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EDITORIALEDITORIAL

A favour: let’s keep in touch
With many people working remotely due to the coronavirus 
pandemic, it is a sensible time to ask you to check the details 
we hold for you regarding your free subscription to Spectroscopy 
Asia. In particular, it is important for successful communication 
that we have an up-to-date e-mail address.

Update your profile
Please got to https://www.spectroscopyasia.com/user and 
update your information by logging in and clicking on Edit Profile. 
(Your e-mail address will work as the username.) If you have 
forgotten your password, there is a link to Reset your Password. 
If you can’t login, see the guide opposite.

Please check and update your details and when you get to the 
last page, you can select options as to how you wish to receive 
Spectroscopy Asia and how you wish us to communicate with 
you.

I cannot login
If you cannot login, you have two options:
1) Create a new account, and on the final page of the form tick 

the box that you already receive a print copy and enter your 
customer number from the label carrier (if you still have it). 
Here, you can also select options as to how you wish to receive 
Spectroscopy Asia and your communication preferences. 
We will then remove the old, duplicate account for you.

2) E-mail subs@impublications.com with your customer 
number and address details. We will locate your account, 
update your e-mail address and send you details so you can 
log in.
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SORS doesn’t waste a drop

Iconic bottles of whisky have been 
known to sell for prices over £1 million. 
But how can you be confident that the 
contents of the bottle are the genuine 
product? Counterfeit drinks cost the UK 
economy more than £200 million in 
lost revenue each year, according to a 
2018 study published by the European 
Union’s Intellectual Property Office. New 
research led by scientists from the School 
of Physics and Astronomy at St Andrews 
University, published in Analytical 
Methods (doi.org/d8w6), has led to the 
development of a type of spatially offset 
Raman spectroscopy (SORS) which can 
see through the bottle to analyse the 
contents. The challenge in doing so was 
to record a signal from the contents with-
out recording signals from the glass.

Researchers at St Andrews demon-
strated a decade ago that Raman 
spectroscopy could be used to iden-

tify counterfeit whisky. However, their 
previous method was hampered by 
the fact that the alcohol is not the only 
material to scatter light: the glass of the 
bottle can create an even bigger signal 
which dwarfs the signal produced by 
the contents. Therefore, previous setups 
required the removal of a small quan-
tity of the liquid for testing. The group of 
postdoctoral researchers, Holly Fleming, 
Mingzhou Chen and Graham Bruce, led 
by Professor Kishan Dholakia, developed 
a new method to accurately measure the 
contents of a bottle. Rather than illumi-
nating the bottle with a standard laser 
beam, the team used a glass element 
to shape the light to produce a ring of 
laser light on the bottle surface and a 
tightly focussed spot within the liquid 
contents. As the signal from the bottle 
and the signal from the liquid are at 
different positions, a detector can be 

placed to record only the signal from the 
liquid, meaning the bottle contents can 
be assessed without ever opening the 
bottle.

Professor Kishan Dholakia said: 
“Personally, I hate it when I have to spare 
a drop of whisky for validation checks. 
I’d much rather drink the whole bottle. 
Laser spectroscopy is a powerful tool for 
characterising the chemical make-up of 
many materials, but to use it to character-
ise alcohol in its original container in this 
simple way is really exciting.”

The approach does not require 
complex optical setups and, therefore, 
promises to be easily manufactured for 
widespread use. If whisky isn’t to your 
taste, the researchers have also demon-
strated the method using vodka and gin. 
Meaning that, in future, you will be able 
to authenticate your expensive alcohol, 
without wasting a drop!

NMR techniques for the analysis of paramagnetic materials
Nuclear magnetic resonance (NMR) 
spectroscopy methods study the struc-
ture of diamagnetic molecules very well. 
In these molecules the electrons are 
paired together and their NMR spectra 

are straightforward to analyse since the 
signals are usually sharp and in distinc-
tive regions according to the structure 
of the molecule. However, with NMR 
methods it is difficult to investigate the 

structure of paramagnetic compounds, 
which have unpaired electrons. These 
include, for example, some medical 
contrast agents. They are attracted to 
external magnetic fields and interfere 
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with the measurements. Chemists at Kiel 
University have now succeeded in devel-
oping a toolbox of NMR methods which, 
for the first time, enable detailed struc-
tural analysis of paramagnetic complexes 
in solution. They recently demonstrated 
the extensive application possibilities of 
their toolbox in chemistry and beyond 
in Angewandte Chemie (doi.org/d9d9).

“The number of suitable NMR meth-
ods for paramagnetic complexes has 
been limited so far. Structural information 
is typically lost since the signals are broad 
and in less predictable regions”, explains 
Anna McConnell, Junior Professor in the 
Otto Diels Institute of Organic Chemistry 
at CAU. She is investigating paramagnetic 
“molecular cages”, where several mole-
cules self-assemble into more complex 
structures with a cavity that can bind 
other molecules. As a long-term goal, 
these molecules could be, for exam-
ple, medicinal substances that are trans-
ported and released at particular parts of 
the body. “But for this we first need more 
information about the structures of these 
paramagnetic complexes”, McConnell 
continues.

Together with a research team from 
the Institutes of Organic and Inorganic 
Chemistry, McConnell has developed 
various NMR methods to reliably obtain 
and interpret NMR data on paramag-
netic compounds. Used in combination, 
the methods of their toolbox provide a 
comprehensive picture of such molecu-
lar structures. In some cases, the results 
are even better than those with compa-
rable standard methods for conventional 
diamagnetic compounds, the team 
found. “Data acquisition for the paramag-
netic compounds was much faster and, 
in some cases, we obtained the struc-
tural information in one paramagnetic 
experiment instead of several experi-
ments for a diamagnetic compound”, 
said McConnell.

The research team carried out detailed 
investigations on the 500 MHz and 
600 MHz spectrometers in the spec-

troscopy department of the Otto Diels 
Institute of Organic Chemistry to deter-
mine how to adapt the standard experi-
ments for analysis of the paramagnetic 
complexes. With this, they produced an 
instruction manual on how to apply the 
toolbox to other paramagnetic complexes 
and spectrometers. “The development 
of these paramagnetic NMR methods 
is a big breakthrough for our day-to-day 
research and we are hopeful that they 
will help other researchers as much 
as us”, said Marc Lehr, PhD student in 
McConnell’s group and first author of the 
paper. The research team hopes that this 
will contribute to the application of these 
methods in different areas of chemistry 
and beyond. In their study they demon-
strated the toolbox’s broad versatility for 
at least fields from coordination chem-
istry and spin-crossover complexes to 
supramolecular chemistry.

As the next step, the research team 
plans to apply these methods to the 
analysis of larger and even more complex 
paramagnetic cages. “Molecular cages 
whose structures can be changed by irra-
diation with light are one example of a 
more complex cage. Using light-respon-
sive cages we might be able to release 
the guest molecules in a truly targeted 
manner in the future”, McConnell hopes.

Cavity ring-down spectroscopy reveals how corals 
accumulate pollutants
Marine pollutants are taken up by 
corals directly from seawater as well 
as through accumulation in their food 

shows research from KAUST using 
cavity ring-down spectroscopy. This is 
the first time the approach has been 

www.starna.com    
+44 (0) 20 8501 5550

sales@starna.com  

Are you 
compliant 
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European 
Pharmacopoeia 
10.0 and 
USP <857> 
Standards?
Materials provide an essential 
tool to achieving data integrity 
and compliance!

Wide range of available 
materials to cover all AIQ 
requirements:
Wavelength accuracy: Deep UV to NIR
Absorbance accuracy & Photometric 
Linearity: up to 3.5 A
Stray Light
Instrument Resolution

UKAS Accreditation as a:
Reference Material Producer -  
ISO 17034
Calibration Laboratory -  
ISO/IEC 17025

NIST Traceable
Lifetime Guarantee
Fast re-calibration service

“Molecular cages” are nano-sized structures 
that can bind and transport other molecules 
like medicinal compounds. In order to 
release them again in a targeted manner, 
information about their structure and prop-
erties is needed, but these paramagnetic 
compounds are difficult to analyse.
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used to measure pollutant accumula-
tion.

A hydrocarbon pollutant, phenan-
threne, was monitored to see how it 
accumulates in coral tissue by a team 
formed by members from Agusti’s and 
Duarte’s labs at the Red Sea Research 
Center, collaborating with researchers at 
the Australian Institute of Marine Science 
(AIMS). Coral colonies were grown at the 
AIMS National Sea Simulator for a fort-
night before being exposed to phenan-
threne, which is often used as a model 
for oil pollution. The researchers intro-
duced phenanthrene through two routes. 
They fed it to microalgae that were then 
ingested by the corals, and they also 

exposed corals to phenanthrene directly 
in seawater. To track the uptake and 
accumulation of phenanthrene, they 
labelled it with 13C and used cavity ring-
down spectroscopy to measure the 13C 
levels in the coral tissues over the course 
of six days.

The analysis showed that the corals 
accumulate similar total amounts of 
phenanthrene, whether via diffusion from 
the seawater or through uptake in their 
food. However, the rate of uptake was 
faster via seawater exposure than from 
feeding. Ananya Ashok, the lead author 
of the study, explains that this finding 
was counterintuitive and points out that 
uptake is only part of the picture. “It’s not 

a one-way process. There’s a dynamic 
process of accumulation and elimination 
constantly happening. It’s possible that 
phenanthrene is being retained more 
from the diet even though it’s taken up 
at a slower rate”, she says.

Understanding the full dynamics of 
this process is ongoing. The team has 
experiments planned to investigate 
pollutant excretion by corals as well as 
the role of other players, such as cope-
pods, in the food web. “It’s important to 
consider more than one route of accu-
mulation when doing assessments and 
setting thresholds for these chemicals in 
natural environments where corals live”, 
says Ashok. “All of the different pathways 
and dynamics help to develop a more 
integrated regulatory picture.”

This new technique has significant 
advantages, Agusti explains. “It is an alter-
native to the use of radioactive isotopes, 
traditionally used to trace compounds in 
organisms and food webs.” Radioactive 
isotopes are potentially harmful to the 
environment. Also, their toxicity makes 
it challenging to correctly estimate how 
well marine organisms tolerate pollution. 
The new technique resolved these risks 
and makes it possible to run experiments 
for weeks instead of just hours.

The  resea rch  i s  repor ted  in 
Ecotoxicology and Environmental Safety 
(doi.org/d62d).

Major speed increase for IR spectroscopy
Dual-comb spectroscopy can achieve a 
measurement rate of 1 million spectra 
per second. However, in many instances, 
more rapid observations are required in 
order to produce fine-grain data. For exam-
ple, some researchers wish to explore the 
stages of certain chemical reactions that 
happen on very short time scales. This 
drive prompted Associate Professor Takuro 
Ideguchi from the Institute for Photon 
Science and Technology at the University 
of Tokyo and his team to look into and 
create the fastest infrared spectroscopy 
system to date.

“We developed the world’s fast-
est infrared spectrometer, which runs 
at 80 million spectra per second”, said 
Ideguchi. “This method, time-stretch 
infrared spectroscopy, is about 100 times 

faster than dual-comb spectroscopy, 
which had reached an upper speed limit 
due to issues of sensitivity.”

Time-stretch infrared spectroscopy 
works by stretching a very short pulse 
of laser light transmitted from a sample. 
As the transmitted pulse is stretched, 
it becomes easier for a detector and 
accompanying electronic circuitry to 
analyse it accurately. A key high-speed 
component that makes it possible is 
a quantum cascade detector, devel-
oped by one of the paper’s authors, 
Tatsuo Dougakiuchi from Hamamatsu 
Photonics.

“Natural science is based on experi-
mental observations. Therefore, new 
measurement techniques can open 
up new scientific fields”, said Ideguchi. 

“Researchers in many fields can build on 
what we’ve done here and use our work 
to enhance their own understanding and 
powers of observation.”

They have published the detail of their 
research in Communications Physics 
(doi.org/d8gh).

Corals take up marine pollutants directly from seawater as well as through accumulation in their 
food. © 2020 KAUST-AIMS

Time-stretch infrared spectroscopy. Laser 
pulses lasting for just femtoseconds are 
stretched to the nanosecond range. ©2020 
Ideguchi et al.
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Photoluminescence spectroscopy of semiconducting crystals
Tohoku University researchers have 
improved a method for probing semi-
conducting crystals using omnidirectional 
photoluminescence (ODPL) spectros-
copy to detect defects and impurities. 
“Our technique can test materials at very 
low temperatures and can find even 
small amounts of defects and impurities”, 
says Tohoku University materials scientist 
Kazunobu Kojima.

Kojima and his colleagues demon-
strated their approach using gallium 

nitride crystals. Gallium nitride is a semi-
conducting crystal that has been used 
in energy-saving light-emitting diodes 
(LEDs) since the 2000s. It has inter-
esting optic and electronic properties, 
making it attractive for many applica-
tions, including power-switching devices 
in electric vehicles. But it can develop 
defects and impurities during its fabri-
cation, which can affect performance. 
Currently available methods for testing 
these crystals are expensive or too inva-
sive. ODPL spectroscopy, on the other 
hand, is a non-invasive technique that 
can test the crystals, but only at room 
temperature. Being able to change the 
crystal’s temperature is important to 
properly test its properties.

Kojima and his colleagues found a way 
to set up an ODPL instrument so that 
the crystal can be cooled. The process 
involves placing a gallium nitride crys-
tal on an aluminium plate connected 
to a cooling device. This is placed under 
an integrating sphere and external light 
is shone through the sphere onto the 
crystal, exciting it. The crystal emits light 

back into the sphere in order to return 
to its initial unexcited state. The two 
lights, from the external source and the 
crystal, are integrated within the sphere 
and measured by a detector. The result 
reveals the crystal’s “internal quantum 
efficiency”, which is reduced if it contains 
defects and impurities, and can be meas-
ured even at very low temperatures.

The team’s modification—placing the 
crystal outside the sphere and connect-
ing it to something that cools it—means 
the temperature change crucial ly 
happens only within the crystal and not 
within the sphere. The scientists were 
able to measure the internal quantum 
efficiency of gallium nitride samples 
using this technique at temperatures 
ranging from –261 °C to about 27 °C.

“We next plan to use our method for 
testing other materials, such as perovs-
kites for use in highly efficient solar cells 
and boron nitride as an atomically thin 
two-dimensional material”, says Kojima.

The details of their new set-up were 
published in Applied Physics Express 
(doi.org/fcs6). 

FT-IR imaging study estimates 10× more plastic in the Atlantic than thought
It had been thought that about 17 
million tonnes of plastic had entered the 
Atlantic Ocean since 1950. However, 
this new study reported in Nature 
Communications (doi.org/d6xd) indi-
cates that there are about 12 million 
tonnes just in the top 200 m. Significantly, 
this figure is only for three of the most 
common types of plastic litter in a limited 
size range. This suggests that the supply 
of plastic to the ocean has been substan-
tially underestimated.

The lead author of the paper, 
Dr Katsiaryna Pabortsava from the 
National Oceanography Centre (NOC), 
Southampton, UK, said “Previously, we 
couldn’t balance the mass of floating plas-
tic we observed with the mass we thought 
had entered the ocean since 1950. This 
is because earlier studies hadn’t been 
measuring the concentrations of ‘invisible’ 
microplastic particles beneath the ocean 
surface. Our research is the first to have 
done this across the entire Atlantic, from 
the UK to the Falklands.

Co-author, Professor Richard Lampitt, 
also from the NOC, added “if we assume 
that the concentration of microplastics 
we measured at around 200 m deep 
is representative of that in the water 
mass to the seafloor below with an 
average depth of about 3000 m, then 
the Atlantic Ocean might hold about 
200 million tonnes of plastic litter in this 
limited polymer type and size category. 
This is much more than is thought to 
have been supplied. In order to deter-

mine the dangers of plastic contamina-
tion to the environment and to humans 
we need good estimates of the amount 
and characteristics of this material, how 
it enters the ocean, how it degrades and 
then how toxic it is at these concen-
trations. This paper demonstrates that 
scientists have had a totally inadequate 
understanding of even the simplest of 
these factors, how much is there, and it 
would seem our estimates of how much 
is dumped into the ocean has been 
massively underestimated”.

Pabortsava and Lampitt collected 
their seawater samples during the 26th 
Atlantic Meridional Transect expedition 
in September to November 2016. They 
filtered large volumes of seawater at 
three selected depths in the top 200 m 
and detected and identified plastic 
contaminants using FT-IR imaging. Their 
study focussed on polyethylene, poly-
propylene and polystyrene, which are 
commercially most prominent and also 
most littered plastic types.

The sample is placed outside the integrat-
ing sphere and onto an aluminium plate 
connected to a cooling device. © Tohoku 
University

www.spectroscopyasia.com
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Study on lipid metabolism 
in human breast tissues by 
near infrared spectroscopy

Shuo He Yan,a,* Zheng Zhua and Joëlle Wallonb

aFaculty of Bioscience Engineering, Université Catholique de Louvain, Rue de la Neuville 54/101,1348 Louvain-la-
Neuve, Belgium. E-mail: shouheyan12@yahoo.com 
bAnatomie Pathologique, A.N.A.P., Avenue de la Corniche 10, 1310 La Hulpe, Belgium

Introduction
Near infrared (NIR) spectroscopy diagno-
sis of human breast cancer uses tissue 
sections similar to those used by patholo-
gists. However, in NIR analysis, both non-
stained cancerous and non-cancerous 
tissue can be assessed. Moreover, NIR 
diagnosis is dependent upon compari-
son with normal tissue, which is chosen 
from a benign fibroglandular non-tumor-
ous zone. Our approach is to try to deter-
mine the difference between the two 
tissue types, and express as frequency 
(F %) those points in NIR second-deriv-
ative spectra that only exist in normal 
tissue (points of difference).

We have identif ied four zones 
within the NIR wavelength region with 
differences between cancerous and 
non-cancerous tissue: zones A (1160–
1260 nm), B (1740–2070 nm), C (1990–
2070 nm) and D (2310–2380 nm): 
Figure 1(c). Within zone C, there are two 
points of difference, C1 (2012–2016 nm) 
and C2 (2044–2048 nm), which are 
always found in normal (non-cancerous) 
tissues, so their F % is as high as 100 %. 
Conversely, in cancerous tissue, it is as 
low as nearly 0 %. This difference may 
originate from either ATP or DNA, since 
ATP has a C1 at 2016 nm and a C2 at 
2048 nm in normal tissues, but DNA has 
a C1 at 2034 nm and a C2 at 2078 nm in 
cancerous tissues. Hence why NIR spec-
troscopy can diagnose tissue types as 
cancerous or not in human breast tissue 
qualitatively.1

The points of difference in zone B 
include B2 (1764–1768 nm) and B3 

(1786–1788 nm), where F % is always 
as high as 100 % in normal (non-cancer-
ous) tissues. However, in cancerous 
tissues, F % starts at a level of 90–100 % 
in SBR I tissue and then decreases rapidly 
from 70 % to 30% in SBR II sub-type 
tissue from IIa to IIc, and reaches 0 % 
in SBR III cancerous tissues. The Scarff-
Bloom-Richardson (SBR) system grades 
tumours into three prognostic categories 
and is used to discriminate the aggres-
siveness of invasive ductal carcinomas.

This system is applied only to discrimi-
nate the aggressiveness of invasive carci-
nomas. This difference may come from 
the breast lipids, which are seen in B2 at 
1766 nm and B3 at 1788 nm in normal 
breast tissues. So, breast lipids may 
enable NIR spectroscopy to diagnose 
cancerous aggressiveness quantitatively.1,2

Our first paper on this topic was 
published in Applied Spectroscopy in 
19943 and the results were also reported 
at the 6th International Conference on 
NIR Spectroscopy (ICNIRS). At the 7th 
ICNIRS in 1995,1,2 we reported qualita-
tive and quantitative NIR diagnosis of 
tissue types and cancerous aggressive-
ness using F % for a single case or mean 
frequency MF % for each type.

At the 10th International Breast Disease 
Congress in 1998,4 we introduced 
chemometric techniques combined 
with F % to characterise cancerous and 
normal human breast tissues. The differ-
ence in F % between the two tissues 
types expressed by the t-value in zones 
B and C is 4.59–4.75 and 7.86–8.02, 
respectively; the p-values are less than 

0.01 and 0.001, respectively, confirming 
the significance of the results. Moreover, 
principal component analysis (PCA) 
can be combined with NIR F % in the 
calibration, prediction and test sets for 
qualitative and quantitative analysis. At 
that meeting, many pathologists were 
surprised to see that microscopy diagno-
sis could be replaced by NIR spectros-
copy with a 95 % precision.

To understand the basis of the NIR 
diagnosis, we have pioneered 14C-glucose 
metabolism research since 1994. In 
cancerous tissues, glucose escapes the 
normal metabolic pathway and follows 
the pentose phosphate pathway, which is 
why the F % is 0 % in zone C. We have 
also confirmed that the F % is always 
as high as 90–100 % in non-cancerous 
tissues. Through this process we find that 
the lipid content decreases as the cancer-
ous aggressiveness increases. The NIR 
diagnosis of aggressiveness only results 
from breast lipids, neither ATP nor DNA 
are involved here. Moreover, we also 
established the NIR qualitative diagnosis 
of MCF7/6 breast cancer cells based on 
cytological evidence.

The purpose of writing this article is 
to thank Professor John M. Chalmers, 
who invited me to write a review paper 
on beer for the Handbook of Vibrational 
Spectroscopy. This invitation gave me 
the courage to write a book in English on 
breast cancerous research, which John 
edited.1 NIR spectroscopy is a truly capti-
vating field and I was delighted to serve 
on the organising committees of the 3rd 
and 4th ICNIRS.

www.spectroscopyasia.com
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In the process of writing the Chinese 
version of our English book,1 which 
re-analysed the results of past studies, I 
realised that the results of the glucose 
metabolism study might lead us to 
understand the basis for an early diag-
nosis based solely on body temperature, 
which would avoid any surgical interven-
tion in diagnosis. This will have to be 
confirmed by my successors, and I wish 
them success.

Results and discussions

Differences between cancer-
ous and normal tissues exist in 
their NIR spectra
Supposing that there are differences in 
the spectra of cancerous and non-cancer-
ous tissues, it is reasonable to assume 
that these should be easier to distinguish 
in spectra recorded from more aggres-
sive cases, such as an invasive ductal 
carcinoma (IDC), grade SBR III.3

Non-cancerous and normal tissue 
samples were collected at a distance 
from the cancerous zone, and cancer-

ous tissue samples were taken from the 
non-necrotic cancerous zone. The origi-
nal mean spectra were collected from 
ten corresponding tissue sections using 
the NIR log10 (1/R) values, and were 
recorded from both cancerous (C) and 
non-cancerous (N) tissues. The spectra 
of these two types are shown in Figure 
1(a). The overlaid second-derivative 
NIR spectra of N and C tissues from the 
same SBR III grade case are also shown 
in Figure 1(b).3

After a comparison of the two overlaid 
second-derivative spectral profiles from 
1100 nm to 2500 nm, we were able to 
select four zones of bands, A, B, C and 
D [Figure 1(c)]. To evaluate whether a 
significant difference existed between the 
means of the two types of breast tissue, 
we used the points of difference in nm 
as the statistical input data from 52 cases 
(including one MCF7/6 cultured cancer-
ous cell) and 337 tissue sections. After a 
t-test5 for zones C (1950–2122 nm) and 
B (1730–1822 nm), the highest t-values 
were 7.86–8.02 and 4.59–4.75, so the 
p-values are less than 0.001 and 0.01. 

Therefore, we proposed that the differ-
ence between C1, C2 and B2, B3 points 
of difference could be used as an NIR 
spectroscopy diagnostic tool, and we 
called them diagnostic map C and diag-
nostic table B, respectively.1

Evaluation of NIR diagnosis by 
calibration, prediction and test 
set
The results of the calibration and predic-
tion series, each from 52 individual 
cases, are shown in the scores plots in 
Figure 2(a and b). Hence, we had 28 
and 24 mean spectral data values from 
each series with points of difference of 
cancerous and non-cancerous cases, 
respectively.1

Calibration set
The calibration set consisted of 27 (IDC) 
SBR grade I, II and III patients (black 
squares) and one MCF7/6 cancerous 
cell (black triangle), and 15 SBR grade 
non-cancerous tissue (open squares) 
and 9 benign tumour patients with 
normal tissues (open circles), Figure 2a. 
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A B C D Figure 1. (a) NIR original spectra and (b) NIR second-derivative 
spectra of cancerous (C) or normal (N) tissues. Reproduced from 
J. Wallon, S.H. Yan, J. Tong, M. Meurens and J. Haot, “Identification of 
breast carcinomatous tissue by near-infrared reflectance spectroscopy”, 
Appl. Spectrosc. 48(2), 190–193 (1994). (c) Second-derivative spectra 
from a control normal sample showing the four selected zones and 
the points of difference within them. Reproduced from J. Wallon, S.H. 
Yan and J. Haot, “identification of human breast tissue by NIR spectros-
copy”, in Near Infrared Spectroscopy: The Future Waves - Proceedings 
of the 7th International Conference, Ed by A.M.C. Davies and P.C. 
Williams. NIR Publications, Chichester, UK. https://store.impopen.com/
near-infrared-spectroscopy-the-future-waves-proceedings-of-the-7th-in-
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Figure 2(a) shows the best PCA map 
C, obtained using pre-processing with 
range-scaling, in which the first two PCs 
together accounted for 93.56 % of the 
original variances: PC1 for 80.70 % and 
PC2 for 12.86 %.

In Figure 2(a), all 27 (IDC) cases are 
closest to the MCF7/6 cancerous cell, 
followed by the aggressive cases from 
SBR III (3), IIc (c2), IIb (b2) and SBR I 
(1) patients. All normal control and non-
cancerous cases lie furthest away from 
the MCF7/6 cancerous cell position. The 
incorrectly or borderline classified cases 
correspond to 2 % (1/52) and 6 % 
(3/52) for non-cancerous and cancerous 
cases, respectively. However, if the same 
input data were treated by non-linear 
regression first and then plotted with 
PCA, the mapping error decreased from 
0.012060 to 0.006142. Then it would be 
easy to determine whether both cases 
were just borderline or not.1

Prediction set
Figure 2(b) shows results for the predic-
tion set. It has been overlaid on Figure 
2(a) to validate the calibration. We have 
developed a software package—CAIBT 
(Chemometric Approaches to Identify 
Human Breast Tissues, not published)—
to automate the testing of individual 
cases. The NIR spectral data are input 
and the case type is determined by 
its position compared to the calibra-
tion samples;6 the closer, the higher is 

the resemblance. In conclusion, the 
NLM-PCA map can diagnose higher or 
lower-grade aggressive SBR cases with 
an acceptable error rate.1,7

Test set
The test set was used to validate the 
NIR procedure:1 for example, the ability 
of the procedure to distinguish malig-
nant from benign breast cases, and the 
most malignant aggressive cases from 
the lesser ones. Input data included 35 
cases of fibroadenoma and control, non-
malignant, surrounding tissues. In total, 

92 cases are shown in Figure 3, which 
shows map C for the best PCA diagno-
sis.1 All input data was pre-processed 
by range scaling, combined with mean 
centring. Furthermore, 96.22 % of the 
original variances are accounted for, PC1 
for 84.37 % and PC2 for 11.85 %.

The 33 malignant tumour score points 
(*) from aggressive higher-cystosarcoma 
phyllodes (hCP) malignant tumour cases 
are clearly located on the right of the 
map along with the MCF7/6 cancerous 
cell score (+) point. The five less-aggres-
sive lower-cystosarcoma phyllodes (lCP) 
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Figure 2(a). The PC1 vs PC2 diagnostic map C for classifying SBR-grade cases. (b) Improvement of Figure 2(a) by using NLM-PCA. © 2009 IM 
Publications, reproduced from Reference 1 with permission.
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malignant tumour cases (*) are located 
towards the bottom of the right half; a 
dashed ellipse has been drawn around 
these. The score points from control 
normal or non-malignant (o) and benign 
(x) tissues are positioned separately, 
mostly in the left part of map C. Normal 
and non-cancerous (o) samples have a 
tendency to lie closer to the top of map 
C, while benign tumour score (x) points 
are more often located nearer to the 
middle of Figure 3. The boundary line 
through PC1 = 0.15 (from the bottom 
to the top) clearly separates the MCF7/6 
cancerous cells and all malignant tumour 
score points in the right part of Figure 3, 
with all other types of tissue being situ-
ated in the left part.

NIR diagnostic tools in zone 
C and B are based on ATP or 
breast lipids
NIR diagnostic tools in zone C are based 
on ATP, in which normal tissues have 
C1 at 2016 nm and C2 at 2048 nm. ATP 
spectra were recorded using the follow-
ing procedure: about 10 mg ATP chemical 
reagent (Roche Biochemical, Inc., purity 
100 %) was sandwiched between two 
glass coverslips, then placed between 
two 50-mm diameter glass-fibre filters 
(Millipore AP 4007), each having a 
20 mm diameter hole in the centre and 
mounted between two 55-mm diam-
eter glass windows. The assembly was 
then placed in the reflectance sample 
cup. The spectra of ATP were measured 
from 1100 nm to 2500 nm at wavelength 
intervals of 2 nm. A background reference 
spectrum was obtained by recording the 
NIR spectrum under the same conditions 
as the sampling assembly, but without 
ATP being present. The ATP original spec-
trum was transformed into the second 
derivative NIR spectrum by NSAS soft-

ware (Foss). The NIR spectra of DNA 
(also RNA) were recorded in the same 
procedure as for ATP.1,8

The spectra of MCF7/6 cells were 
recorded by the following procedure: 
MCF7/6 cells were first washed with 
physiological water and then centrifuged 
for 10 min at 5000 rpm and 10 °C. Then 
washed again using distilled water and 
centrifuged again under the same condi-
tions. A suspension drop containing 
about 1–2 mg of fresh cells, after drying 
at room temperature to form a thin 
uniform film, was placed between a pair 
of cover slips, then sandwiched together 
and placed in the reflectance sample 
cup. NIR reflectance spectra of MCF7/6 
cells were recorded for ATP and DNA.1,8

NIR diagnostic tools in zone B are 
based on breast lipids, with B2 found at 
1766 nm and B3 at 1788 nm in normal 
tissues. That is why zone B can diag-
nose cancer aggressiveness quantita-
tively by using F % or MF %.2,9 The breast 
lipid spectra were recorded as follows. A 
cancerous tissue section with SBR I grade 
was maintained at about 95 °C to 100 °C 
for five minutes, after which a drop of 
breast lipids was revealed in the form of 
an oil drop that was yellow in colour. This 
was then collected using a glass Pasteur 
pipette (230 mm, VWR International 
SAS) and placed between a pair of cover 
slips for NIR analysis. The NIR second-
derivative spectra of these breast lipids 
are within the range of the B2 and B3 
significant points of difference of normal 
human breast tissues, as collected from 
the non-tumour zone of benign fibro-
glandular tumours (see Table 1).

Table 1 is a summary of the elemen-
tary reasons why NIR spectroscopy deliv-
ers diagnostic evidence as well as the 
motivation for all our research.5 In the 
corresponding NIR spectra, there are 

two peak positions for DNA in zone C at 
2034 nm and 2078 nm, but for MCF7/6 
breast cancer cells it is at 2024 nm and 
2058 nm. Both are shifted and far away 
from ATP or non-cancerous tissues. 
Therefore, we can identify cancerous 
cases from non-cancerous cases using 
the NIR diagnostic tool of C1 and C2.

ATP can also be a valuable tool for the 
diagnosis of breast cancer: in cancerous 
tissue, ATP is absent, but DNA exists, 
so the F % in zone C is always 0 %. 
However, the F % in zone B is as high 
as 90–100 % in SBR I cancerous tissue, 
decreases rapidly from 70 % to 30 % in 
SBR II and to 10-0 % in SBR III cancerous 
tissue.1 This means that breast lipids are 
a valuable tool for the diagnosis of breast 
cancer aggressiveness.1

The NIR spectra of fresh MCF7/6 cells 
are similar to cancerous tissues, but 
are completely different from those of 
normal or non-cancerous tissues.5

Evaluation of NIR tools based 
on 14CO2 production ratios Vn 
and Vc5,6

In 1998, we discovered that glucose 
metabolism changes when human 
breast cancer develops. In order to eluci-
date the complex metabolic pathways 
of glucose, it is often necessary to use 
selective-positioning of the radioiso-
topic label. For example, 1-14C-glucose 
(in which the first carbon is labelled), 
6-14C-glucose (in which the sixth carbon 
is labelled) or U-14C-glucose (which is 
uniformly labelled; all carbons from posi-
tions one to six are labelled).

If 14C-glucose follows a different meta-
bolic pathway in cancerous and non-
cancerous tissues, this will be reflected 
in the 14CO2 production ratios, Vc or Vn, 
respectively. If (Vn-1/Vn-6) = 1, it will 
have followed the Embden–Meyerhof 

Test points
Normal tissue 

(nm)
Non-cancer 
tissue (nm)

Breast 
lipids (nm) ATP (nm)

Cancerous 
tissue (nm)

MCF7/6 cancer 
cells (nm) DNA (nm)

C1 2012–2016 2012–2016 — 2016 2018–2022 2024 2034

C2 2044–2048 2044–2048 — 2048 2052–2058 2058 2078

B2 1764–1768 1764–1768 1766 1774 1750–1762 1730 1752

B3 1786–1788 1786–1788 1788 1798 1770–1784 1782 1776

Table 1. Comparing the NIR diagnostic tool with test-points of breast lipids, ATP or DNA.
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process and the Krebs cycle pathway, 
and tissue is normal or non-cancerous. 
If (Vc-1/Vc-6) > 1, it will have followed 
the pentose phosphate pathway and is 
cancerous tissue.

Of the seven patients (aged from 41 
to 60), one had a fibro-glandular benign 
tumour and two each had SBR I, SBR II 
and SBR III grade tumours. We wanted 
to determine the relationship between 
F % and the 14CO2 production ratios (Vc 
or Vn).10

Table 2 shows the F % analyses of 
10–15 tissue sections of both cancerous 
and non-cancerous tissue. The MF % 
data (in brackets in Table 2) are given 
for reference. These were collected from 
six benign tumours and IDC SBR I, II and 
III cases. In total, 27 cases of normal or 
non-cancerous tissues. The MF % data 
were collected from 35 different types of 
tumour cases, and from SBR I, II and III 
IDC cases; in total 34 cases10 of cancer-
ous tissues are listed in Table 2.

The 14CO2 production ratios (Vc or 
Vn) for the same seven patients5,6 
were collected with the following proce-
dure. For each type of tissue, about 
200 mg (±10 mg) was used, which was 
obtained from breast resections and 
then immersed in physiological water 
at about 10 °C. The specimen was first 
removed from the fat and dried with 
Whatman 2 filter paper. The enzymatic 
activity of the tissue remained constant 
over about 36–40 h. The tissue sample 
was then washed with physiological 

water and distilled water before analysis. 
Variously labelled forms of 14C-glucose 
(2 µCi) from Service des Molécules 
Marquées, France, were added sepa-
rately to each sample for a final glucose 
concentration of 0.5 µmol. The resulting 
suspensions were incubated at 37 °C for 
2 h under atmospheric conditions. The 
14CO2 production was measured as V = 
nanomole min–1 g–1 of fresh tissue.

Comparing the results from Table 
2, the Vn-1/Vn-6 data ratios range 
from 0.97 (1.421/1.462) to 1.01 
(0.513/0.505) and 1.20 (0.107/0.089) 
for SBR I, II and III non-cancerous tissue, 
but 1.48–1.49, 2.33–2.90 and 6.09–
9.74 for SBR I, II and III cancerous tissues. 
These results clearly confirm that F % is 
0 % due to DNA replacing ATP in zone 
C. However, F % is 90–100 % in SBR I, 
decreasing from 70 % to 30 % for SBR IIa 
to IIc and reaching 0 % for SBR III cancer-
ous tissue in zone B. These results clearly 
confirm that the F % of zone B decreases 
as cancer aggressiveness increases, and 
that this is due to changes in breast 
lipids. Moreover, the F % data of SBR I 
cancerous tissues are 0 % in zone C, and 
the 1-14CO2/6-14CO2 ratios of the same 
tissues are higher at 1.5, so the two 
methods confirm that SBR I is cancer-
ous. However, in zone B, the F % of SBR I 
cancerous tissues is still over 90 % , for 
SBR II it becomes 70-30 % and for SBR 
III 0 %. This shows that  lipid metabolism 
changes after changes in glusose metab-
olism changes.

14C-glucose Vn data may allow 
early diagnosis by NIR7

Using standardisation of 14C-glucose 
Vn data, it looks possible to develop a 
method based on NIR spectroscopy to 
diagnose breast cancer in its early stages. 
Standardisation is a common statistical 
tool and widely exploited in difference 
series data values. In our case, first, we 
define the normal breast tissue Vn data 
as 100 and establish it as a compa-
rable standard. Then all non-cancer-
ous tissue input data are standardised. 
For example, using the three types of 
14C-glucose,8 normal tissue input Vn data 
are 0.882, 0.538 and 0.560 in Table 3, 
after standardisation they all become 
100. However, for the same three types 
of 14C-glucose for SBR I non-cancerous 
tissue, the input data are 1.323, 0.919 
and 0.911. After standardisation they 
become (1.323/0.882) × 100 = 150, 
( 0 . 919 / 0 .538 )  ×  10 0  =  171 o r 
(0.911/0.560) × 100 = 163 and so on, 
as shown in Table 3.

The 14CO2 production Vn data are 
shown in the left-hand of the pairs of 
columns for each of the three types of 
14C-glucose in Table 3 and on the right 
after standardisation: 150 and 244, 171 
and 264, 163 and 261 from the U-14CO2 
and 1-14CO2 and 6-14CO2, respectively, 
for two cases of SBR I non-cancerous 
tissues. However, the corresponding 
non-cancerous tissue data for SBR II are 
95 and 89 for U-14CO2, and only 95 or 
90 for 1-14CO2 or 6-14CO2 non-cancer-

Pathological cases 
types: N or C F % or (MF %) in zone B or C 14C-glucose ratio between Vc and Vn for:

C (cancerous) N (normal) U-14Cglu. 1-14Cglu. 6-14Cglu.

C B C B Vn-U, Vc-U Vn-1, Vc-1 Vn-6, Vc-6

Normal tissue: F % (MF %) Vn = 0.901 and 0.862, mean 0.882

0 (85) 80 (85) 100 (100) 100 (100) Vn-U & Vc-U Vn-1 & Vc-1 Vn-6 & Vc-6

Vn or Vc from:

SBR I-a 0 (0) 80 (86) 90 (100) 90 (100) 1.323 & 2.800 0.919 & 1.992 0.911 & 1.341

SBR I-c 0 (4) 70 (81) 90 (88) 90 (97) 2.155 & 3.135 1.421 & 2.817 1.462 & 1.899

SBR II 0 (2) 70 (60) 80 (84) 90 (94) 0.836 & 2.389 0.513 & 3.092 0.505 & 1.330

SBR II-c 0 (0) 30 (20) 80 (78) 90 (72) 0.784 & 2.547 — & 4.092 — & 1.412

SBR III 0 (0) 10 (8) 70 (66) 80 (78) 0.402 & 1.840 0.107 & 4.825 0.089 & 0.793

SBR III 0 (0) 0 (0) 60 (56) 70 (68) 0.218 & 2.263 — & 7.042 — & 0.723

Table 2. Relationship between F % (MF %)2 and 14CO2 ratios of Vn or Vc in SBR tissues.
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ous tissues. The 14CO2 ratios decreased 
rapidly in SBR III cases, only 46 and 
25 from U-14CO2, and 20 and 16 from 
1-14CO2 or 6-14CO2. So, the Vn data for 
SBR I (244–264) are about 3–16 times 
higher than same normal tissue (100) or 
non-cancerous tissue of SBR II (89–95) 
or SBR III (46–16). This result reports an 
important piece of information, which 
suggests that 14C-glucose catabolism in 
non-cancerous SBR I cases will be quan-
titatively higher than normal and lower 
than non-cancerous SBR II or SBR III. 
Breast cancer development times from 
SBR I to SBR II are a minimum of three 
months, ignoring any influence from 
chronic diseases. If after this period the 
body temperature suddenly drops, this 
may suggest that SBR I has progressed 
to SBR II or SBR III, which may help in 
the development of a method to use NIR 
spectroscopy to provide early diagnosis 
by monitoring body temperature.

Why did we not recognise this impor-
tant information before? First, we only 
used normal tissue as a standard to 
establish a diagnostic tool. Second, we 
accepted the point of view of our pathol-
ogist, who never paid attention to normal 
tissue.7 Thanks to standardisation, we 
have made this discovery and will hope-
fully be able to develop NIR-based, early 
diagnosis tools.

Conclusions
This article introduces NIR spectros-
copy as an efficient method to compare 
14C-glucose metabolism and patho-
logical diagnosis. However, as we have 
presented elsewhere,8 only NIR spec-
troscopy can evaluate the metabolism 
of lipids and glucose from a quantitative 
and qualitative point of view. Moreover, 
NIR spectroscopy is accurate, fast, cheap 

and easy to commercialise. We believe 
that they all have an excellent future. We 
believe that skin cancer and pigmented 
cancer could easily benefit from this 
method, because it is easy to find normal 
tissue for modelling, and there is no for 
need research samples to be obtained 
through surgery. In this way, we could 
develop an early temperature test to 
discover SBR I breast cancer.
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Column properties that 
make an impact on ion 
chromatography

Carl Fisher and John Guajardo
Thermo Fisher Scientific, Sunnyvale, CA, USA

For the separation of ionic species, ion chromatography (IC), a type of liquid chromatography, is the method of choice. The 
most critical component of this technique is the separation column, which is selected based on factors that include the specific 
analytes of interest, the sample type and the required detection levels. This article outlines the column parameters that impact 
the separation of charged species in solution using ion-exchange chromatography and the developments that have continued 
to redefine what is possible with an IC system.

Role of columns in ion 
chromatography
The characteristics of a separation 
column are one of the most critical 
considerations for obtaining optimal 
results from an ion chromatography (IC) 
system (Figure 1). The column dictates 
how well the ionic components of a solu-
tion are separated, which is essential for 
confident peak integration. It determines 
whether analytes will be only crudely 
detected or quantified in the parts per 
billion (ppb) range.

The quality of the separation is influ-
enced by multiple factors, some of 
which can be varied by adjusting the 
method parameters and others that are 
fixed by the properties of the column. 
Chromatographic conditions that the 
system operator has direct control over 
include eluent concentration, flow 
rate, temperature and sample load-
ing volume/concentration. Because IC 
is limited to just a few eluents, choos-
ing a column with the right selectivity 
is critical for achieving a desired separa-
tion, especially when analytes are of the 
same charge. The initial column selec-
tion is the focus of this article, and the 
characteristics that will be discussed are 
particle size, surface area, resin surface 
chemistry and format. The interplay of 
the instrument method variables along 
with the selected column’s stationary 
phase dictates how well the analytes 

are separated, ultimately determining 
the quality of the chromatographic data 
obtained and the quantification that can 
be attained.

Early IC column 
development
The earliest IC separations used a lightly 
sulfonated (R–SO3–) styrene-divinylben-
zene (DVB) polymer (stationary phase) 
to create a cation-exchange surface and 
dilute hydrochloric acid as the eluent 
(mobile phase).1

St y rene -based polymers were 
preferred over the silica-based materi-
als that were commonly used in High 
Performance Liquid Chromatography 
(HPLC) due to their superior chemical 
stability. The first widely used anion-
exchange stationary phases were created 
by coating a surface-sulfonated styrene-

DVB resin with a suspension of colloidal 
ion-exchange resin bound to the cation-
exchange surface.

These columns original ly used 
phena te -based  e luen t s ,  bu t  a 
hydroxide-based mobile phase was a 
more attractive option because of the low 
background achievable and the potential 
for use in gradient elution. However, the 
low eluting strength of hydroxide eluents 
meant high concentrations were needed 
to displace all the anionic analytes that 
were bound to the resin. This required 
frequent offline regeneration of the 
packed bed suppressors that were in 
use at the time, causing a bottleneck 
for throughput. Another concern with 
the use of manually prepared hydrox-
ide-based eluents was the inability to 
eliminate carbonate impurity, which, 
by itself, has a strong analyte displac-
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Figure 1. Schematic diagram of an IC system. Polyetheretherketone, PEEK.
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ing potential, creating an unpredictable 
elution profile. When carbonate-based 
eluents were tried their strong elution 
potential meant that lower concentra-
tions could be used, and, thus, fewer 
suppressor regenerations were required. 
This relative ease of use resulted in their 
widespread adoption and production 
of columns with peak separations opti-
mised for use with carbonate eluents. As 
suppressor technology matured to the 
point where offline regeneration was no 
longer required and adequate suppres-
sion capacity was available, hydroxide-
based eluents became a much more 
favourable mobile phase because of 
their ability to be suppressed to water. 
This is the ideal background for conduc-
tivity measurements, producing the best 
signal/noise ratio to achieve the lowest 
limits of detection with conductivity 
detection (CD). With the development of 
electrolytic eluent generation (Reagent-
Free IC, RFIC), on-demand production of 
hydroxide-based eluent from deionised 
water meant that carbonate contamina-
tion was no longer an issue. An added 
benefit is that highly reproducible gradi-
ents, which focus peaks to yield greater 
chromatographic peak capacity, can be 
produced without the need for a propor-
tioning pump.

Achieving greater 
efficiency: resin particle 
size
The first resins used for IC were approx-
imately 35 µm in diameter. Modern 
IC stationary phase particles from 
Thermo Scientific range in size from 
approximately 9 µm to 4 µm. The devel-
opment of smaller particles in both 
HPLC and IC columns was driven by 
the increased column efficiency that is 
obtained, and extension of the range of 
flow rates at which this is maintained, 
giving users more flexibility in optimising 
their method. What this means to the 
chromatography is taller and narrower 
peaks that are better separated, resolving 
closely eluting analytes that could previ-
ously not be distinguished and facilitat-
ing peak integration, which leads to more 
accurate quantification.2,3

A consequence of developing ever 
smaller sized particles is the need to 

develop, in parallel, instrumentation that 
can handle the higher backpressures 
that arise. Thermo Scientific™ Dionex™ 
High Pressure IC (HPIC) systems meet 
this challenge with pumps, valves and 
consumables that can tolerate back-
pressures of up to 5000 psi, which 
allow users to take full advantage of a 
column’s potential. While some vendors 
reduce the column length to achieve 
shorter run times, Thermo Scientific 
combines a shorter column with smaller 
particle resins to not only achieve faster 
run times, but also maintain chromato-
graphic efficiency and resolution (Figure 
2).

Increasing column 
capacity: resin porosity
The initial polystyrene-DVB particles used 
for IC were non-porous and resulted in 
columns with relatively low capacity. 
To handle high analyte concentrations, 
improve the resolution of weakly retained 
ions, analyse high-ionic strength samples, 
and to load a higher sample volume 
without overloading and peak broad-
ening, high column capacity is needed. 
To achieve this, resins have been engi-
neered with varying amounts of porosity, 
allowing more surface area per parti-
cle to be exposed to the mobile phase 
and, thereby, providing more opportuni-
ties for sample analytes to bind to the 
surface, increasing capacity. This is exem-
plified by the change in core resin used 
for Thermo Scientific™ Dionex™ IonPac™ 
AS11-HC particles from microporous as 
in Thermo Scientific™ Dionex™ IonPac™ 

AS11 (<10 Å pores, Figure 3A) to super-
macroporous (2000 Å pores, Figure 3B). 
The larger pores present more surface 
for the agglomeration (attachment) of 
latex particles (80 nm Thermo Scientific™ 
Dionex™ MicroBead™ resin), increas-
ing the column capacity from 45 µeq to 
290 µeq (>500 %) for a 4 × 250 mm 
column.

Altering selectivity: resin 
surface modification
The surface of organic polymers used 
in anion-exchange resins can be func-
tionalised (i.e., have their properties 
altered) using a two-step process of 
1) addition of a chloromethyl group to 
the aromatic resin skeleton, followed by 
2) amination with a tertiary amine. For 
cation-exchange resins, functionalisation 
consists primarily of surface sulfonation 
via reaction with concentrated sulfuric 
acid or carboxylation via reaction with 
carboxylic acid (see Reference 4 for a 
comprehensive review).

While the first stationary phases 
consisted of lightly sulfonated (R–SO3–) 
polystyrene-divinylbenzene (PS/DVB) 
polymer, the surface properties of IC 
resins used today are modified by 
employing multiple strategies that 
include encapsulation, polymeric graft-
ing, chemical derivatisation, step-
growth and agglomeration (Figure 4). 
The precise way in which the stationary 
phase is synthesised and functionalised 
enables the selectivity of each resin to be 
finely tuned to meet specific application 
requirements.

Figure 2. Reduction in run time achieved using higher flow rates in combination with a reduced 
length, 4 µm resin particle column.
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Column formats
Separation columns are available in 
multiple formats that vary by inner diam-
eter (i.d.) and length. The column diam-
eter used is primarily determined by the 
chromatographic system’s properties, 
the sensitivity required and the sample 
volume (Table 1). Most standard IC 
systems can run analytical (4 mm i.d.) 
and microbore (2 mm i.d.) columns. 
However, Thermo Scientific™ Dionex™ 
ICS-4000 and Thermo Scientific™ 
Dionex™ ICS-6000 HPIC systems are 
the only IC systems currently available 
that are capable of running capillary 
(0.4 mm i.d.) columns. The pumps used 
in both systems reliably and precisely 
deliver flow rates in the µL min–1 range. 
They are equipped with components 
such as suppressors, eluent generators, 
degas assemblies and carbonate removal 
devices that are specifically designed for 
capillary flow rates and volumes. The low 
sample volumes and eluent consump-
tion of capillary IC result in minimal 
waste disposal requirements and allow 
the system to be run continuously. 
Consequently, these systems are always 

A. Dionex IonPac AS11 resin particle 

B. Dionex IonPac AS11-HC resin particle 

 

Figure 3. Comparison of Dionex IonPac AS11 and AS11-HC resin particle structures.

A. Polymer encapsulated substrates 
Examples: 
Metrohm Metrosep C4 
Metrohm Metrosep C6 

C. Chemically derivatized polymeric 
substrates 
Examples: 
Shodex IC SI-52 4E 
Metrohm Metrosep A Supp 5 
Metrohm Metrosep A Supp 7 

E. Electrostatic agglomerated 
nonporous substrates 
Examples: 
Dionex IonPac AS3, AS4, AS4A, 
AS5, AS5A, AS7, AS9, AS11, AS17-C, 
CS3, CS10, CS11 

 
B. Polymer grafted film 
on porous substrates 
Examples: 
Dionex IonPac CS12A 
through CS20 

 
 
 
 
 
 

D. Step-growth polymers 
on polymeric substrates 
Examples: 
Dionex IonPac AS19 
through AS32-Fast-4µm 

 
 
 
 
 
 

F. Electrostatic agglomerated 
supermacroporous substrates 
Examples: 
Dionex IonPac AS9-HC, AS10, 
AS11-HC, AS12A, AS16, AS18, 
AS28-Fast-4µm 

Figure 4. Commonly used IC column stationary-phase architectures.
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ready to run samples because there is no 
need for extensive equilibration prior to 
the start of a run, which is required with 
standard bore systems that are regularly 
put into standby mode to save eluent 
and reduce waste. There are more than 
30 Thermo Scientific capillary anion- and 
cation-exchange columns, many in 4 µm 
particle size (Table 2).

A history of innovation
From the very first “Anion Separator 
Column” to the present day Thermo 
Scientific™ Dionex™ IonPac™ AS32-
Fast-4µm column, Thermo Fisher 
Scientific has been dedicated to contin-
ually developing new columns to meet 
the ever-changing needs of our custom-
ers, who are tackling new analytical 

challenges every day (Figures 5 and 6, 
Reference 5).

One example of column develop-
ment driven by customer needs is the 
recently released Thermo Scientific™ 
Dionex™ IonPac™ AS31. One of the limi-
tations with the analysis of haloacetic 
acids (HAAs) in drinking water using US 
EPA method 5576 is the analysis time of 
approximately one hour per sample. This 
limits the number of samples that can be 
analysed in a day, increasing the cost per 
sample. Customers expressed a desire 
for a more economical method.

To address this need, the column 
chemistry was modified to change the 
elution order of sample constituents so 
that the components that were directed 
to waste or to the mass spectrometer 
for detection could be grouped more 
efficiently. The net result was a 39 % 
decrease in the overall run time lead-
ing to a significant reduction in cost per 
sample and time to result.7

Analytical Microbore Capillary

Column i.d. (mm) 4 2 0.4

Flow rate (mL min–1) 1.0 0.25 0.01

Injection volume (µL) 10 2.5 0.1

Eluent consumption/waste 
generated (L/month)

43.2 10.8 0.432

Best suited for

 ■ Established procedures 
with specific require-
ments that cannot be 
readily changed

 ■ Standard applications
 ■ Reduced eluent consump-
tion and waste generation
 ■ Low-level determinations

 ■Minimal sample/eluent consumption; 
and waste generation
 ■ “Always-ready,” minimised turnaround time
 ■ Routine applications

Table 1. Comparison of parameters for IC column formats.

Vendor A Vendor B Thermo Scientific

Particle size
≤4 µm — 1 10

5–12 µm 14 11 40

Capillary columns (0.4 mm i.d.) — — 31

Anion columns 
(eluent type)

Carbonate 8 6 11

Hydroxide — — 24

Other — 2 —

Cation columns 6 4 15

Total columns 14 12 50

Table 2. Comparison of IC column resin types from various vendors.

Carbonate-Based Columns 

1975 1980 1981 1982 1984 1987 1991 1992 1994 1996 1997 2000 2006 2010 2014 2016 2017  

 
 
 
 
Hydroxide Selective Columns 

          

1975 1983 1986 1989 1991 1992 1997 1998 1999 2000 2002 2003 2004 2005 2007 2011 2012 2013 2014 2015 2017 2018 2019 

 Figure 5. Thermo Scientific Dionex anion-exchange IC column development timeline.
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Another example of solid-phase modi-
fications that resulted in greater ease of 
use is the optimisation of the surface 
properties of the Thermo Scientific™ 
Dionex™ IonPac™ CS17 column resin 
so that it does not require the use of an 
organic eluent modifier to resolve amines 
and alkanolamines.8 Aside from making 
manual eluent preparation more straight-
forward, a RFIC system can now be used, 
which further simplifies the operation, 
obtaining precise, reproducible results.

The history of innovation by Thermo 
Fisher Scientific is exemplified not only 
by the regularity of new column introduc-
tions each year, but also by the number 
of patents that they have been issued 
for developments in IC column technol-
ogy, which is unmatched in the industry 
(Figure 7).

Summary
The continual response to customer 
needs by Thermo Fisher Scientific has led 
to the creation of an unrivalled portfolio 
of IC columns that provides solutions to 
tackle even the most demanding chro-
matographic challenges.
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Questel Orbit Intelligence patent search tool).

Ion chromatography is one of the most widely used separation techniques of analyti-
cal chemistry with applications in fields such as medicinal chemistry, water chemistry 
and materials science.

Written by Dr Joachim Weiss, PhD, Technical 
Director for Dionex Products at Thermo Fisher 
Scientific, Basics of Ion Chromatography is a 
265-page ebook which provides a comprehen-
sive introduction to IC. Download your free copy 
of Basics of Ion Chromatography by visiting the 
link or scanning the QR code.

https://www.thermofisher.com/BasicsIC-eBook

About the author
Dr Weiss is recognised as an international expert in analytical chemistry, and the 4th 
Edition of his Handbook of Ion Chromatography was published in 2016. In 2015, he 
was awarded the Maria Skłodowska Curie Medal of the Polish Chemical Society for his 
achievements in separation science.

www.spectroscopyasia.com
https://www.thermofisher.com/order/catalog/product/060561?SID=srch-srp-060561
https://www.thermofisher.com/order/catalog/product/060561?SID=srch-srp-060561
https://www.thermofisher.com/order/catalog/product/060561?SID=srch-srp-060561
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-70631-4-micrometer-columns-wp70631-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-70631-4-micrometer-columns-wp70631-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-70631-4-micrometer-columns-wp70631-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-70631-4-micrometer-columns-wp70631-en.pdf
https://doi.org/10.1002/9783527651610
https://doi.org/10.1002/9783527651610
https://assets.thermofisher.com/TFS-Assets/CMD/brochures/st-70588-ic-column-selection-guide-st70588-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/brochures/st-70588-ic-column-selection-guide-st70588-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/brochures/st-70588-ic-column-selection-guide-st70588-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/brochures/st-70588-ic-column-selection-guide-st70588-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-72958-haloacetic-acids-drinking-water-wp72958-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-72958-haloacetic-acids-drinking-water-wp72958-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-72958-haloacetic-acids-drinking-water-wp72958-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/wp-72958-haloacetic-acids-drinking-water-wp72958-en.pdf
http://assets.thermofisher.com/TFS-Assets/CMD/Application-Notes/au-155-ic-cations-amines-hydrogen-peroxide-au72541-en.pdf
http://assets.thermofisher.com/TFS-Assets/CMD/Application-Notes/au-155-ic-cations-amines-hydrogen-peroxide-au72541-en.pdf
http://assets.thermofisher.com/TFS-Assets/CMD/Application-Notes/au-155-ic-cations-amines-hydrogen-peroxide-au72541-en.pdf
http://assets.thermofisher.com/TFS-Assets/CMD/Application-Notes/au-155-ic-cations-amines-hydrogen-peroxide-au72541-en.pdf
https://doi.org/10.1021/ac60361a017
https://doi.org/10.1021/ac60361a017
https://www.questel.com/ip-business-intelligence-software/orbit-intelligence/
https://www.thermofisher.com/BasicsIC-eBook


SPECTROSCOPYASIA 19

TONY DAVIES COLUMNTONY DAVIES COLUMN

www.spectroscopyasia.com

VOL. 16 NO. 4 (2020)

Weights or measures for 
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In traditional approaches to quantita-
tive analysis we teach that the weight 
is mightier than the volume. You are far 
more accurate and precise when weigh-
ing chemicals to make up standard solu-
tions than using volumetric techniques. 
There has been some debate about 
whether this approach carries over into 
process analytical spectroscopy and other 
areas of application, where often analyses 
are of liquid mixtures.

In fact, this column is also some-
thing of an apology to all my students 
who have suffered my sarcasm when 
they have ever tried to defend the use 
of volumetric methods over gravimetric 
to get the best calibration results! It is 
such a natural reaction that to come up 
with another view on the world during 
discussions with Henk-Jan van Manen 
has been quite refreshing if, looking at 
my own behaviour, a little worrying.

We are spectroscopists 
so we all live by Beer’s 
Law—right?
Henk-Jan pointed to an article written 
by Howard Mark and a number of his 
colleagues in Applied Spectroscopy back 
in 2010.1 This paper looked into prob-
lems and discrepancies arising using 
standard gravimetric methods and weight 
fractions in calibrations for spectroscopic 
quantitative analysis. Howard Mark has 
been a prolific writer in the USA over the 
years, both in the peer reviewed litera-
ture and in generating a long series of 
general interest educational articles with 
a strong focus on chemometrics in a 

similar vein to our own former column 
editor Tony (A.M.C.) Davies.

For normal quantitative work we all 
live by Beer’s law. Essentially, for each 
component in our sample, for example 
in a standard sample cell, there is a linear 
relationship between their contribution to 
the overall absorbance signal measured, 
the specific absorptivity of each compo-
nent, the concentration of that compo-
nent and the total pathlength light must 
travel through the sample. Assuming 
no changing interactions between the 
components at different relative concen-
trations, the pathlength is a constant and 
a straight-line calibration graph should 

be obtained for each component, the 
slope of which depends on how absorb-
ing each individual component is. For the 
more detailed official IUPAC definition, 
see Reference 3. Essentially, this under-
lying linear relationship between concen-
tration and signal is the bedrock of the 
majority of quantitative spectroscopy. It 
is normal practice to accept that Beer’s 
law holds true for only dilute systems 
and that at high analyte concentrations 
non-linear effects start to adversely affect 
quantitative analysis studies.

Weight fractions or 
volume fractions—that is 
the question?
So what Howard Mark observed in his 
original paper was the lack of clear under-
standing of the impact that selecting a 
particular way of  expressing “concentra-
tion” might have on the use of chemo-
metric models, par ticularly when 
applied to mixtures of liquids, which are 
commonly found in industrial applica-
tions of vibrational spectroscopy. The 
most widely used weight % concentration 
unit in analytical spectroscopy was chal-
lenged in his paper in a logical way. He 
showed the linear relationship between 
volume % and concentration using near 
infrared (NIR) spectroscopy and draw-
ing on the observation that for pure 
liquids there is not a clear linear relation-
ship between weight % and volume % 
for liquids of different densities (he origi-
nally reported data for binary and ternary 
mixtures of toluene, dichloro methane and 
n-heptane). Figure 1 shows spectroscopic 

This is timely as it has just been 
announced that Howard and a long-
time co-author Jerry Workman Jr have 
been awarded the 2020 Gold Medal 
Award by the New York section of the 
Society for Applied Spectroscopy for 
their work. Even in COVID-19 times 
you can get to hear Howard and Jerry 
speak at the upcoming virtual Eastern 
Analytical Symposium (EAS). Usually a 
massive event for analysts with a heavy 
focus on spectroscopy, this year’s 
online version will be broadcasting 
sessions live as well as making some 
presentations available on-demand. 
Howard and Jerry will both give live 
presentations on Wednesday 18 
November following the presentation 
ceremony should you wish to attend 
(free to students registering with their 
student ID!).2
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experimental results from the Deventer 
team using CLS on 21 binary mixture 
spectra as done by Howard Mark. This 
emphasised the potential deviation from 
the accepted Beer’s law linear relationship 
between “concentration” and signal inten-
sity if mass or volume fractions are used.

Kim Esbensen, Paul Geladi and 
Anders Larsen followed up in 2012 with 
a nice short article in NIR news in their 
“Mythbusters in Chemometrics” column 
which reinforced Howard’s observations.4 
They studied data provided to them on 
70 mixtures of five components (buta-
nol, dichloromethane, methanol, dichlo-
ropropane and acetone). Their article 
includes two figures (Figure 2 for buta-
nol and Figure 3 for methanol), which 
were quite startling to my eyes as they 
showed an effect I have seen regularly 
in chemometric calibrations, but which I 
had put down to, maybe wrongly, inaccu-
racies in the reference method concen-
tration determinations.

In 2017, Howard published another 
article on this topic in NIR news directly 
looking at the effect of the selection of 
the measurement units on NIR calibra-
tions.5 In this article he focussed more 
on common effects observed in NIR 
chemometric models and how the 
impact of selecting mass fraction rather 
than volume can impact the quality of 
the results. The difference between using 
Classical Least Squares (CLS) algorithms 
and Partial Least Squares (PLS) and other 
models is highlighted (see below).

However, to muddy the waters a little, 
a paper was published recently by Yan 

and co-workers which reported that they 
had been unable to confirm the bene-
fit of using volume % over weight % 
concentration units in their studies of 
benzene/cyclohexane/ethylbenzene and 
ethyl acetate/heptan-1-ol/1,4-dioxane 
ternary mixtures.6 Although they were 
looking primarily for the effect of hydro-
gen bonding on the performance of CLS 
and PLS algorithms.

Have sympathy on the 
overworked chemometric 
algorithms!
Howard selected CLS for his study, partly 
because it is the easiest chemometric 
model to explain, consisting essentially of 
linear combinations of pure component 
spectra to make up the overall observed 
spectrum. The drawback is that you are 
assuming no interactions between the 
components in the mixture, such as were 
studied by Yan and co-workers. Howard 
and others have remarked that the inabil-
ity of CLS models to cope with other types 
of interactions is one of the reasons PLS 
and other models tend to be favoured 
(including by the authors of this column, 
as I have mentioned in previous articles). 
PLS modelling can often be accused of 
overfitting, as more factors are used to 
create the model than you would think 
are really necessary—and one conclu-
sion could well be that the PLS algorithm 
(essential a model expecting a linear 
relationship between concentration and 
signal) is having to work overtime to cope 
with the fact that the concentration data 
it is being fed is not actually strictly linear. 

The model, therefore, is often generated 
with additional factors to try to compen-
sate for this non-linearity.

So how bad can it get? Well, the papers 
cited claim that the non-linearity can 
cause errors in the calibrations of up to 
10–15 %. So, this is one of the reasons 
that Henk-Jan and his team from Nouryon 
and the Radboud University in Nijmegen 
decided to get a definitive answer to the 
question of weight against volume, as 
10–15 % wrong in an industrial control 
process could be worth a lot of money!

Robotics for more 
reproducible calibration 
samples
One of the aspects of ensuring good 
quality analytical measurements is 
acknowledging and minimising errors 
from sources that might obscure the 
changes in the data you are analysing. 
The Royal Society of Chemistry  Analytical 
Methods Committee of the Analytical 
Division produce good Technical Briefs to 
help analytical chemists and they iden-
tify human error as the greatest source 
of problems during chemical analy-
sis.7 Henk-Jan’s team required the best 
possible accuracy and precision in their 
production and measurement of the vari-
ous binary solvent mixtures they were 
investigating. As human error in weigh-
ing and mixing samples both by individu-
als and between different experimenters 
can introduce noise, it was decided to 
exploit a suite of robots available for 
use in projects at the Expert Capability 
Center Deventer.8 They used a high-
throughput liquid handling robot from 
Syntegon Technology GmbH (formerly 
known as Bosch Packaging Technology) 
to prepare their binary liquid systems 
with 30 samples being prepared across 
the full mass or volume fraction range 
from 0 to 1 (Figure 2). They also have 
access to a repurposed high-throughput 
Lipos robotic platform (Zinsser Analytic 
GmbH, Frankfurt, Germany) which was 
set up to allow automated spectroscopic 
determinations of the samples (Figure 
3). This robot was equipped with online 
NIR measurements performed on a 
Bruker MPA instrument (Bruker Optics, 
Ettlingen, Germany), Raman measure-
ments using a Kaiser RXN-4 instrument 

Figure 1. Comparison between the NIR spectroscopic signal of a 
binary mixture of chloroform/MEK (methyl ethyl ketone).
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(Kaiser Optical Systems, Ann Arbor, MI) 
by using a fibre-optic probe and further 
supported by mid-infrared spectroscopic 
measurements using a Spectrum 100 
instrument (PerkinElmer, Groningen, The 
Netherlands) in attenuated total reflection 
mode using a diamond crystal (Figure 3).

Henk-Jan and the team deliberately 
selected binary systems of pure liquids, 
avoiding materials that might suffer from 
strong inter-component interactions 
when mixed. They chose chloroform/
heptane, chloroform/toluene, toluene/
heptane and methylethylketone (MEK)/
heptane. And, unfortunately, that is all 
we are going to say about their study to 
confirm Howard Mark’s original observa-
tions for now… you will have to wait until 
the full paper is published to get at all the 
juicy details!

Conclusions
What these various pieces of work over 
the last 10 years show, apart from the 
fact that I need to be kinder to my 
students, is that we need to always bear 
in mind whether handed-down wisdom 
should be accepted as-is or be chal-
lenged when we start to see effects that 
we cannot easily explain.

I have always hated being reliant 
on “black-box” approaches to achiev-
ing analytical results, which used to be 
propagated by some chemometricians. 
I often annoy colleagues by persistently 
asking “but why?” like a petulant child 
when getting answers such as “we don’t 
know”, “we just ignore that”, “just trust 
the algorithm”. Howard Mark’s work and 
the subsequent studies have at least 
provided some answers to effects we 

see in everyday experiments which are 
unexpected.

Henk-Jan’s teams’ confirmatory experi-
ments and results will be published else-
where in full, when we have the link, we 
will add it to the online version of this 
column. Everyone please, stay safe!
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Chemical analysis of 
contaminated soil for 
sound environmental site 
assessment. Part 2

Jean-Sébastien Dubé, ing. PhD and François Duhaime, ing. PhD
Laboratoire de géotechnique et génie géoenvironnemental, Département de génie de la construction, École de 
technologie supérieure, 1100 Notre-Dame oust, Montréal (QC), Canada H3C 1K3

Proper sampling of particulate matter for instrumental analysis is a common task in many applied scientific, technology and 
engineering fields. It is a crucial task for ensuring that measurements made on a given set of samples are representative esti-
mate of the parameters of interest in the original sampling target. Unfortunately, sampling particulate matter is, in many fields, 
performed without a scientific basis, mostly because its critical role is ignored, or at best, misunderstood, and because of an 
unawareness of, sometimes a disregard for, the Theory of Sampling. This second part compares grab sampling with compos-
ite sampling further illustrating this important issue, again using experience in the field of geo-environmental engineering.

Fix your sampling, not 
your results
In this second part, we illustrate how 
measurement variability can be controlled 
at the sampling stage with a real-world 
example from a recent study conducted 
at École de Technologie Supérieure 
(ETS), Montréal, in partnership with the 
same consultant involved in the studies 
presented in the first Part. In this study, 
we compare the uncertainty derived 
from grab sampling to that derived from 
a Theory of Sampling (TOS)-compliant 
composite sampling process. We here 
use unpublished results to illustrate a crit-
ical distinction which has universal impli-
cations: namely that between subjective, 
purposive or haphazard sampling 
(i.e. grab sampling) and probabilistic, 
TOS-compliant composite sampling.

Figure 1 shows lead (Pb) concentra-
tion measurements made on samples 
from a given sampling location in a 
specific soil parcel using these two funda-
mentally opposing sampling approaches.

By using an experimental design, each 
approach resulted in several analyti-
cal samples in order to assess the vari-
ous uncertainties involved, sampling vs 
analytical.

The composite sampling approach 
unavoidably resulted in larger masses 
for the primary field samples, which 
demanded appropriate sub-sampling 
techniques (in the field or in the labora-
tory) on the way towards the analytical 
aliquot. These mass-reduction proce-
dures, and the equipment used, are 

specifically designed for reducing and 
eliminating sub-sampling errors. Grab 
sampling on the other hand does not 
allow any control on sampling errors. In 
our study, grab sampling was performed 
by the consultant company following 
“usual sampling procedures”. The reader 
is referred to Boudreault et al.1 for more 

Figure 1. Left: excavated soil at a sampling station. The soil is placed in a longitudinal pile and 
corresponds to an identifiable layer of a given material (based on visual observation), or to a 
50 cm (at most) layer if visual differentiation was not possible. Right: vertical increments are taken 
perpendicular to the longitudinal axis of the pile and over its total height. The primary sample 
mass obtained in this manner was approximately 13 kg of dry matter.
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details on the project, to Gy,2–4 Pitard5 
and Esbensen6 for more on the TOS, and 
to Gerlach et al.7,8 and Petersen et al.9 
for more on mass reduction techniques.

Figure 4 illustrates the risks incurred 
with grab sampling, as also evidenced in 
the first example above. In practice, only 
one concentration measurement would 
have been made and used for decision-
making regarding the disposal of this soil 
parcel. As in the first example, it is still 
impossible to categorise this soil parcel 
with any certainty. On the other hand, 
the TOS-compliant composite sampling 
procedure yielded much better results—

indeed all measurements fall in the 
same contamination level category. In 
fact, any of these measurements could 
have been used to categorise the soil 
and make a correct decision regarding 
the fate of this soil parcel.

Appropriate reflections 
in geo-environmental 
engineering
To what lengths should one go to 
improve sampling procedures before 
analysis? This question will often be 
asked by consultants or soil analysts 
faced with poor results stemming from 

incorrect sampling. It is a legitimate ques-
tion, as changes to the sampling process 
will reflect on the perceived efficiency of 
their current operations, performances 
and reliability.

In the present example, the compos-
ite primary sampling required six mass 
reduction and two comminution steps to 
obtain an analytical sample, compared 
to only two mass reduction steps in 
grab sampling. But, as is clear, ease-of-
performance comes at a fatally inflated 
Total Sampling + Analytical Errors (TSE + 
TAE), which is never worth risking when 
lot heterogeneity is significant.

For conciseness, this column will only 
address the first consideration of any 
compound sampling operation, the field 
sampling. The goal is to ensure that all 
types of particles have a uniform, non-
zero probability of being sampled, i.e. 
compliance with the Fundamental 
Sampling Principle (FSP).

But things are not necessarily easy in 
geo-environmental engineering. What 
is a particle? What differentiates one 
particle from another? In the TOS, this is 
described by the constitutional hetero-
geneity of the soil, which reflects the 
size and shape of the particles as well 
as their composition and density. When 
sampling contaminated soil, for instance, 
particles can be of geogenic or anthro-
pogenic origin, or both. Thus in general 
there may be matrix (soil) particles, 
contaminant particles, as well as matrix 
particles coated with contaminants. Such 
a constitutional heterogeneity is complex 
and difficult to describe in simple math-
ematical terms. However, to ensure that 
each of these types of particles is pres-
ent at each sampling stage during the 
sampling process, Pitard5 states that “the 
first rule to fulfil is to ensure that the 
sample is representative of all the parti-
cle size fractions”. Of course the TOS, 
and Pitard, emphasise that this objective 
also depends on particle density, but, 
here Pitard at least provides us with a 
reasonable starting point. However, even 
on this basis, geo- engineering encoun-
ters problems.

In many fields it is not uncommon 
for analytical protocols to require that 
a sample should only have par ti-
cles smaller than 2 mm, thus leading 

Figure 2. Primary samples obtained from the piles shown in Figure 1, which were reduced in 
the field using fractional shovelling as shown. Each fraction correspond to a final field sample 
sent to the laboratory. Secondary sample mass thus obtained was approximately 600 g of dry 
matter.

Figure 3. Left: close-ups of a sample from field fractional shovelling (Figure 2). These samples 
were brought to the laboratory where they were air-dried and ground (milled) before a first mass-
reduction using sectorial rotary splitting (SRS). In the left picture, the maximum particle size is 
approximately 2 cm. Right: these samples were then milled and ground further before a final SRS 
step to obtain analytical samples of approximately 1 g of dry matter. In the right picture, the maxi-
mum particle size is approximately 200 µm.
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to the analyst to subjectively remove 
larger particles, or to screening the 
sample with a sieve with the appro-
priate screen size threshold. If the 
particle size distribution of samples is 
altered before analysis, the risk of bias-
ing the results is significant.5,6 A crucial 
aspect of preserving the representa-
tiveness of size fractions is identify-
ing the so-called critical size fraction, 
i.e. the size fraction of high(est) inter-
est—which often also has the highest 
impact on the heterogeneity (but not 
always). This target corresponds to the 
largest particle size(s) in which the 
analyte is to be found. 

However, too often, current sampling 
guidelines require the arbitrary removal 
of all large particles under the hypoth-
esis that the smaller particles represent a 
greater risk to public health. This may, or 
may not, be true—far from automatically 
in all cases.

Thus, on contaminated sites, contami-
nants are also found in large particles of 
anthropogenic origin, e.g. clinker, slag or 
associated with particle coatings. Great 
care must be taken in identifying the criti-
cal size fraction for each case individually, 
since this will determine the minimum 
sample mass needed to ensure repre-
sentativeness of particles of equal size, or 
smaller, than the critical size fraction. This 
issue is discussed in much more detail in 
Dubé et al.10

Current geo-environmental 
guidelines and standards
Geo-environmental engineers and 
scientists tasked with environmental site 
assessment currently only have a few 
cardinal resources for determining mini-
mum sample mass and for selecting 
appropriate mass reduction techniques. 
One such leading resource is ASTM 
Standard D6913 for the determination 
of the particle-size distribution (PSD) 
by sieve analysis and its accompanying 
standard practice C702. D6913 recom-
mends minimum sample mass require-
ments based on maximum particle size 
and the number of significant digits for 
reporting PSD results.

We have previously discussed that the 
minimum sample mass requirements in 
D6913 are not compliant with TOS princi-
ples, but rather defer to practical require-
ments to avoid sieve overloading or for 
composite sieving. And also D6913 fails 
to address the constitutional heterogene-
ity of the soil and the critical size frac-
tion properly, but rather seeks to adapt 
the sampling process to existing equip-
ment, which obviously will fail. Therefore, 
the minimum mass requirements in 
D6913 actually lead to significantly 
larger variability in analytical results than 
expected.10

ASTM D6913 and C702 also prescribe 
the use of mass reduction techniques 
for the procurement of the sample for 

traditional analysis. Riffle splitting (RS) 
is recommended for dry flowing soil, 
while coning and quartering (C&Q) and 
miniature stockpile sampling (MSS) are 
suggested for moist soil. However, D6913 
and C702 do not justify these recom-
mendations based on performance 
data or any other evidence. Analysing 
their performance and comparing them 
for their recommended use, i.e. RS for 
dry soil versus C&Q and MSS for moist 
soil, may also be misleading. For moist 
soil, sampling variability significantly 
decreases due to matrix moisture and 
increased coherence and hence reduced 
segregation.10 Therefore, a sampling 
method which performs apparently 
well on moist material, could perform 
very poorly on dry material. Petersen et 
al.9 have observed that splitting meth-
ods outperformed shovelling meth-
ods for dry materials. Moreover, Pitard5 
and Esbensen6 strongly advise against 
the use of coning and quartering and 
miniature stockpile sampling (also called 
degenerate fractional shovelling).

Discussion and 
conclusions
The present exposé, Parts 1 and 2, 
focuses on how incorrect primary and 
secondary sampling can severely affect 
the quality and validity of analytical 
measurements made on the resulting 
aliquots. The context of soil sampling in 
environmental site assessment was used 
to illustrate several critical issues related 
to practical sampling before analysis. We 
have also emphasised that all size frac-
tions in the sampled particulate matter 
must be proportionally present in any 
sample thereof, lest all hopes for repre-
sentativity be lost.

It was seen that it is not a straightfor-
ward matter simply to rely on current 
guidelines and standards. Most, sadly, 
ignore the TOS, at their peril, and even 
provide recommendations which violate 
its principles. Unknowingly, the analyst 
will then make measurements on 
samples which are not representative of 
the initial lot to be characterised.

Because of such general lack of aware-
ness of the TOS, it is also difficult for 
analysts to understand their role with 
respect to the representativeness of the 

Figure 4. Comparison of uncertainty between TOS-compliant composite sampling and grab 
sampling based on the effective TSE + TAE. The average relative variances correspond to coef-
ficients of variation of 11 % and 54 % for composite and grab sampling, respectively. There is no 
doubt which approach is the only acceptable approach for reducing the dominant field sampling 
errors. 
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measurement data. Their focus is largely 
on the final measurements in the labo-
ratory, but their work manifestly includes 
sub-sampling to reduce the mass of 
particulate matter so as to comply with 
the inherent volume/mass requirements 
of the analytical instrumentation. In envi-
ronmental site assessment, analysts are 
de facto an essential part of the whole 
“from-lot-to-aliquot” pathway, as they at 
least perform the necessary last mass 
reduction, which represents a minimum 
of two orders of magnitude of mass 
reduction—and which at times often also 
involve a highly subjective removal of 
“larger particles”.

The first parts of the full sampling-and-
analysis process occur in the field and 
are often performed by the consultant’s 
field technician. This gap in the “chain 
of custody” of the sampling process 

between the consultant and the labora-
tory is particularly problematic, especially 
as much as the current incorrect sampling 
practices are left without a clear responsi-
bility. No one takes full responsibility for 
the representativeness of the complete 
sampling process in such circumstances. 
A possible solution would be that a 
single responsible agent, knowledgeable 
in the TOS, should design, perform and 
ultimately be responsible for the whole 
sampling process until analysis. Analysts 
would then only receive representative 
test portions, aliquots, ready for analy-
sis and would, therefore, be able to fully 
take responsibility for the quality of their 
measurements, i.e. the true TAE, while the 
responsibility for quantifying all sampling 
and sub-sampling uncertainties before 
the analytical aliquot (TSE) would also 
have been clearly described and assigned.

Technically, the conclusion from the 
above two, out of many similar stud-
ies, is that composite sampling at the 
primary sampling stage is imperative and 
should be mandatory for all significantly 
heterogeneous materials that cannot be 
subject to mixing. The necessary addi-
tional crushing and sub-sampling stages, 
which will vary significantly as a direct 
consequence of the material heteroge-
neity encountered, are simply the price 
to pay for documentable primary sample 
representativity without which the raison 
d’être of analysis has disappeared: 
what could be the reason for analysing 
a sample (or a derived aliquot) that is 
known to be non-representative? None. 
There is no such reason.

There are no shortcuts to representa-
tive sampling! Composite sampling must 
always be used, as this is the only avail-

Factbox

Below, we present performance results 
for the mass reduction methods recom-
mended by D6913/C702 and compare 
them to fractional shovelling and grab 
sampling. ASTM 6913 only recommends 
RS for dry soil, but for reasons discussed 

above, all methods were compared 
using only dry soil here.

Figure 5 shows the expanded uncer-
tainty (k = 3) for the particle size distribu-
tion (PSD) obtained for each method on 
the same soil. As expected, RS performs 
better than the other shovelling-based 
methods. Amongst the latter, fractional 

shovelling performs better than C&Q, 
while MSS is approximately equivalent to 
grab sampling and thus performs almost 
as poorly.

Figure 5. PSDs of a comparison soil obtained using three sampling techniques recommended 
in ASTM 6913 (MSS, C&Q, RS), fractional shovelling and grab sampling.

Figure 6. Soil corresponding to the PSD 
results shown in Figure 5. The laboratory 
bench pile shows a distinct constitutional 
and size heterogeneity manifestation. In this 
picture, it was undergoing sampling using 
MSS as defined in ASTM D6913. Samples 
were obtained by combining three incre-
ments grabbed from subjectively selected 
spots on the pile. The resulting sub-samples 
are seen in the metal plates in the top-right 
corner.
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able guarantee for representativity of 
significantly heterogeneous materials. 
Contaminated soil is an excellent basis 
upon which to demonstrate these essen-
tial truths because of its often dramati-
cally complex nature.
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IMAGING
Diamond-shaped capillary holder insert 
adds flexibility to Linkam stage
Linkam Scientific Instruments has added a diamond-shaped 
capillary holder insert to its CAP500 stage, allowing the temper-
ature control stage to be quickly and easily adapted to hold either 
of two capillary sizes simply by rotating the capillary holder. The 
CAP500 stage is designed to study samples in a high pressure 
quartz capillary, controlling the temperature of a capillary section 
up to 50 mm in length from < –195 °C up to 500 °C. Samples can 
be pumped through the capillary at a specific pressure using a 
pump and pressure gauge to investigate the flow dynamics and 
rheology of the sample with respect to temperature and pres-
sure using a range of microscopy and spectroscopic techniques 
including brightfield, IR, X-ray or Raman.

The capillary is inserted through the body of the chamber 
and housed in a 1.0 mm ø channel inside a 50 mm silver block. 
The block itself has been designed and engineered to provide a 
uniform temperature across the length of the capillary. Capillaries 
loaded into this channel can be moved 25 mm in the x direction 
and 3.5 mm in the y direction using the xy mechanism to allow 
for observation across the length of the sample in the capillary. 
The standard capillary sizes are 1/8” and 1/16”, but customised 

diamond-shaped inserts allow for different-sized capillaries with 
an outer diameter of ≤ 0.6 mm. A Dual Capillary CAP500 option 
is also available: two capillaries can be mounted side by side, 
then the CAP500’s XY mechanism can be used to move each 
capillary over the light aperture for imaging.
Linkam Scientific Instruments

 �http://link.spectroscopyasia.com/32-085

INFRARED
FT-IR hand sanitiser now tests ethanol 
and isopropanol concentrations
PerkinElmer’s Hand Sanitiser Analyser instrument can be used to 
test for the presence of methanol in alcohol-based hand sanitiser 
products with pass/fail results delivered in 30 s or less. Recent 
warnings and recalls from the FDA indicate that methanol can be 
toxic to consumers if absorbed through the skin and life threat-
ening if ingested. The instrument, introduced in April 2020, also 
tests hand sanitisers for concentration levels of desired alcohols, 
such as ethanol and isopropanol, to help assure product efficacy 
per WHO, USP or FDA guidelines.

The compact and portable analyser is based on the Spectrum 
Two™ FT-IR spectrometer. The underlying technology allows for 
rapid detection of methanol contamination down to 0.03 % (or 
300 ppm), which is more sensitive than the FDA-mandated 
detection limits.
PerkinElmer

 �http://link.spectroscopyasia.com/32-084

LUMINESCENCE
FLIM imaging with 10-ps time resolution
PicoQuant has developed rapidFLIMHiRes which enables the 
imaging of samples at up to 15 frames per second with a time 
resolution of 10 ps using Fluorescence Lifetime Imaging (FLIM). 
rapidFLIMHiRes provides both rapid data acquisition and high 
time-resolution when studying fast processes such as protein 

interactions, FRET dynamics, ion fluxes or quickly moving 
species.

The rapidFLIMHiRes approach exploits a series of hardware capa-
bilities recently introduced by PicoQuant to overcome the limita-
tions of classic, Time-Correlated Single Photon Counting (TCSPC) 
based FLIM: namely hybrid photomultiplier detectors capable of 
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handling count rates of about 78 Mcps, the MultiHarp 150 4P 
TCSPC module with four parallel detection channels, a dead time 
of 650 ps and time bin widths as small as 10 ps. Furthermore, 
the SymPhoTime data acquisition and analysis software has 
been updated with memory management and processing time 
improvements as well as correction algorithms to reduce decay 
curve distortions due to very high count rates and artefacts of the 
detector pulse pile-up. The SymPhoTime 64 software stores all 
raw photon timing information in the portable TTTR file format, 
so that no data is lost and can always be analysed with a broad 
array of commercial and open source tools.

All components required for rapidFLIMHiRes are available either 
individually, as part of a PicoQuant Laser Scanning Microscopy 
(LSM) Upgrade Kit for systems from Nikon, Olympus, Scientifica 
or Zeiss and as a special configuration of PicoQuant’s MicroTime 
200 confocal time-resolved microscopy platform.
PicoQuant

 �http://link.spectroscopyasia.com/32-088

MASS SPECTROMETRY
Toxicology LC-MS workflow
The new Thermo Scientific Tox Explorer Collection offers a 
comprehensive LC-MS workflow for toxicology assays. The Tox 
Explorer Collection consists of proven methods enabling toxicol-
ogy laboratories to achieve accurate, high-resolution data, regard-
less of analyte type, matrix complexities or user expertise. The 
Tox Explorer Collection consists of a comprehensive library of 
analytes, allowing for faster identification and targeted screen-
ing assays with 1500 compounds confirmed in a single analysis.

The Thermo Scientific Tox Explorer Collection is composed 
of the following components: Thermo Scientific Q Exactive 
Plus Hybrid Quadrupole-Orbitrap mass spectrometer; Thermo 
Scientific Vanquish Flex UHPLC system; Thermo Scientific 
TraceFinder software; Thermo Scientific Accucore column and 
consumables configured for high performance; an extensive 
HRAM mzVault library of 1500+ compounds and database 
with streamlined data processing and reporting; proven method 
comprising critical hardware parameters along with a step-by-

step walkthrough guide for quick start-up and method installa-
tion; and application support and training.
Thermo Fisher Scientific

 �http://link.spectroscopyasia.com/32-089

NIR
Spectrometer system determines 
scattering and absorption coefficients of 
turbid media
Gigahertz-Optik’s SphereSpectro 150H spectrometer system 
enables the simultaneous determination of the spectral absorp-
tion and scattering coefficients for scattering samples. The sample 
is illuminated and the transmitted as well as the reflected light is 
measured and evaluated in a differentiated manner using radia-
tive transfer theory. For clear samples, the absorption coefficient 
is determined based on Beer–Lambert’s law. However, if the 
sample exhibits scattering (i.e. turbid or translucent samples), 
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the entire physical process must be taken into account, i.e. a 
combination of scattering and absorption properties.

The determined absorption coefficient is identical to the 
absorption coefficient determined conventionally for clear media 
and can be used for content determinations, for example. The 
SphereSpectro 150H uses an integrating sphere to measure the 
total reflected and transmitted light of an illuminated sample. 
From these two quantities, the absorption coefficient and the 
effective scattering coefficient can be calculated.

The SphereSpectro 150H covers the wavelength range 
between 200 nm and 2150 nm. Modular versions are also avail-
able for sub-ranges within this spectral range. The spectrometer 
also benefits from simple operation, short measurement times 
and a large sample chamber with optimised sample holder.
Gigahertz-Optik

 �http://link.spectroscopyasia.com/32-086

Broadband NIR LED for spectroscopy applications
The Oslon P1616 SFH 4737 from Osram measures 
1.6 × 1.6 × 0.9 mm, and is only half the size of the previous 
smallest product in the Osram portfolio. This compact design 
makes it suitable for use in smartphones, as well as its output of 
74 mW at 350 mA, which is about three times the peak values 
of earlier solutions. It also has radiant intensity in the forward 
direction at 18 mW sr–1, which is double those of former Osram 
NIREDs. Its wavelength range is 650–1050 nm. The sensitivity 

of legacy silicon-based detectors usually decreases with increas-
ing wavelength, especially above 950 nm. In the past, in order to 
compensate for this, higher currents were required. Thanks to a 
new phosphor, the component emits more light at higher wave-
lengths—with positive effects on the overall energy consump-
tion of the system.
Osram

 �http://link.spectroscopyasia.com/32-090

PEAK XNIR spectrometer with DLP® technology from Ibsen Photonics
Ibsen Photonics has released the new PEAK XNIR OEM spec-
trometer that features DLP® Pico™ technology from Texas 
Instruments. The PEAK XNIR offers high throughput due to a 
retroreflective optical design, a high efficiency transmission grat-
ing and a NA of 0.22. The retroreflective design allows for a 
compact form factor of approximately 63 × 50 × 77 mm with high 
resolution and sensitivity as well as environmental ruggedness. 
The wavelength range is 1650–2400 nm and the resolution is 
10 nm.

The PEAK XNIR is supplied with control electronics and uses 
Ibsen’s XNIR Evaluation Software for Windows with advanced 
column and Hadamard scan functions for improved signal-to-
noise ratio. You can program your own software using an HDI 
standard interface and read/write operations to the FPGA regis-
ter. PEAK utilises Ibsen’s high efficiency fused silica transmis-
sion gratings combined with the DLP technology from Texas 
Instruments in order to provide the spectral programmability. 
Another benefit of using Ibsen’s transmission gratings is that 
PEAK can be manufactured in high quantities with very small 
unit-to-unit performance variation.
Ibsen Photonics

 �http://link.spectroscopyasia.com/32-091

UV/VIS
UVC radiometer for germicidal UV 
sources
The new X1-1-UV-3727 radiometer from Gigahertz-Optik is 
designed to accurately measure the far-UVC irradiance or dose 
produced by 222-nm excimer lamps. This is in addition to the 
measurement of other germicidal UV source types including low 
pressure Hg lamps and UV LEDs. Each meter has a wide dynamic 
range and is supplied with a traceable calibration certificate. 
Far-UVC radiation, such as the 222 nm produced by Kr-Cl exci-

mer lamps, has been the subject of many studies and is known 
to be effective against a wide range of pathogens. Significantly, it 
is also thought to offer less photobiological hazard, because far-
UVC light cannot penetrate human skin as deeply as the longer 
wavelength UV radiation produced by low pressure Hg lamps 
and UVC LEDs.
Gigahertz-Optik

 �http://link.spectroscopyasia.com/32-087
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