
www.spectroscopyonline.com

SEPTEMBER 2020
VOLUME 35 | S4

SPECTROSCOPYONLINE.com

ICP-OES AND  
ICP-MS TECHNIQUES

for Today’s Spectroscopists

http://www.spectroscopyonline.com


http://icp-oes.spectro.com/arcos


3www.spectroscopyonline.com

© 2020 MultiMedia Pharma Sciences, LLC. All rights 
reserved. No part of this publication may be reproduced or 
transmitted in any form or by any means, electronic or mechanical 
including by photocopy, recording, or information storage 
and retrieval without permission in writing from the publisher. 
Authorization to photocopy items for internal/educational or 
personal use, or the internal/educational or personal use of 
specific clients is granted by MultiMedia Pharma Sciences, LLC. for 
libraries and other users registered with the Copyright Clearance 
Center, 222 Rosewood Dr. Danvers, MA 01923, (978) 750-8400, fax 
(978) 646-8700, or visit http://www.copyright.com online. For uses 
beyond those listed above, please direct your written request to 
Permission Dept. email: ARockenstein@mjhlifesciences.com
MultiMedia Pharma Sciences, LLC. provides certain customer 
contact data (such as customer’s name, addresses, phone 
numbers, and e-mail addresses) to third parties who wish to 
promote relevant products, services, and other opportunities 
that may be of interest to you. If you do not want MultiMedia 
Pharma Sciences, LLC. to make your contact information available 
to third parties for marketing purposes, simply email mmhinfo@
mmhgroup.com and a customer service representative will assist 
you in removing your name from MultiMedia Pharma Sciences, 
LLC. lists.
Spectroscopy does not verify any claims or other information 
 appearing in any of the advertisements contained in the 
publication, and cannot take responsibility for any losses or other 
damages incurred by readers in reliance of such content.
To subscribe, email mmhinfo@mmhgroup.com.

485F US Highway One 
South, 

Suite 210 
Iselin, NJ 08830 

(732) 596-0276 
Fax: (732) 647-1235

PUBLISHING/SALES

Senior Vice President
Michael J. Tessalone 

MTessalone@ 
mjhlifesciences.com

Publisher
Stephanie Shaffer

SShaffer@mjhlifesciences.com

Associate Publisher
Edward Fantuzzi 

EFantuzzi@mjhlifesciences.com

Account Executive
Timothy Edson

TEdson@mjhlifesciences.com

Account Executive
Michael Howell

MHowell@mjhlifesciences.com

Senior Director,  
Digital Media

Michael Kushner 
MKushner@mjhlifesciences.com

EDITORIAL

Editorial Director
Laura Bush 

LBush@mjhlifesciences.com

Managing Editor
John Chasse 

JChasse@mjhlifesciences.com

Senior Technical Editor
Jerome Workman 

JWorkman@mjhlifesciences.com

Associate Editor
Cindy Delonas 

CDelonas@mjhlifesciences.com

Associate Editor
Will Wetzel 

WWetzel@mjhlifesciences.com 

Creative Director, 
Publishing

Melissa Feinen
mfeinen@mdmag.com

Senior Art Director
Gwendolyn Salas

gsalas@mjhlifesciences.com

Graphic Designer
Courtney Soden

csoden@mjhlifesciences.com

CONTENT MARKETING

Custom Content Writer
Allissa Marrapodi 

AMarrapodi@
mjhlifesciences.com

Webcast Operations 
Manager

Kristen Moore 
KMoore@mjhlifesciences.com

Project Manager
Vania Oliveira 
VOliveira@mmhgroup.com

Digital Production 
Manager
Sabina Advani 
SAdvani@mjhlifesciences.com

Managing Editor,  
Special Projects
Kaylynn Chiarello-Ebner 
KEbner@mjhlifesciences.com

MARKETING/
OPERATIONS

Marketing Manager
Brianne Pangaro 
BPangaro@mjhlifesciences.com

C.A.S.T. Data  
and List Information
Melissa Stillwell 
MStillwell@mmhgroup.com

Reprints
Alexandra Rockenstein 
ARockenstein@
mjhlifesciences.com

Audience  
Development Manager
Jessica Stariha 
JStariha@mmhgroup.com

CORPORATE

Chairman & Founder 
Mike Hennessy Sr

Vice Chairman
Jack Lepping

President & CEO
Mike Hennessy Jr

Chief Financial Officer
Neil Glasser, CPA/CFE

Executive Vice President, 
Global Medical Affairs & 
Corporate Development
Joe Petroziello

Executive Vice President, 
Operations
Tom Tolvé

Senior Vice President, 
Content
Silas Inman

Senior Vice President, 
I.T. & Enterprise Systems
John Moricone

Senior Vice President, 
Audience Generation 
& Product Fulfillment
Joy Puzzo

Vice President, 
Human Resources & 
Administration
Shari Lundenberg

Vice President,  
Mergers & Acquisitions
Chris Hennessy

Executive Creative 
Director, Creative 
Services
Jeff Brown

MANUSCRIPTS: To discuss possible article topics or obtain 
manuscript preparation guidelines, contact the editorial director 
at: (732) 346-3020, e-mail: LBush@mjhlifesciences.com. Publishers 
assume no responsibility for safety of artwork, photographs, 
or manuscripts. Every caution is taken to ensure accuracy, but 
publishers cannot accept responsibility for the information 
supplied herein or for any opinion expressed.
SUBSCRIPTIONS: For subscription information: Spectroscopy, 
P.O. Box 457, Cranbury, NJ 08512-0457; email mmhinfo@
mmhgroup.com. Delivery of Spectroscopy outside the U.S. is 3–14 
days after printing.
CHANGE OF ADDRESS: Send change of address to 
Spectroscopy, P.O. Box 457, Cranbury, NJ 08512-0457; provide old 
mailing label as well as new address; include ZIP or postal code. 
Allow 4–6 weeks for change. Alternately, go to the following URL 
for address changes or subscription renewal: http://mmhpubs.
mmhgroup.com/Welcome.aspx?pubid=SPEC
C.A.S.T. DATA AND LIST INFORMATION: Contact Melissa 
Stillwell, (218) 740-6831; e-mail: MStillwell@mmhgroup.com
Reprints: Contact Stephanie Shaffer,  
e-mail: SShaffer@mjhlifesciences.com
INTERNATIONAL LICENSING: Contact Kim Scaffidi, 
e-mail: KScaffidi@mjhlifesciences.com 
CUSTOMER INQUIRIES: Customer inquiries can be forwarded 
directly to MJH Life Sciences, Attn: Subscriptions, 2 Clarke Drive, 
Suite 100, Cranbury, NJ 08512; e-mail: mmhinfo@mmhgroup.com

50

% Recycled Paper 10-20%
 Post Consumer W

as
te

 

http://www.spectroscopyonline.com


4  ICP-OES and ICP-MS Techniques for Today’s Spectroscopists September 2020

www.spectroscopyonline.com

SEPTEMBER 2020
VOLUME 35 | S4

SPECTROSCOPYONLINE.com

ICP-OES AND  
ICP-MS TECHNIQUES

for Today’s Spectroscopists

Articles

 6  Comparison of Peristaltic Pumps Used for Sample 
Introduction in Inductively Coupled Plasma–Atomic  
Emission Spectroscopy (ICP-AES)

  Norbert Jakubowski, Sarah Borrmann, Sebastian Recknagel, Janina Roik,  

  and Friedhelm Rickert
  Inductively coupled plasma–atomic emission spectroscopy (ICP-AES) relies on 
  the use of a peristaltic pump for sample introduction. Here, two conventional 
  peristaltic pumps are compared with a new pump based on the “easy click” principle 
  for the analytical figures of merit.

16  Imaging of Trace Elements Using Laser Ablation– 
Inductively Coupled Plasma–Mass Spectrometry:  
Emerging New Applications

  Daniel Kutscher, Dhinesh Asogan, Ian Mudway, Patricia Brekke, Charlie Beales,  

  Xiaohan Wang, Matthew W. Perkins, Wolfgang Maret, and Theodora J. Stewart
  Metallomics seeks to understand the metallobiochemistry of cells and organisms 
  in health and disease. This article explains the principle of laser ablation–inductively 
  coupled plasma–mass spectrometry (LA-ICP-MS) for imaging applications and 
  highlights its potential to provide additional insights in bioanalysis and metallomics.

 27  Accurate, Low-Level Sulfur Analysis by ICP-MS  
Using MS/MS with Oxygen Reaction Cell Gas

  Ed McCurdy, Glenn Woods, Bastian Georg, and Naoki Sugiyama
  Combined with appropriate selection of instrument components to reduce the 
  sulfur background, ICP-MS using MS/MS with oxygen reaction cell gas can  
  provide accurate low-level analysis of sulfur and sulfur isotope ratios in aqueous    
  and organic matrices. This is useful in applications in life science, clinical research, 
  pharmaceutical  development, food safety, environmental monitoring, geochemistry, 
  and petrochemistry.

ICP-OES and ICP-MS 
Techniques for  
Today’s Spectroscopists
September 2020

C
o

ve
r 

im
ag

e
s 

co
u

rt
e

sy
 o

f 
st

o
ck

.a
d

o
b

e.
co

m
/S
_E

Cover Art: 
The beauty of geochemistry: 

banded jasper

http://www.spectroscopyonline.com


http://www.milestonesci.com/ultrawave
http://www.milestonesci.com


6  ICP-OES and ICP-MS Techniques for Today’s Spectroscopists September 2020

Comparison of Peristaltic Pumps  
Used for Sample Introduction in  
Inductively Coupled Plasma–Atomic 
Emission Spectroscopy (ICP-AES)

In this investigation, two conventional peristaltic pumps are compared with a new pump 

based on the “easy click” principle using a simultaneous ICP-AES instrument with standard 

operating conditions. It is found that the figures of merit achieved are quite comparable for 

all three pumps. Relative standard deviations (RSDs) range between 0.2% and 1.8%, and 

limits of detection as low as 0.1 µg/L have been achieved , demonstrating that the easy click 

principle of the new pump does not compromise the analytical figures of merit.

Norbert Jakubowski, Sarah Borrmann, Sebastian Recknagel,  

Janina Roik, and Friedhelm Rickert

Atomic spectroscopy has a long his-

tory that starts with Sir Isaac Newton 

(1643–1727) when he was theorizing 

about color in 1704 (1). He introduced the idea 

of the “spectrum,” which he believed was made 

up of different components of light. 

Many years later, in 1814, German physicist Jo-

seph von Fraunhofer paved the way for modern 

absorption spectroscopy when he interpreted the 

black lines in the sun’s spectrum (2). In the later 

nineteenth century, German chemist Robert Bun-

sen, together with physicist Gustav Kirchhoff, exam-

ined the colors of the spectrum of a flame, and laid 

the foundation for today’s atomic spectroscopy (3). 

In 1955, Sir Alan Walsh published his work 

on atomic absorption spectroscopy (AAS) (4). 

Since then, this analytical method has been in 

daily use in many thousands of analysis systems 

to determine the concentration of various ele-

ments, primarily in liquids. Considerable efforts 

were made to develop AAS from a single-ele-

ment method into a multielement method (5), 

but other techniques, based on plasmas instead 

of a flame, namely inductively coupled plasma-

atomic emission spectroscopy (ICP-AES) (6) and 

inductively coupled plasma–mass spectroscopy 

(ICP-MS) (7), were used to utilize element emis-

sions or ionization of the analytes for today’s 

multi-element analysis.

All of these methods mentioned are quite 

similar in their construction. Each method is  

made up of a system for introducing the sample, 

comprising of a pump and an atomizer (such as 

an aerosol generator) to transfer the sample into 

the hot zone (flame or plasma), a spectrometer 

(spectrograph, monochromator, or mass spec-

trometer), a detector, and a control computer 

complete with software for operating the ma-

chine and analyzing the results. Although analysis 

systems from different vendors differ radically, 

some components are nevertheless very similar. 

This is true of the pump systems used to feed the 
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TABLE I: Calibration data measured with the original pump of the Arcos system. 
Data is shown for all selected elements and wavelengths. The line finally select-
ed for the comparison of the different pumps is shown in the last column with the  
abbreviation. For some lines the calibration did not show a satisfying correlation. 
They are marked with -.

Wavelength 
(nm) BEC (μg/L) DL (μg/L) Correlation 

Coefficient Selected

Al 167.078 4 0.6 0.99784 Al 167

Al 176.641 538 11 0.98907

Al 309.271 7,540 97.6 0.09168

Al 394.401 4,120 120 0.98656

Al 396.152 684 20.3 0.99510

Bi 153.317 2,080 43.1 0.79467

Bi 190.241 747 12.7 0.97404 Bi 190

Bi 206.170 - - -

Bi 222.825 - - -

Bi 223.061 947 21.5 0.96164

Bi 306.772 6,900 782 0.28306

Co 228.616 42.6 0.76 0.99865

Co 230.786 66.8 0.85 0.99690

Co 237.862 94.4 1.96 0.99689

Co 238.892 49 0.63 0.99793 Co 238

Cr 205.618 25.5 0.53 0.99830 Cr 205

Cr 267.716 52.3 1.35 0.99818

Cr 284.325 495 6.33 0.97641

Cu 219.226 154 3.57 0.99399

Cu 219.958 404 7.46 0.98868

Cu 224.700 116 2.69 0.99497 Cu 224

Cu 327.396 189 2.98 0.99671

Fe 238.204 30.9 2.24 0.99957

Fe 239.562 47 2.63 0.99919

Fe 241.331 430 9.82 0.99809

Fe 259.941 43.3 2.2 0.99982 Fe 259

Fe 261.187 109 4.14 0.99840

Fe 262.567 294 7.65 1.00000

Fe 275.573 235 5.97 0.99942

Fe 373.486 - - -

•Continued on Page 8
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liquid sample into the nebulizer or the atomizer. 

As a rule, users take little notice of these compo-

nents, and regularly fail to maintain and monitor 

them properly, even though they can. Despite 

the small size of the nebulizer and atomizer, these 

small components have a significant impact on 

the results of the analysis. 

Peristaltic pumps are based on the principle 

of peristalsis, which often occurs in biological 

processes or organs such as the esophagus, 

where it transports liquids. In instrumental analy-

sis, peristaltic pumps can be used to transport 

liquid samples. The basic principle by which a 

sample is transported is based on the alternate 

compression and relaxation of elastic pump tub-

ing. The pump tubing is passed around a roller 

head, and pressed against the roller head with 

a curved pressure plate. The tubing is pressed 

so tightly against the roller head that it is com-

pletely sealed. When the tubing returns to its 

original shape behind the roller as the pump 

head rotates, a vacuum is created, drawing the 

liquid sample into the tube. Further rollers on the 

pump head seal the pump tubing again to form 

a closed segment of liquid. The rotation of the 

pump head drives the fluid forward in the tubing, 

thus causing it to flow. 

The use of peristaltic pumps offers the advan-

tage that there is no direct contact with the liquid 

sample at any time. Furthermore, as already de-

scribed, peristaltic pumps allow constant delivery 

rates. As a result, these pumps help alleviate vis-

cosity transport variations of different samples. 

Peristaltic pumps are available in a wide variety 

TABLE I (CONTINUED): Calibration data measured with the original pump of the Ar-
cos system. Data is shown for all selected elements and wavelengths. The line finally 
selected for the comparison of the different pumps is shown in the last column with 
the abbreviation. For some lines the calibration did not show a satisfying correla-
tion. They are marked with -. 

Wavelength 
(nm) BEC (μg/L) DL (μg/L) Correlation 

Coefficient Selected

Mg 202.647 449 7.51 0.98347

Mg 279.079 959 17.1 0.97431

Mg 279.553 2.44 0.39 0.99701

Mg 280.270 3.71 0.36 0.99687 Mg 280

Mg 285.213 26.2 0.55 0.99702

Mn 257.611 6.88 0.16 0.99861 Mn 257

Mn 259.373 9.29 0.18 0.99868

Mn 260.569 13.3 0.25 0.99861

Mn 294.921 50.6 1.02 0.99823

Mn 403.076 2,990 86.4 0.99630

Ni 221.648 53.6 3.61 0.99986 Ni 221

Ni 231.604 67.9 2.61 0.99990

Ni 232.003 258 5.12 0.99872

Ni 300.249 - - -

Se 196.090 715 12.5 0.96577 Se 196

•Continued from Page 7
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of designs, with significant differences in the size 

of the pump head and the number of rollers. The 

rotation speed of the pump head is usually infi-

nitely variable, so that, depending on the inner 

diameter of the pump’s tubing and the rotation 

speed of the pump head, samples can be deliv-

ered at precise rates from a few microliters up to 

several milliliters per minute.

One problem that arises when using single-

channel peristaltic pumps is the pulsation of the 

sample liquid, which can affect the aerosol gen-

eration process in the nebulizer used, (8,9) and 

thus will have an impact on the stability of the 

signal intensity measured. When a roller contacts 

the pump tubing, the sample liquid is displaced 

on both sides. The excess pressure in the tubing 

accelerates the sample liquid briefly, resulting in 

pulsating delivery to the downstream atomizer. 

Fluctuating delivery rates can thus potentially 

have a negative impact on the precision as well as  

on the detection threshold of the method used. 

When the tubing relaxes again, the volume avail-

able to the sample liquid in the tubing increases, 

intensifying pulsations.

A pulsation-damped pump can be used to 

reduce pulsation. Pulsation-damped pumps con-

sist of at least two half-channels, with the rollers 

of each half-channel arranged in such a way that 

they are phase-shifted. This arrangement means 

that each peak of one half-channel is canceled 

out by a valley of the other half-channel. Peaks 

arise from acceleration of the sample liquid when 

the pump tubing is compressed, whereas troughs 

result when the pump tubing relaxes. Ideally, the 

pulsations of the individual half-channels cancel 

each other out when they are merged, so that a 

constant sample flow is delivered to the atomizer. 

In a previous investigation, the noise spectra 

of different peristaltic pumps were measured, 

and it was shown that the noise frequency 

and amplitude strongly depend on the rota-

tion speed, the number of rolls in the pumping 

head, and the pressure by which the elastic tub-

ing is pressed against the roller head (10). For 

many commercial peristaltic pumps, this tubing 

pressure, which is used to press the pressure 

plate against the elastic tubing, will usually be 

increased while the tubings are altered or opti-

mized to reduce pulsations. The rolls, meanwhile, 

can be adjusted manually. A new alternative is 

pumps with preselected settings, which do not 

need adjustment at all, and the required pres-

sure is achieved by use of a spring,allowing faster 

changing of tubing and no need for optimization 

or control of the pressure (11). 

 This investigation compares three different 

peristaltic pumps to see how the analytical fig-

ures of merit, such as detection limit (DL), back-

ground equivalent concentration (BEC), and the 

relative standard deviation (RSD) of wavelength 

intensity measurements, depend on peristaltic 

pump conditions. In this study, multielement 

standards are applied for measuring 10 selected 

elements simultaneously using standard oper-

ating conditions of an ICP-AES instrument. The 

elements are selected to cover a broad range of 

excitation energies, and should cover the whole 

mass range from lowest to highest. 

Materials and Methods

Standards

Stock solutions of two multielement standards 

with 24 elements each (Merck VIII and XVI Cer-

tipur multielement standards, Merck Millipore) 

with a concentration of 100 mg/L plus 2 mL con-

centrated HNO3 (stock solution) were diluted in 

bi-distilled water acidified with HNO3. The stock 

solutions were diluted in bi-distilled water, and 

two different concentrations were diluted: con-

centration I:2.5 µg/L; concentration II: 25 µg/L 

were prepared for each element. These con-

centrations are selected to be 10 times or 100 

times above the instrumental DL provided by  

the manufacturer. 
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TABLE II: Comparison of analytical figures of merit for three different peristaltic 
pumps: 1) Peristaltic pump of the Arcos device, 2) “Easy Click” peristaltic pump, 3) 
Perimax peristaltic pump.

Pump Spectro

Element Wavelength (nm) DL (µg/L) BEC (µg/L) RSD (N = 10)

Al 167 0.6 4 0.8

Bi 190 13 747 0.8

Co 238 0.6 49 0.75

Cr 205 0.5 26 1.4

Cu 224 2.7 116 0.85

Fe 259 2.2 43 0.9

Mg 280 0.4 3.7 0.6

Mn 257 0.2 6.9 0.5

Ni 221 3.6 54 0.9

Se 196 13 715 0.85

Pump Easy Click

Element Wavelength (nm) DL (µg/L) BEC (µg/L) RSD (N = 3)

Al 167 0.9 4.5 1.79

Bi 190 1.4 564 0.34

Co 238 0.3 57 0.50

Cr 205 0.6 32 0.77

Cu 224 2.2 154 0.58

Fe 259 1.9 52 1.14

Mg 280 0.1 4.2 0.93

Mn 257 0.1 8.5 0.83

Ni 221 2.2 59 0.64

Se 196 6.6 553 0.32

Instrumentation

For all measurements, a Spectro Arcos (12) (Spec-

tro Analytical Instruments GmbH) simultaneous 

measuring optical emission spectrometer with 

inductively coupled plasma excitation (ICP-AES) 

was used (13). The instrument includes a Paschen-

Runge mount optical system, where all elemental 

lines are focused onto a curve, called a Rowland 

circle, on which a linear array of electronic detec-

tors is installed covering the wavelength range 

from 130 to 770 nm. The instrument provides two 

different orientations of the plasma source, and 

thus can be easily operated in radial or axial ob-

servation mode. All measurements presented here 

were performed in axial observation mode.

The following plasma and operational condi-

tions were selected: a plasma forward power: 

1400 W, a plasma gas flow rate at 13 L/min, 

a Nebulizer flow rate at 0.85 L/min; a single 

measurement time at 28 s. A crossflow neb-

•Continued on Page 12
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ulizer (AHF Analysentechnik) was used for  

all investigations. 

For wavelength selection, wavelengths 

provided by the instrument manufacturer’s 

sof tware were selected. During the blank 

measurement, the background structures in 

the wavelength region were evaluated to ac-

count for any spectral interference. 

For calibration, three intensity measure-

ments with 10 and 4 repetitions were performed, 

consisting of a measurement of the blank and 

measurement of two standards with concentra-

tions of 2.5 µg/L and 25 µg /L, respectively. 

Peristaltic Pumps Tested 

Three different peristaltic pumps were selected 

for this investigation: I) the peristaltic pump of the 

Arcos device, and II) a Perimax peristaltic pump 

(Spetec GmbH) that is externally operated. The 

pressure of the pumping head of both were op-

timized before measurements, as to give lowest 

RSDs. The third pump  was an “Easy Click” peristal-

tic pump (Spetec GmbH), also externally operated. 

All pumps were connected to an auto-sampler 

(Asx-260 Cetac).

All pumps were operated using a sample 

up-take rate of 0.8 mL/min, controlled by a vol-

umetric measurement. For all experiments new 

tubing (ID color code: orange-orange, Spetec 

GmbH) was used, except in the Spectro de-

vice; here the tubing was in use for more than a 

fortnight, and this “matured” condition served 

as a reference value used to see if old tubing 

compromised the figures of merit. 

Measurement Details

For each pump the following measurement proce-

dure was applied: First, a blank measurement was 

performed, and then two multielement solutions 

with concentrations of 2.5 µg/L and 25 µg/L were 

measured.

Results 

Wavelength Selection and Data Evaluation

In a first test run, 10 (n = 10) repeated intensity 

measurements for at least 5 preselected lines per 

TABLE II (CONTINUED): Comparison of analytical figures of merit for three different 
peristaltic pumps: 1) Peristaltic pump of the Arcos device, 2) “Easy Click” peristaltic 
pump, 3) Perimax peristaltic pump. 

Pump Perimax

Element Wavelength (nm) DL (µg/L) BEC (µg/L) RSD (N = 3)

Al 167 2.2 4.4 0.72

Bi 190 5.1 409 0.2

Co 238 1 50 0.64

Cr 205 0.1 28 0.76

Cu 224 1 115 0.57

Fe 259 0.6 44 0.65

Mg 280 0.02 4 0.94

Mn 257 0.1 7 0.78

Ni 221 0.4 52 0.47

Se 196 10 377 0.6

•Continued from Page 11
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element were performed. The calibration data for 

all lines are compiled in Table I, and the number of 

wavelengths is reduced to a single one (indicated 

in Table I) to compare all three pumps. However, 

the total measurement time, and time needed for 

calculations exceeded more than 60 min, so that 

the number of repetitions was decreased for all 

further measurements to n = 4. As a result, the 

final measurement and calculation time of 25 min 

was achieved. Standard conditions were chosen as 

the integration time for each element. 

Because the peristaltic pump of the Arcos 

system was operated with a higher pumping 

speed in between intensity measurement 

cycles, the washout phase was doubled for 

the Perimax and “Easy Click” pump, which 

were operated manually. However, the first 

run of a new measurement series showed a 

higher concentration for these two pumps, 

with much higher RSD, DL, and BEC values, 

an indication that the sample introduction 

system was not in a stable equilibrium. There-

fore, the first run of each series of new in-

tensity measurement has been deleted, and 

thus data is given for three (n = 3) repeated 

measurement cycles only. 

Except for Se, several lines were proposed by 

the software of the Arcos system for most ele-

ments, and were confirmed after a blank mea-

surement to evaluate the background structure. 

For all lines selected, calibration data are avail-

able, but for the comparison of the three differ-

ent pumping systems, a single wavelength with 

the lowest DL was selected, provided the correla-

tion coefficient was satisfactory. Selected lines, 

used further on, are shown in the last column of 

Table I, with their abbreviations.

The stability of the plasma was controlled 

manually using the Ar wavelength at 430.010 

nm, and the resulting RSD measured was always 

equal or better than 1% for all pumps and all  

concentrations measured.

Comparison of Analytical Figures of 

Merit for Three Different Peristaltic Pumps

Results for the analytical figures of merit for of 

all three pumps are compiled in Table II. Data 

provided includes the DL, BEC, and the RSD. The 

latter is calculated as mean value from the RSDs 

of both concentrations used for calibration. 

Discussion

As stated before, the original peristaltic pump 

of the Arcos system was operated with matured 

peristaltic tubing. Nevertheless, all RSD values 

(shown in Table II) calculated are better than 1% 

(except Cr: 1.4%). Blank values (not shown) are 

slightly higher by 10–20% compared to new 

tubing (likely because the tubing was exten-

sively used for analysis of highly concentrated 

digestions of steel and alloys of Al, Cu, and Ni). 

However, DL and BEC do not significantly devi-

ate from the values measured for the two other 

pumps. The Perimax pump, for which the pres-

sure plate was manually adjusted to the lowest 

pulsation setting and for which new pumping 

tubing were used, showed the best RSD values 

for all elements, being better than 1%. Even the 

Easy Click pump with manufacturer settings 

showed relatively good RSD values for some 

elements very close to the values achieved for 

the Perimax pump. This result demonstrates 

that the manual alignment of the pressure block 

does not significantly improve the figures of 

merit, and thus is not needed if a pump with the 

lowest maintenance is needed. For the lines se-

lected, all DL values are lower than 5 µg/L (except 

Bi and Se). For Bi, the DL could be improved by 

more than a factor of two mainly using new tub-

ing, which also demonstrates that memory ef-

fects did not significantly worsen the analytical 

figures of merit. Finally, it should be mentioned 

that all three pumps tested are very comparable 

concerning their analytical figures of merit. In 

particular, low RSD values were achieved in this 
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experiment for all pumps investigated, and 

can be attributed to the simultaneous detec-

tion capability of the instrument used in this 

investigation. Such low precision is required for 

traceability studies. Applying a precision mea-

surement method for element contents, devel-

oped using ICP-AES, combined measurement 

uncertainties between 0.05% and 0.1% can  

be achieved (14).  

Conclusion

In this investigation, three different peristal-

tic pumps were compared using an ICP-AES 

instrument with simultaneous detection for 

all elemental wavelengths of interest to dem-

onstrate that a peristaltic pump based on an 

“easy click” adjustment will not compromise 

the analytical figures of merit. It was found that 

comparable analytical figures of merit can be 

achieved for all three pumps using standard 

operating conditions and very low standard 

deviations (below 1%) can be achieved for all 

pumps, if simultaneous detection of the inten-

sity measurements is applied. For multielement 

analysis, such very low standard deviations and 

LOD values can only be achieved with ICP-AES 

operated with peristaltic pumps, and are es-

sential for the development of new standard 

reference materials (15). 
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Imaging of Trace Elements  
Using Laser Ablation–Inductively 
Coupled Plasma–Mass Spectrometry:  
Emerging New Applications

The qualitative and quantitative determination of trace elements is a stronghold of induc-

tively coupled plasma–mass spectrometry (ICP-MS). Whereas in most cases the concentra-

tions of a series of elements are determined in the bulk sample (often requiring a digestion 

upfront), the use of laser ablation (LA) in combination with ICP-MS allows further insight 

into an isotope of a given element within a sample, with the added benefit of avoiding labor 

intensive and contamination-prone digestion processes. LA-ICP-MS also allows the analysis 

of small samples with highly localized differences in trace elemental concentrations. Higher 

sensitivity and better interference removal using triple quadrupole instrumentation, as well 

as faster laser systems with specialized ablation cells enabling fast washout of material from 

individual laser pulses, has paved the way for new applications for LA-ICP-MS. The software 

supported recombination of data generated in a series of line scans covering the entire area 

of a sample. This was in conjunction with information on the laser position over time (using 

ablation rate, spot size, and stage movement velocity), allowing for the creation of a full 

image of elemental distributions in a sample. This is especially useful for biological samples, 

where the role of trace elements involved in biological processes is often unknown. This arti-

cle will outline the principle of LA-ICP-MS for imaging applications, highlighting its potential 

to gain additional insights into the field of bioanalysis and metallomics. More specifically, the 

technique will be used to track the effect of environmental pollution on the distribution of 

heavy metals in the brain of a sentinel species in a highly urban area. 

Daniel Kutscher, Dhinesh Asogan, Ian Mudway, Patricia Brekke, Charlie Beales,  

Xiaohan Wang, Matthew W. Perkins, Wolfgang Maret, and Theodora J. Stewart

M eta l lomic s takes an integrated 

approach to unders tanding the 

metallobiochemistry of cells and 

organisms in health and disease, utilizing 

analytical tools to elucidate the biological 

roles of metals in both space and time (1). 

In humans, every tenth protein depends on 

zinc for structure, catalysis, or regulation, 

and, together with other metal ions, every 

second protein contains a metal ion essen-

tial for its function. Most importantly, both 

the metal composition and the distribution 

in cells and tissues change during physi-

ological and pathophysiological processes, 

with consequences in disease development, 

progression and treatment (2–4). Every cell 

utilizes a wide range of metal ions (such as 

sodium, potassium, magnesium, calcium, 
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iron, molybdenum, manganese, zinc, and 

copper) and nonmetals (such as chloride, 

bromide, iodide, and selenium) in conjunc-

tion with the elemental building blocks of bi-

ological molecules (such as carbon, oxygen, 

nitrogen, hydrogen, sulfur, and phosphorus). 

Thus, depending on their specialized func-

tions and activities, each type of cell has a 

unique metal ion composition or “metal-

lome.” These attributes can be exploited to 

distinguish cells with altered characteristics 

(such as highly proliferative or malignant, 

diseased, or transitioning toward cell death 

through regulated or unregulated pathways), 

or senescent in a range of disease settings 

(such as dementia, diabetes, and cancer).

Pr ior to the development of e lemen-

tal bioimaging achieved through coupling 

instrumentation, such as laser ablation to 

induc t ively coupled plasma – mass spec-

trometry ( ICP-MS), metal analysis of bio-

logical samples largely consisted of bulk 

quantification and speciation approaches. 

However, it became clear that this bulk tis-

sue concentration level information lacked 

the spatial resolution necessary to fully ex-

plore the roles of biological metals at the 

cellular and subcellular levels. Advancing 

Choose an area to image

Draw lines with the chosen spot size (x µm)

Choose an appropriate spot size

Acquire data at a constant line scan rate (s µm/s)
according to the ICP-MS duty cycle time (t)

Large Spots = low
spatial resolution

Very Small Spots = low
signal

Balance between
resolution and sensitivity

s = x/t µm/s s > x/t µm/s
Compressed

Image

s < x/t µm/s
Stretched Image

FIGURE 1: Procedure for image generation using LA-ICP-MS to avoid potential  
artefacts. Steps 1 through 4 are illustrated.
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our understanding of the role of biometals 

in fundamental biology and disease, there-

fore, required increased information on the 

spatial localization of metals in tissues, and 

this need has been met, to a large extent, 

through a number of elemental bioimag-

ing techniques including, but not limited 

to, synchrotron X-ray spec troscopy, sec-

ondary ion mass spectrometry (SIMS), and  

LA-ICP-MS (5). 

Materials and Methods

Elemental images or maps refer to an LA-

ICP-MS analysis that provides information on 

the elemental distribution across a sample’s 

two-dimensional area. An example would be 

the surface of a biological tissue section. As 

the laser is fired at the sample surface, the 

sample is moved at a defined and constant 

rate. This process allows the time profile of 

a line scan to be translated into a distance 

profile. Gathering multiple profiles across 

the sample generates a 2D image of the el-

emental distribution in the sample (3D after 

the ver t ical reconstruc tion of sequential 

2D image maps), where signal intensity is 

directly proportional to concentration. To 

avoid ar tifac ts, the duty cycle of the ICP-

MS instrument and the translation speed 

of the laser must be synchronized. Figure 1 

highlights this process of image generation. 

To image a given sample, a suitable area 

or region must be chosen through comple-

mentary imaging techniques such as clas-

s ical his tology or unstained microscopy 

images. Samples are t ypical ly prov ided 

for analysis as thin sections on microscopy 

slides. Depending on the sample type and 

level of struc tural preservation required, 

samples are either formalin-fixed paraf fin-

embedded (FFPE), or cryopreserved with or 

without embedding material. If an embed-

ding medium is used, a material of suitable 

purity for trace elements must be selected 

to avoid unnecessarily high backgrounds. 

To balance the analysis time versus image 

size, the spot size of the laser must be op-

timized. This parameter af fects the spatial 

resolution of the image and the sensitivity 

and the speed of the analysis. Larger spot 

sizes ablate more material, and therefore 

allow a greater quantity of sample to reach 

the plasma while the image generation is 

achieved in a shor ter t ime. Spot sizes of 

10 –25 µm can provide reasonable spatial 

resolution depending on tissue type and 

the biological quest ions posed. Smaller 

spot sizes (below 5 µm) provide superior 

cellular resolution, but require high sensi-

tivity to obtain a signal-to-noise ratio (S/N) 

of 10, of ten used as a minimum for quanti-

tative work. Subcellular resolution (below 1 

µm) can be obtained through an approach  

called oversampling (6). 

The correc t choice of the laser wave-

length and carrier gas is also important. A 

combination of a laser system in the deep 

ultraviolet (UV ) range (such as 193 nm), in 

combination with helium as a carrier gas, 

often provides the best results. Several key 

comparative studies highlight the per for-

mance characteristics between 193, 213, and 

266 nm laser systems (7–9).

To o bt a in  h ig h - q ua l i t y  imag e s w i t h 

enough contrast to dif ferentiate detailed 

structures, it is important that the ICP-MS 

system used for analysis provide high sig-

nal-to-noise ratios for the elements under 

study. This includes not only detection sen-

sitivity, but also the complete suppression 

of interferences. Particularly important ele-

ments in metallomics studies, such as iron, 

manganese, copper, or zinc, may be signifi-

cantly biased by polyatomic and other in-
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ter ferences, such as 40Ar16O+ (on 56Fe), 54Fe+ 

and 56Fe+ (on 55Mn), 40Ar23Na+ (on 63Cu) or 32S2
+, 

32S16O2
+ on 64Zn. There is also growing interest 

in understanding nutrient metabolism, and 

imaging additional elements such as Se, P, 

and S, is again biased by significant poly-

atomic interferences. Complete removal of 

these interferences in combination with high 

detection sensitivity is often only achieved 

using triple quadrupole–based ICP-MS in-

struments. Typical conditions for analysis 

of ten are similar to those summarized in 

Table I. 

Results

An increasing body of evidence has linked 

air pollution exposure to impac ts on the 

brain, ranging from cognitive impairments 

in childhood (10) to increased incidence 

of dementia in the aged population (11). 

TABLE I: Typical analysis conditions for a LA-ICP-MS system used for imaging applications 

Parameter Analysis Setting

Injector 2.5 mm i.d., quartz

Interface High sensitivity (2.8 mm) skimmer insert; Ni cones

RF power 1100 – 1550 W

CRC flow TQ-O2 modes: 0.4 mL/min

LA, Teledyne CETAC Iridia LA System

Ablation cell gas flow 0.3 – 0.8 L/min He (cell and transport tubing dependent)

Spot size 5–25 μm

Scan speed

Depends on laser spot size and either ICP-

MS dwell time (traditional imaging) or 

laser repetition rate (single dosage mode)

Laser energy 0.5 – 1.0 J/cm2

Repetition rate 10 Hz, up to 500 Hz possible with fast-washout systems
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Metal dyshomeostasis has been implicated 

in a range of neurodegenerative disorders 

(12), and there is preliminary evidence link-

ing these disorders to the accumulation of 

metals in the brains of dogs (13) and humans 

in highly polluted areas (14). Uncertainties 

remain, however, about how exogenous 

metals accumulate in the brain, with some 

evidence supporting the uptake of metal-

rich nanoparticles by the olfactory neurons 

in the nose to the ol fac tor y bulb region 

of the brain, and some speculation about 

par t ic les that have reached the systemic 

circulation crossing the blood–brain barrier 

(13–14). Allowing for either uptake pathway, 

there is even less knowledge about how 

par t ic les and par t ic le-associated metals 

move through the parenchyma of the brain, 

or whether they accumulate. Studying these 

questions is challenging due to the require-

ment to address long-term accumulative 

processes and in the limited access to rel-

evant material in the clinical setting. 

To overcome this, the option of using 

animal sentinel species to determine metal 

concentrations and distributions within their 

brains was explored, focusing on urban 

populations with clear exposure contrasts 

to traf fic-related air pollutants. This study 

focused on the use of the Eastern gray squir-

rel (Sciurus carolinensis), because these are 

routinely culled as part of population con-

trol ef for ts in London and throughout the 

United Kingdom. Therefore, they provide 

a unique resource to explore the impac t 

of environmental pollut ion on long-term 

metal accumulation in the brain. In this ar-

ticle, preliminary data exploiting LA-ICP-

MS to explore elemental pat terns within 

the brains of squirrels collected from inner 

London (high pollution) and outer London 

(low pollution) are presented. Following cull-

ing, whole brains were removed by pathol-

ogy technicians at the Zoological Society 

of London before being snap frozen. The 

frozen samples were then cyrosectioned at 

20 μm thickness before air drying on glass 

microscopy slides prior to LA-ICP-MS at 40 

μm resolution for 63Cu, 57Fe, and 208Pb, using 
31P as a morphology indicator. 

The representative images are presented 

in Figure 2. This data are preliminary, but 

clear contrasts are apparent in the spatial 

distribution of the selec ted elements be-

t ween the low- and high-pollut ion s i tes 

(clearest in panel C). The data show that Cu 

(of ten associated with brake dust) is ele-

vated in the olfactory bulb region of animals 

living in inner London whereas Pb appeared 

elevated in this brain region in the animals 

from outer London. Additionally, Cu concen-

trations appeared to be higher throughout 

the brains of the squirrels collec ted from 

inner London. Overall, Fe appeared higher 

in the outer London sample with evidence 

of high concentrations in the mid-brain re-

gion and clear high-intensity foci scattered 

throughout the parenchyma. 

As stated, these images at this time are 

simply indicative of the power of this tech-

nique to provide semiquantitative spatial 

data on metal concentrat ions within the 

brain, and it is planned to expand this work 

to a more comprehensive set of samples to 

complement our work using traditional ICP-

MS analysis of digested samples from dis-

crete brain regions. Ultimately, the power 

of these techniques requires that elemental 

maps be related to classical pathohistologi-

cal examination of the tissues so that metal 

intensity can be correlated to markers of 

overt neurological disease, or, through the 

application of other multi-model analy ti-

cal techniques, correlated to mechanistic 
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pathways linking air pollutant exposure to 

disease initiation and progression.

Conclusions

L A-ICP-MS allows isotopic mapping of a 

range of elements in biological samples to 

be performed with high sensitivity and high 

resolution. One major caveat of LA-ICP-MS 

is its destructive nature, par ticularly when 

applied to biological samples. In contrast 

to its application in geology, where nano-

meter-thick layers can be removed from sur-

faces of hard materials, when applied to el-

emental bioimaging, it typically completely 

ablates and removes cells and tissues from 

their support substrates during the analysis.

The resolution that can now be achieved 

using LA-ICP-MS, par ticularly with overs-

ampling approaches, is beginning to open 

up new applications in subcellular imaging 

(15), which is still highly dependent on cell 

size and the concentration of elements of 
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interest. In the field of elemental bioimag-

ing, rapid developments in laser hardware, 

af fording smaller spot sizes and therefore 

higher-resolution mapping, now require the 

sensitivity to measure such small amounts 

of material. Depending on the type of ICP-

MS (single quadrupole, triple quadrupole, 

sector field, time-of-f light), sensitivity may 

be a limiting factor to image endogenous 

metals at high resolution (such as 1 µm), 

especially when found in lower concentra-

tions. However, particularly in metallomics, 

the power of this analy tical technique lies 

in its incorporation into correlative multi-

model imaging and molecular mass spec-

t rometr y work f lows so that informat ion 

relating to the chemical environment asso-

ciated with specific elements is character-

ized and can be placed within the context 

of specif ic biological processes and their  

underlying mechanisms.
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Accurate, Low-Level Sulfur  
Analysis by ICP-MS Using MS/MS  
with Oxygen Reaction Cell Gas

Sulfur (S) is one of a small group of elements that have historically been difficult to 

analyze at low levels using conventional inductively coupled plasma–mass spectrometry 

(ICP-MS). Accurate low-level analysis of sulfur is required in applications in life science, 

clinical research, pharmaceutical development, food safety, environmental monitoring, 

geochemistry, and petrochemistry. ICP-MS analysis of sulfur is problematic because of 

the element’s high first ionization potential, which reduces sensitivity. Also, intense poly-

atomic interferences affect all the isotopes of sulfur. Background levels are also often 

high, due to the presence of S in many components used in laboratory equipment. ICP-

MS fitted with a collision/reaction cell can use oxygen (O2) cell gas to mass shift the 32S+ 

ions to SO+ product ions at mass-to-charge (m/z) 48, avoiding the on-mass interferences 

at m/z 32. However, mass 48 can also be affected by interference from 48Ca+, 48Ti+, and 
36Ar12C+, as well as from overlapping product ions such as 31P17O+. Also, applications such 

as isotope ratio measurements and isotope dilution mass spectrometry (IDMS) require 

the accurate determination of a minor isotope, 34S or 33S, as well as 32S. We describe how 

tandem mass spectrometry (MS/MS) controls the O2 reaction gas chemistry to resolve 

multiple spectral overlaps on all the sulfur isotopes. Combined with appropriate selection 

of instrument components to reduce the sulfur background, MS/MS can provide accurate 

low-level analysis of sulfur and sulfur isotope ratios in aqueous and organic matrices.

Ed McCurdy, Glenn Woods, Bastian Georg, and Naoki Sugiyama

Inductively coupled plasma–mass spec-

t rometr y ( ICP-MS) i s w idely used for 

multielement analysis of trace analy tes 

in a wide var iet y of sample t ypes. A few 

elements, including sulfur (S), are dif ficult 

to measure us ing convent ional (s ing le)  

quadrupole ICP-MS.

Applications that require low level sulfur 

analysis include petrochemical analysis (1,2), 

the study of biomolecules (such as proteins) in 

life science research (3,4), detection of sulfur 

compounds in foods (5), and development of 

sulfur-based pharmaceuticals (6,7). Accurate 

determination of sulfur at low concentrations is 

affected by several factors:

1. Sulfur has a high first ionization energy (or 

ionization potential) of 10.36 electron volts 

(eV), meaning it is only around 10% ion-

ized in a normal ICP plasma. This translates 

into 10x lower sensitivity than for a fully  

ionized element.

2. The main isotope of sulfur ( 32S, 95.04% 

abundance) suf fers intense background 

overlap from polyatomic ions including 
16O2

+ and 14N18O+, making trace analysis 
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impossible by conventional quadrupole  

ICP-MS.

3. The next most abundant isotope, 34S, ac-

counts for only 4.2% of total sulfur, meaning 

a further reduction in sensitivity by a factor 

of more than 20. This isotope also suffers 

from intense background interferences, as 

does the final potentially useful isotope, 
33S (0.75% abundance). The fourth naturally 

occurring isotope, 36S, is only 0.015% abun-

dant, and is overlapped by a minor isotope 

of argon. The most significant background 

polyatomic ions that overlap the isotopes of 

sulfur are shown in Table I.

4. Sulfur is present in many laboratory reagents 

and components, causing background  

contamination.

The commercial development of colli-

sion–reaction cells (CRCs) for ICP-MS in 1997 

(8) provided analysts with a novel approach to 

controlling interferences, solving many of the 

problematic spectral overlaps that had ham-

pered ICP-MS analysis (9,10). However, a small 

number of analytes, including sulfur, remained 

difficult to determine at low concentrations. 

Approaches to improve the detection of sul-

fur have included the use of xenon (Xe) cell gas 

to reduce the intensity of the 16O2
+ interference 

by collisional dissociation and charge transfer 

(11), and sector field high resolution ICP-MS to 

mass resolve the O2
+ (4), However, the use of 

xenon cell gas does not give low enough de-

tection limits for trace sulfur analysis, and sec-

tor field ICP-MS suffers from poor abundance 

sensitivity (peak tailing), which compromises the 

separation of the trace 32S+ peak from the much 

more intense neighboring 16O2
+ peak.

Oxygen (O2) cell gas can be used in the CRC 

of a single quadrupole ICP-MS instrument to 

promote the formation of SO+ product ions. The 

O2
+ interfering ions at m/z 32 do not react with 

the O2 cell gas, so S+ can be mass-shifted away 

from the original O2
+ overlap (12). But the SO+ 

product ion masses are overlapped by existing 

ions, including 48Ca+, 48Ti+, and 36Ar12C+ at m/z 48 

for 32S16O+. This approach is therefore not suit-

able for samples that might contain these other 

interfering elements, such as high Ca mineral 

waters and other environmental materials, or 

organic-based samples in petrochemical and 

life sciences applications (13).

Analysis of sulfur isotope abundance is of 

interest in several applications in environmental 

science, geochemistry, and hydrogeology. Such 

analysis requires interferences to be resolved on 

at least one of the minor isotopes of sulfur, 34S or 
33S, as well as the major 32S isotope. Minor iso-

topes must also be measured accurately to quan-

tify sulfur using isotope dilution. CRC methods 

using O2 cell gas with single quadrupole ICP-MS 

(with or without a bandpass cell) cannot control 

the formation of interisotope overlaps such as 
32S18O+ on 34S16O+, so accurate isotope ratio and 

isotope dilution analysis that requires analysis 

of 34S or 33S is impossible. Potential matrix-based 

and interisotope overlaps on the SO+ product ion 

masses are shown in Table II.

TABLE I: Potential polyatomic interferences on the main isotopes of sulfur

Isotope Abundance 
(%) m/z Ions Causing Spectral Interference

32S+ 95.04 32 16O₂+, 14N18O+, 15N16O1H+, 31P1H+

33S+ 0.75 33 32S1H+, 16O₂1H+, 16O17O+, 15N18O+, 14N18O1H+

34S+ 4.2 34 32S1H₂+, 33S1H+, 16O18O+
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The development of triple quadrupole ICP-

MS (ICP-QQQ) in 2012 (14) offered a way to ad-

dress the limitations of reaction mode methods 

on single quadrupole and bandpass ICP-MS. 

ICP-QQQ uses an additional quadrupole mass 

filter (Q1) before the CRC, allowing tandem mass 

spectrometry (MS/MS) operation. In MS/MS, Q1 

functions as a 1 u mass filter to select the spe-

cific mass that is passed to the cell. This excludes 

any ions that might be present at the mass where 

analyte product ions would appear (15). As each 

analyte precursor mass is passed to the CRC while 

excluding all other masses, ICP-MS/MS also re-

solves interisotope overlaps so accurate isotope 

ratio and isotope dilution analysis is straightfor-

ward. We investigate the potential interferences 

on sulfur from several common matrix elements 

and demonstrate ICP-MS/MS conditions that re-

solve the interferences on the sulfur isotopes of 

interest. We compare these results with operating 

the ICP instrument without MS/MS (Q1 >1 u mass 

window), and show examples of applications where 

complete resolution of the interferences is needed.

Experimental

Instrumentation and Reagents

Measurements were performed using an Agilent 

8900 ICP-QQQ (model #100, Advanced Applica-

TABLE III: ICP-MS/MS operating conditions for S analysis using O₂ mass shift

Parameter Instrument Conditions

Forward RF power (W) 1550

Nebulizer gas flow (L/min) 0.9

Makeup gas flow (L/min) 0.3

Sampling depth (mm) 8

Extraction lens 1 (V) -2

Extraction lens 2 (V) -150

Octopole bias (V) -120

KED (V) -8.0

Axial acceleration (V) 2.0

Cell gas mode O₂

Cell gas flow (mL/min) 0.45

Mass pairs measured

(m/z Q1 → Q2)

32 → 48

33 → 49

34 → 50

TABLE II: Potential overlaps (elemental and polyatomic ions) on SO+ product ions

Isotope Abundance 
(%) m/z Potential Interferences 

on SO+ Product Ions
32S16O+ 95.04 48 48Ti+, 48Ca+, 36Ar12C+, 31P17O+, 31P16O1H+

33S16O+ 0.75 49 49Ti+, 32S16O1H+, 32S17O+

34S16O+ 4.2 50
50Ti+, 50Cr+, 33S17O+, 50V+, 38Ar12C+, 

36Ar14N+, 32S18O+, 33S17O+
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tions configuration). The instrument was fitted 

with the standard glass concentric nebulizer, 

quartz spray chamber, quartz torch with 2.5 

mm injector, and nickel sampling and skimmer 

cones. The instrument model used includes an 

inert, low contamination argon gas flow path, 

which reduces levels of sulfur (and silicon) in the 

gas supplied to the plasma torch. The effective-

ness of this inert gas flow path is illustrated by 

the low ng/L (ppt) detection limit that can be 

achieved for sulfur in high purity semiconduc-

tor reagents (16). Samples were introduced via 

a peristaltic pump with 1.02 mm i.d. pump tub-

ing. Operating conditions are shown in Table III.

Sulfur standards and matrix element so-

lutions were prepared from single element 

stock standards (Agilent Technologies). Sul-

fur isotope standards were prepared from 

sulfur isotope CRMs IAEA-S-1, S-2, and S-3 

(National Institute of Standards and Technol-

ogy [NIST]). Ultrapure water was prepared in 

the laboratory using a Milli-Q Element system, 

and acids used for sample stabilization and 

matrix preparation were Ultra pure Normatom 

grade (VWR Chemicals).

Results and Discussion

Comparing MS/MS and Single Quad 

Mode for Analysis of S  as SO+

The mass-shift approach to resolve interfer-

ences has been described extensively (17). To 

assess the ability of MS/MS to resolve matrix 

interferences on the sulfur isotopes, mass spec-

tra were acquired covering the region where 

the S16O+ product ions would appear (m/z 48 for 
32S16O+, m/z 49 for 33S16O+, and m/z 50 for 34S16O+). 

The same acquisition was performed in MS/MS 

mode and “single quad” mode, where Q1 is 

operated as a simple ion guide (no mass filter-

ing). A 10 μg/L (ppb) S standard and separate 

solutions containing potentially interfering 

matrix elements Ca, Ti, and C were measured. 

The overlaid spectra (sulfur standard and matrix 

solutions) are shown for both modes in Figure 1.

The good isotope template fit and freedom 

from matrix overlaps for sulfur in MS/MS mode 

contrasts markedly with the severe overlaps ap-

parent in “single quad” mode. The difference 

is due to the inability of the single quadrupole 

to reject the existing Ca+, Ti+, and ArC+ ions at 

m/z 48 to 50, where the SO+ product ions are 

measured. In MS/MS, these interfering ions are 

all rejected by Q1, which is set to pass only the 

mass of the respective precursor S+ ions, so m/z 

32 for 32S, m/z 33 for 33S, and m/z 34 for 34S.

Controlling Product Ion Formation  

with Q1 in MS/MS Mode

With O-atom addition reactions, the large (16 

u) mass difference between the precursor and 

product ion masses means any existing ions at 

the product ion masses can be rejected, even if 

Q1 is operated in bandpass mode (mass window 

> 1 u). However, existing ion overlaps are not the 

only potential interferences that can affect the 

accurate measurement of S as SO+. If the sam-

ple contains phosphorus (P), 31P+ ions could also 

react with the O2 cell gas to form 31P17O+ product 

ions that would overlap the 32S16O+ product ions 

at m/z 48. This is illustrated in Figure 2, where 

a scan of a sulfur standard (25 μg/L) is shown 

overlaid with scans of 0.5% H3PO4 and 0.5% HCl. 

The solutions were measured in MS/MS mode 

and with Q1 set to pass a 3 u mass window (simu-

lating bandpass operation). In bandpass mode, 

the P matrix gives rise to an intense interference 

at m/z 32, while MS/MS ensures effective reso-

lution of the 31P17O+ product ions. Rejecting 31P+ 

while allowing transmission of 32S+ requires Q1 

to operate as a 1 u mass filter (MS/MS mode). 

Sulfur Isotope Analysis in Natural Waters

The relative abundance of the stable (non-radio-

genic) sulfur isotopes varies a lot in natural mate-
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rials due to fractionation during redox reactions. 

The variation in abundances is calculated as a 

deviation (or delta, δ) in the abundance of the 

minor isotope (such as δ34S), expressed in per mil 

(parts per thousand, ‰). Natural materials such 

as groundwaters, soil, vegetation, and rocks can 

contain sulfur isotopes with δ34S values ranging 

from -40‰ to +40‰, and occasionally more (18). 

This variation enables researchers to study pro-

cesses such as sedimentary rock formation and 

biogeochemical cycles. High precision sulfur 

isotope analysis is usually performed using an 

isotope ratio mass spectrometer (IRMS), such as 

a thermal ionization mass spectrometer (TIMS), 

secondary ionization mass spectrometer (SIMS), 

or multi-collector ICP-MS. However, the large 

variation in natural sulfur isotope abundances 

means that an ICP-MS/MS method with O2 cell 

gas can measure the differences in S ratios, al-

beit less precisely.

Determining accurate S isotope abundances 

by conventional ICP-MS can be affected by er-

rors from interisotope overlaps. Where the mass 

that enters the CRC is not tightly controlled, 

multiple sulfur isotopes can react to form prod-

uct ion overlaps. For example, 32S18O+ appears 

at the same mass as 34S16O+ (m/z 50), so accurate 

determination of 34S abundance is only possible 

if 32S+ is excluded from the CRC. As with adjacent 

mass overlaps (such as 31P17O+ on 32S16O+), resolving 
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FIGURE 1: Overlaid spectra of 10 μg/L (ppb) S standard (gray), 100 μg/L Ca matrix 
(blue), 100 μg/L Ti matrix (green), and 5% isopropyl alcohol (IPA, pink). (a) ICP-triple 
quadrupole MS in “single quad” mode (Q1 operated as an ion guide). (b) ICP-MS/
MS (Q1 operated as 1 u mass filter). Existing element overlaps on the SO+ product 
ion masses are eliminated with MS/MS, enabling accurate sulfur isotope abundance 
template match (red outlines).



32  ICP-OES and ICP-MS Techniques for Today’s Spectroscopists September 2020

inter-isotope overlaps requires Q1 to operate as 

a 1 u mass filter (MS/MS).

Sulfur isotopes were measured in a range 

of mineral water, river water, spring water, 

and seawater samples, using ICP-MS/MS in 

mass-shift mode with O2 cell gas. Sulfur iso-

tope calibration was based on IAEA-S-1, and 

bracketing standards were used for mass 

bias correction. The results are summarized 

in Figure 3. Excellent δ34S precision of less than 

0.9‰ SD (n = 10) was obtained. The accuracy 

of the method was confirmed by the measured 

δ34S value for NASS 5 seawater (21.5‰), which 

agreed well with the global average value for 

oceanic seawater of 21‰ (18).

Sulfur isotope analysis in geochemistry ap-

plications may require the measurement of the 
33S:32S ratio as well as 34S:32S. The 33S isotope can 

be measured as 33S16O+ using ICP-MS, but the 

large difference in abundance between 32S and 
33S isotopes can cause errors in the analysis of 

the minor isotope. In ICP-MS/MS analysis using 

O2 mass shift, 32S must be excluded from the 

CRC when 33S is measured. This separation can 

FIGURE 2: Overlaid spectra of 25 μg/L (ppb) S standard (gray) and 0.5% H3PO4 
matrix (pink); 0.5% HCl matrix (green) also shown. (a): ICP-triple quadrupole MS in 
“bandpass” mode (Q1 set to 3 u mass window). (b): ICP-MS/MS (Q1 operated as 1 u 
mass filter). PO+ product ion overlap on SO+ is eliminated with MS/MS, as confirmed 
by accurate S isotope abundance template match (red outlines). 
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be degraded either by poor Q1 resolution (mass 

window >1 u), or by poor abundance sensitiv-

ity (peak tail of 32S overlaps 33S). In both cases, 

the 32S peak would contribute to the signal at 

the adjacent mass 33, affecting the 33S:32S ratio.

This potential error was assessed by mea-

suring digested sulfide minerals and calcu-

lating the mass-independent deviation in the 

measured abundance of the 33S isotope (δ33S). 

Mass independent fractionation of sulfur iso-

topes rarely occurs naturally, so the defect in 
33S abundance calculated from Δ33S = δ33/32S 

- δ34/32S x 0.515 should equal zero, assuming 

equilibrium fractionation (19). A measured 

value of zero (within experimental error) 

therefore indicates no contribution from 32S 

on 33S. The results obtained with ICP-MS/MS 

are shown in Table IV, with a δ33S of -0.1 con-

firming no contribution from 32S on 33S mea-

sured as the 33S16O+ product ion.

Conclusions 

ICP-MS/MS using O2 cell gas to mass shift the S+ 

ions to their respective SO+ product ion masses 

provides the opportunity to determine sulfur ac-

curately at lower levels than was previously pos-

sible by ICP-MS. By allowing only the target S+ 

precursor ion into the CRC, MS/MS eliminates 

potential interferences from other reactive ions 

(such as 31P+) and from existing ions at the product 

ion masses (such as 48Ca+, 48Ti+, and 36Ar12C+).

MS/MS also excludes the possibility of inter-

isotope overlaps, enabling accurate sulfur iso-

tope analysis in complex sample matrices. These 

measurements cannot be performed successfully 

using conventional single quadrupole or band-

pass ICP-MS.
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TABLE IV: Calculated defect (Δ33S) in measured 33S isotope abundance, confirming 
no mass-independent fractionation (32S did not contribute to 33S signal using ICP-
MS/MS)

δ33/32S (‰) δ34/32S (‰) Δ33S (‰)

Average (n = 7) 0.1 0.4 -0.1

2 x SD 2.8 2.1 1.9
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