversion of
AsB to DMA has not been reported.
To determine the native arsenic spe-
cies present in krill oil, an alternate
sample preparation was adapted to
preserve the arsenic species.

Krill oil samples were prepared as
described in EAM 4.11, and digested
without the use of hydrogen perox-
ide in a heating block. Although the
recovery of arsenic from the krill oil
sample following another prepara-
tion was poor, the chromatographic

separation of arsenic species con-
firmed the predominance of AsB.
The mechanism of conversion of AsB
to DMA under oxidative conditions
is not clear; nevertheless, arsenobeta-
ine degradation by microorganisms
has been previously described by Ha-
noka and associates (1989) (22). Al-
though the AsB to DMA conversion
does not affect the iAs result or the
determination of percent mass bal-
ance, it is worth mentioning that it
changes the expected arsenic profile
in material of marine origin.

Conclusion

An arsenic speciation method was
developed and validated to provide
a more accurate procedure for the
determination of arsenic species in
marine oils. The results obtained
from this study demonstrated the
method’s applicability for determi-
nation of arsenic species in krill oil;
however, it should be noted that the
level of iAs detected in the analyzed
krill oil exceeded the limit set by the
FCC. The specificity of our method
allows for more accurate iAs deter-
mination in such matrices compared
to other published methods, and
highlights the importance of using
methods fit for purpose when estab-
lishing regulatory limits.
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Method Development with
|CP-MS/MS: Tools and
Techniques to Ensure Accurate
Results in Reaction Mode

Since the launch of the first commerdial triple-quadrupole ICP-MS (ICP-MS/MS)
instrument in 2012, the technique has become well established in both research
and academic institutes, as well as in industrial and commerdial laboratories.
Users in routine applications wish to benefit from the improved interference
removal performance of ICP-MS/MS, without facing the more complex method
development inherent in the use of ion-molecule reaction chemistry. In this
article, we follow method setup and optimization steps to illustrate how an ICP-
MS/MS method can be defined and tested to ensure consistent performance.

Ed McCurdy, Glenn Woods, and Naoki Sugiyama

ingle-quadrupole inductively

coupled plasma-mass spec-

trometry (ICP-MS) provides
performance that meets the needs
of most inorganic (metals) analy-
sis laboratories, and exceeds the
method requirements for many.
The technique offers a unique
combination of fast multielement
analysis, good elemental coverage,
very low detection limits, and the
ability to measure major and trace
elements in a single acquisition.
The development of collision-re-
action cells (CRCs) operating in
helium collision mode addressed
many of the polyatomic interfer-
ences that previously hampered
accurate analysis of several criti-

cal trace elements (1). However,
helium mode cannot resolve inter-
ferences such as isobaric and dou-
bly charged overlaps. Also, some
combinations of analyte and inter-
ference require more effective at-
tenuation of the overlap than can
be achieved using collision mode
and kinetic energy discrimination
(KED). For these cases, ion-mol-
ecule reaction chemistry using a
reactive cell gas may offer a better
solution.

Reactive cell gas methods have
been investigated since CRCs were
first developed for single-quadru-
pole ICP-MS in the late 1990s (2).
Early work presented the benefits
of reaction chemistry for histori-
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Type 1 Type 1 element: No reaction with NH;. Use on-mass measurement
2:; : :: : Type 2 element: Reacts with NH,. Use on-mass or mass shift
Type3 ——  Type 3 element: Neutralized by NH,. Can't measure in NH; mode
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Figure 1: Reaction pathways and rates for all analyte ions with NH; cell gas derived
from reference 10. Hg and Pb are highlighted, showing how reaction data can be used
to identify the potential to resolve the isobaric overlap from 2°4Hg on 204Pb.

Rb|Sr| Y | 2Zr
Er |[Tm(Yb| Lu || Hf D
Fm Md No Lr

Figure 2: Reaction data indicates NH, may be a suitable cell gas to resolve Yb and
Lu overlaps on Hf (refer to Figure 1 for key to color-coding of NH;-reactions for each

element).

cally problematic analytes that suf-
fer intense spectral overlap (such
as selenium, arsenic, iron, calcium,
and so on). However, these early
applications were often based on
the theoretical efficiency of the
reaction chemistry to resolve one
specific interference, and were il-
lustrated using simple, consistent
samples or synthetic solutions.
Often, when these methods were
applied to more complex and vari-
able natural samples, it became ap-
parent that the reaction processes

could be adversely affected by
other components in the sample
(3,4). An unexpected matrix ele-
ment or co-existing analyte could
react with the cell gas, forming un-
wanted overlaps on the analyte ion
(or product ion). Consequently, a
reaction gas method developed for
one sample matrix or interference
might give erroneous results for a
different sample type or combina-
tion of analytes.

The development of triple quad-
rupole ICP-MS (ICP-MS/MS) in
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2012 offered a solution to the inac-
curate results observed when using
reactive cell gases on single quad-
rupole instruments (5). ICP-MS/
MS has an additional quadrupole
mass filter (Q1) before the CRC, in
a tandem mass spectrometer (MS/
MS) configuration. When QI is
operated as a true mass filter (1
u mass window), it controls the
ions passed to the cell, rejecting
all nontarget masses. This means
the reaction processes and product
ions formed are predictable and
consistent, and are unaffected by
other analytes or matrix elements
in the sample (6).

In addition to improving data
quality, the control of reaction
chemistry provided by ICP-MS/
MS means that method settings
can be applied consistently, even
for variable samples. This makes
reaction mode method setup easier
than on a single quadrupole in-
strument or a configuration with
a bandpass filter (mass window >1
u) before the cell. In this article,
we illustrate the information and
tools available for ICP-MS/MS to
support development and perfor-
mance testing of a new reaction
mode method.

Reference Methods

for Reactive Cell Gas

Operation with ICP-MS/MS
Since the first commercial ICP-
MS/MS instrument was released
in 2012, many applications have
been developed, optimized, and
published. In addition to manu-
facturers’ application notes (7),
many hundreds of peer-reviewed
journal articles detail method set-

tings for both typical and unusual
applications.

The ICP-MS/MS instrument’s
built-in methods can predefine the
typical cell gas mode, analyte and
product ion masses, and integra-
tion times for common analytes.
Where an analyte does not have an
established setting predefined in
a preset method, the user can eas-
ily set up one or more mass pairs
for the chosen reaction gas. The
choice of reaction gas used to re-
solve a specific interference can be
informed by the literature. Theo-
retical ion-molecule reaction ther-
modynamics show which reactions
are favored (8,9), while ICP-MS/
MS manufacturer’s publications
show experimental results for vari-
ous product ion formation rates.
Hydrogen (H,) oxygen (O,) and
ammonia (NH,) are among the
most widely-used reaction gases.
For each gas, several common re-
action transitions are defined in
the literature, and have been con-
firmed experimentally (10).

With oxygen cell gas, for exam-
ple, analytes may be measured on
mass (Q2 is set to the same mass
as Q1) or mass shifted as the oxide
ion (Q2 is set to Q1 + 16 u) or di-
oxide ion (Q2 is set to Q1 + 32 u).
These mass shift transitions, to-
gether with equivalent transitions
for other reaction gases, are avail-
able as preset values in the method
setup software, allowing easy se-
lection of the preferred mass shift.
Multiple mass shifts can be se-
lected if the user wants to compare
results for several product ions or
cell gases, and custom mass shifts
can be defined, if appropriate.
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Table I: Typical reactions of elemental cations with NH; cell gas

Charge transfer*

M* + NH; = M + NH,*

Recombination

M* + NH, = MNH* + H,
or M* + NH; = MNH,* + H

Clustering

M* + NH, = MNH,*, M(NH,),*... M(NH,) *

*Charge transfer is useful for removing an isobaric overlap on a target analyte ion. It is not
used for analyte measurement because the elemental ion is neutralized

In the case of NH, cell gas, reac-
tions are usually fast and are often
sequential, so multiple cluster ions
can form from both the analyte
ions and any other ions present
in the cell. Typical reactions and
product ions formed with NH, cell
gas are shown in Table I. MS/MS
mode controls the precursor ions
that can enter the cell and react,
so product ions can only form
from ions at the mass of the target
analyte ion. However, optimized
methods must still be verified to
confirm that the chosen reaction
product ion is free from overlap
by product ions from other sample
components present at the same
mass as the analyte precursor ion.

Product lon Scanning

Product ion scanning, which is
unique to MS/MS, is a useful
method development tool for un-
familiar sample types and unusual
combinations of analyte interfer-
ences. This mode enables users to
check and verify the best product
ion(s) to use by identifying product
ions that are free from overlap in a
given sample type or matrix. This
is particularly useful for complex
and variable sample matrices, and
for the large number of product

ions produced when a highly reac-
tive cell gas such as NH, is used.
In a product ion scan, Q1 is
set to the mass of the target ana-
lyte isotope, and Q2 is scanned
across the mass range where use-
ful product ions could appear. It
is essential that QI is operated at
1 u resolution, so only ions at the
target analyte isotope mass enter
the cell. A product ion scan is ac-
quired while aspirating a single-
element standard of the target ana-
lyte, allowing product ions formed
from the analyte isotope alone to
be identified. A second product
ion scan is then acquired while
aspirating the unknown sample
or synthetic matrix to identify
product ions formed from other
(nontarget) precursor ions at the
target analyte mass. By compar-
ing the spectra from the two scans,
analyte product ions that are free
from overlap by matrix product
ions can easily be identified (11).

Experimental

Instrumentation and Reagents

An Agilent 8900 ICP-MS/MS in-
strument (model #100, Advanced
Applications configuration) was
used for all measurements. The
instrument was fitted with the



24 Applications of ICP-OES & ICP-MS for Today’s Spectroscopists September 2019

Uil HCHO0TEAPL

%105 =ms«n -

|:| 176Hf-NH, product ions from 10 ppb Hf
U 176M-NH, product ions from 1 ppm REE

Uninterfered Hf
productions

Interfered Hf
productions

CPs
-

0.5¢

i

ol A
T 175 180 185 190 195 200 205 210 215

all
220225230235240245%0@2609
Q2

Figure 3: Overlaid spectra for NH, product ions formed from m/z 176 in Hf standard (gray)
and REE mix (pink), showing overlapped and interference-free Hf-NH, product ions.

standard glass concentric nebu-
lizer, quartz spray chamber, quartz
torch with 2.5 mm injector, and
standard nickel sampling and
skimmer cones. Samples were in-
troduced via a peristaltic pump
with 1.02-mm i.d. pump tubing.
Operating conditions are shown
in Table II.

The hafnium standard was pre-
pared from a single element stock
solution, and the rare earth matrix
was prepared from a mixed 14-el-
ement stock standard (Agilent
Technologies). Ultrapure water
was prepared in the laboratory
using a Milli-Q Element system,
and nitric and hydrochloric acids
used for sample stabilization were
Ultrapure NORMATOM grade
(VWR Chemicals).

Hf and mixed rare earth ele-
ments (REE) standards were pre-
pared at 10 ppb and 1 ppm, re-
spectively, in a final diluent of 2%
HNO, and 1% HCI. A spike solu-

tion of 10 ppb Hf in 1 ppm REE
mix was also prepared.

Results and Discussion
Choosing Reaction Gas Modes to
Resolve Known Interferences
Theoretical ion-molecule reaction
rates can be used to identify potential
approaches to resolve a given interfer-
ence, based on differences in the reac-
tions for the analyte and interfering
ion. Figure 1 shows the reactions of
all elemental ions with ammonia cell
gas (10), displayed in a color-coded
periodic table layout. To illustrate how
this information can be used, the dif-
ferent reactions of Hg* and Pb* with
NH, are highlighted in the table. Mer-
cury (a Type 3 element) reacts with
NH, cell gas via a charge-transfer re-
action leading to the neutralization of
the Hg" ion. In contrast, Pb (a Type 1
element) does not react with NH,, so
it can be measured on mass. The dif-
ference in reactions of Hg and Pb ions
indicates that NH, could be a suitable
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Table 11: ICP-MS/MS operating conditions and acquisition parameters for '76Hf

product ion scanning with NH, cell gas

Forward RF power (W) 1500
Nebulizer gas flow (L/min) 0.7
Makeup gas flow (L/min) 0.5
Sampling depth (mm) 8
Extraction lens 1 (V) -2
Extraction lens 2 (V) -200
Octopole bias (V) -4
KED (V) -8
Axial acceleration (V) 0.5
Cell gas mode NH,

Cell gas flow (mL/min)
(MFC setting in brackets)

He: 1.0; NH;: 2.0 (20%);

Acquisition conditions

Q1 Mode MS/MS Bandpass
Q1 mass range (m/z) 176 175 to 177
Q2 Mass range (m/z) 175 — 265

cell gas to resolve the 2°*Hg overlap
on 204Pb, allowing accurate analysis
of 204Pb on mass at m/z 204.

In the case of hafnium analysis
in a rare earth element matrix, the
reaction data presented in Figure 1
suggests that NH, cell gas might be
able to resolve the Yb and Lu over-
laps on Hf. The 178Hf isotope is the
preferred isotope for quantitative
analysis, but 7°Hf is required for
some applications such as Hf/Lu
and Hf/Hf isotope geochronology.
The 7°Hf isotope could be consid-
ered the worst case in terms of in-
terferences in sample matrices that
contain REEs. As well as direct
isobaric interferences from 7°Yb
and 76Lu,'7%Hf is also overlapped
by oxide ions of 1*°Gd and '°Dy.
Figure 2 shows that Hf (a Type 2b

element) reacts with NH, cell gas,
whereas Yb (a Type 1 element) does
not. Hafnium will therefore form
Hf-NH, product ions that cannot
be overlapped by corresponding
NH, product ions formed from Yb.

The same principle does not
necessarily apply to resolving the
76Lu isobaric overlap on 7°Hf. Lu
is a Type 2a element, so it does
react with NH,, and may form
product ions that can overlap the
Hf-NH, product ions. Also, ion-
molecule reaction data does not
give specific information about
the potential for a given cell gas
to resolve polyatomic overlaps,
such as the 1°°Gd!°0O and %°Dy!¢0O
interferences on 7Hf. The solu-
tion to confirming the suitability
of a given reaction gas to resolve
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E 1T6Hf-NH, product ions from 10 ppb Hf
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Figure 4: Detail showing NH, product ions in the mass range around the preferred
176Hf product ion at m/z 258. In (a) MS-MS mode, '76HfN(NH,), is free from any REE
product ion overlap. (b) In simulated 3 u bandpass mode, '7>Lu is not excluded from

the cell, so "75LUNH(NHj), is formed, overlapping '7HfN(NH,), at m/z 258.

such interferences is to verify the per-
formance experimentally by using a
product ion scan.

Identifying Interference-free

Hf-NH, Product Ions in REE

Matrix Using Product Ion Scanning
For analytes, interferences, and sam-
ple types that are not defined in preset
methods or available from reference
publications, product ion scanning
can identify the best product ion(s) for
the application. Product ion spectra
were acquired for a 10 ppb Hf standard
and a 1 ppm 14-element REE mix. An
overlay of the two product ion spectra
covering the mass range from m/z 175
to 265 is shown in Figure 3. The spec-

trum comparison facilitates identifica-
tion of product ions formed from m/z
176 precursor ions in the Hf standard
but not the REE mix. The most intense
interference-free 7°Hf product ion
identified was "*HfN(NH,),*, which
appears at m/z 258. This Hf product
ion is free from any REE-based over-
lap—that is, no overlapping NH, prod-
uct ions are formed from Lu and GdO/
DyO precursor ions present at m/z 176.

In this example, the REE-based
overlaps being investigated were
known in advance, so a synthetic stan-
dard solution could be prepared, en-
suring the creation of the interfering
REE-NH, product ions. For complex
sample matrices, which might give rise



September 2019 Applications of ICP-OES & ICP-MS for Today’s Spectroscopists 27

to unknown product ions, the product
ion scan can be performed for a real
sample matrix. In this way, potential
overlaps from all sample components
can be checked and accounted for dur-
ing method development.

Controlling Product Ion
Formation with MS/MS
vs. Single Quadrupole or Bandpass
Product ion scanning—and the MS/
MS methods developed using it —
rely on QI operating at unit mass
resolution (I u mass window). The
necessity for this is illustrated in
Figure 4, where normal Agilent 8900
MS/MS operation is compared to de-
liberately “detuned” operation where
Q1 has been set to pass a 3 u mass
range. This simulates ICP-MS op-
eration with a bandpass filter rather
than a unit mass filter before the cell.
The top spectrum in Figure 4 shows
the mass range from m/z 250 to 270
extracted from the full mass product
ion spectra in MS/MS mode shown in
Figure 3. This includes the preferred,
interference-free 7*HfN(NH,),*
product ion at m/z 258. The lower
spectrum shows the same mass range
for the same product ion scans for the
10 ppb Hf and 1 ppm REE solutions,
acquired with 3 u bandpass mode.
With a bandpass filter before the
cell, adjacent precursor ions are not
rejected, so they enter the cell and
react. In this example, with Q1 pass-
ing a 3 u range of masses around the
set mass, 17°Lu can enter the cell when
the precursor ion mass is set to m/z
176. 17°Lu reacts with NH, cell gas to
form a product ion ’LuNH(NH,),*,
which appears at m/z 258, overlapping
the preferred "*HfH(NH,)," product
ion used for 7*Hf analysis.

The example of interferences on
Hf product ions in a REE matrix il-
lustrates a general limitation of in-
complete rejection of adjacent masses
before the cell when using highly re-
active cell gases. Any nontarget ions
that enter the cell may react to form
overlapping product ions, giving errors
on the target analyte product ion mass.

Conclusions

Triple-quadrupole ICP-MS is often
perceived as being more complicated
and difficult to setup than single-
quadrupole ICP-MS. However, the
main benefit of the MS/MS tandem
mass spectrometer configuration is the
superior control it offers with reactive
cell gas methods for interference re-
moval. For these reaction gas methods,
the ability of MS/MS to select the spe-
cific mass that is passed to the cell pro-
vides much greater control of the re-
action chemistry. Rejecting nontarget,
off-mass elements and isotopes using
Q1 means these ions cannot enter the
cell and affect the reaction processes.
As a result, reaction gas methods on
ICP-MS/MS are more consistent, more
reliable, less matrix dependent, and
therefore easier to setup than on single
quadrupole ICP-MS.
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Development of an Analytical
Method to Determine Chromium,
Iron, Nickel, and Zinc in
Mouthwash by ICP-OES and
Assessment of Possible Metal
Migration from Stainless Steel

Mouthwash is a commonly used oral care product. Because of its compo-
sition, it is considered a complex matrix for elemental analysis. This work
describes a simple analytical method, requiring no sample pretreatment,
for determination of chromium, iron, nickel, and zinc in mouthwash by
inductively coupled plasma-optical emission spectrometry (ICP-OES). To
study the possible matrix effect on the calibration, a comparison was made
between calibrations by matrix-matched and external standards. Excellent
detection limits were obtained for chromium, iron, nickel, and zinc (16.0,
23.0, 5.0, and 7.0 pg/L, respectively). In all of the strategies that were used,
the linear range of the calibration curve was 30.0 pg/Lto 9.0 mg/L (a wide
linear range) with a coefficient of determination (R? > 0.9900. The pro-
posed method was employed both in the determination of zinc, present
as an ingredient in certain mouthwashes, and in the evaluation of possible
migration by iron, chromium, and nickel from the stainless steel.

P.M.F. Camargo Filho, J.F.S. Joca, and |. Gaubeur

care is a common practice. salts (such as chloride, citrate, and
Ease of use, coupled with lactate), mainly associated with
their effectiveness in preventing other actives such as chlorhexi-
and controlling common mouth dine and cetylpyridinium chloride,
diseases, generates great demand have been shown to be effective in
for these products (1). combating halitosis (2-4). In addi-

I he use of mouthwash for oral Mouthwashes containing zinc
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Figure 1: Fe, Cr, and Ni concentrations (Cnetar) @s @ function of contact time in
mouthwash samples containing (a) zinc salts, and (b) zinc-free.

Table I: Instrument and method parameters

RF generator power 1000 W
Plasma gas flow rate 15 L/min
Auxiliary gas flow rate 1.5 L/min

Nebulyzer type Concentric glass
Spray chamber Double pass cyclonic spray
Nebulizer gas flow 0.75 mL/min
Sample flow rate 0.5 mL/min

Sample uptake delay 10s

Fast pump during the sample uptake Yes

Pump speed 5rpm
Stabilization time 5s

Replicates 3

Read time 5s

Analytical lines

Cr (Il) - 267.716 nm
Fe (I) - 238.204 nm
Ni (1) — 231.604 nm
Zn (1) - 213.857 nm

tion, zinc has low toxicity and does
not stain teeth (5).

Metal migration to mouthwashes is
reported in the literature (6,7), focus-
ing on the corrosion studies of orth-
odontic appliances (also produced in
stainless steel). Elemental analysis is

usually performed by graphite fur-
nace atomic absorption spectrometry
(GEF-AAS) (6,7) or inductively coupled
plasma mass spectrometry (ICP-MS)
(8). In spite of the use of inductively
coupled plasma-optical emission
spectrometry (ICP-OES) (9) having
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Table II: Statistical comparison of the angular coefficients of the different cali-

bration curves

EC 11930 = 110 T
Chromium MM, , 12120 + 120 1.94
MM, 9619 + 90 26.7
EC 11920 = 110 toaic
Iron MM, , 11900 + 290 0.11
20 9221 + 81 34.2
EC 1786 + 25 T
Nickel MM, , 1823 + 20 2.00
MM, 1356 + 15 25.5
EC 6613 + 93 L
Zinc MM, , 6770 = 140 1.62
50 6107 + 50 8.30
A: Angular Coefficient (slope)
EC: External Calibration (2.0% HNO,)
MM, ,: Matrix Matched Calibration in 0.4% mouthwash
MM,,: Matrix Matched Calibration in 20% mouthwash
t.i Student’s t value compared to EC with 99% of confidence level

been demonstrated, there is a lack
of studies that carefully evaluate
the matrix effects of mouthwashes
on the analytical signals in spectro-
scopic techniques.

Here, we propose a simple ana-
lytical procedure based on dilu-
tion or matrix-matched calibration,
which allows the quantification of
chromium, iron, nickel, and zinc in
mouthwash without needing com-
plex sample preparation or extrac-
tion. The procedure is aimed at quan-
tification of zinc in these products as
an ingredient and at chromium, iron,
and nickel after migration test from
the stainless steel.

Experimental

ICP-OES System

All measurements were performed
using a Varian 710-ES ICP-OES
instrument, in axial view. Instru-
mental and operating parameters
are shown in Table I.

Calibration Standards

Calibration standards were prepared
at concentrations from 30.0 pg/L to
9.0 mg/L by diluting 1000 mg/L stock
standards (SpecSol). After matrix ef-
fect evaluation for zinc quantification
in four commercial samples, the stan-
dards were diluted in 2.0% HNO,; so-
lution, produced with deionized water
with resistivity >18.2 MQ cm (obtained
from a Millipore Milli-Q system), for
dilution of 65% HNO, obtained from
Sigma Aldrich. Quantification of chro-
mium, iron, and nickel in metal migra-
tion studies was performed by “matrix-
matched” calibration, and the standards
were diluted in a solution containing
20% of a chromium-, iron-, nickel- and
zinc-free mouthwash and 2.0% HNO,,
prepared as described above.

Calibration Strategies and

Matrix Effect Evaluation

Calibration curves were constructed
in three ways: 1) external calibra-
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Table I11: Recovery for chromium,

iron, nickel, and zinc

Table IV: Zinc quantification in com-

mercial samples

Chromium 102+2 1 671+ 4
Iron 1021 2 739+ 19
Nickel 1031 3 863 = 10
Zinc 1031 4 409 + 10

tion (2.0% HNO, media); 2) matrix-
matched calibration in 20% chro-
mium-, iron-, nickel- and zinc-free
mouthwash (standards contain
mouthwash diluted fivefold); and 3)
matrix-matched calibration in 0.4%
rinse chromium-, iron-, nickel-, and
zinc-free mouthwash (standards con-
tain mouthwash diluted 250-fold).
Angular coefficients of the calibration
curves (n = 3 for each curve) were sta-
tistically compared by Student’s t-test,
at a 99% confidence level, to detect
significant differences in their angu-
lar coefficients and the consequent
matrix effect. The mouthwash used
to prepare the standards was previ-
ously diluted fivefold in 2.0% HNO,
solution, and the analytical signals
obtained for the elements of interest
were comparable to the analytical
blank (2.0% HNO,).

Studies on Metal Migration
from Stainless Steel
Stainless steel 316L samples 1.0 mm
thick and 5.0 mm wide were im-
mersed in hexane for 5 min to remove
oils and greases. Next, the samples
were rinsed with water, then rinsed
with absolute ethanol. Finally, sam-
ples were dried at room temperature.
To evaluate the possible migration
of iron, chromium, and nickel from
stainless steel to the mouthwash, ap-
proximately 0.350 g stainless steel

segments were added to 24 polypro-
pylene tubes (one segment per tube),
which were divided into 2 groups of
12 tubes. To the first group was added
3.0 mL of a mouthwash containing
zinc salts in its composition, and to
the second group was added 3.0 mL
of a similar mouthwash, but zinc-free.

Tubes with mouthwashes and
stainless steel segments were stored
at room temperature, and were
manually shaken for 5 min every 12
h for a total of 7 days. After 1, 3, 5,
and 7 days of contact with stainless
steel, 1.50 mL aliquots (n = 3 for each
contact time) were removed from the
tubes, acidified with 0.50 mL of 2.0%
HNO, and refrigerated for subse-
quent ICP-OES analysis.

Results and Discussion

Matrix Effect Evaluation

It is usual to perform acid digestion
for elemental determinations by spec-
troscopic techniques in pharmaceu-
tical and cosmetic samples (10,11).
Mouthwash contains substances (such
as surfactants, preservatives, and sa-
line compounds) that change the sam-
ple’s surface tension, viscosity, and,
consequently, transport efficiency in
the ICP-OES nebulization system (12),
besides conferring high carbon levels
in the matrix, which is undesirable in
ICP-OES analysis. Methods that cir-
cumvent the difficulties of the matrix
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effect without performing acid di-
gestions are interesting for routine
analysis and increase the analytical
frequency.

Table IT shows the angular coeffi-
cients obtained in the external cali-
bration and matrix-matched calibra-
tions containing 0.4% and 20% iron-,
chromium-, and nickel-free mouth-
wash and the Student’s ¢-value calcu-
lated for a 99% confidence level.

There are no significant differences
between the angular coefficients of
the EC and MM, , curves; therefore,
for the analysis of a mouthwash with
a dilution of 250-fold, external cali-
bration can be used because there is
no significant matrix effect on the
analytical signals of chromium, iron,
nickel, and zinc. The comparison
between EC and MM, angular coef-
ficients shows statistically significant
differences, evidenced by the calcu-
lated Student’s t-values, which are
much higher than the critical value
(4.604) for all analytes. Thus, for the
analysis of a mouthwash with a dilu-
tion of fivefold, external calibration
cannot be used because the matrix
effects are significant. The lower an-
gular coefficients of MM, in relation
to EC indicates that the mouthwash
matrix, if present in high concentra-
tions, promotes suppression of the
analytical signals of chromium, iron,
nickel, and zinc.

Recovery Test

To evaluate the accuracy of the pro-
posed method, 1.0 mL of a stock
solution containing 1000 mg/L of
chromium, iron, nickel and zinc was
diluted in a 20 mL solution of iron-,
chromium-, nickel-, and zinc-free
mouthwash. Then 40 uL of this so-

lution was diluted in 10 mL of 2.0%
HNO, solution. Next, the solution was
analyzed (n = 3) using external calibra-
tion. Recoveries are shown in Table III.

Quantification of Metal

Migration from Stainless Steel

The literature reports migration tests
in which samples are immersed in
different corrosive media, such as
artificial saliva, mouthwash, and sa-
line solutions (7,13,14). Usually, the
evaluation of corrosion is verified by
microscopy.

To quantify chromium, iron, and
nickel, the MM, calibration was
adopted. 1.0 mL of each previously
acidified sample was diluted in 5.0 mL
of 2.0% HNO, solution and analyzed
by ICP-OES. Figure 1 shows the vari-
ation in iron, chromium, and nickel
concentrations (C_.,.}) as a function
of contact time in mouthwashes con-
taining (a) zinc salts and (b) zinc-free.

After the first day of contact, mi-
gration of chromium, iron, and
nickel to the mouthwashes occurs.
Chromium and nickel concentra-
tions did not significantly change
over the 7 days of testing for either
evaluated formulation.

Iron concentration in mouthwash
containing zinc salts shows an in-
crease between the 5th and 7th days
(Figure 1a), but the values do not dif-
fer significantly at a 99% confidence
level according to the Student’s ¢-test
(tcalculated =2.216 and tcritical = 4604)
Also verified was an increase in iron
concentration in the zinc-free mouth-
wash on day 5 (Figure 1b), but there
was no significant difference between
concentrations on days 5 and 7 at a
confidence level of 99% (¢
1.040 and ¢ =4.604).

calculated —

critical
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Limits of detection (LODs) for
chromium, iron, and nickel were
16.0, 23.0 and 5.0 pg/L, respectively,
calculated according to the expres-
sion LOD = 3s/a, where “a” is the an-
gular coefficient of the curve MM,
and “s” is the standard deviation of
10 measurements of an analytical
blank. The LOQ of 30.0 pg/L for all
evaluated elements was estimated
as the lower linearity limit of the
respective calibration curves. The
mouthwash used in the migration
test was previously diluted fivefold
in 2.0% HNO, solution, and the
analytical signals obtained for chro-
mium, iron, and nickel were compa-
rable to the blank (2.0% HNO,). The
results shown in Figure 1 cannot be
used to affirm any contamination of
the mouthwash by these metals. As
a result, a more rigorous migration
test would be necessary.

Zinc Quantification in
Commercial Samples
Four mouthwash samples contain-
ing zinc salts in their formulations
were purchased in the local market,
and zinc quantification was per-
formed using external calibration.
40 uL of each sample was diluted
in 10 mL of 2.0% HNO, solution
and analyzed by ICP-OES (n = 3).
Results are shown in Table IV.

Detection and quantification
limits for zinc were 5.0 pg/L and
30 ug/L, respectively, also calcu-
lated as described in the previous
section “Quantification of Metal
Migration from Stainless Steel,”
using the angular coefficient of
the external calibration.

The amount of Zn?* or zinc salts is
not declared in most of the product

labels, so it is not possible to make a
comparison. The European Council
(Regulation EC 1223/2009) sets 1.0%
(by mass) as the maximum zinc con-
tent allowed in cosmetic products.

Conclusion

Statistical evaluation of the angu-
lar coefficients of calibration curves
based on the Student’s ¢-test allowed
us to evaluate the matrix effects in
the elemental analysis of mouth-
wash and guided the strategies to
minimize these effects. The simple
250-fold dilution of the mouth-
wash samples was sufficient for
zinc determination in commercial
samples using external calibration,
and matrix-matched calibration
made it possible to quantify chro-
mium, iron, and nickel at low con-
centrations while eliminating the
matrix effect, simply and quickly,
highlighting the small dilution fac-
tor. Excellent recovery percentages,
low LODs and LOQs, and a wide
calibration range for all evaluated
elements show that simple strate-
gies can be employed for elemental
analysis in complex matrices, using
ICP-OES.
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