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ou've decided to invest in a
microwave digestion system
for your trace element require-
ments. So, how do you go
about selecting the optimum technology
for your samples? What types of mineral
acids will be best suited for your ele-
ments of interest, and what temperature
and pressure will be required for the
digestion process of your sample matri-
ces? It's only when you have a good un-
derstanding of these issues that you can
begin to look more closely at the pros
and cons of the various commercially
available microwave technologies.

Table 1 shows a comparison of three
different microwave technologies. On
the left is a sequential system, which
allows for single sample digestion, one
at a time and offers limited temperature
and pressure capability. Productivity is
considered to be low because it is di-
gesting one sample at a time. The mid-
dle column shows traditional rotor-based
system, offering good temperature
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and pressure capability, decent sample
throughput with medium productivity.
Last, the right-hand column shows SRC
technology, which offers high tempera-
ture and pressure capability as well as
maximum productivity.

Rotor-Based Technology

Before we focus on SRC technology, let's
take a closer look at some of the recog-
nized limitations of traditional rotor-based
systems. The main drawback is that they
require batching of similar matrices and
chemistries because control of the power
is based on the reaction of one vessel at
a time. Regardless of how temperature
Is being measured, it's still measuring
the power level based on one sample

at a time. By batching similar samples,
underdigestion of some samples can be
minimized due to the pressure and tem-
perature required by others. In fact, the
vessels in rotor-based systems are typi-
cally made from Teflon, which limits the
temperature and pressure. The multiple
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Table 1: Comparison of the three major commercially available microwave digestion technologies.

e

Working temperature 200 °C

Maximum pressure capability ~30 bar

Number of samples per run One vial per run

Typical digestion time (including
cooling time)
Productivity

vials
Low

components of vessels require additional
handling before and after digestion, which
could impact productivity. Depending on
detection limit requirements, the vessel
liners may also require extra cleaning
between runs.

SRC Technology
Principles of Operation

Let's take a more detailed look at the
principles of SRC technology and how it
differs from the rotorbased system (1).
Instead of a rotor with discrete sample
vessel, the samples are put into vials with
loose-fitting caps, which sit in a rack that
Is lowered into a larger vessel containing
a base load of acidified water. This base-
load absorbs the microwave energy and
transfers it to the vial, which allows every
vial to react independently within the base
load and ensures that all samples achieve
maximum temperature with pressures
contained up to 200 bar. No batching of
samples is necessary and any combination
of sample type and acid chemistry can be
run simultaneously in the same chamber.
A schematic of the SRC is shown on the

° JULY 2018 | SPECTROSCOPY

10-15 minutes for each

Rotor Based Single Reaction

Chamber (SRC)
230°C 300 °C
100 bar 200 bar

15 vessels per run 15 vials per run

1% hours for 15 Less than 1 hour for 15
vessels vials
Medium High

left side of Figure 1, while an actual pho-
tograph of sample vials being lowered into
the chamber is shown on the right.

As previously mentioned, loose-fitting
caps are used to seal the vials. This is
possible because they are pre-pressurized
with 40 bar of nitrogen before the start
of the microwave program, which acts
as a gas cap and keeps all the vials inde-
pendently closed. As the pressure builds,
equilibrium is achieved inside and outside
the vial. As a result, a variety of vial types
including disposable glass, quartz, and Tef-
lon, or any combination of these materials,
can be used.

Benefit of Nitrogen Pressurized Caps

To exemplify that 40 bar of nitrogen is
sufficient to seal the vials, an experiment
was carried out in which vials containing
110 ppm of mercury, were placed right
next to blank solutions in a 15-rack sample
holder. In other words, every alternate
sample vial in the rack was either 110 ppm
or O ppm mercury. It is well recognized
that mercury is highly volatile, particularly
when heated and would contaminate any
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Figure 1: Single Reaction Chamber microwave digestion technology.
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petrochemical, plastics, or polymer in-
dustries. Although the technology works
extremely well with inorganic-based
samples such as metallurgical, geo-
logical, environmental, and consumer
products, its ability to utilize extremely
high temperature and pressure to digest
organic-based samples sets it apart
from other traditional microwave tech-
nology. So, for that reason, this white
paper will focus on the capability of the
SRC approach for digesting organic-
based samples (2).

surrounding vessels if not capped tightly.
However, it can be seen in Figure 2 that
the measurement of every alternate
blank sample by inductively coupled
plasma mass spectrometry (ICP-MS) is
actually at the limit of detection for the
technique, which is a clear indication
that SRC technology using pressurized
nitrogen gas as a sealant eliminates the
potential of cross-contamination in the
sample chamber.
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Figure 3: High temperature and pressure is achieved with the SRC approach. The blue line is chamber pressure,

and the red line is temperature.

With the majority of organic matrices,
the most efficient mineral acid digestion
media is typically a strong oxidizing agent
such as HNO,, which tends to generate
large amounts of CO, and various nitrogen
oxides (NO ). Therefore, the microwave
technology will not only need to accom-
modate the high temp required to digest
all the different sample types, but also be
able to handle the subsequent increase in
pressure produced by the generation of
these gases.

Thus, a successful sample preparation
for organic samples depends on selecting
the correct acid chemistries and obtaining
a suitable temperature to properly extract
the elements of interest and create a ho-
mogenous and representative solution. The
high temperature capability of SRC tech-
nology is exemplified by Figure 3, which
is a plot of chamber pressure (in blue)
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and temperature (in red). It can be seen
that the sample has reached a pressure

of 160 bar and a temperature of 280 °C,

in 20 minute, maintained at that level for
10 minutes and then cooled back down
again in 15 minutes. The complete diges-
tion process in this example took about 45
minutes in total, which is fairly typical for
most samples using this technology.

One of the main advantages of SRC
technology is that the digestion process
for widely different samples can all be
combined together in one simultaneous
run, which has a significant impact on
digestion efficiency and productivity.
Since the base load of the chamber
Is monitored, the sample type inside
each vial is almost irrelevant to the dis-
solution process. It's also important to
emphasize that the quality of the data
generated by the plasma spectrochemi-
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Figure 4: Digestion of an API (0.3 g of sample
with 10 mL HNO,) at different temperatures
and pressure (1) 180 °C/32 bar and (2) 210
°C/45 bar in a rotorbased system.

cal technique for trace element analysis
Is only as good as the sample solution
being analyzed, which is directly af-
fected the efficiency and completeness
of the sample dissolution procedure.

Typical Applications

Now, let's look at a typical SRC sample
preparation procedure for some
common organic matrices. The mea-
surement of elemental impurities in
pharmaceutical samples is receiving
much attention because of the recent
implementation of regulations described
in the new United States Pharmacopeia
(USP) (3) and International Conference
on Harmonization (ICH) (4) directives,
which sets permitted daily exposure
(PDE) levels and suggests analytical
procedures for the determination 24
trace elements in pharmaceutical raw
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materials, drug products and dietary
supplements.

Digestion of Pharmaceutical
and Related Materials

Using SRC technology, sample size for
pharmaceutical matrices is typically about
0.5 g, but can be modified due to detec-
tion needs and sample homogeneity.
As mentioned, the best acid to use is
5-10 mL of nitric acid. Alternatively, a 4:1
nitric acid—hydrochloric acid mix will work
for many sample types encountered in
USP work. If nitric acid is being used on
its own, about 0.5 mL of hydrochloric acid
will often help to stabilize some elements,
particularly mercury (Hg) and the platinum
group elements. However, it should be
emphasized that if an ICP-MS system is
being used, the “°Ar®*Cl polyatomic spe-
cies will interfere with monoisotopic ar
senic (As) at 75 atomic mass units (amu).
This can be alleviated using a collision/
reaction cell (CRC), but it is important to
be aware of this, so that the optimum
instrumental conditions can be used. It
should also be noted, that hydrofluoric
acid is sometimes needed to completely
digest silicate material and several other
elements including titanium and tungsten.
To exemplify why temperature and
pressure is so critical for these types of
samples, a study was carried out to digest
an active pharmaceutical ingredient (API)
under two different temperature and
pressure conditions. The sample weight
(0.3 g), acid (HNO,), volume (10 mL), ves-
sel (quartz), and digestion time (20 min)
were all exactly the same; the only differ
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Figure 5: Residual carbon content versus digestion temperature using SRC technology.

ence was that one sample was digested
at a temperature of 180 °C and pressure
of 32 bar, while the other one was di-
gested at 210 °C and 45 bar.

The results of the experiment are shown
in Figure 4. The APl sample on the left (la-
beled #1) is still dark yellow in color due to
the higher residual carbon content (RCC).
The oxidative digestion process was
incomplete because of the lower tem-
perature (180 °C). Whereas, the sample
on the right (labeled #2), which achieved
a higher temperature of 210 °C, clearly
resulted in a more complete digestion.

The conclusion from this study is
that if the sample is dark yellow in
color, chances are that it still contains
undigested organic material. This is Im-
portant to know because high residual
carbon content will potentially be prob-
lematic for the measurement of some
elemental impurities by both ICP-optical
emission spectrometry (OES) and ICP-
MS systems. In fact, a recent study
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published by Muller and coworkers at
the Federal University of Santa Maria

in Brazil showed an order of magnitude
lower RCC levels were achieved in three
APl samples using SRC technology
compared with a traditional rotor-based
microwave approach (5).

To help us quantify this, Figure 5
shows a plot of residual carbon content
against digestion temperature for three
organic samples: fish oil, polyethylene,
and gingko biloba (herbal supplement).
It can be seen that the RCC has been
reduced to below 0.1% for polyethylene
and gingko and less than 0.2% for fish
oil at 260 °C.

As mentioned previously a low carbon
content in the final solution is more de-
sirable to reduce the impact of carbon-
based polyatomic spectral interferences
when using ICP-MS as demonstrated
by Table 2, which shows carbon-based
polyatomic spectral interferences cited
in the literature (6) on the left that can

SPONSORED CONTENT



SRC Microwave Sample Prep: _ .
Digestion Specialty ﬁﬁgm: Prep: E(E)i(r)réple Prep:
Overview Polymers

. Benefits of SRC
Sample Prep: Sample Prep: Microwave Digestion for
Crude Qil Cannabis

Trace Element Analysis

Table 2: Common carbon-based
polyatomic interferences in [CP-MS.

Interference Analyte Mass
12(C 11B
1z (5 24Mg
10A112(C 52Cr
38Ar13C 51y
12C14N 26M g
12(16() 28§
12C160H 29§
12C16(Q 160 144Ca
12(C16() 16()16() 60Ni{
35C]12C 47Ti
37C112C 49T}

potentially interfere with the elemental
masses shown in the right-hand column.

It's also important to point out that
high residual carbon content not only
impacts the severity of polyatomic inter
ferences, but it can also potentially clog
the interface cones. This is seen in Fig-
ure 6, which is an ICP-MS sampler cone
that has been blocked by carbon deposits
building up on the tip after extended use
of aspirating organic-based samples.

Food and Agricultural Matrices

Let's now turn our attention to food
samples. A food manufacturer or a con-
tract lab that specializes in the analysis of
foodstuffs typically utilizes many different
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Figure 6: An ICP-MS sampler cone that has been blocked by carbon deposits
building up on the tip after extended use of aspirating organic-based samples.

analytical techniques to fully characterize
food materials for a full suite of macro-
nutrients, micronutrients, and elemental
impurities. Whereas historically, flame and
furnace atomic absorption together were
used to cover the wide range of elements
in foodstuffs, often multiple sample prepa-
ration steps were needed to determine
the full suite of elements. Today, however,
plasma spectrochemistry is widely used
for this type of analysis. Because modern
Instrumentation can cover such a wide
elemental and concentration range, ICP-
MS and ICP-OES techniques are now
being used to measure sub-ppb levels for
contaminant elements such as lead and
arsenic, while at the same time measuring
high ppm levels of elements like Ca and
K. For this reason, it is important that the
sample preparation procedure allows the
complete multielement suite to be mea-
sured in the same analytical method.

The digestion of infant formula is par
ticularly challenging because it has up to
3% protein, 14% carbohydrate, and 6%
fat content. The majority of elemental nu-
trients and minerals in infant formula are
not particularly low and are easily covered
by ICP-OES analysis. However, some
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Figure 7: The benefit of high pressure and temperature on the digestion of 2 g of infant formula.

elements such as Fe and Zn are often
present at trace levels and therefore close
to the detection limit for the technique.
So, the ability to digest higher sample
weights and make different sample dilu-
tions means that ICP-OES can be used
for the full suite of analytes. An additional
benefit of increased sample weights is
that it allows a more homogeneous and
representative sample to be taken.

So, let's examine the pressure/tem-
perature plot of infant formula. Similar to
pharmaceutical samples, the high organic
content of infant formula will produce
CO, and NO, during digestion, which
rapidly increases pressure in the sample
vessel. The large chamber size and high-
pressure capability of SRC technology
allows up to 2 g of infant formula to be
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digested with 10 mL of HNO, and 5 mL
of H,O in a 40-mL vial.

Temperature and pressure will spike
due to CO, and NO, gases generated as
organic material starts to digest, as can be
seen in Figure 7. The benefit with SRC is
that every sample has direct monitoring
of temperature and pressure, so at 135
bar pressure a maximum temperature
of 250 °C is achieved. These data, which
were published by Nobrego and cowork-
ers at the Federal University of Sao Carlos
in Brazil, showed that the residual carbon
content at this temperature was less than
0.1% (7). With 2 g of infant formula, this
would be very difficult with a closed-vessel,
rotorbased system. In fact, the maximum
sample weight with a high-pressure closed-
digestion system is approximately 0.5 g.
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Figure 8: Pressure/temperature plots, based on differing carbohydrate,
protein, and fat content of three food matrices.

Various food samples require different
temperatures and generate varying pres-
sures during digestion, based on their
composition, as seen by these three pres-
sure/temperature plots of foods with dif-
fering carbohydrate, protein, and fat con-
tent shown in Figure 8. As exemplified by
the plots, the resulting pressures can vary
from about 30 bar all the way up to 60 bar.
For this reason, digestion of these types
of samples requires microwave technolo-
gy, which is flexible and can accommodate
variable heating conditions. Even though
a high pressure rotorbased system will
do an adequate job for these kinds of
samples, the capability of SRC technol-
ogy, which can achieve temperatures up
to 300 °C, is better suited because of its
ability to digest mixed batches of samples
simultaneously in a single run.

Polymer, Plastics and
Petrochemical Samples

Polymers, plastics, resins, oils, and pet-
rochemicals represent a broad class of
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compounds with a tremendous range of
physical properties. While some of these
compounds are relatively easy to prepare
for trace metals analysis, most of these
materials are very stable matrices and
require extremely high temperatures and
pressures to achieve complete digestion,
which can be difficult with conventional
closed-vessel microwave systems.

Since these types of samples are princi-
pally organic in nature, they generate high
pressure during the digestion processes.
Laboratories in these industries typically
complement microwave technology with
traditional dissolution tools like hot plates
and Parr bombs to digest these highly
stable matrices. These techniques have
their own set of challenges associated
with handling large volumes of acids, con-
tamination, lengthy digestions cycles, and
exposure of the operator to acid fumes.

Although multiple samples can be
digested in closed-vessel microwaves si-
multaneously, samples of similar matrices
need to be batched to ensure complete
control over the digestion process. This
limits the productivity of a lab testing wide
varieties of sample matrices. SRC tech-
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Fe Blankippm)
“ b
1 1 1

Al ND(1) | ND(1) | ND(1) | ND(1) | ND(10)
Cu ND(1) | ND(1) | ND(1) | ND(1) ND(2)
Fe 1.5 | 1.6 | 15 1.5 11
K 23 | 1.8 | 21 2.0 ND(10)
Mg ND(1) | ND(1) | ND(1) | ND(1) | ND(10)
Na 87 | 70 | 85 8.0 ND(10)
NI ND(1) | ND(1) | ND(1) | ND(1) ND(2)
Zn 2.0 [ND@)| 1.3 1.3 ND(2)

Blank Levels for Fe

w

e
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o
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1

0.48 0

N
J ———p002()

Ashing " Microwave Al Pairs

Sample Prep Tukey-Kramer
0.05

Table 3: Blank levels are 12x lower using SRC technology compared to the sulfated ash method (9).

nology, therefore, offers a multitude of
advantages, as previously described. The
benefits of SRC technology for the diges-
tion of plastic materials can be observed
in Figure 9, which shows a comparison
of microwave digestion of high-density
polyethylene (HDPE) at two different
temperatures and pressures. The sample
size was 0.5 g dissolved in 10 mL of
conc HNO,. It can clearly be seen that
the sample on the left, which achieved a
temperature of 180 °C and pressure of
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20 bar, still has small particles of undis-
solved HDPE floating in it. Meanwhile,
the sample on the right achieved a tem-
perature of 220 °C and 58 bar pressure
and has been completely dissolved.

A further example of the benefits of SRC
technology for polymer materials is dem-
onstrated by comparing SRC technology
with the sulfated ash method for dissolv-
ing organic-type samples. The sulfated
ash test utilizes a procedure to measure
the amount of residual substance not
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volatilized from a sample when it is
ignited in the presence of sulfuric acid.
The test is usually used for determining
the content of inorganic impurities in an
organic substance. Unfortunately, it takes
an extremely long time (up to five hours)
and is prone to high levels of contamina-
tion. With this method, about 1 g of the
substance is accurately weighed into a
suitable platinum crucible and moistened
with concentrated sulfuric acid. It is then
heated gently to remove the excess acid
and ignited at about 800 °C until all the
carbon particles have disappeared. The
residue is then moistened again with
sulfuric acid and reignited. This process is
repeated multiple times until a constant
weight of residue is achieved. The final
step is to redissolve the residue in a suit-
able acid, dilute with deionized water and
analyze by ICP-OES or ICP-MS techniques.
The entire process can easily take up to
five hours to complete (8).

Table 3 shows comparative data gener
ated by researchers at Dow Chemicals be-
tween an SRC digestion and the sulfated
ash method for analysis of a polymeric
cation exchange membrane by ICP-OES. It
can be seen that the sulfated ash method
cannot detect the majority of the ele-
ments as indicated by “Not Detected”
(ND) because of high blanks resulting
from severe contamination. Using SRC
technology, the numbers in parentheses
show that the LOD was on average 2—-10x
lower than the sulfated ash method, as
a result of the much cleaner microwave
digestion process. And if we look specifi-
cally at Fe, which was the only element

@ JULY 2018 | SPECTROSCOPY

detected by the sulfated ash method, the
blank levels were approximately 12x lower
using SRC technology (0.042 ppm com-
pared to 0.48 ppm) (9).

Summary

SRC microwave technology has found

a place in a wide variety of market seg-
ments, including contract, production
and research laboratories in the phar-
maceutical, food, agriculture, fossil fuel,
petrochemical, polymer, metallurgical,
geological, environmental, and consumer
products industries, mainly because it
overcomes many of the limitations of con-
ventional microwave sample preparation
system (10-16).

With SRC technology, there is no re-
quirement to batch samples with a similar
matrix; so as a result, all sample types can
be digested at the same time. Addition-
ally, the high temperature and pressure
capabilities of the technology allow even
the most difficult organic matrices to be
digested in the minimum amount of time.
And with the nitrogen-pressurized cap-
ping system, samples of widely different
analyte concentration can be positioned
next to each other in the chamber without
concerns of cross-contamination. It's also
worth pointing out that there is no mini-
mum volume of acid that must be used
with the SRC, which is extremely useful
particularly when looking to lower detec-
tion capability or to analyzing very small
sample sizes.

By offering enhanced performance, with
high sample throughput, no requirement
for vessel assembly and the ability to rap-
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idly cool down, an improved workflow can
be achieved without having to batch the
samples. And by using disposable glass
vials and fewer vial components, it will
reduce labor costs and lower the costs

of consumables compared to the vessels
used in traditional microwave approaches.
Therefore, the real-world benefits of SRC
microwave digestion in preparing samples
for trace element analysis are truly "Any
Sample at Any Time” (17).

Further Reading

1. UltraWAVE: The game changer in microwave
sample preparation; https://milestonesci.com/
ultrawave-microwave-acid-digestion-system

2. UltraWAVE Industrial Applications; https://
milestonesci.com/ultrawave-microwave-acid-
digestion-system

3. Elemental Impurities in Pharmaceuticals:
Updates: USP Website; http://www.usp.org/
chemical-medicines/elemental-impurities-up-
dates

4. International Conference on Harmonization of
Technical Requirements for Registration of Phar
maceuticals for Human Use; http://Awwwv.ich.
org/products/guidelines/quality/article/quality-
guidelines.html.

5. Study and determination of elemental im-
purities by ICP-MS in active pharmaceutical
ingredients using single reaction chamber di-
gestion in compliance with USP requirements;
A.L.H.Muller, J.S.S.Oliveira, PA.Mello, E.Muller,
E.M.M.Flores; Talanta, 136, 161-169, (2015).

6. ATable of Polyatomic Interferences in ICP-MS,
TW. May and R.H. Wiedmeyer, Atomic Spec-
troscopy, 19 (5), 150-155, (1998).

7. Microwave-assisted digestion of organic
samples: how simple can it become?, J.A. No-
brega, C. Pirolla, L.L. Fialho, G. Rota, C.E.K.M.A.
de Campos Jordao and F. Pollo, Talanta, 98, 30,
272-276, (2012).
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8. Sulfated Ash Test Method: Limitations of Reliabil-
ity and Reproducibility; SAE International Stan-
dards Website, https://www.sae.org/publications/
technical-papers/content/952548/

9. Single Reaction Chamber microwave digestion
for better trace metals analysis, H. Zhang, J.
Bonadies, M. Zoellner, J. Orlowski; The Dow
Chemical Company, Analytical Technology
Center, Midland, M, Poster Presentation; Need
a link for this...couldnt find it on the Milestone
website.

10. The Application of Single-Reaction-Chamber Mi-
crowave Digestion to the Preparation of Pharma-
ceutical Samples in Accordance with USP <232>
and <233>, S. Hussain, T. Michel, Spectroscopy
Magazine Special Issue, 27, 10, (2012), http:/
WWW.spectroscopyonline.com/application-single-
reaction-chambermicrowave-digestion-prepara-
tion-pharmaceutical-samples accordanc?id=&sk=
&date=&%0A%09%09%09&pagelD=3

11. New Approaches in Sample Preparation and
Precise Multielement Analysis of Crude Oils
and Refined Petroleum Products Using Single-
Reaction-Chamber Microwave Digestion and
Triple-Quadrupole ICP-MS; J. Casey, Y. Gao, R.
Thomas, W. Yang, Spectroscopy, 31, 10, 11-22,
(2017), http://www.spectroscopyonline.com/
new-approaches-sample-preparation-and-precise-
multielement-analysis-crude-oils-and-refined-
petroleum

12. Simultaneous Single Reaction Chamber Micro-
wave Digestion of Mixed-Consumer Products; N.
Pedjie Spectroscopy Application Notebook, Sept
01, (2014), http://mvww.spectroscopyonline.com/
simultaneous-single-reaction-chambermicro-
wave-digestion-mixed-consumerproducts

13. Optimizing the Sample Preparation of Metals:
Single-Reaction-Chamber Microwave Digestions
for Contract Analytical Laboratories, Spectros-
copy Magazine Special Issue, 28, 11, (2013),
http://www.spectroscopyonline.com/optimizing-
sample-preparation-metals-single-reaction-cham-
bermicrowave-digestions-contract-analytica?id=
&sk=&date=&pagelD=3
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14. Single Reaction Chamber Microwave Digestion
for Specialty Chemicals; S. Phatak, Spectroscopy
Application Notebook, Feb 01, (2013), http://
WWW.spectroscopyonline.com/single-reaction-
chambermicrowave-digestion-specialty-chem-
icals

15. Simplifying Mixed-Food Microwave Sample
Preparation for ICP-MS Analysis, Spectros-
copy Magazine Website, May 28, 2018,
http://wvww.spectroscopyonline.com/search/
apachesolr_search/single %20reaction %20
chamber?page=1&keys=single %20reaction %20
chamber

16. Determination of elemental impurities in
poly vinyl chloride by ICP-OES; L. S.F. Pereira,

M. EPedrotti, T. M.Miceli, J. S.EPereira, E.
M.M.Flores, Talanta, 152, 371-377 (2016)

17. Any Sample, Any Time: the Benefits of Single
Reaction Chamber Microwave Digestion for
Trace Element Analysis, On demand webinar,
Spectroscopy Magazine, http://www.spectrosco-
pyonline.com/any-sample-any-time-benefits-sin-
gle-reaction-chambermicrowave-digestion-trace-
element-analysis

This article is based on a Spectroscopy web-
cast that can be viewed on demand here.
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Milestone UltraWave

No Limits: How SRC Technology
is Changing the Game for Metals Prep

A revolutionary advance in benchtop microwave digestion, the UltraWAVE features patented
Single Reaction Chamber (SRC) technology.

Benefits

Convenient

+No assembly or disassembly
of vessels is required

« Uses simple and inexpensive
disposable vials

- Eliminates method
development, using the
same method for almost
every sample type

Efficient

- Offers high sample
throughput, 2x traditional
microwave systems

- Disposable vessels eliminate
the need for cleaning
between sample runs

- Digests any combination
of samples simultaneously,
no batching required

Productive

- Stainless steel chamber
construction can heat to
extremely high temperatures

and withstand pressures greater

than 2.5x that of any other
closed-vessel microwave
digestion system

- Digests even the most
difficult sample types

+ Maximizes sample size to
address homogeneity
and/or detection needs

Cost-Effective

- Lowest cost per sample

- Lower labor costs

- Significantly reduced
consumables costs

Whatltls

The superior alternative to traditional closed and open vessel
digestion, the UltraWAVE offers industrial and research labs
greater digestion capability, at least double the sample
throughput, improved workflow and significantly lower
operating costs—all with a single, easy-to-use instrument.

How It Works

A

1 2 3 4 5 6
Sample rack Chamber clamp Chamber is Microwave energy  Veryfast cooling ~ Clamp is released
is lowered is secured by pre-pressurized is applied. step due to and sample rack
automatically the operator. with inert gas to All samples water cooling automatically rises
into microwave Interlocks prevent sample under same of chamber. from chamber
chamber prevent operation boiling. Cross temperature Chamber is
without clamp contamination is and pressure vented and acid
in place eliminated conditions vapors extracted
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for Specialty Polymers

Utilizing Single Reaction Chamber (SRC)
Technology for Trace Metals Analysis of
Polymer Samples

Technical Application Note

Images under license from Shutterstock.com

Summary

With stricter industry regulations now in RC technology enables a chemist
place, demand for trace metals analysis to digest up to 15 different

at lower detection levels has reached an polymer samples simultaneously
all-time high. ICP, once the standard for at temperatures up to 300°C and
metals analysis of polymers, is rapidly be- pressures up to 199 bar, simplifying the

ing replaced by ICP-MS, placing increased

emphasis on sample preparation methodolo- workflow, while maintaining superior

gies. Closed-vessel microwave digestion quality digestions.

has proven to be an effective technique, Polymers represent a broad class of
offering fast, complete digestions, a clean compounds with a tremendous range of
environment, and effective recovery of vola- physical properties. While some of these

tile compounds. The single drawback has
been the inability to run digestion on several
matrix types simultaneously. Milestone’s SRC
microwave digestion is a revolutionary new
approach, incorporating all of the benefits of
closed vessel microwave digestion with new
levels of convenience and effectiveness. The
Milestone UltraWAVE is a bench-top instru-
ment that operates at very high pressures and
temperatures, capable of processing large,
dissimilar and difficult samples quickly, eas-
ily—all without batching. The data shown

in this technical note demonstrates that the
digestion of samples in the UltraWAVE re-
sults in uniformly high analytical data quality,
making it the ideal solution for trace metals
detection in specialty polymers.
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compounds are relatively easy to prepare
for trace metals analysis, most polymeric
and plastic materials are very stable matri-
ces and require extremely high tempera-
tures and pressures to achieve complete
digestion, which can be difficult to achieve
even with conventional closed-vessel
microwave systems. Since polymers are
principally organic, they generate a lot
of pressure during the organic decom-
position of digestion processes. Today's
chemist usually complements microwave
technology with traditional tools like hot
plates and Parr bombs to digest these
highly stable matrices which in turn have
their own set of limitations—Iarge acid
requirements, contamination, acid han-
dling challenges, lengthy digestions cycles
and exposure of chemists to acid fumes.
Finally, although multiple samples can be
digested in closed-vessel microwaves si-
multaneously, samples of similar matrices
need to be batched to ensure complete
control over the system . This limits the
productivity of a lab testing wide varieties
of sample matrices.

Milestone's UltraWWAVE SRC benchtop
digestion system can digest up to 15

different samples simultaneously at tem-
peratures and pressures as high as 300°C
and 199 bar. This high temperature and
pressure capability enables a complete
digestion of almost any specialty chemical
that needs to be analyzed for trace met-
als. Samples can be directly weighed into
disposable glass, autosampler type vials
with the appropriate acid mixtures—no
minimum acid quantity is required. Quartz
and TFM vials can also be used depending
on the user's application. This minimizes
acid handling and transferring steps,
reduces errors due to contamination and
the chemist's exposure to acids. It also
completely eliminates the need to clean,
assemble and disassemble vessels used
in conventional microwave systems.

Method Optimization

The reaction chamber was pre-pressurized
to 40 bar to prevent the acids from boiling
which subsequently prevented cross-
contamination and loss of volatiles. A 15
position rack was used with disposable
glass vials during digestion, which were
covered by loose fitting caps. This ensures
pressure equilibrium on either sides of

SPONSOR’S CONTENT
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the vial while preventing the condensation
from the top of the chamber from dripping
into the sample. Two polymer excipient
samples, Polyplasdone XI-10 and Plasdone
K90, were digested in one single run using
1 gin &5 mL conc HNO,. The heating profile
used in the microwave is listed below:

Table 1. Microwave program used for digestion
of Polyplasdone and Plasdone

Time Power Temp Pressure
(min) (watts) (°C) (bar)
20 1500 260°C 150
15 1500 260°C 150

The actual microwave digestion profile
shows a resultant pressure over ~90
bar (~1350 psi) was generated during
the digestion cycle. As previously noted,
many microwave vessel designs will not
be usable for these digestion conditions.
The digested samples were diluted to
30 mL with DI water and analyzed for the
certified elements. The certified values
for these elements and the recovery
achieved after the digestion is mentioned
in Table 2.

N

Certified Reference Materials

Two certified polymer reference materials
(ERM681- low density polyethylene and
CRM8112A - ABS Resin) were also digest-
ed in the UltraWAVE in the 15 position
rack using 0.2 g in 4 mL of conc HNO,,.

Table 2. Recovery of various trace metal elements
from Polyplasdone and Plasdone K 90 (% Recovery)

Catalyst Element

Polyplasdone XL-10

Weight
(% Recovery)

Chromium 82.8 78.4
Copper 93.0 91.2
Manganese 914 76.2
n Molybdenum 76.2 76.2
Nickel 89.0 78.6
Palladium 88.4 92.0
Platinum 92.0 74.0
Vanadium 916 77.8
Rhodium 89.8 84.6
Ruthenium 78.0 788
Iridium 924 76.8

Table 3. Microwave program used for digestion
of CRMs -ERM681 and CRM8112A.

Time Power Temp Pressure limit
(mins) (watts) (@] (bar)
15 1500 2258C 150
15 1500 225°C 150
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[EOTTTTD Pother_TErC _Tec Eow__| tion of these samples is listed in Table 3.
297°C c bar
&sz ?:Z“' concluslon
T2 160 4 2 N
3 - The data in Table 4 shows excellent de-
210 Obar o 2 . . . .
p |« tection limits and recoveries. No loss of
mﬂ _— volatile elements (e.g., Hg) and no cross
e o contamination was observed. Due to high-
----- | 00.10:00 00.20:00 00.30:00 00.40:00 00.50:00 0:00 01.10 i er Sample CapaCity’ Use Of disposable Vials
| [ || 123] fex | T‘;;z'ng"m“g and faster cool down time, the UltraWAVE
+J @J i ] 3 J = J Start Jl sample throughput is 2-3x times higher

- —— , as compared to traditional closed-vessel
The UltraWAVE's touch screen controller. The red line is the internal di- . . .
gestion temperature, while the blue line indicates the real-time pres- microwave dlgeSUOﬂS- NO Other SVSTem
sure that is being monitored of the entire stainless steel chamber. The is Capable of hand“ng the reported h|gh
black line indicates the microwave power being emitted during the .
pressures that are generated during the
digestion of these challenging sample

entire digestion cycle.

Table 4. CRM Recovery Results Post Digestion. polymers. Its lower consumables costs,
Element CRM8112A CRM8112 | % recovery simple operation, and superior digestion
Cert (ppm) found (ppm) | quality makes Milestone’s UltraVWAVE
fbizg) | fA0E 888 7l a perfect choice for specialty polymers’
Cd 9.383 9.166 97.7 sample prep for trace metals analysis.
Hg 94.1 84.77 90.1
Acknowledgement

Element EAMGE ERMG8T | 9% recovery We would like to thank Wayne Xu of In-
ternational Specialty Products for sharing

Cert (ppm) | found (ppm)

Pb(22) 98.0 90.31 92.2
= —— o — data of Plasdone/Polyplasdone.
Hg | 237 2203 | 968

 Pb(283) 98.0 9509 | 970

- N—
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Clean Chemistry Tools for Atomic Spectroscopy
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SRC microwave digestion offers significant
benefits over traditional microwave diges-
tion for pharmaceutical samples: higher
sample throughput, reduced labor and con-
sumables costs, simplified workflow and
superior digestion quality.

Summary

New USP chapters <232> and <233>

for the measurement of inorganic con-
taminants in pharmaceutical samples have
been implemented. While samples can be
dissolved in aqueous or organic solvents,
the large majority will require digestion,
and closed vessel microwave digestion

is stipulated by USP SRC microwave
digestion is a new type of closed vessel

digestion that was developed by Milestone

and offers many advantages over closed
vessel digestion—particularly for pharma-
ceutical sample types.

Instrumentation

The Milestone UltraWAVE can digest
up to 15 samples simultaneously, at up
to 300° C and 199 bar pressure. Its high
temperature and pressure capability en-

@ JULY 2018 | SPECTROSCOPY

St. John's Wort
Parts Per Million (ug/qg)

Step Arsenic Cadium Lead Mercury

Sample Result 0.184 |0.109 0.24 ND

Duplicate Result 0.195 |0.115 0.19 ND

Detection Limit 0.008 0.003 0.03 0.1

Fish Oil Gelcaps
Parts Per Million (ug/g)

Step Arsenic Cadium Lead Mercury
Sample Result 0.007 ND 0.018 |0.035
Duplicate Result 0.006 |ND 0.022 |0.024
Detection Limit 0.002 0.0007 0.007 | 0.008

Quality Control Summary (Fish Oil Gelcaps)
Parts Per Million (ug/g)

Step Arsenic Cadium Lead Mercury
Spike Conc 1153 509 102|153
| Spike Result (156 |55 996 [142

The data above shows excellent DLs and recovery — even for the
volatile element mercury — no loss of volatiles or cross-contamina-
tion with the UltraWAVE.

ables the complete digestion of virtually
every sample type. Samples are weighed
Into vials are placed in the chamber: and
any combination of sample types can be
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digested together—greatly simplifying the
sample prep workflow. Raw materials,
excipients, API, and final product can all

be digested together in the same run. And
the UltraWAVE uses disposable glass vials,
eliminating vessel assembly/disassembly
and vessel cleaning which significantly re-
duces labor and consumables costs. Most
pharmaceutical sample types have high
organic content, including oils and fats,
which are difficult to digest and generate
CO,, which increases pressure in the reac-
tion vessel. The high pressure capability of
the UltraWAVE enables it to digest entire
fish oil gelcaps—not possible with tradi-
tional closed-vessel microwave.
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The UltraWAVE can digest samples in
as little as 3 mL acid which minimizes
reagent blank levels—important since
ICP-MS will be used predominantly for
USP <232>/<233> when implemented.
The SRC is pre-pressurized with N, prior
to the start of the run—this prevents
sample boiling, eliminating cross-contam-
ination and loss of volatiles.

Due to its higher sample capacity, use
of disposable vials, and faster cool down
time, UltraWAVE sample throughput is
2x-3x higher than closed vessel diges-
tion. Its lower consumables costs, simple
operation, and superior digestion quality
also make the Milestone UltraWWAVE
the perfect choice for pharmaceutical
sample prep.
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Summary

With stricter food industry regulations now

in place, demand for trace metals analysis

at lower detection levels has reached an
all-time high. ICP, once the standard for food
metals analysis, is rapidly being replaced by
ICP-MS, placing increased emphasis on sam-
ple preparation methodologies. Closed-vessel
microwave digestion has proven to be an ef-
fective technique, offering fast, complete di-
gestions, a clean environment, and effective
recovery of volatile compounds. The single
drawback has been the inability to run diges-
tion on several matrix types simultaneously.
Milestone’s SRC microwave digestion, is a
revolutionary new approach, incorporating
all of the benefits of closed vessel microwave
digestion with new levels of convenience and
effectiveness. The Milestone UltraWAVE is

a bench-top instrument that operates at very
high pressures and temperatures, capable

of processing large, dissimilar and difficult
samples quickly, easily—all without batch-
ing. The data shown in this technical note
demonstrates that the digestion of samples

in the UltraWAVE results in uniformly high
analytical data quality, making it the ideal
solution for trace metals detection in food.
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emand for trace metals

anaylsis in the food industry

Is growing due to stricter food

regulations such as the recent
Food Safety Modernization Act.

ICP has been the standard for metals
analysis for food, but as demand for lower
levels of detection grows, the industry
Is experiencing a significant transition to
ICP-MS thus placing increased emphasis
on the method of sample preparation. Tra-
ditional sample preparation techniques for
food include hot block digestion, closed-
vessel microwave digestion, and ashing-
each posing different challenges. Hot block
digestions suffer from long digestions,
airborne contamination, poor digestion
quality, and poor recovery of volatile com-
pounds. Closed-vessel microwave diges-
tion has proven an effective technique with
fast, complete digestions, clean environ-
ment, and recovery of volatile compounds.
One challenge with closed-vessel micro-
wave digestion for sample prep is the
inability to run digestion on several matrix
types simultaneously.
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Milestone’'s SRC microwave digestion,
a completely new approach, incorporates
all of the benefits of closed vessel mi-
crowave digestion while making sample
preparation fast, easy, effective, and the
highest quality. SRC operates at very
high temperature and pressure (300°C
and 199 bar respectively), thus complete
digestion of even the largest sample size
(up to 3-5 g) and most difficult samples
can be achieved. The sample can be
weighed directly into a disposable glass
vial, eliminating
the need for acid
cleaning and ves-
sel assembly.
With SRC there is
no need to batch
sample types
because mixed
sample and mixed
acid chemistries
can be success-
fully processed
In the same run.
This technical note

Milestone’s SRC microwave
digestion incorporates all of
the benefits of closed vessel
microwave digestion while
making sample preparation
fast, easy, effective, and the
highest quality.

1 - Magnetron
2 -Waveguide

3 - Reaction Chamber

UltraWAVE Schematic

describes how a
variety of sample
food matrices
were digested si-
multaneously with
complete recovery
of the trace metals
without sample-
to-sample cross-
contamination,
including volatile
analytes such as
Hg.
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Unilever counts on Milestone’s UltraWAVE to reach
very low detection limits
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Figure 1. UltraWAVE microwave program.

Instrumentation

The SRC features a large 1-liter pressur-
ized stainless steel reaction chamber,
which also serves as the microwave
cavity. This enables the intensity and
distribution of the delivered microwave
energy to be optimized to the shape of
the reaction vessel, ensuring even heat-
ing without the need to rotate samples
during the digestion program.

Samples are placed inside the SRC
together and digested simultaneously.
Because the samples are placed inside
a pressurized vessel, individual pressure
vessels are not needed. Samples are
weighed into auto samplertype vials with

the appropriate digestion acid and loaded
into a rack. Loose fitting vial caps prevent
condensation from the roof of the cham-
ber dripping into the samples (the caps
must be loose fitting to ensure pressure
equalization within the chamber).

The rack is loaded into the chamber,
which is then sealed and pre-pressur-
ized with nitrogen to 40 bar prior to
microwave heating. Pre-pressurization
prevents splashing or boiling of the
sample solutions, which prevents cross
contamination or loss of volatiles. Be-
cause the pressure in the chamber in-
creases with sample temperature, boil-
ing never occurs. SRC can operate at
very high temperature and pressure—
up to 300°C and 199 bar, which enables
the complete digestion of virtually every
sample-type. Samples with high organic
content generate pressure in the micro-
wave vessel due to the generation of
NOx and CO,: in traditional microwave
digestion, high-pressure vessels (typi-
cally 100 bar) must be used. The higher
pressure capability of a SRC allows
higher sample weights to be digested—
up to 1 gm organic in a 15 position rack.

SPONSOR’S CONTENT
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Single Reaction Chamber Microwave
Digestion of Food Samples for Trace Metals Analysis

Tim Michel, Milestone Inc.

Single reaction chamber (SRC) microwave digestion
offers significant benefits over traditional methods of
microwave digestion for foods analysis: higher sam-
ple throughput, reduced labor costs, use of dispos-
able digestion vials, and higher performance.
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Microwave Digestion

With SRC, because all the samples are
digested together under the same con-
ditions, different sample types can be
run simultaneously—there is no need
to “batch” digestion runs into identical
sample types as with traditional micro-
wave digestion. For example, polymers,
oils, food and pharmaceutical products
can all be digested together in the same
run. The SRC also requires less diges-
tion acid (typically 2-4 mL), which low-
ers the reagent blank. On completion
of the program, the chamber is vented
and the rack removed. Samples are
diluted to volume in the vials, ready for
aliqguoting and measurement. The SRC
microwave system used in this work
was a benchtop UltraWAVE instrument
(Milestone Inc. Shelton, CT).

Digestion Method Optimization

Figure 1 illustrates the UltraWWAVE micro-
wave program for the digestion of eight
different food sample SRMs, 500 mg
each: ramp to 240°C and hold for 15 min.
The line marked T1 shows the actual
digestion temperature achieved (T1 line).
The applied microwave power (E) is au-
tomatically controlled by the system so
the actual digestion temperature precisely
follows the programmed temperature pro
le. The outer temperature of the reaction
chamber is also monitored (T2). At the
end of the run, pressure was released
automatically resulting in a total run time
of 50 min. Note that pressure reached
more than 100 bar, which is not possible
in conventional closed-vessel digestion.
This is due to the high organic content
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Table 1. Food Samples

Vessel  Standard Reference Material Weight (g)

1 Blank

2 Blank + Spike

B Apple Leaves NIST 1515 0.5328
4 Apple Leaves NIST 1515 (dup) 0.5045
5 Peach Leaves NIST 1547 0.5384
6 Peach Leaves NIST 1547 + Spike 0.5198
7 Tomato Leaves NIST 1573a 0.5223
8 Tomato Leaves NIST 1573a (dup) 0.5025
9 Spinach Leaves NIST 1570a 0.5020
10 Pine Needles NIST 1575a 0.5375

of the sample generating CO, during the
digestion giving a sample digestate with
very low TOC.

This is a benefit for ICP-MS analysis: the
presence of carbon in the sample enhanc-
es on the sensitivity of poorly ionized ele-
ments. By removing the organic carbon,
the analysis of poorly ionized elements
becomes more predictable and reliable.

The samples were digested in dispos-
able glass vials in a 1 5-position rack in
UltraWAVE; 2 mls H,0 and 2 ml conc
HNO, was added to each vial prior to the
digestion. 0.25 mls of 1.0 ppm (Se, As,
Cd, Pb)/0.1 ppm Hg spike standard was
also added to a blank (vial#2) and peach
leaves (vial#6) (see Table 1).

SPONSORED CONTENT
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Table 2. ICP-MS Trace Element Recovery Data
Blank | Blank+ NIST ~ NIST1515 | NIST  NIST 1547 NIST NIST NIST NIST
(ppb) spike 1515 1547 + spike 1573a 1573a dup 1570a 1575a
Se (H, mode) 0.005 ‘ 103.24 108.34 107.13 95:29 98.58 108.08 102.58 91.838 O 22
As (O, mode) 0.001 105.94 98.520 88.418 108.78 103.66 98.479 1112:27 93.268 100.86
Se (O, mode) 0.003 ‘ 102.3 99.159 87.877 95.481 98.78 102.08 119.30 90.520 102.17
Cd (He mode) 0.000 103.06 110.04 112.40 101.81 100.26 104.10 101.29 101.06 106.491
Hg (He mode) <0.005 ‘ 1054 105.22 104.72 104.76 107.2 100.65 94.598 92.502 95985
Pb (He mode) 0.089 106.78 96.42 97.074 98.543 98.62 N/A N/A N/A 89.839
Sample Results Conclusion

All the standard reference materials
(SRMs) were digested as described
above. The sample digested completely,
forming a clear digestate, which was
made up to 50 ml with DI water. The
samples were analyzed for toxic elements
like Lead (Pb), Cadmium (Cd), Mercury
(Hg), Arsenic (As) and Selenium (Se) on
an Agilent 8800 ICP-MS (Agilent Technolo-
gies, Santa Clara, CA) (see Table 2).
Duplicate analysis is generally good
for all SRMs and excellent recovery was
obtained for the spiked samples and
for the spiked reagent blanks. Excellent
recoveries for Hg demonstrate the effec-
tiveness of pre-pressurization of the SRC
prior to the digestion sequence. Volatile
elements such as Hg are not lost, and no
cross-contamination of samples occur
due to sample splashing or boiling. This is
illustrated with low blank concentrations
obtained from the same digestion run.
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Milestone's SRC microwave digestion
(UltraWAVE) offers multiple benefits

for sample preparation for trace met-

als analysis over conventional benchtop
microwave digestion systems. Due to its
higher sample capacity, use of disposable
vials and faster cool down time, sample
processing throughput is 2x — 3x higher
than conventional closed vessel digestion.
The better digestion quality achieved at
higher temperatures (and pressure) and
low TOC content of the digestates makes
analysis by ICP-MS more accurate. The
data showed in this technical note dem-
onstrates that the digestion of samples in
a single chamber, in loosely capped vials,
does not negatively impact analytical data
quality, while the ability to digest different
sample types together and larger sample
weights with minimum acid volume (1-4
ml per sample) makes it very suitable
technique to perform sample prep for
trace metals analysis.
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New Approaches in Sample Preparation
and Precise Multielement Analysis of
Crude Oils and Refined Petroleum
Products Using Single-Reaction-
Chamber (SRC) Microwave Digestion

and Triple-Quadrupole ICP-MS

John F. Casey, Yongjun Gao, Weihang Yang, and
Robert Thomas

omprehensive multielement e nature and availability of certain non-
determinations in crude oil and standard instrument sample introduction
refined petroleum products systems;
have been a difficult task, ¢ the ability to mitigate complex spectral
historically resulting in myriad developed interferences, especially for routine anal-
sample preparation and instrumental ysis of many low-abundance elements;
analytical methods (1). These methods are e quality of standards available;
somewhat limited and many do not include e purity of the reagent and blanks, impact-
all elements that are important to the pe- ing the accuracy and precision; and
troleum industry. Most methods previously e repeatability of the method for particular
developed tend to have limited numbers of analytes.
targeted elements, which are often deter As a result of these limitations, the el-
mined based on specific method detection emental suite is typically limited and also
limits (MDL), method quantification limits different from one method to the next.

(MQL), or a specific single element need. . .
The quality and comprehensive nature of a Source of Elemental Constituents in

suite of elements measured can therefore Crude Oil and Petroleum Products

be dependent on a number of factors: Along with their dominant organic major

e suitability of sample preparation tech- elemental constituents (for example, C, H,
niques and resultant element recovery O, and N), crude oil and refined petroleum
for specific analytes; products are highly variable in minor to

e sample matrix, the weight of the sample ultratrace elemental abundances. Trace
prepared, and the necessary dilution fac-  and minor elements are generally com-

tors; plexed in the heavier organic molecules
e sensitivity of the analytical instruments or inorganic salts and typically constitute
to be used, less than 1% by weight of the sample.
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In general, organic matrices pose major
obstacles for a routine method of com-
prehensive multielement analysis when
trying to adopt a single sample prepara-
tion technique. A single analytical instru-
ment would require an exceptionally wide
dynamic range necessary to cover broad
Inorganic elemental concentrations that
can range from 5% to 6% (50-60 mg/qg),
such as sulfur, down to minor elements at
~1000-2000 pg/g, such as vanadium, and
to ultratrace element concentrations of
<1 pg/g, such as the rare earth elements.
For this reason, a single crude oil multiele-
ment analysis method is elusive without
multiple, often complex and time con-
suming sample preparation or elemental
group separation steps. In fact, most ele-
ments detectable in crude oils are low In
abundance (nanograms per gram or less)
and many are plagued by interferences
when using traditional single-quadrupole-
based inductively coupled plasma—-mass
spectrometry (ICP-MS) instrumentation.
Thus, comprehensive analyses of trace
elements in organic matrices by either
inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) or ICP-MS

~

have proven to be a challenging problem.
Whereas |ICP-MS technology has the
added sensitivity and multielement capa-
bilities desired for low abundances, there
are many hurdles to overcome using a
single sample preparation technique.

In this study, we describe a sample
preparation method that uses a microwave
digestion system with a SRC (UltraWAVE,
Milestone Inc.). This method is capable of
producing an organic-free sample solution
(<0.1% total carbon) used for analysis of
up to 55-57 elements with the appropriate
|CP technique (2,3). In this approach, we
use in tandem an ICP-OES system (Model
725, Agilent Technologies) for quantitation
and screening of higher abundance ele-
ments and an ICP-MS system with a triple-
guadrupole mass spectrometer (Model
8800, Agilent Technologies) specifically
to allow interference-free analysis of low-
abundance elements. The single digestion
procedure with these two instrumental
technigues accommodates the wide range
of elemental concentrations necessary for
characterizing crude and refined oils in a
more comprehensive and routine manner.
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The UltraWAVE Opens the Doors to New Research Frontiers in Analytical Geochemistry.

Precise Multielement
Analysis of Crude Oils
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0il Sample Preparation Methods

ICP-MS is now the standard technique
for low-abundance elemental analysis
because of its high sensitivity for mea-
surements at parts per billion (nanograms
per gram) or lower levels. Sample prepa-
ration generally contributes the most to
the inaccuracy, poor precision, or lack of
reproducibility through either incomplete
dissolution, contamination, or analyte loss
during the dissolution or because of solu-
bility issues. Safe, clean, and full-recovery
sample preparation of combustible crude
oils for multielement analysis is difficult
because of the high organic matrix, ele-
ment volatility, solution solubility, possible
contaminants with various methods, and,
to a certain extent, sample sizes that may
have to be constrained by certain closed
system preparation vessels because of
safety or sample loss issues. Four ap-
proaches to sample preparation for ele-
mental analysis have generally been used
for crude oils and their refined petroleum
products (1,4-6):

e Strong acid “wet"” digestions by open

vessel, closed high pressure—tem-
perature bomb or closed high pres-

sure—temperature microwave-assisted
mineralization
e Mineralization by high-pressure com-
bustion in a chamber or ashing fol-
lowed by strong acid digestions
¢ Direct sample introduction by dilution
with organic solvents
e Direct sample introduction of an emul-
sion or microemulsion
The latter two have tended to be judged
as safer, more expedient, and simpler for
the analyst. A drawback for solvent dilu-
tion is that it tends to result in high dilu-
tion factors (100-1000-fold for heavier oils)
and can result in heavy organic loads for
the instruments used. They have proven
successful in some limited analyte ap-
plications, but also have been considered
a safer decomposition than high pressure
and temperature used in mineralization
procedures with bombs or closed-vessel
rotorbased microwave systems. They
remain somewhat limited in analysis of
the large range of elements that can be
detected by some methods in crude olls
or fuel oils. In all of these methods, clean
facilities, ultrapure or doubly distilled
reagents including ultrapure water, clean,
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and low contaminant sample vessels, and
well-developed cleaning protocols are criti-
cal for high precision and accuracy as well
as better detection capability.

The “Dilute-and-Shoot” Approach

As stated above, commonly used meth-
ods of direct sample introduction known
as the dilute-and-shoot methods involve
dilution and stabilization of the hydrocar-
bon sample with an organic solvent, such
as toluene, xylene, or kerosene, that is
aspirated directly into an argon plasma
for routine quantification by ICP-OES,
with more recent attempts to adapt the
technique for ICP-MS (1,6). In these
solvent methods, the instruments have
to be standardized with organic solutions
with trace-element compounds that are
also soluble in organic solvents. There
are, however, a few natural crude or fuel
oil standards (for example, National Insti-
tute of Standards and Technology [NIST]
standard reference materials [SRMs]) and
generally they are certified for a small
number of elements (such as 'V, Co, Ni,
Hg, or S) with additional noncertified refer
ence or information values reported for
some elements within some standards.
In addition, there are multiple analytical
methods used because of the difficulties
in certification or the referencing process.
For example, for the NIST 1634c¢ residual
fuel oil examined here, seven different
analytical methods were used for three
certified elements, two noncertified ref-
erenced elements, and three noncertified
information values (seven methods, eight
elements to achieve reported values).
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Such a suite of instruments and analytical
technigues would be impractical for rou-
tine multielement analysis and extremely
time consuming. Synthetic organome-
tallic standards can be purchased with
more elements certified, but often they
are expensive and tend to have limited
stability and shelf life. They are useful in
high-throughput laboratories where long
shelf stability is typically not required, but
may cause analysis repeatability issues in
some laboratories. Another drawback of
these direct ICP-OES introduction meth-
ods is the lower sensitivity of the ICP-OES
compared to the more sensitive ICP-MS.
This and the high method dilution factors
will limit the number of elements that can
be successfully quantified. This limitation
has led to method developments that
analyze a greater numbers of elements
with dilute-and-shoot organic solutions

(1) or microemulsions (b) that have been
adapted directly to ICP-MS. These direct
introduction techniques are not as simple
for ICP-MS because of deleterious effects
on plasma stability, complex ionization
effects, deposition or clogging of car-

bon on the sampler or skimmer cones,
carbon-based interferences caused by the
solvent, much longer wash out times, and
crude oil solubility issues. Some of these
effects can be mitigated by desolvation
or ultrasonic nebulization techniques (1).
Preparation by emulsification with water
offers some of the same problems in
terms of larger dilution factors and mul-
tiple short-term solution analyte stability
Issues, but it does remove the necessity
of organic standards.
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Combustion Methods

Our investigations of open- and closed-
vessel “combustion” of standard multiele-
ment certified oils, followed by strong acid
digestions as a method of preparation,
showed that both contamination and
some very severe elemental losses oc-
cur, demonstrating that the combustion
method is probably unsuitable for the
broad multielement analyses of the large
element suites that we are attempting.
Although, in part, the dilute-and-shoot
solvent, emulsification, and combustion
methods as a group have been success-
fully applied for select groups of targeted
elements, they have not resulted routinely
In extensive element suites measured
using ICP methods for more complete
fingerprinting of elemental abundances

in crude oil or refined products. Nor have
they consistently proven to be high preci-
sion or highly repeatable in intra- and inter
laboratory studies (1). They are important,
however, for some targeted applications
and analytical needs.

Acid Digestion Techniques

For strong acid—based digestions that
attempt to destroy the organic matrix,
closed-vessel digestion procedures are
typically advantageous to minimize the
analyte loss, but sample sizes have gener
ally been limited to 0.1-0.25 g to avoid
damage to the digestion apparatus at high
pressures or sample loss and this can
limit detection. Alternatively, open-vessel
digestion procedures offer the ability

to dissolve much larger samples under
relatively mild conditions, but are subject
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to sample loss and contamination. In a
recent study by Yasnygina and colleagues
(7), the analysis of 39 elements by ICP-MS
was attempted using a technique of heat-
ing a large sample of 3.5 g of crude oil in
strong acid and peroxide in quartz tubes,
followed by ashing at 300 °C for 8 hin a
low-pressure muffle furnace. Their ana-
lytical results based on four replicates of
natural oils showed percent relative stan-
dard deviations (%RSDs) for 14 elements
were better than 10%, but the remaining
25 showed poorer precisions ranging from
10% to 50%. Open vessels can be used,
however, after acid digestions to eliminate
residual concentrated acids and volatile
matrix constituents by evaporation in ultra-
clean high-efficiency particulate arrestance
(HEPA) filtered hood environments. The
microwave-assisted strong acid digestion
method described here (2,3) combines
the use of larger sample sizes and mi-
crowave closed system techniques, with
an approach using a recently developed
SRC microwave system that results not
only in good recoveries, but more efficient
throughput, larger samples sizes, and en-
hanced safety.

Microwave-Assisted Strong
Acid Wet Digestion Techniques

In general, it is well-accepted that decom-
positions (mineralization) are more robust
and accurate than dilute and shoot meth-
ods, but they have been considered more
time consuming and to date have not
produced more comprehensive data sets
with a single methodology. More common
rotorbased closed microwave systems

Precise Multielement
Analysis of Crude Oils
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have been utilized in the past to prepare
crude or fuel oil samples, including SRMs.
Wondimu and Goessler (8), for example,
conducted these digestions on NIST fuel ol
1634c, but their digestions were limited in
sample size because testing showed ves-
sel venting and sample loss if sample sizes
were greater than ~0.25 g. However, this
0.25-g weight is well below the 1.0-g sample
size recommended by NIST based on their
sample homogeneity tests. The investigators
were still able to successfully measure 17
out of 24 elements on NIST residual fuel oil
1634c¢ with <6% RSD and good recovery
using their digests with ICP-MS. Ducyk and
colleagues (9) likewise were able to quantify
nine elements in crude oil, and up to 15 In
trace element-enriched asphaltene fractions
of the crude oil by rotorbased microwave
digestion and ultrasonic nebulization coupled
with ICP-MS. Periera and colleagues (10)
compared microwave-assisted digestion for
up to 12 elements with a novel microwave-
induced combustion method to achieve
multielement analysis of up to 17 elements
that were above MDL using both ICP-OES
and ICP-MS for trace element-enriched
heavy oils, although more elements were
attempted. These methods were among
several that showed the promise of micro-
wave assisted digestions at least for smaller
samples but wider suites of elements were
still not possible because of the higher MDL
and MQL.

At the University of Houston we have
carried out exhaustive testing of various
sample preparation techniques including
¢ high pressure combustion followed by

acid digestion;
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¢ high pressure—temperature acid diges-
tions;

e microwave assisted high pressure-tem-
perature acid digestions; and

¢ the use of strong acids and reagent mix-
tures for digestion, using various other
vessel types.

These approaches have all been explored
in an attempt to develop methodologies
that can produce a more comprehensive
elemental suite with a single method.
These methods have been previously sum-
marized in an American Chemical Society
(ACS) webinar (2), conference proceedings
(3), and more-detailed procedural outlines
and fully compiled data sets on multiple
NIST standards and crude samples will
appear in two upcoming papers by Casey
and colleagues (under review) and Yang
and colleagues (under review) (20,21). We
found that combustion methods resulted in
low recovery of many of the analyte target
elements. \We also concluded that whereas
mineralization approaches in closed-system
high pressure-temperature bombs with
PTFE vessels are acceptable for analysis,
they are more time consuming and lacked
the adequate sample size characteristics
necessary for desired sample throughput,
sample homogeneity, and the required
MDL and MQL. The mineralization proce-
dures in the microwave SRC high pres-
sure—temperature system using high-purity
quartz glass vessels and ultrapure strong
acids and reagents alternatively offers clear
advantages for both mineralization and
more complete analysis of extensive suites
of up to 57 elements. Exact procedures,
methodologies, and more extensive data

Precise Multielement
Analysis of Crude Oils
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will be presented in the future papers listed
above, but we provide a general overview
of the methodology in this study.

SRC Microwave Digestion

Let's take a closer look at the methodology
we have developed in our laboratory with a
microwave digestion system using mixtures
of concentrated acids such as HNO,, HC|,
and 30% H,O, in high-purity quartz tubes.
With an approximately 1.0-g crude oil or
petroleum-based sample, the hydrocarbons
are completely oxidized to CO, and H,O and
leave a clear aqueous solution with very
small residual carbon content of <0.1%. This
approach is exemplified in Figure 1a, which
shows weighed samples of crude oil (mostly
floating) loaded into high-purity quartz glass
vials with doubly distilled strong acid—ul-
trapure peroxide mixture in a multisample
numbered rack and readied for digestion.
Figure 1b shows a completed high-pressure
and temperature digestion just after the

rack is raised from a previously sealed acid-
resistant PTFE-lined stainless steel reaction
chamber, which is prepressurized with inert
gas before the digestion and then automati-
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cally ventilated upon completion and before

extraction; the close-up image shows the

undegassed digested sample (green solution
containing oxides of nitrogen and carbon
dioxide) in quartz vials with white laterally
vented PTFE caps. Finally, Figure 1¢ shows
subsequent degassed clear digest solutions

In quartz glass PTFE-capped tubes, which

are then placed in capsules ready for heating

and dry-down procedures.

Digest solutions are then evaporated to
neardryness to remove strong acids and
diluted with 2% HNQO3 using a low dilution
factor (8-10x). These solutions, which are ba-
sically free of carbon based spectral interfer
ences are then introduced into the ICP-OES
or ICP-MS system and analyzed using longer
shelf life, commercially available agueous
calibration standards.

Compared to bomb mineralization or tradi-
tional closed-system rotorbased microwave
systems, the advantage of the microwave-
assisted strong acid wet digestion technique
using the SRC include:
¢ The multisample digestions are completed

within 1 h compared to >24 h for bomb

digestions.

e Multiple samples of different oils can be
run at the same time under the same pres-
sure—-temperature conditions within a SRC.

e Pressure and temperature of the chamber
wall and interior fluid chamber and micro-
wave power is precisely controlled.

¢ High temperatures of 260 °C under con-
trolled pressure can be achieved during
glass vessel digestion for all samples.

e Sample sizes can be larger (for example,
0.6-1.2 g per vessel depending on rack siz-
es used), compared to 0.1 g for bombs or

Precise Multielement
Analysis of Crude Oils
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0.25 g for typical rotorbased microwaves
or closed-vessel bombs that are more lim-
ited to prevent venting and sample loss.

e Digestion vessel sizes can be varied (with
multiple racks and vessel sizes possible
within the single reaction cell) and can
be used to influence ultimate measured
sample sizes, dilution factors, and effec-
tively will allow more control over all MDLs
and MQLs.

This final point is particularly important

when analyzing and quantifying very light

oils, condensates, or naphtha, which col-
lectively might have very low abundances of
trace and ultratrace elements. The analysis
of larger sample sizes is achieved by using
larger vessels or combining sample digests
from multiple vessels. They also ensure the
likelihood of sample homogeneity.

Because the microwave energy is
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applied to all samples under the same
temperature and pressure conditions, the
system can sense highly exothermic reac-
tions, pressure increases, and potential
venting surges in real time in the single
reaction vessel. It can then control power,
which means it has the ability to abort
potentially dangerous runs instantly if the
outer chamber wall exceeds preset tem-
perature limits or chamber pressure limits
are exceeded. This leads to very safe
digestions of combustible crude or fuel
oils. The microwave system allows rapid
digestion for increased throughput, allows
minimal quantities of reagent use for
clean chemistry, results in improved ac-
curacy and precision because of minimal
risk of contamination, minimizes sample
loss of volatile elements, and leads to the
destruction of organics because tempera-
tures can exceed the boiling temperatures
of reagents under pressure. Finally, the
ability to use low-cost aqueous solution
standards is important and cost effective,
because the digestions can produce clear
solutions for both crude and refined oils.
This precise control over power, tempera-
ture, and pressure using this approach is
seen in Figure 2, which shows a plot of
the following metrics against time:
e programmed digestion temperature
(red)
e maximum pressure (light blue)
® actual pressure (dark blue)
* maximum temperature of the reaction
vessel outer wall (light green)
e actual temperature of the chamber
outer wall (dark green)
® microwave power (black)
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ICP-OES and Triple-Quadrupole ICP-
MS in Tandem for Routine Analysis

Crude oils and derivatives have elemental
concentrations that range from 10-60
mg/g (1-6 wt %) to 1 pg/g, which means
no single sample preparation methodol-
ogy can be used with a single instrument
that would have the dynamic range to
analyze a comprehensive suite of ele-
ments detectable in crude oils without
multiple preconcentration or added
preparation steps, which would be very
time consuming. However, by using the
single prepared sample with two plasma
spectrochemical techniques with different
dynamic ranges (ICP-OES and ICP-MS), as
used in our studies in tandem, the single
sample preparation step outlined above
can be used without the necessity of
other time-consuming sample preparation
steps. At a low 8.5x sample dilution used
in our tests, ICP-OES is capable of analyz-
ing higher abundance elements such as S,
V, and Ni (and others) in some crude oils
or refined derivatives and then aliquots of
the same samples can be used to intro-
duce into the ICP-MS system for analysis
of low-abundance elements. It should be
emphasized that low- and high-abundance
elements are not consistent or predict-
able in crude oils, which can have a range
of compositions even within the same
subsurface petroleum-generating system
depending on factors such as source rock
depositional setting, thermal maturity, or
biodegradation. For example, some heavy
marine-sourced crude oils from euxinic
basins may have >6% S by weight and
100-1000 pg/g V and Ni, which must be
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analyzed by ICP-OES, whereas others
such as thermally mature shale olls, lucus-
trine oils, or condensates can have very
low microgram-per-gram concentrations of
S, V, and Ni that are better suited for the
more sensitive triple-quadrupole ICP-MS.
The triple-quadrupole ICP-MS technol-
ogy Is a more recent development and
includes an additional quadrupole before
an octapole collision—reaction cell and the
analyzer quadrupole. This first quadrupole
acts as a simple mass filter to allow only
the analyte masses to enter the cell, while
rejecting all other masses. With all nonana-
lyte, plasma, and sample matrix ions ex-
cluded from the cell, sensitivity and inter
ference removal efficiency is significantly
improved compared to traditional collision—
reaction cell (CRC) systems coupled with
a single-quadrupole mass analyzer. In this
very innovative CRC technology, different
collision—reactive gases can be used to re-
duce the polyatomic interference through
ion—molecule chemistry in the octopole
cell, which is then used to pass all the
product ions formed into the analyzer
quadrupole and separate and select the
mass or masses of interest. The benefit
for analyzing and characterizing crude oil
and petroleum samples is that notoriously
difficult elements like silicon, phosphorus,
and sulfur (and many others) can be de-
termined at significantly lower levels and
with higher accuracy than a conventional
single-quadrupole instrument. This means
that a larger elemental suite can be deter
mined, which can potentially increase the
knowledge used to identify the source and
the origin of the crude oil sample.

Precise Multielement
Analysis of Crude Oils
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In our comparative studies, we found
that using a single-quadrupole ICP-MS
and ICP-OES, we could routinely analyze
and quantify up to ~47 elements with
our digestion techniques, but with triple-
quadrupole ICP-MS and ICP-OES we are
able to routinely analyze and quantify up
to 57 low- and high-abundance elements,
mainly because of sensitivity increases
and more control over the polyatomic
spectral and other interferences. For
example, with increasing focus on more
stringent environmental management of
pollutant emissions from heating oils and
vehicle liquid fuels, sulfur, and other ele-
ments will be increasingly subject to envi-
ronmental regulations and low-abundance
elemental quantitation in fuel samples
will be absolutely critical. This need will
necessitate the use of the more advanced
ICP-MS spectral reduction techniques to
characterize the suite of elements at such
low levels.

Recovery Tests and Accuracy

There are very few multielement certified
natural crude oil standards, and typically
they are certified for a very limited num-
ber of elements. \We therefore used three
approaches to examine recovery and ac-
curacy: a certified synthetic organometal-
lic multielement standard, a 57-element
spike recovery test of a base oil blank, and
a more limited test on reported NIST SRM
oil values for the method developed.
Recovery tests of 20 elements were
conducted on a commercially available
Conostan (SCP Science) multielement
organometallic standard digested with our
microwave protocols and then analyzed by

0.4 g of standard

—

g
=
1]
>
o
S
@
o

0
P Sn Zn Ni Mo Fe Cu V Ba Cd Al Cr Ca Mg Be Pb K Na Mn B

ICP-OES and ICP-MS. Figure 3 shows that
the recoveries for all 20 elements are in
the range of 95-107%.

These results were augmented with our
own tests in which 500 ng of 57 analyte
elements were added to 400 mg of Co-
nostan 75¢cSt base oil before microwave
digestion to conduct a comprehensive
recovery test for all elements routinely an-
alyzed in the laboratory. These microwave-
assisted digestion recovery results were
superior to those obtained using all other
digestion methods tested for the same
suite of 57 elements and produced on
average recoveries of 90-110%. Notably,
there was good recovery of tested ele-
ments with known volatility issues, such
as B, Be, Sn, As, Se, and Sb.

Accuracy Compared to a
Standard Reference Material

Accuracy of any method is the agree-
ment between a test result and certified
reference values for comparison. Unfor-
tunately, there is no natural oil SRM yet
with extensive suites for elements certi-
fied to examine accuracy for the major-
ity of elements analyzed. In this study,
NIST SRM 1634c No.6 residual fuel oil



S [ O I [ M New Approaches in - [Lal
Sample Prep and

SRC Microwave ~ Sample Prep:

o ) Sample Prep: Sample Prep: Sample Prep: Sample Prep: ise Multi
Dlgespon SzsuEly Pharma Food Crude Qil Cannabis Precise Lﬂtlelelnent
Overview Polymers

Analysis of Crude Oils

Figure 4: Log-scale spidergram of concentrations (ng/g) of 10 replicated analyses of 57

elements measured in NIST SRM 1634C fuel oil, determined by ICP-OES or ICP-MS, to-
gether with the RSD of each measurement.
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was digested using our method and
analyzed by the ICP-OES and ICP-MS
techniques outlined for 57 elements.
Results include five digestions run
separately with two analyses for each
digestion. The results shown in Figure 4
are a log-scale spidergram of concentra-
tions (in nanograms per gram) for five
digestions at different times with two
analyses of each digestion, making 10
replicates in total.

The precision data underneath the
spidergram shows the precision (%
RSD) for all elements. It can be seen
that all elements were well below 20%
RSD even though some elemental abun-
dances were near their MQL. Excep-
tions include Ag and Ta (far right), both
with concentrations less than 1 ng/g,
which showed far greater scatter with
high RSD. Elemental concentrations
ranged widely from more than 2% (20
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mg/g) by weight for S and 1-40 ug/g for
V, Ni, K, and Na requiring quantitation
by ICP-OES, to sub nanogram-per-gram
concentrations requiring the remainder
of elements to be quantified by triple-
qguadrupole ICP-MS.

The highlighted green circles repre-
sent superimposed NIST “certified”
values for Co, Ni, andV as well as
“reference” values for As and Se, and
“information” values for Ba, Na, and S.
The accuracy assessment of our mean
achieved values could only realistically
be compared to NIST certified values
shown in Table I, which include Co
(9.4%), Ni (1.4%), and V (2.4%). Non-
certified values are also listed in Table
| for further information. Compared to
NIST noncertified “reference” values
reported for As and Se, elements
known to have volatility issues were
somewhat higher in our analyses (27 %
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Co* pa/g 0.1510 3.3 0.138 2.0 9.4 ICP-MS$ ICP-MS, INAA
Ni* pa/g 17.54 1.1 17.8 41 1.4 ICP-OES ID-ICP-MS, LEI
V* pa/g 28.2 1.3 28.9 4.0 2.4 ICP-OES ICP-AES, INAA
As' pa/g 0.142 4.4 0.197 3.8 27.9 ICP-MS$ FIA-HAAS, INAA
Sef pa/g 0.102 3.7 0.175 3.2 41.7 ICP-MS$ FIA-HAAS, INAA
Ba* pa/g 1.8 1.7 2.1 5.8 ICP-MS$ INAA
Na* pa/g 37 36.48 2.4 1.4 ICP-MS$ INAA
S* wt% 2 2.22 0.7 9.9 ICP-OES ID_TIMS
Note: Only Co, Ni, and V are certified (*), while As and Se (") are reference values and Ba, Na, and S (*) are for informational pur-
poses only. $Triple-quadrupole MS.

and 42 %, respectively) than NIST values It should also be emphasized that the
although precisions were <4%. Testing NIST 1634c SRM was chosen for this

by Wondimu and Goessler (8) based on study because of the comparatively larger
a closed-system rotor-based microwave number of elements reported by NIST
digestion on the same standard also (eight in total), which are measurable by
reported similarly higher values than our chosen ICP techniques. The achieved
“reference” values listed by NIST with mean concentration results, RSDs, and
precisions <5%. The reason is unclear, accuracy estimates compared with NIST
but higher values could indicate more reported certified, reference, and informa-
complete recovery and higher measure- tional values are shown in Table |.

ment values are associated with closed

microwave digestions, or may be relat- Within-Laboratory Precision,

ed to the differences in analytical tech- Repeatability, and Reproducibility
nigues used. All “information” values Within-laboratory precisions of our

of Ba, Na, and S compare well with the analyses can be estimated on the basis

NIST results reported (<10%). Note that of the 10 replicate determinations of 57
many of the NIST analytical methods in elements for NIST SRM 1634c. As previ-

Table | differ from the two ICP instru- ously mentioned, the concentrations
mental techniques and digestion proce- and the % RSD or variance for each ele-
dures used in our evaluation. Develop- ment are plotted in Figure 4. The % RSD
ments and further definition of “true” of the mean of each element is shown
values for noncertified “reference” and (10 analyses of the SRM) with elements
“information” values will require further listed in order of increasing RSD value.
inter-laboratory comparisons, and NIST Analyses of this standard involved five
statistical testing to allow the potential separate microwave digestions (A-E)

of future compliance with NIST certifica-  over time with replicate analysis of
tion criteria. each digestion (for example, A1 and
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A2). Results are plotted as concentra-
tions in nanograms per gram. Of the 57
elements measured, 42 elements had
RSDs ranging from 0.7% to 4.9%, 12
elements had RSDs ranging from 5.2%
and 10.0%, and two elements had RSDs
ranging from 10.4% to 15.3%, meeting
our imposed RSD limits of <20% of
acceptability even at sub-nanogram-per-
gram levels. Two elements, Ag and Ta,
were <1 ng/g in abundance and showed
more significant heterogeneity, with
RSDs of 63.7% and 74.5%, respectively,
and did not meet stricter quantitation
criteria. Whereas RSDs are generally
low for the 55 elements quantified,
the exceptions on these runs were Ag
and Ta. Poorer Ag precision sometimes
observed for repeat measurements of
samples and for NIST 1634c may be a
consequence of the low concentration,
which is at or near the MQL of 0.03 ng/g
and the fact that Ag is also known for
its tendency to form matrix-dependent
salts over time in solutions, especially at
low concentrations. Both factors could
contribute to the variability observed.
The higher RSD for Ta may also result
from matrix-dependent solubility issues,
because the element has been observed
to drop out of solution over time (~4
weeks) in prepared low-abundance mul-
tielement standard solutions. Investiga-
tions to better optimize these elements
and procedures are underway, although
variance is commonly lower in other
samples tested.

Poor repeatability is a well-known
problem for a number of analytical tech-
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nigues used to analyze digests of crude
and fuel oils (1). However, in our dupli-
cate digestions and replicate analyses
presented here, 55 of the elements that
are significantly above the MQL show
good within-laboratory RSDs of 0.7-
15%. We have also observed the same
consistency in other NIST crude oil stan-
dards with many replicate digestions
and with the natural crude oils analyzed
for up to 57 element when analyses
were repeated by various laboratory
investigators, at various times, and with
different reagent batches. In addition to
within-laboratory repeatability tests, fu-
ture studies will involve interlaboratory
comparisons to examine the rugged-
ness of methods. Interlaboratory preci-
sion predictions can, however, be made
from the Horwitz empirical method and
reproducibility curve (11). Based on our
repeatability tests and intermediate
method precision data, it can be pre-
dicted that the overall method should be
robust in interlaboratory comparisons
for most all of the analytes measured.

Examples of Crude Qil Fingerprints

In Figure 5, we show two examples of
natural crude oil fingerprinted by our
analytical method in comparison with
NIST 1634c fuel oil results on a log-
scale spidergram. These three analyses
illustrate distinct fingerprints for each
oil with many elements varying by more
than 2-3 orders of magnitude. One of
the natural oils was relatively lighter and
generated in a subsurface lacustrine
source rock environment in Sumatra,

Precise Multielement
Analysis of Crude Oils
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Figure 5: Results obtained using the
developed method for fingerprinting
two natural crude oils—one from a la-
custrine source rock in Sumatra (green)
and the other from a marine euxinic
environment off the coast of California
(orange)—compared with the NIST SRM

1634c residual fuel oil (black).

while the other was a heavier oil gener-
ated in a marine euxinic environment off
the coast of California.

All element abundances are at or
above MQL. They are readily distin-
guished by distinct ratios and abun-
dances of V and Ni and other elements
that can allow oil-oil or oil-source rock
correlations to be made by oil explora-
tion scientists. We are also able to dis-
tinguish crude oils from different wells
in the same fields by this fingerprinting
technique. In all, there are 57 element
abundances and more than 3000 ratios
that can be utilized by upstream explo-
rationists for fingerprinting, oil-oil and
oil-source rock correlation, organic mat-
ter typing, depositional environment typ-
ing, and maturation and biodegradation
studies of oils or source rock organic
matter (12-16). As in crude oil organic
geochemistry, elemental abundances
and ratios can also be useful in reservoir
management, production allocation, and
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transportation and flow assurance engi-
neering (1718). In addition, downstream
refiners have needs to characterize natu-
ral or comingled crude oils, feedstocks,
and refined products to identify catalyst
poisons and corrosive metal species,

to control refinery costs, maintenance
schedules, and for quality assurance pur
poses to meet more stringent regulatory
requirements and industry standards for
refined products (19).

Summary

Recent significant developments in mi-
crowave digestion technologies and ICP-
MS analytical instruments show signifi-
cant promise in resolving many of the
past issues related to the rapid multiele-
ment analysis of crude oil and derivative
products. Whereas dilute-and-shoot
industry-standard methods will continue
to have significant applications, we
regard the oil chemical fingerprinting
analytical methods developed here as a
potential pathway forward to more-rou-
tine, lower-cost multielement analysis
with a more comprehensive elemental
list if the industry is to meet progres-
sively more complex and challenging
needs. These more-extensive target
analytes include those currently well-
accepted and designated as important
and useful to the upstream and down-
stream petroleum industries, as well

as low-abundance, poorly documented
elements (such as rare earths) whose
routine testing is yet to be fully realized.
This more-comprehensive elemental list
may lead to more sophisticated applica-

Precise Multielement
Analysis of Crude Oils
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Simultaneous Mixed-Batch
= Sample Preparation for Metals
_ Testing of Medical Cannabis

Single Reaction Chamber (SRC) Technology
ensures maximum productivity
and ease of use.

Technical Application Note

Introduction

The medical cannabis industry is currently
one of the fastest growing industries in the
United States and becoming more prevalent
worldwide. Although systems for growing,
producing, and selling medical cannabis and
related products are well established, the
regulation and enforcement of quality and
safety testing have lagged. As the industry
matures, many challenges are being faced,
such as ensuring consumer safety and
providing products free from potential con-
taminants such as heavy metals.

Like all plants, cannabis absorbs metals
from its environment, a result of normal
plant metabolism. Some of these met-
als are naturally occurring and leach into
groundwater. Others precipitate in rainwa-
ter or may be introduced into the plant’s
environment as constituents of fertilizers,
pesticides, herbicides, and fungicides used
to increase crop vyield. Regardless of their
prevalence, when metabolized, metals
are absorbed and transported through the
plant roots and into plant tissue. Cannabis
Is so effective at absorbing metals from its
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environment that it has been referred to
as a hyperaccumulator of trace metals, in-
cluding lead, cadmium, copper, chromium,
arsenic, mercury, and cobalt. This leads to
concern that these elements may occur in
high concentrations in cannabis plants.

State governments and private laborato-
ries are focusing on product safety testing
with a special emphasis on As, Cd, Hg and
Pb, as they are extremely hazardous to hu-
man health, even at low levels.

The combination of ICP-MS and Mile-
stone’s UltraWWAVE with SRC technology
allows cannabis analytical testing labs to
analyze a broad variety of matrices on which
metals determination could be very dif-
ferent, toxic elements in some cases and
nutrients in others.

Milestone's SRC microwave digestion
IS a revolutionary new approach, incor-
porating all the benefits of closed vessel
microwave digestion while making sample
preparation fast, easy and efficient. SRC
technology operates at very high tempera-
ture and pressure (up to 300 °C and 199
bar, respectively), allowing for complete
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digestion of even the largest sample size
(up to 3-5 g) and difficult-to-digest matri-
ces. Samples can be weighed directly into
disposable glass vials, eliminating the need
for acid cleaning and vessel assembly. Fur
thermore, SRC technology eliminates the
need to batch samples, as mixed sample
types, masses, and acid chemistries can
be successfully processed in the same run.
This technical note describes how a variety
of samples from the cannabis industry
were digested simultaneously without
sample-to-sample cross contamination.

Experimental

Instrument
The UltraWAVE meets the requirements
of the new medical cannabis regulations,
thanks to its unique benefits, such as:
e Superior digestion quality
¢ High productivity
e Ease of use
e Superb safety and flexibility

Developed and patented by Milestone,
the UltraWAVE with SRC technology
utilizes high-performance stainless steel,
allowing for higher pressures and tempera-
tures to be reached and any type of acids
to be used. Disposable vessels eliminate
the need to assemble, disassemble, or
clean between processing. Just as impor-
tant, dissimilar samples can be processed
simultaneously using any mixture of dis-
posable glass, quartz, or TFM vials, thus
saving time and money. The UltraWWAVE
is simply the fastest, easiest and most ef-
ficient digestion system ever made!
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Results and Discussion

The performance of the Milestone
UltraWAVE was evaluated through a
recovery study on samples of interest for
the medical cannabis industry, from plant
material to edibles, concentrates, and soll.
As cannabis-containing representatives of
the above categories, plant material, CBD
oil, a vape cartridge, cannabis salve, cookies,
gummy bears, and even soil were digested
as a mixed batch, simultaneously, with the
UltraWAVE and subsequently analyzed via
ICP-MS.

Cannabis plant material, CBD oil, vape
cartridge, salve, cookies, and gummy
bears were fortified with spike solutions
containing 20 ppb of As, Cd, Pb, Ag, Ba,
Co, Cr, Cu, Mn, Ni, Se, V, Zn, and 10 ppb of
Hg. A soil reference material (SRM 2711a)
was also included in this study as a quality
control sample. The analytical results are
shown in Table 2 with recoveries of all
analytes between 80-120% and RSDs be-
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UltraWAVE - SRC
Sample 4 mL of HNO® 65%, 1 mL HCl
Cannabis flower 19
CBD oil 19
Cannabis vape cartridge 19
Cannabis salve 19
Cannabis flavored cookies 19
Cannabis flavored gummy bear 19
Soil (SRM 2711a) 19

Table 1. Sample amount and acid mixture used for the microwave digestion run.
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Final dilution: 50 mL with deionized water

25 0.2
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low 3%. This demonstrates the robustness

and reproducibility of microwave digestion . uantlﬁcon .
using the UltraWAVE with SRC technology. Ve nstumental rarameters:
RF Power 1600 W
Conclusion Sampling depth 10 min
The data shown in this technical note demon- Carrier gas 0.8 L/min
strates full recovery .of the mqst common T S
elements occurring in cannabis plants. In : :
addition to full analyte recovery, microwave Feanliih beiliens L
digestion using Milestone’'s SRC technology Number of replicates 3
provides the highest level of reproducibility, Integration time 1000 ms
even for \{olatl[e elements such as As and Hg. Dwell time per AMU 50 ms
Due to its higher sample capacity, use of T T
disposable vials and faster cool down time, oae
sample processing throughput is 2 to 3 Scan mode Peak hopping
times higher than conventional closed ves- Cell Gas A 0.6
nglfdigestion s?/stems. The a?ility tc()]I (ljligest RP 3 0
ifferent sample types together and larger
ple typ 9 9 RP q 0.25

sample weights with minimal acid volume
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Table 2. Data of the recovery study.

As (@] Hg Pb Ag Ba Co (@7 Cu Mn  Ni Se Vv Zn

Cannabis Recovery (n=3) (%) 917 930 987 883 886 930 965 937 -* * 913 95 945 -*
plant
material RSD (%) 19 21 21 26 15 13 23 24 ¥ <913 16 21 F

Recovery (n=3) (%) 958 985 976 897 927 997 930 882 910 912 962 1027 902 958

CBDoil RSD (%) 18 23 11 22 22 25 22 20 28 24 14 07 19 27

Recovery (n=3) (%) 90.8 873 91.8 920 892 912 932 877 944 948 922 968 89.7 959
Cannabis vape

cartridge RSD (%) 1.1 20 1.2 1.5 20 1.9 2.0 1.8 2.1 16 15 2.6 25 1.4

Recovery (n=3) (%) 958 915 943 953 870 900 922 868 929 904 948 1008 913 90.1
Cannabis salve

RSD (%) 03 1.1 14 22 15 10 20 11 24 25 24 18 07 03
] (o) % _¥* %
Cannabis flavored Recovery (n=3) (%) 92.8 938 96.1 933 890 940 942 982 928 928 895
cookies RSD (%) 28 07 13 14 24 12 1.8 10 ¥ -* 24 26 06 ¥

Recovery (n=3) (%) 90.2 895 941 918 907 915 955 913 964 958 90.5 912 895 922
Cannabis flavored
gummy bear RSD (%) 21 20 10 22 24 26 23 14 23 28 15 08 10 11

*The ratio between spiked/unspiked concentration was too low.

As Cd Hg Pb  Ag Ba Co Cr Cu Mn  Ni Se Vv Zn

Soil Recovery (n=3) (%) 90.4% 94.1* 98.7* 93.3* 92.1* 42,0 89.2* 356*% 97.8% 89.4* 90.8* 98.9% 47.9% 92.1*
(SRM 2711a)*

RSD (%) 2:1 1.9 16 1.1 1.0 0.6 1.2 24 09 1.5 1.8 1.9 0.6 0.9

*The recoveries were calculated according to the total element content and represent the leachable fraction (please, refer to NIST Certificate of
Analysis for SRM 2711a for further details).

makes it the optimal technique to perform Standardization of these methods for the
sample prep for all cannabis related prod- industry will give regulators the resources
ucts, from the plant material to edibles, they need to include sensible requirements
concentrates and even soil samples. for regulation and legislation that are being
This new era of acceptance and legaliza- crafted to monitor and control the use of
tion has opened new opportunities for labs. medical cannabis within the United States.

/ \ SPONSOR’S CONTENT: USER PROFILE

Milestone's UltraWAVE allows Cannabis Lab to Streamline
Heavy Metals Testing

/
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Any Sample, Any Time:
The Benefits of Single Reaction Chamber
Microwave Digestion for Trace Element Analysis

ON-DEMAND WEBCAST

Register for free at http:/www.spectroscopyonline.com/spec/benefits
Can’t make the live webcast? Register now and view it on-demand after the air date.

This webcast will present the fundamental principles and real-world benefits of single PRESENTERS

reaction chamber (SRC) microwave digestion compared to traditional sample preparation

techniques for carrying out trace element analysis by atomic spectroscopy techniques.

To be explored are SRC technology capabilities such as those described below, which

uniquely address sample digestion challenges and requirements across a broad range

of industries:

+ Simultaneous digestion of widely different sample matrices

+ High volume sample throughput

+ Direct temperature and pressure control on every sample

+ Reliable digestion regardless of the matrices or acid chemistry

+ Maximized ICP-MS performance through reduction of residual carbon content of
organic-based samples

+ Improved recoveries for highly volatile elements such as mercury

+ Lower running costs
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MODERATOR

b Laura Bush
Editorial Director
Spectroscopy

KEY LEARNING OBJECTIVES

« Create audience understanding of the technology behind single reaction chamber
(SRC) microwave digestion and the overall advantages compared to traditional
sample preparation techniques including:

+ Virtual elimination of vessel handling

+ Simultaneous digestion of mixed sample matrices simultaneously

+ Higher pressure capabilities with ability to accommodate large amounts of
high organic matrices (API's, excipients, crude oils, foods, polymers) Sponsored by

+ Higher temperature digestion to address challenging samples (ceramics, PGE's) MILESTONE

+ Higher productivity and lower operating costs

+ How the unique advantages available using SRC technology are used to effectively
address specific sample digestion challenges associated with a wide-range of
industries including pharmaceutical/nutraceutical, chemical, food/agriculture,
petrochemical; in both in-house and contract lab settings.

P I N G

H E L
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WHO SHOULD ATTEND Presented by

Analytical chemists who want a better understanding of how to maximize the

digestion of a wide variety of differing sample matrices when carrying out trace SpeCtroscopY

element analysis using plasma spectrochemical analytical techniques.

For questions contact Kristen Moore at Kristen.Moore@ubm.com
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