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MOLECULAR SPECTROSCOPY WORKBENCH

Very Low Frequency 
Measurements of Linear Alkanes

The study of vibrational spectra of 
linear alkanes has been used in the 
past to model the structure of poly-
ethylenes. In particular, from these 
studies it has become clear that, 
in polyethylene, the longitudinal 
acoustic mode (LAM) frequency 
is inversely related to the length of 
polymer units between folds (lamel-
lae), which is determined by sample 
history. This relationship had been 
developed by studying a series of 
linear alkanes. Spectra of samples 
of (C44H90), (C20D42), (C24D50), and 
(C36D74) are reported here. Although 
full spectra were recorded, we were 
more interested in the behavior in 
the low frequency region. Predic-
tions for the LAM modes were in the 
range between 50 and 120 cm-1, but 
we recorded spectra down to 4 cm-1. 
In addition to the LAM modes, we 
observed sharp bands, some quite 
strong. An extensive literature search 
enabled assignment of these bands to 
librational modes (hindered rotations 
in the lattice). The ability to make this 
type of very low frequency measure-
ment reliably can be used to predict 
physical properties of polymers and 
the crystalline polymorph of active 
pharmaceutical ingredients (API’s), 
which has implications for bioavail-
ability, shelf-life, stability, and protec-
tion of intellectual property (IP) for 
pharmaceutical manufacturers.

Fran Adar

Last year, I was asked by Pro-
fessor Shaw Lin Hsu, of the Uni-
versity of Massachusetts at Am-

herst, to show how low in frequency 
we could measure. He sent me four 
samples of linear alkanes, three of them 
fully deuterated. He was looking to ob-
serve the longitudinal acoustic modes 
(LAM) mode between 50 and 120 cm-1, 
depending on the length of the alkane 
chain (1). I recorded spectra simulta-
neously on the Stokes and anti-Stokes 
side of the laser line, with the laser 
centered on the detector. In addition 
to the LAM lines between 50 and 120 
cm-1, I saw a set of strong sharp lines 
that appeared down to a ±4 cm-1 shift. 
The LAM modes represent accordion 
motion of polyethylene and the linear 
alkanes. The question was, “What else 
could be appearing so close to the laser 
line?” There were two possibilities: one 
was for these lines to represent molecu-
lar phonons (2), which represent motion 
of the molecules beating against each 
other in the unit cell, but this required 
there be more than one molecule in the 
unit cell. Another possibility was libra-
tions, or molecular twisting (3–7). 

Vibrational study of polyethylene 
and its short-to-medium chain analogs 
goes back to the 1960s (1,3,4,6–12). It 
was already known at the time that the 
crystallographic phase of polyethylene 
is orthorhombic, but the alkanes can 
crystallize in orthorhombic, monoclinic, 

triclinic, or hexagonal phases. Because 
there are two molecular units in the unit 
cells of the orthorhombic and monoclinic 
phases, crystal field splittings are pre-
dicted, but there are no splittings in the 
triclinic or hexagonal phases that contain 
one molecule in the unit cell (7–13) 

Vibrational analysis is first based on 
the molecular functional group, com-
posed of two methylene units in the 
chain. The symmetry species describ-
ing the line group of this molecular unit 
is isomorphous to the point group D2h. 
The Raman vibrations of the molecular 
unit are described in terms of the four 
symmetric irreducible representations of 
D2h. In the orthorhombic unit cell of the 
crystal phase (also D2h) these can be split, 
as shown in Table I. 

In the crystal, the splittings of the 
molecular vibrational modes can be 
observed using polarization analysis, 
because differences in symmetry mean 
that the polarization behavior will be dif-
ferent. This splitting is illustrated quite 
clearly in references (10) and (12), but 
is already seen by taking polyethylene 
to the temperature of liquid nitrogen 
where the lines sharpen, enabling the 
observation of the splitting (9). In addi-
tion, Snyder showed that splitting of the 
infrared (IR)-active modes in the ortho-
rhombic and monoclinic phases of the 
n-alkanes is different, reflecting differ-
ences in intermolecular interactions in 
the two phases (11). 
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Experimental
All spectra were measured on the Evo-
lution Raman microscope equipped 
with the ultra low frequency (ULF) fil-
ter, the 532 nm laser, 25% power, 30 x 
5 sec, and the 100x visible objective. 

Results
Measurements of 
n-tetratetracontane (C44H90)
Viewing the spectrum between -100 and 
+100 cm-1 is a bit confusing, because the 
ultralow frequency bands are up to 30 
times stronger than the bands in the ex-
pected LAM region. So Figure 1a shows 
the Stokes–anti-Stokes (SAS) spectrum 
between ±120 cm-1 with enough vertical 
expansion to see the LAM modes, and 
then Figure 1b shows the SAS spectrum 
between ±50 cm-1, displayed to see the 
details in the bands below 30 cm-1. The 
spectra were band-fitted for several 
reasons. The signal-to- noise introduces 
some uncertainty in the peak positions, 
so fitting on both sides of the laser en-

ables confirmation of the legitimacy of 
most of the spectral features. The LAM 
modes of the hydrogenated alkanes 
have been calculated and measured 
by Schaufele and Shimanouchi (1), and 
for C44H90 it is expected to be near 60 
cm-1. In fact, the spectrum between 40 
and 120 cm-1 is quite complicated. The 
micro measurements that are shown 
here were done on individual platelets, 
so for sure there is orientation depen-
dence, unlike the published spectra that 
were done in macro geometry, where 
an ensemble of crystals was measured. 

Measurements of the  
Deuterated Alkanes
Figure 2 shows the full spectra and the 
SAS spectra of the deuterated spe-
cies. The behavior in the fingerprint 
and carbon-deuterium (CD) regions 
are consistent with reference (10). We 
do not have information on expected 
band frequencies for the deuterated 
linear alkanes in the low frequency 
region, but, in general, one expects 
that as molecular weight increases, the 
band frequencies should decrease, 
and that is what we see in Figure 2b. 

TABLE I: Symmetry species of the molecular and crystalline vibrations in 
polyethylene

Symmetry of Vibrations 
in Molecular Unit

Symmetry of Vibrations in 
Orthorhombic Crystal

Ag Ag + B1g

B1g B1g + B2g 

B2g B1g + B2g 

B3g Ag + B3g

http://www.piketech.com
http://www.piketech.com
mailto:info@piketech.com
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  Examining Figure 2b, we see that, 
from top to bottom, the molecu-
lar weight decreases and the LAM 
mode increases from ~65 to ~95 to 
~113 cm-1. Table II in reference (1) 
repor ts the LAM modes in these 
compounds (when hydrogenated) 
at 67, 98, and 114 cm-1. Note that the 
observed frequencies for the deu-
terated compounds are about 1–3 
cm-1 lower in value, lower because a 
deuteron is heavier than a hydrogen 
atom, but not much lower because 
most of the molecular mass comes 
from the carbon atoms. In addition, 
each spec trum has another L AM 
mode (not shown) at a frequency 
slightly less than three times the first 
LAM mode, also in agreement with 
the predictions of reference (1). The 
remaining question is how to assign 
the ultralow frequency lines. Given 
that tetracosane and eicosane crys-
tallize with only one molecular chain 
in the unit cell, these lines cannot be 
interpreted as molecular phonons, 
as originally expected, thus leaving 
the assignment to molecular libra-
tions, which are expected to drop in 
frequency as molecular weight (chain 
length) increases, as observed. In 
fact, after hunting around in the liter-
ature, I found numerous publications 
(3–8) that describe the entire set of 
low frequency modes as “transverse 
acoustic phonon branches.” These 
branches were described as mixtures 
of motion, including intramolecu-
lar skeletal vibrations, longitudinal 
acoustic modes, in-plane bending, 
out-of-plane bending, Rx and Ry (de-
scribed as ν9 and ν5) which mix for 
large n, and out-of-plane bending, 
Rz. Note that, in our spectra, the LAM 
modes are definitely not the stron-
gest as it was in published literature, 
probably because the low frequency 
performance of contemporary instru-
ments is so much better than it was 
40 to 50 years ago, when Herculean 
efforts were required to observe very 
low frequency bands, and because of 
orientation–polarization dependence 
of single crystals.
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FIGURE 2: (a) Full spectra of the deuterated alkanes, from top to bottom: n-
tetratetracontane, n-tetracosane, and n-eicosane. Note the small amount of re-
sidual hydrogen in the CH band near 2850 cm-1. (b) Ultralow frequency spectra 
of the deuterated alkanes, from top to bottom, C36D74, C24D50, and C20D42.
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Comparison of C44H90 
to C36H74 and to C36D74 
Another interesting comparison is between C36H74 (which 
was available in our stash), C36D74, and C44H90. In this case 
all samples are orthorombic, with the additional possibility 
of some monoclinic phase in either of the C36 samples, but 
both phases have two molecules in the unit cell. As we did 
previously, we display the spectra, first emphasizing the 
LAM modes, and then the ULF modes. Surprisingly, as 
we were hunting around for a more intense LAM mode 
in C36H74, we found a crystal with a needle habit that 
yielded a very strong doublet near the frequency of the 
expected LAM mode. Although not labeled, there are 
small peaks at the same frequency shifts in the platelet 
sample of C36H74, so it is not clear if the high intensity of 
the LAM peaks is due to the presence of a second crystal-
lographic phase or to an orientation that provides higher 
intensity. From C36D74, we saw a LAM peak at slightly 
lower frequency, which is consistent with slightly heavier 
weight. The LAM peak in C44H90 has an even lower peak 
(57 cm-1) which is also to be expected for the increased 
molecular weight. In Figure 3b, we display the very low 
frequency spectra. The top two spectra exhibit a doublet 
in the lowest frequency region, but careful examination 
shows that the frequencies are not equivalent. This be-
havior was inconsistent across the samples, but when we 
observed it in C36D74 in one spectrum but not in another, 
we thought it would be interesting to document this. At 
this point, we do not have a self-consistent explanation 
for this behavior. 

Discussion
The quality of the low frequency part of the spectra of these 
alkanes is higher than that obtained when the LAM modes 
in PE and linear alkanes were first being investigated. We 
have seen that the first-order LAM modes fit the predictions 
based on chain length for their frequency shifts. What is also 
observed in the low frequency Raman spectrum is the third-
order LAM, and those bands have also been labeled in Figure 
3a. The prediction is that the ratio of the frequency shift is 
less than 3.013. For the three spectra shown in Figure 3a, we 
have values respectively (from top to bottom) of 156.2/57.2 = 
2.73, 176.7/64.6 = 2.74 and 190.5/69.5 = 2.74; not only are these 
values less than 3.0, but they are remarkably close. However, 
reference (13) does not mention the possibility of the first-
order LAM mode splitting, as is seen in the bottom of Figure 
3a in the spectrum generated from the needle. On the other 
hand, Pietralla and associates (14) do discuss the effects on 
the frequencies of intermolecular coupling along the z-axis, 
which could possibly account for the splitting, either because 
of orientation or polymorphic difference, or both. 

The possibility of experimental artifacts in these spectra 
had been considered. If, in fact, these bands could be com-
ing from multiple reflections in the ULF filters, they would be 

the same in the spectra of all samples, which they are not. In 
addition, our SAS spectra of silicon and diamond are clearly 
different as well (Figure 4). So, we have to conclude that the 
results should be taken seriously. 

Conclusions
The spectra shown here document enhanced capabilities for mak-
ing very low frequency shifted measurements on a conventional 
Raman microscope when it is equipped with volume Bragg grat-
ings. The spectra are certainly not artifacts because bands on the 
Stokes and anti-Stokes Raman side are equivalent and because 
the spectrum is different for every sample. While we were expect-
ing to observe LAM modes, we observed much more, with band 
peaks extending down below 5 cm-1 from the laser line. These 
spectra are consistent with the early literature describing the 
transverse acoustic phonon branches in addition to the longitu-
dinal acoustic phonon, but because of the quality of the spectra 
in this frequency shifted range, the results are essentially new, and 
available for interpretation by the polymer physicists. We close 
by pointing out the potential relevance of these measurements 
to those of pharmaceutical small molecule active pharmaceutical 
ingredients (APIs) that are known to crystallize in multiple forms. 
Because the crystalline form affects the solubility, bioavailability, 
shelf life, and so on, the ability to make these measurements has 
relevance to the pharmaceutical industry as well as the polymer 
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physicist. In addition, there are efforts to 
encapsulate APIs in lipids so very low fre-
quency Raman measurements, providing 
information on the ordering of the lipid 
phase, could be of interest. 
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FOCUS ON QUALITY

Do You Really Understand the 
Cost of Noncompliance?

Two recent warning letters show that 
the US FDA is substantially increasing 
the amount of remediation work it re-
quires for companies to correct data in-
tegrity noncompliance. Understanding 
the large cost to fix noncompliance is 
vital to convince laboratories and ex-
ecutive management to be compliant 
rather than to wait for an inspector to 
find problems. 

R.D. McDowall

English is hopeless as there is no 
word for it. Spanish? Nope. French? 
Forget it. Chinese? Not a clue. In 

contrast, German has the word for it. What 
is it? Schadenfreude. Huh? Schadenfreude 
is defined by Wikipedia as the experience 
of pleasure, joy, or self-satisfaction that 
comes from learning of or witnessing the 
troubles, failures, or humiliation of another.  
Has this column turned into a language les-
son? No. Rather, my goal is to teach you 
that it is better to be compliant than not. 

Previously, my focus in previous “Focus 
on Quality” columns has been mainly 
on instances of noncompliance found in 
FDA Form 483 observations and warning 
letters, such as a recent review of cases 
of infrared (IR) spectrometer noncompli-
ance (1). However, in this installment, I 
discuss the extensive and expensive re-
mediation activities required by the FDA 
in two July 2020 warning letters issued 
for data integrity violations by two U.S. 
companies, Stason Pharmaceuticals and  
Tender Corporation (2,3). 

What is the relationship of this to 
schadenfreude, you may ask? Wait until 
you see the scope and detail of the work 
required by the FDA to remediate the 
noncompliance by these two compa-
nies. It looks like the FDA is losing pa-
tience with the pharmaceutical industry 
and is sending an unmistakable message 

to companies to get their data integrity  
act together. 

Use schadenfreude as described here 
to serve as a warning to check how com-
pliant your laboratory processes and sys-
tems are now. Being inspection-ready is 
always preferable to having an inspector 
uncover noncompliant bodies that have 
been buried. Before we get into the mi-
asma of these noncompliances, we need 
first to understand and discuss the costs of 
compliance and noncompliance.

Is That All a Regulation Says?
The problem in the pharmaceutical in-
dustry is that many analytical chemists in 
the industry have never read the regula-
tions they have to comply with, because 
the regulations have been interpreted in 
the past by the organization. However, 
reading, understanding, and interpreting 
regulations is critical. Take for example 
the U.S. Good Manufacturing Practices 
(GMP) regulations for equipment in 21 CFR 
211.63. We can boil down the 35 words of 
this clause into three simple requirements, 
that instruments: 
• have appropriate design 
• have adequate size 
• be suitably located for intended use (4). 
That’s all it says. However, these words 
need to be interpreted in combination 
with USP <1058> (5): 
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• A specification for an analytical instru-
ment and any software must be docu-
mented in a user requirements specifi-
cation (URS). The URS should contain 
statements about adequate size (for 
example, capacity, such as maximum 
sample numbers in a run) of the instru-
ment or number of concurrent users if a 
networked system. 

• Design qualification (DQ) is required to 
demonstrate that the right instrument or 
system has been selected. 

• The instrument and any associated 
software must be installed correctly 
(installation qualification).

• The instrument and any software must 
undergo an operational qualification and 
user acceptance testing against the URS 
to confirm fitness for intended use. This 
phase can include an appropriate mix-
ture of calibrating, qualifying, and test-
ing the whole system while establishing 
a baseline against which operation of the 
instrument can be monitored.

• Monitoring the operation of the instru-
ment over time against the baseline and 
user requirements (performance qualifi-
cation) is required.

Given that the regulations state only the 
minimum required elements, these regu-
lations have spawned an industry of writ-
ers to interpret these regulations through 

regulatory guidance documents, a phar-
macopeial general chapter, publications 
from scientific societies, and articles by 
individuals like me (5–10). 

Even with all these publications, there is 
still the choice of how to implement these 
regulations in an individual laboratory for 
each analytical instrument and computer-
ized system. Interpretation of pharmaceu-
tical regulations is always a balance be-
tween the cost of compliance against the 
cost of noncompliance. Remember also 
that any work in a GMP-regulated labora-
tory must be scientifically sound under 21 
CFR 211.160(b) (4). Figure 1 illustrates the 
balance between the costs of compliance 
and noncompliance. 

Cost of Compliance vs.
Cost of Noncompliance
Risk management is one of the require-
ments for the pharmaceutical industry fol-
lowing the publication of the FDA’s GMPs 
for the 21st Century document and the ICH 
Q9 guideline on quality risk management 
(11,12). The work required in a regulated 
laboratory is dependent on a justified and 
documented risk assessment that must 
also be scientifically sound. This discus-
sion can be summarized as the balance 
between the cost of compliance and the 
cost of noncompliance. Each laboratory 

makes decisions along a spectrum that 
ranges from doing nothing to doing ev-
erything possible, and this decision deter-
mines how much regulatory and business 
risk a company wishes to mitigate or carry 
as well as how much money the company 
wishes to spend.

The left-hand vertical axis of Figure 
1 is the cost of noncompliance and the 
right-hand vertical axis shows the cost of 
compliance. You will note that the cost of 
noncompliance axis is much bigger than 
the cost of compliance axis. One view-
point is that one axis is logarithmic, and 
the other is linear. Guess which one is lin-
ear? This is one of the balances you need 
to consider: The right-hand side shows the 
cost of doing it right the first time, and the 
left-hand side is the cost of getting caught. 
Fixing a regulatory problem that has been 
identified in a warning letter is always more 
expensive than doing the right thing the 
first time, or even of finding a problem 
and fixing it yourself. If anyone is in doubt 
about the cost of noncompliance for data 
integrity violations, I suggest that you read 
a consent decree, such as that for Ranbaxy 
(14). In that consent decree, the cost of non-
compliance can be quantified as hundreds 
of millions of dollars. 

In Figure 1, the horizontal axis is the 
percentage of compliance from 0 to 
100%. The only fixed points are at the 
ends of the scale where 0% indicates no 
control of the process or system and 100% 
is where anything that can be compliant 
is compliant. In between 0 and 100% is 
a relative scale of compliance. The major 
point to note is that this scale is not fixed 
but moves as indicated by the arrow at the 
bottom of the figure. However, the direc-
tion of movement is only one way and that 
is to the right! To understand this point, 
consider the situation with data integrity. 
The FDA GMP regulations have changed 
little since 1978 and have always contained 
data integrity requirements. However, 
since the Able Laboratories fraud case in 
2005 and the discovery of industrial-scale 
data falsification and poor data manage-
ment practices, we have seen regulatory 
authorities issue guidance documents 
on the topic and enforce the regulations 
more strictly (15–20). Because of the pro-
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FIGURE 1: Understanding the balance between the costs of compliance and 
noncompliance (10,13).
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active monitoring by regulatory authori-
ties, the compliance scale has moved to 
the right.

Compliance Awareness?
Because data integrity has been a major 
compliance topic for the past 15 years, 
you would think that organizations would 
have taken the hint and started assess-
ment and remediation projects already. 
Apparently, this is not the case. There 
have been many past warning letters 
highlighting the issues that are com-
mon in the two warning letters that we 
review in this column. Notwithstanding 
the availability of those letters on the 
FDA’s website, apparently little if any-
thing was been done at Stason Pharma-
ceuticals or Tender Corporation to even 
assess if there were any problems; such 
an effort was solely the responsibility of 
senior management. Also, little if any ef-
fort had been made at these companies 
to assess the compliance landscape, 

see the trends in inspections, and plan 
ahead. Then again, even if there was 
the knowledge of compliance trends at 
those companies, would either organi-
zation have done anything different? 
One has to wonder. For those working 
in organizations that are aware of the 
data integrity issues and are working to 
remediate the problems, you can have a 
little schadenfreude smirk. 

Who is on the Naughty Step Today? 
We are now ready to consider the cost 
of noncompliance of two warning let-
ter remediation plans mandated by the  
FDA (2,3). These are as follows: 
• Stason Pharmaceuticals Inc. received two 

citations against 21 CFR 211.192 and 21 
CFR 211.68(b). There were major prob-
lems with out of specification (OOS) in-
vestigations that resulted in a major list of 
remediation tasks. Our interest is in the 
second citation for failure to exercise 
appropriate controls over computerized 

systems so that only authorized individu-
als can make changes to records. 

• Tender Corporation has three cita-
tions, under 21 CFR 211.194(a), 21 CFR 
211.160(b), and 21 CFR 211.192. Here the 
citations were for failure to have com-
plete data available from testing by de-
leting data, although there is also men-
tion of common login and password for 
access, which is a 211.168(b) requirement. 
There was also a failure to have scien-
tifically sound test methods and assess-
ment of method problems. The final cita-
tion was for a failure to have a procedure 
for compliant handling and inadequate  
complaint investigations. 

The main citations from both warning 
letters are shown in Figure 2. Interest-
ingly, both organizations are U.S. com-
panies and not located in India or China, 
reinforcing that data integrity is a global 
problem. Both warning letters were is-
sued by the FDA’s Division of Pharma-
ceutical Quality Operations. 
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What is interesting is that Stason is 
cited under 21 CFR 211.68(b) for failing to 
control computer systems and Tender is 
cited under 21 CFR 211.160(b) for a failure 
of laboratory controls. However, each 
company is required to submit a compre-
hensive remediation plan for data integ-
rity but from different clauses of the U.S. 
GMP regulations. So what? The what is a 
nearly identical list of remediation activi-
ties contained in both FDA warning let-
ters that support my contention that the 
cost of non-compliance is significantly 
larger than the cost of compliance.

A Comprehensive Remediation Plan
Both warning letters require comprehen-
sive corrective action and preventive ac-
tion (CAPA) plans, shown at the bottom of 
Figure 2, and the wording is identical:

A comprehensive, independent as-
sessment and corrective action and 
preventive action (CAPA) plan for 
computer system security and in-
tegrity. Include a report that identi-
fies vulnerabilities in the design and 
controls. Also include appropriate 
remediations for each of your labora-

tory computer systems. This should 
include but not be limited to…

Let us analyze this single paragraph in 
some detail:

• Comprehensive: An extremely detailed 
and extensive report is required. Some 
of the words and phrases used to de-
scribe the remedial action required in-
clude describe in detail, strict, on-going 
control, enhanced, and comprehensive 
review. This plan is not going to be writ-
ten on the back of an envelope. Nor will 
it be cheap.

• Independent assessment: The work 
must be led and conducted by an exter-
nal consulting company with extensive 
knowledge of data integrity, regula-
tions, and computerized systems. It will 
also require much input from laboratory 
staff, which will slow down analytical work 
while trying to assess and remediate pro-
cesses, systems, and documentation. A 
consulting opportunity. 

• Computer security and integrity: Each 
computerized system in the laboratory 
needs to be assessed from the perspec-
tives of unique user identities, password 
use, user roles with associated access 
privileges that avoid conflicts of interest, 
and application configuration to ensure 
protection of electronic records.

• Vulnerabilities in design and controls: 
Data process mapping needs to be con-
ducted on all systems. For each workflow 
in a system the records generated need 
to be identified, and the controls in place 
(assuming that there are some) and the 
data vulnerabilities need to be noted. 
Data process mapping is an iterative 
process involving a facilitator and sub-
ject-matter experts from the laboratory 
and, where appropriate, the IT group. It 
does not state how many instruments or 
computerized systems are in either lab-
oratory, but for a medium-sized labora-
tory, there might be 10–25 instruments. 

• Appropriate remediations: The list 
cites both procedural controls and train-
ing for staff but also mentions technical 
controls (and the associated validation 
costs) for long-term resolution of the 
data integrity problems.

Stason
Pharma WL

1. Failure to
investigate

discrepancies
211.192

2. Failure to
control

computers
211.68(b)

1. Failure to
ensure

complete data
211.194(a)

Tender
Corp WL

2. Failure to set
laboratory
controls

211.160(b)

3. Failure to
handle

complaints
211.192

Comprehensive
Remediation

Required by the
FDA

FIGURE 2: Overview of the Stason Pharmaceuticals and Tender Corporation 
warning letters. 
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• At the end of every warning letter is the 
following paragraph: 

The violations cited in this letter are not 
intended to be an all-inclusive list of viola-
tions that exist at your facility. Inspections 
and audits sample and only identify prob-
lems seen during the visit. 

Inspections and audits sample and 
only identify problems seen during the 
visit. The regulatory expectation is that a 
systems approach is taken and if there is a 
problem with user account management 
seen with one computerized system, then 
an assessment of all systems should be 
undertaken. In addition, during the as-
sessment of processes and systems a new 
non-compliance is identified, fix it! This is 
in contrast to the traditional QA mentality 
to just answer the question asked and not 
to think wider.

From a single paragraph in each warn-
ing letter you can sense that this remedia-

tion plan will be extensive and expensive. 
This program of work is not a two-minute 
job and with external involvement in all 
aspects of the preparation, this work will 
not be cheap. Remember the sentence 
at the end of the paragraph: “This should 
include and not be limited to…more work 
may be required than listed in the warning 
letter.” This is a consulting opportunity by 
invitation of the FDA. My spectroscopic 
schadenfreude-o-meter is starting its in-
exorable rise into the red zone and warning 
lights are flashing down at quality control!

It is interesting that many organizations 
claim that they never have any money 
available for improvements or time to do 
compliance work. It is strange that follow-
ing the receipt of a 483 and especially a 
warning letter, money and resources flow 
like water over Niagara Falls. Now you can 
begin to see how the cost of non-compli-
ance is much more than the cost of compli-
ance. With the former, you have the boot 
of a regulatory agency inserted in places 

it should not be inserted, combined with 
an urgent timetable from the company to 
resolve the non-compliance. In compari-
son, a well documented risk management 
approach that is defendable has a fraction 
of the cost. Not convinced yet that the cost 
of compliance is less than the cost of non-
compliance? Before we see the evidence 
to support my contention, as we enter into 
the valley of noncompliance death, we 
need to discuss my data integrity model. 
This is necessary to understand the scope 
of data integrity within the context of a 
pharmaceutical quality system.
 
Reprising A Data Integrity Model
The analytical portion of my data integrity 
model has featured in this column before 
and the full model in other publications of 
mine (10,13,21–23). It consists of four layers 
analogous to building a house plus quality 
oversight and is presented in Figure 3. This 
model is important because we map the 
citations in the warning letters against the 
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four levels of the model. The analogy with 
building a house is that if there is no foun-
dation, the house collapses. This analogy is 
important to remember when we review the 
warning letters and analyze the remedia-
tion. Although the full model shows three 
levels of production and quality control (QC) 
analysis, we will only consider the founda-
tion, analytical levels, and quality assurance 
(QA) oversight in the analysis of the warning 
letters. The layers of the model are:
• Foundation (F): Data governance, 

which includes management leader-
ship, quality culture, ethos, and train-
ing for data integrity including good  
documentation practices.

• Level 1 (L1): The right analytical instru-
ment and computerized system qualified 
and validated for intended use.

• Level 2 (L2): The right analytical proce-
dure for verification or validation under 
actual conditions of use.

• Level 3 (L3): Executing the validated pro-
cedure using qualified instruments and 
validated computerized systems with 
staff trained in data integrity operating 
in an open culture.

• Quality oversight (QA): Checks, audits, 
and investigations to ensure work at all 
levels has been performed correctly.

The whole of this model must exist within a 
company’s pharmaceutical quality system. 
Each part of the FDA-required remediation 
plan will be mapped to one or more parts 
of this model using the annotations in pa-
renthesis in the bullet list above. 

Getting into the Detail
Here’s where we go into detail for the re-
mediation CAPA plan. If you think the over-
view discussed above was bad, wait until 
you see what is coming. Figure 3 shows the 
minimum elements of the data integrity re-
mediation required by the FDA of Stason 
Pharmaceutical and Tender Corporation. 
Item 12 in Figure 3 is exclusive to the lat-
ter company. Visualizing each plan is es-
sential to have a better understanding of 
the scope and detail of the remediation 
required, which are extensive. Please note 
that the elements of the plan in Figure 3 
have had the text edited so that the figure 
is manageable. 

In contrast, Table I presents the data in-
tegrity remediation tasks in both the Sta-
son Pharmaceuticals and Tender Corpora-
tion warning letters, and the one additional 
requirement required of Tender Corpora-
tion is added at the bottom of this table. 
Table I consists of three columns: 

• The left-hand column lists the ver-
batim requirement copied from the  
warning letters.

• The middle column shows the re-
quirement mapped against the data  
integrity model. 

• The right-hand column shows my com-
ments on the remediation requirements.

Remediation Requirements Review
We discussed the main features of a data 
integrity model earlier and each of the 
remediation requirements of the FDA in 
Table I are mapped against the layers of 
this model. Figure 4 shows the required 
remediation activities mapped visually 
against the model. This mapping is illumi-
nating because both organizations have 
failed to implement basic GMP require-
ments in terms of data governance and 
associated training at the foundation and 
failed totally at level 1 to ensure that ana-
lytical instruments and computerized sys-
tems are fit for their intended use. 

This figure also reinforces a key point 
that has been made since the inception 
of this model: If you don’t get the lower 
levels of the data integrity model correct, 
then whatever data integrity efforts are 
implemented at the upper layers become 
worthless. Of interest is the fact that level 
2 is not mentioned at all in the remedia-
tion requirements because of the scope 
and depth of the non-compliances cited 
in Table I were such a shambles that the 
inspectors did not need to look closely at 
how analytical procedures were verified  
or validated.

The issues mapped to level 3 are, in 
part, a direct result of failures at the foun-
dation and level 1. For example, because 
audit trails have not been implemented 
and validated at level 1, there is a conse-
quential requirement for a procedure and 
training on how to review the entries dur-
ing batch analysis at level 3. Security and 
access control appear conspicuous by their 
absence before the inspection as there is a 
major remediation effort to attribute work 
to individuals and avoid conflicts of interest 
when accessing systems, another level 1 
failure. The failure to meet the requirement 
for complete data to be generated during 
testing is a fundamental failure in training 
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and integrity
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System Security Audit Trail Assessment of Practices
on Data Integrity
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names/passwords are
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with privileges plus
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system security control
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unauthorised access
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9. DI assessment of IT
infrastructure, system

con�guration including
con�icts of interest
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FIGURE 4: Visualization of the Stason Pharmaceuticals and Tender Corpora-
tion remediation plans.
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staff in good documentation practices 
and data integrity including the meaning 
of complete data at the foundation level.

Continuing with omissions in the foun-
dation, the spotlight now turns full beam 
on management. Management is not 
treated very kindly as there appears to 
be an abject failure of executive leader-
ship with respect to data integrity and 
data governance. This is a fully deserved 
citation as data integrity begins and 
ends with executive management. Man-
agement is responsible for the pharma-
ceutical quality system and this is made 
crystal clear in GMP and good laboratory 
practices (GLP) regulations (24–26) as well 
as in regulatory guidance documents on 
data integrity (16–20). Any data integrity 
program requires resources, time, and 
funding for the assessment and remedia-
tion of processes and systems including 
updating or replacing inadequate sys-
tems. Executive management bears sole 
responsibility for this work.

The QA departments in these firms 
also appear to be inept, given that FDA’s 
remediation has the explicit requirement 
for quality staff with IT knowledge. It seems 
likely that the focus of quality oversight was 
only on paper records, possibly with paper 
printouts from the computerized systems 
being defined as the “raw data.” This is 
despite the fact that the FDA has had a 
level 2 guidance on why electronic records 
take priority over paper printouts available 
since 2010, which is publicly available on 
the agency’s web site (27). This position 
was reiterated in the 2018 data integrity 
guidance from the agency (19). 

There is an initial remediation emphasis on 
procedural controls but the longer-term 
focus is directed by the FDA to technical 
controls. Overall, there should be elimina-
tion of paper by interfacing instruments, 
such as pH meters, and analytical balances 
to a laboratory information management 
system (LIMS). This is a crucial approach 

as procedural controls are operated by 
humans but consistency and identifying 
errors are not a given. Technical controls 
that have been validated can be operated 
consistently and enforce a procedure and 
hence GXP compliance, this is a far better 
approach compared to procedural controls.

Sometimes I get a feeling that an indepen-
dent assessment of the current working 
practices will open one or more cans of 
worms for the company, and my schaden-
freude-o-meter is ready to tick up a notch 
or two. 

The focus of the FDA’s remediation re-
quirements at level 1 of the model appears 
to indicate that both organizations did little 
more than install all analytical systems and 
then operate them in default mode. The 
systems themselves were either poorly 
designed (no database or audit trails were 
never turned on) or badly implemented, 
because it was possible to delete data. 
Because there are numerous citations for 

http://www.artphotonics.com
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data deletions or failing to report all data, 
the remediations will be very expensive, 
coupled with the two independent assess-
ments of systems and working practices. 

A Bonus Remediation Task
In addition to the work required under the 
comprehensive and independent CAPA 
plan listed in Table I, there is a second 
major data integrity remediation require-
ment for Stason:

A complete assessment of documentation 
systems used throughout your manufac-
turing and laboratory operations to deter-
mine where documentation practices are 
insufficient. Include a detailed CAPA plan 
that comprehensively remediates your 
firm’s documentation practices to ensure 
you retain attributable, legible, complete, 
original, accurate, contemporaneous re-
cords throughout your operation (2).

How best to summarize this paragraph? 
Your quality management system is ter-
rible. Fix it. This is a massive project in addi-
tion to all the other remediation work. Here 
the whole organization’s quality manage-
ment system (QMS) and all methods of 
recording regulated activities, both in the 
laboratory and in production, have been 
brought into question. If the agency cannot 
trust the data, what hope is there for the 
company other than a complete reassess-
ment of policies and procedures within the 

QMS? This work must run in parallel with 
the data integrity remediation discussed 
above. There will be multiple interactions 
between the two projects to ensure attrib-
utable, legible, contemporaneous, original, 
and accurate (ALCOA) principles are ap-
plied while completing data and record 
integration into the foundation of what 
the company does. This work applies not 
just to paper but also to hybrid and elec-
tronic records. This extensive remediation 
project can be mapped to the foundation 
level of the data integrity model. 

Noncompliance Can  
Seriously Damage Your Wealth
When a company receives an FDA warn-
ing letter, there are several consequences, 
many of which will result in additional costs 
that we have not covered yet. 
• Reactive Compliance Approach: Labo-

ratories that have a reactive compliance 
approach, summarized as “wait until 
a noncompliance is found and then fix 
it,” will find that the exponential cost of 
remediation action makes this approach 
extremely expensive, dangerous and 
foolish as seen in Figure 1. A proactive 
compliance approach of “do it right first 
time” is the only way to work now.

• Regulatory Credibility: A laboratory’s 
regulatory credibility is lost, not just with 
the FDA, but with global regulators as 
inspection information is shared under 
mutual recognition agreements. For 

example, when FDA places a foreign 
company on import alert, Health Can-
ada frequently follows suit even if they 
have not been involved with the inspec-
tion. The result will be increased scrutiny 
during subsequent inspections from all 
authorities. This means ensuring that the 
organization is in a state of constant in-
spection readiness. For serial offenders, 
there is an option of a consent decree 
of permanent injunction that binds the 
company to be compliant with the regu-
lations in perpetuity and that also may be 
associated with large fines (14). 

• Informing Your Sponsors: This entire 
situation is even worse for a contract 
research organization (CRO) or contract 
manufacturing organization (CMO). Here 
one lucky individual draws the short 
straw to phone all sponsors to inform 
them of their regulatory failings. This task 
is guaranteed to raise any individual’s 
blood pressure and may lead to a loss 
of business with existing and potential 
sponsors. In some cases, work support-
ing a regulated product may need to be 
repeated, as sponsors found with studies 
carried out by Cetero Research (28,29). 

• Share Price Impact: Information about a 
warning letter or even the possibility of 
one can result in a fall in the company 
share price. For example, on February 15, 
2019, the price of shares of Dr. Reddy’s 
Laboratories fell nearly 29% in a morn-
ing on the Bombay Stock Exchange 
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Right Instrument/System for
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OVERSIGHT
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6. Interim control measures & training
for ensuring DI
8. Detailed summary of procedural updates for 
security and other system controls
10. Procesures ensuring all data are captured
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5. Robust use and review of audit trails
10. All data captured are retained
11. Independent assessment of working practices
12. Enhanced procedure to ensure that all data are
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1. List of all systems and instruments
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6. Interim control measures for system
7. Technical improvements for ensuring DI
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10. Remediation programme for data control
11. Independent assessment of working practices

FIGURE 5: Mapping the Stason Pharmaceuticals and Tender Corporation warning letter citations to the data integrity model.
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TABLE I: Elements of the data integrity remediation required of Stason Pharmaceuticals and Tender Corporation (2,3) 

Warning Letter Remediation Requirement Model Comment

1. A list of all hardware that includes all equipment, 
both standalone and network, in your laboratory. L1 This list should exist and be current and  

available for any inspection at any time.

2. Identification of vulnerabilities in hardware and 
software, encompassing both networked and non-
networked systems (such as PLC).

L1 Should already be planned with work ongoing, 
but nothing appears to have been done yet.

3. A list of all software configurations (both equipment 
software and LIMS) and versions, details of all user  
privileges, and oversight responsibilities for each of 
your laboratory systems.  

  Regarding user privileges, specify user roles, and  
associated user privileges (including the specific  
permissions allowed for anyone who has administrative 
rights) for all staff who have access to the laboratory 
computer systems, and their organizational affiliation 
and title.

L1
QA

L1

Software configuration of all instruments and  
systems is essential to demonstrate integrity of data.  

Requirement includes service personnel 
Segregation of duties is essential.

4. System security provisions, including but not  
limited to whether unique user names or passwords 
are always used and their confidentiality safeguarded.

L1 Shared accounts and passwords on 
post-it notes are off the menu. 

5. Detailed procedures for robust use and review of 
audit trails, and current status of audit trail  
implementation for each of your systems.

L3

L1

Audit trail review is an integral part of second person 
review. This needs an overarching second-person  

review standard operating procedure (SOP) linked to 
system-specific instructions for individual application 
audit trail review. Understand, implement, and then  

validate audit trail functions in each system.
Keep the agency informed of progress in this area.

6. Interim control measures and procedural  
changes for the control, review, and full retention  
of laboratory data.

F
L1

Remediation is a two-stage process:  
 

1. Short term, plug the main data integrity gaps using 
some technical but mainly procedural controls.  

 
2. Long-term solutions should use technical  
controls including interfacing instruments to 
eliminate paper and provide business benefit.

7. Technological improvements to increase the 
8. integration of data generated through electronic 

systems from standalone equipment (for example, 
balances, pH meters, water content testing) into 
the LIMS network.

L1

9. A detailed summary of your procedural updates and 
associated training, including but not limited to system 
security control to prevent unauthorized access,  
appropriate user role assignments, and other system 
controls.

F
L1

Updated SOPs and effective training for access 
to and use of computerized systems to ensure 
data integrity throughout the data life cycle.

10. Provisions for oversight by QA managers,  
executives, and internal auditors with appropriate 
IT expertise (for example, to evaluate infrastructure, 
configuration, network requirements, data  
management practices, and segregation of duties 
including administrator rights).

QA
F

The current focus of records is paper. This has to change 
to electronic records plus the need to have oversight staff 

with IT expertise to assess the adequacy of controls
Management appears to be divorced from the work 
and now must be involved in the oversight process.

11. A remediated program for ensuring strict ongoing 
control over electronic and paper-based data to 
ensure that all additions, deletions, or modifications 
of information in your records are authorized, and 
all data is retained. Include a full CAPA plan and 
any improvements made to date.

F
L1
L3

Controls over all types of GMP data must be 
enhanced over the life cycle to ensure integrity.

Paper processes must be  
assessed for data vulnerabilities.

11. An independent and very thorough retrospective 
assessment into the impact of laboratory  
system design, control, and staff practices on your 
data accuracy, completeness, and retention since 
January 1, 2017.

F
L1
L3

An extensive and independent assessment of  
the controls (or lack of them) of computerized  

systems, how staff have used and abused them.

12. An enhanced SOP that ensures that all QC tests, 
regardless of whether captured on paper based or 
electronic systems, are performed appropriately by 
an analyst and receive second-tier review from a 
separate responsible individual. 

F
L3

This requirement is fundamental to GMP and  
requesting this shows how poor the organization  

is at understanding GMP regulations.
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before ending the day more than 4% 
lower than its previous close. This was 
because of the fear of a further FDA 
warning letter for the company. In a situa-
tion like this, management needs to think 
about whether their stock options are  
worth anything.

Summary
We have discussed how to interpret phar-
maceutical regulations with the careful 
balance between the cost of compliance 
with the cost of non-compliance. The two 
warning letters discussed here clearly 
demonstrate that it is easier and cheaper 
to be compliant rather than face the con-
sequences of remediating noncompli-
ance. Will organizations listen, eliminate 
paper, and move to automated processes 
with validated technical controls to ensure 
compliance and data integrity? That is the 
$64,000 question (cost of compliance) or 
$64,000,000 question (cost of non-compli-
ance). If your organization is compliant, you 
can experience schadenfreude. 
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IR SPECTRAL INTERPRETATION WORKSHOP

The Grand Review I:  
Why Do Different Functional Groups 
Have Different Peak Positions?

Over the last five years and 30+ col-
umns, we have covered a lot of terri-
tory. It is now appropriate to step back 
and take a look at where we have been. 
“IR Spectral Interpretation Workshop” 
columns can be divided into five broad 
categories: theory, functional groups 
containing the C-H bond, those con-
taining the C-O bond, those with the 
C=O bond, and those with organic ni-
trogen compounds. In the first install-
ment of “The Grand Review,” we dis-
cuss why different functional groups 
have peaks with different positions. 

Brian C. Smith  

What a long, strange, and 
hopefully interesting and 
useful trip it has been for 

you, my column readers. Since January 
2015, Spectroscopy has published over 
30 installments of my “Infrared Spec-
tral Interpretation Workshop”columns. 
Over these years, we have discussed 
the theory behind IR spectral interpre-
tation, a process to follow which maxi-
mizes the probability of obtaining the 
right answer, interpretation aids such as 
spectral subtraction and library search-
ing, and how to interpret the spectra of 
functional groups containing C-H, C-O, 
C=O, and N-H bonds.

There is still plenty of new material 
to be covered, but given the time that 
has elapsed and the amount of ground 
we have covered, it is time to step back 
and take a look at where we’ve been. 
The next several columns will contain a 
“Grand Review” of the major concepts 
you need to understand to interpret 
infrared spectra properly.

When I first started writing this col-
umn, one of the challenges was trying 
to get the theory discussion out of the 
way as quickly as possible so we could 
get to interpreting spectra. This meant 
that interpretation theory and practice 
were mixed in the same article. While 
this made sense at the time, it meant 

discussion of crucial theoretical con-
cepts was spread over multiple install-
ments, which, from a pedagogic point 
of view, is not optimal. This “Grand Re-
view” gives me the chance to rectify this 
situation by introducing infrared spec-
tral interpretation theory as a whole. In 
this first installment, we will review the 
theory behind peak positions.

Why Different Functional Groups 
Have Different Peak Positions
There is a lot of information to be 
gleaned from infrared spectra, but 
perhaps the most important is the mo-
lecular structural information given to 
us by peak positions (1). A large part 
of what I have taught you are the diag-
nostic group wavenumber peak posi-
tions for common functional groups, 
where we assign peaks in a spectrum 
to a specific vibration of a given func-
tional group. How do we know what 
functional groups absorb where? Part 
of this is from measuring infrared spec-
tra of molecules with known chemical 
structures and looking for correlations 
(1–5); the other is from theory (6–9).

The Harmonic Oscillator
Because the absorption of infrared 
light excites molecular vibrations, we 
need to understand these vibrations 
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to make sense of infrared spectra. The 
constituent vibrations of a molecule (or 
any physical object, for that matter) are 
referred to as its normal modes (1). An 
illustration of the symmetric and asym-
metric stretching normal modes of car-
bon dioxide is shown in Figure 1.

At equilibrium, the CO2 molecule is 
symmetric because both C=O bonds 

are the same length. During the sym-
metric stretching vibration, the two 
oxygen atoms move in opposite di-
rections, as illustrated in Figure 1, and 
the two C=O bonds have the same 
length at all points during the vibra-
tion, preserving the symmetry of the 
molecule. On the other hand, dur-
ing the asymmetric stretch, the two 

oxygen atoms move in different di-
rections; at many points during the 
vibration the bond lengths differ from 
each other, and the symmetry of the 
molecule is broken.

To understand the relationship be-
tween molecular vibrations and peak 
positions, consider the generic di-
atomic molecule shown in Figure 2, 
which is a ball and spring model of 
a molecule, where individual atoms 
are represented by balls and chemi-
cal bonds by springs. The atoms in 
Figure 2 have masses M1 and M2, 
respectively. A real-world example 
of such a diatomic molecule would 
be hydrogen chloride (HCl), where 
atom 1 would be chlorine, and atom  
2 hydrogen. 

Diatomic molecules have only one 
vibration (1), the stretching of their sin-
gle chemical bond, and therefore have 
only one infrared peak. Our goal is to 
derive an equation that will tell us the 
wavenumber of the vibrational peak in 
the spectrum of a diatomic molecule, 
like the one shown in Figure 2. To do 
this, we will assume when this molecule 
vibrates, it does so in what is called a 
harmonic fashion. This means that when 
the chemical bond stretches, the two 
atoms move in phase with each other, 
with the same amplitude, and pass 
through their equilibrium positions at 
the same time (1). Real-world harmonic 
systems include a swinging pendulum 
and a rotating wheel; many systems 
whose motion repeats can be charac-
terized mathematically as a harmonic 
oscillator. Most molecular vibrations 
are much more complicated than the 
harmonic motion assumed here, but 
assuming harmonic motion makes the 
math easier.

To begin, we apply physics to the 
situation. We define the reduced mass 
of our diatomic molecule as such:

MR = (M1M2)/(M1+M2)            [1]

Where
MR = Reduced mass
M1 = Mass of atom 1
M2 = Mass of atom 2

O  C   O O  C   O
Symmetric Stretch Asymmetric Stretch

FIGURE 1: Left: the symmetric stretch normal mode of the carbon dioxide 
molecule. Right: the asymmetric stretch normal mode of the CO2 mol-
ecule. The arrows note the displacement of the oxygen atoms during the 
vibrations.

M1 M2

FIGURE 2: The ball and spring model for a generic diatomic molecule contain-
ing atoms of masses M1 and M2.
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By using a single quantity to represent the mass of a two-
mass system, the mathematics of the derivation is made easier.

The second piece of physics we have to consider is 
Hooke’s Law (1), which describes the behavior of springs, 
and vibrating chemical bonds, as such (equation 2):

 
F= -kx                                    [2]

Where
F = Restoring force of a spring
k = Force constant of the spring
x = Distance stretched

The force constant, k, is a measure of a spring’s stiffness, 
and when applied to chemical bonds, it is a measure of 
bond strength.

Anyone who has ever stretched a rubber band has an intui-
tive grasp of Hooke’s Law. F is the amount of force needed to 
stretch and maintain the rubber band at a given length, and 
is equal to the amount of force the rubber band is putting on 
the person trying to stretch it (the restoring force). Experience 
shows it takes more force to stretch a rubber band a long 
distance than a short distance, which is why the variable x 
appears in Hooke’s Law. Experience also shows it takes more 
force to stretch a stiff rubber band than a weak one, which is 
why the force constant k appears in Hooke’s Law.

If one takes the reduced mass, Hooke’s Law, applies one 
of Newton’s Laws, and solves the resulting differential equa-
tion, this result is obtained (1):

W = (1/2πc)(k/MR)1/2                        [3]

Where
W = Peak wavenumber position in cm-1

c = The speed of light
k = Force constant
MR = Reduced mass

Equation 3 is the equation we have been looking for—it 
predicts the position in wavenumbers of the single vibra-
tional peak for a generic diatomic molecule. Note there are 
several constants in the equation, including the value of π 
and the speed of light, and that the two variables are the 
force constant, MR, and reduced mass, k.

Equation 3 is perhaps the most important equation in in-
frared spectroscopy. It relates components of a molecule’s 
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structure, bond strength, and atomic mass, to what is called 
a spectroscopically observable quantity, the peak position 
in wavenumber. If two molecules have different molecular 
structures, they will have different spectra (1–5), and this is 
a direct result of equation 3; molecules with different struc-
tures have different bond strengths or atomic masses, and 
therefore different peak positions. As we have seen through-
out the last five years, peak positions in an infrared spectrum 
can be used to determine the structures of unknown mol-
ecules. Equation 3 gives us the correlation between chemi-
cal structure and peak position; equation 3 is why infrared 
spectra are useful.

Since k is in the numerator in equation 3, as the force con-
stant goes up the peak position increases. This means strong 
chemical bonds have higher peak positions than weak chem-
ical bonds. The force constant is determined by a chemical 
bond’s electronic structure, which is how the electrons and 
nuclei are arranged with respect to each other in a bond (1). 
When comparing peak position shifts between molecules 
caused by changes in k, the phenomenon is called an elec-
tronic effect; a change in electronic structure caused the 
bond strength to change, causing k to change, and resulting 
in a change in peak position.

An interesting example of an electronic effect is the po-
sition for carbon-carbon single bond, (C-C), double bond 

(C=C), and triple bond (C≡C) stretching peaks. C-C stretch-
ing peaks typically fall from 1400 to 1000 cm-1 (going for-
ward, assume all peak positions are in cm-1 units even if not 
denoted), as shown in the spectrum of hexane in Figure 3.

In Figure 3 the C-C stretching peaks are a series of small 
peaks just to the right of the CH3 umbrella mode peak at 1379.

Carbon-carbon double bond, or C=C stretching peaks, 
fall at a higher wavenumber than C-C stretches, from 1680 
to 1630, because a double bond is stronger, has a higher 
force constant, and therefore a higher peak position than a 
C-C bond. An illustration of a C=C stretching peak is shown 
in the spectrum of 1-Octene in Figure 4.

The peak labeled B at 1641 is an example of a C=C  
stretching peak.

C≡C bonds are even stronger than C=C bonds, and there-
fore have a stretching peak position typically near 2100. An 
example of a C≡C stretching peak is shown in the spectrum 
of 3,3-dimethyl-1-butyne in Figure 5.

In summary then, we have seen a classic example of an 
electronic effect, where a change in bond strength causes 
C-C, C=C, and C≡C stretching peaks to appear from 1400 
to 1000, 1680 to 1630, and ~2100, respectively.

The denominator in equation 3 contains the reduced 
mass, therefore molecules with heavy atoms in them have 
lower wavenumber peaks than molecules with light atoms 
in them. When peak positions change because of a change 
in atomic mass, it is called a mass effect. A classic example 
of a mass effect is the wavenumber region where peaks of 
organic and inorganic molecules fall. As we have seen, or-
ganic functional groups contain light elements such as C, H, 
N, and O. In general, most of the peaks from these functional 
groups fall above 400. Figures 3, 4, and 5 illustrate this well.

Inorganic molecules are composed of heavier metal atoms 
such as Na, K, Ca, and Pb. Many of the peaks from inor-
ganic functional groups fall below 400. This is because metal 
atoms tend to weigh more than non-metal atoms. In fact, 
the reason that most FT-IRs can’t scan below 400 is that is 
where the inorganic material KBr, often used in beamsplit-
ters, begins to absorb (1). An example of an inorganic with 
strong far infrared peaks is seen in Figure 6, the far infrared 
spectrum of calcium carbonate (CaCO3).

Note that the spectrum in Figure 6 is plotted from 600-1 
to 50 cm-1, well into the far infrared that is typically defined 
as being from 400-1 to 4 cm-1 (1).

In summary, we have seen how changes in electronic struc-
ture and atomic mass impact peak positions. Much of what 
we know about why different functional groups have different 
peak positions can be understood utilizing these concepts (1).

Limits of the Harmonic Oscillator Model
Equation 3 is straightforward to understand, and lays a good 
foundation for understanding the connection between in-
frared peak positions and chemical structure. However, 
it is based on assumptions that are not always correct. In 
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reality, most molecular vibrations are 
not harmonic, but anharmonic, which 
means their vibrational motion is much 
more complicated that what we have 
assumed here. In this case, we use the 
anharmonic oscillator model to de-
scribe these vibrations. The net effect 
is that equation 3 is modified with extra 
terms to take anharmonic motion, or 
anharmonicity, into account (7–9). This 
being said, equation 3 is still approxi-
mately correct, and serves to explain 
much of what we observe in terms of 
why different functional groups absorb 
at different wavenumbers.

Conclusion
The correlation between molecular 
structure and peak positions is a large 

part of what makes infrared spectroscopy 
useful. Using the Harmonic Oscillator 
model, Equation 3 was derived , relating 
peak positions to force constant and re-
duced mass. When changes in force con-
stant cause a change in peak position, 
it is called an electronic effect. When 
changes in atomic mass cause a change 
in peak position, it is called a mass effect. 
Much of what we know about why differ-
ent functional groups have different peak 
positions can be understood using the 
concepts of electronic effect and mass 
effect. The limitations of the harmonic 
oscillator model were also discussed.
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Nondestructive Spectroscopic  
Techniques for Detection of  
Fungal and Mycotoxin Infections  
in Food Products: A Review

Fungal infections and mycotoxin con-
tamination in food products pose 
a major threat to the world popula-
tion. Mycotoxins contaminate ap-
proximately 25% of the world’s food 
products, and cause severe health 
problems through the utilization of 
affected food products. The major 
mycotoxins in different foods are afla-
toxins, ochratoxins, fumonisins, zeara-
lenone, trichothecenes, and deoxyni-
valenol. Today, various conventional 
and nondestructive techniques are 
available for the detection of myco-
toxins in food products. Conventional 
methods are time-consuming, require 
chemical reagents, and include many 
laborious steps. Therefore, nonde-
structive techniques like near-infrared 
(NIR) spectroscopy, Fourier-transform 
infrared (FT-IR) spectroscopy, hyper-
spectral imaging, and the electronic 
nose are a priority for online detection 
of fungal and mycotoxin problems in 
different food products. In this article, 
we discuss recent improvements and 
the utilization of different nondestruc-
tive techniques for the early detection 
of fungal and mycotoxin infections in 
various food products.

Muhammad Bilal, Zou Xiaobo, Muhammad Arslan, Haroon Elrasheid Tahir, 
Muhammad Usman, Zhihua Li, and Jiyong Shi

Contamination of food and 
agricultural products by sev-
eral types of toxigenic molds and 

fungi is a severe and often overlooked 
problem. Regardless of years of study, 
scientists still have not discovered an 
effective way to resolve this challenging 
issue. This review summarizes the recent 
improvements in nondestructive analyti-
cal techniques for exposure of fungal in-
fections and mycotoxin contamination in 
different food products, and food safety 
testing in food products, including cere-
als, pulses (dried edible seeds of certain 
plants in the legume family, such as dry 
peas, lentils, beans and chickpeas), fruits, 
and vegetables.

Nondestructive Techniques  
for Detection of Fungal and  
Mycotoxin Infections 
Near–Infrared (NIR)  
Reflectance Spectroscopy
NIR spectroscopy is a nondestructive and 
rapid method now widely used for detec-
tion of fungal and mycotoxin infection 
in food products. The electromagnetic 
spectrum in the range of 780 to 2500 nm 
(12,500 to 4000 cm-1) is normally used for 
NIR spectroscopy (Figure 1) (1). This tech-

nique also is able to detect fungal com-
ponents at low concentrations. Many food 
industry researchers use NIR spectroscopy 
to measure adulteration in food products 
as it is a safe, nondestructive process (2). 
NIR provides data associated with struc-
ture by measuring the vibration behavior 
of combination bands. The NIR region of 
the electromagnetic spectrum comprises 
the response of the molecular bonds O–H, 
C–H, C–O, and N–H. These bonds are as-
sociated with vibrational energy, which is 
measured using NIR frequencies (1).

NIR spectroscopy in the spectral 
range of 950 to 1650 nm is generally used 
for the determination of fungal infections 
or mycotoxin contamination in rice sam-
ples. Original and preprocessed absor-
bance spectra are used with partial least 
squares (PLS) regression. The statistical 
calibration model provides prediction 
results with a correlation coefficient (r) 
of 0.668, and a standard error of predic-
tion (SEP) of 28.87%, with a bias of -0.10% 
(3). NIR spectra vary substantially for dif-
ferent food products; differences may 
occur between the measured and pre-
dicted composition of food products (4). 
The extraction of information from the 
large data sets and the complexity of the 
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spectra are the main concerns with this technique (5). Improved 
instrumentation allows lower detection limits.

NIR spectroscopy techniques are also used for the estimation of 
fusarium head blight and identification of deoxynivalenol in wheat 
grains when the level is > 60 ppm of deoxynivalenol (6). NIR spec-
troscopy is also used for the detection of fumonisins in single maize 
seeds affected with Fusarium verticillioides. Maize seeds having a 
fumonisin level > 100 ppm were ranked as positive, whereas seeds 
with < 10 ppm were ranked as negative (7). It is important to point 
out that different types of mycotoxins being detected using NIR 
spectroscopy have not been visibly recognized. As a result, care 
must be taken when developing calibration or classification models 
to measure or identify mycotoxins at ppm levels, because several 
aspects contribute to the NIR method accuracy and sensitivity.  
Table I (8) reviews some of these aspects.

Compounds are identified by the retention time evaluation of 
unknowns with those of standards and by the method of standards 
additions or spiking (9). Hx and IMP are the standards used for this 
type of analysis, whereas Ino is the stock solution. The concentra-
tion values of these standards were calculated by external meth-
ods, using calibration curves of the peak area of the compound vs. 
concentration. Therefore, the K1 value is obtained by the following 
equation 1 (10).

K1 (%) = X 100
Ino + Hx

IMP + Ino +Hx                   
[1]

Fourier-Transform Infrared Spectroscopy
FT-IR spectroscopy is a nondestructive technique that measures 
the total infrared energy absorbed by the measured sample, 
as seen in Figure 2 (16). FT-IR spectroscopy is an easily usable 
technique with little interference from surface light scattering; it 
allows examination at sample depths from micrometers to 100 
mm (17). The main benefit of FT-IR is the depth profiling ability 
for the nondestructive assessment of food materials (18). FT-IR 
sampling techniques are normally used for the examination of 
porous or powdered samples, catalysis, solids, and surface spe-
cies (19,20). Because FT-IR–photoacoustic spectroscopy (FT-IR-
PAS) applications for food products are defined, this technique 
is commonly used in microorganism detection (21), food char-
acterization (22), analysis of potato chips (18), analysis of coffee 
(23), and pea seeds analysis, as mentioned in Table II (24).

In FT-IR mid-infrared spectroscopy, the spectral region is ex-
tended from 4000 cm-1 to 400 cm-1 (2.5–25 μm), and it provides 
compositional, chemical, and structural information on the constitu-
ent’s molecules for solid, liquid, and gas-phase samples. As a result, 
IR has a wide application range in many fields (25,26), such as bio-
technology (27,28), environmental analysis (29,30), material sciences 
(31), and medicine (32,33).

Infrared spectroscopy is an advantageous method for identify-
ing microbial contamination, and is also very effective at identifying 
mycotoxins and fungal infections in agricultural products (34,35). IR 
shows better results than other non-destructive reflectance tech-
niques for the identification of contaminated kernels (36), due to the 

high sensitivity of the technique (37). IR spectroscopy provides 
information from vibrations of all functional groups present in 
the food sample, especially C–O and C=O, and not solely O–H, 
NH, and C–H. Therefore, IR is considered to be more sensitive 
for this application than NIR (38). Changes in the lipid, protein, 
and carbohydrate content can be also easily identified simulta-
neously and spectral bands interpreted in the spectrum using 
IR spectroscopy (39).

FT-IR spectroscopy is also a widely used technique in the 
food industry because it provides information at the molecular 
level. FT-IR spectroscopy is also a rapid technique that does 
not require extensive sample preparation. This technique is 
recognized as being very useful for the study of different types 
of materials like fruit peels (40), leaves (41), wood (42), and 
antioxidants in herbs, grains, and fruits (43). FT-IR microscopy 
can be used to monitor the changes during the maturation 
of fruits (such as olives) to gain an understanding of the pro-
cesses taking place (44). FT-IR spectroscopy has the potential 
to identify maize kernels infected with Fusarium moniliforme. 
When maize kernels infected with F. moniliforme were ana-
lyzed, the resultant spectrum was entirely different from the 
spectrum of uninfected corn seeds (122).

The relationship between the FT-IR absorbance spectra 
and analyte concentration is defined by Beer–Lambert’s law 
(45), seen in equation 2:
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A = log = [ ] = log [ ] = Dcε
lo
l

1
T                     

[2]

where I0 is intensity of incident light, I is 
the intensity of transmitted or reflected 
light, D is the absorption pathlength, c is 
the concentration of the analyte, and ε is 
the molar absorption coefficient.

NIR Hyperspectral Imaging (NIR-HSI)
NIR-HSI is a nondestructive method that 
combines spectral and spatial informa-
tion of the studied sample. The resulting 
data obtained is arranged into a hyper-
cube, which is a three-way data cube that 
usually consists of hundreds of contigu-
ous wavebands (wavelengths) for each 
spatial position of a sample under study 
(Figure 3) (5,48). The use of HSI allows the 

description of spatial (physical dimension 
constituent) and spectral (spectroscopic 
constituent) characteristics of the sample. 
The fast and nondestructive technique is 
now commonly used in the food industry 
(4). In NIR-HSI, a hypercube is created that 
can help in the analysis of intrinsic and ex-
trinsic properties of the selected sample. 
Various studies are available for the use 
of NIR-HSI for recognition of fungal con-
tamination and pest problems in cereals 
and oilseeds (49).

Currently, HSI is used for the rapid de-
tection of many constituents. HSI takes 
images over a wide spatial range, but nar-
row spectral interval. Some multispectral 
imaging systems offer spectral images 
with a broader spectral wavelength cov-
erage. HSI is a progressive inspection in-
strument for the identification of defects 

in different food products. Thanks to the 
line scanning process, it is now possible to 
use serial wavelengths to generate a 3D 
hypercube, which combines 2D images 
with 1D spectral information for every pixel 
present in the image patterns. HSI systems 
have advantages that provide both chemi-
cal (spectral)and spatial information of the 
sample under study. Table III (123) lists 
common applications of His in fungal and 
mycotoxin detection in food.

NIR-HSI is also used to detect insect in-
festation in wheat seeds. Wheat seeds in-
fested with Sitophilus oryzae (L.), Tribolium 
castaneum (Herbst), Rhyzopertha Domi-
nica (F.), Tribolium castaneum (Herbst), and 
Cryptolestes ferruginous (Stephens) insects 
were scanned using 100 to 1600 nm with 
an NIR hyperspectral imaging system. Ten 
histograms and six constituent statistical 
features (mean, median, minimum, maxi-
mum, standard deviation, and variance) 
were extracted from the images at 1101 nm 
and 1305 nm, and also used in statistical 
discrimination classifiers (quadratic and lin-
ear). Using discrimination algorithms, clas-
sifiers differentiated the vigorously healthy 
and insect-affected wheat kernels with an 
accuracy of 85 to 100% (50).

NIR hyperspectral imaging techniques 
readily detect changes of whole maize 
grains infected with F. verticillioides. Hy-
perspectral images of infected and healthy 
kernels over a spectral range of 1000 to 
2489 nm were taken at determined time 
intervals after infection started. Prominent 
peaks show the difference in spectra of 
the time intervals resulting from varia-

TABLE I: Detection of fungal and mycotoxin infections in different food products using NIR spectroscopy 

Target Food 
Material Target Mycotoxin Wavelength 

Range (nm)
Acquisition

Mode
Statistical 

Model Source

Almond Aspergillus flavus and  
Aspergillus parasiticus 800–2500 Reflectance PLSR (12)

Chestnut Fungal infection 1100–2300 Reflectance LDA, QDA (15)

Fig Aflatoxin 780–2500 Reflectance LDC, QDC, 
LOGLC (13)

Fig Aflatoxin 1570–2500 Reflectance LDC, QDC, 
LOGLC (11)

Rice Aflatoxin B1 1000–2500 Reflectance PLSR (14)

Rice A. flavus 950–1650 Reflectance PLSR (3)

Abbreviations: NIR = near-infrared spectroscopy, LDC = linear discriminant classifier, QDC = quadratic discriminant classifier, LOGLC = loga-
rithmic linear classifier, PLS-R = partial least squares regression, LDA = linear discriminant analysis, and QDA = quadratic discriminant analysis. 
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FIGURE 1: Schematic diagram of the near-infrared (NIR) measurement process.
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tions in the starch and protein at 1900 nm 
(starch associated) and 2136 nm (protein 
associated); the most probable cause is 
the reduction of these constituents as the 
fungus grows and spores germinate (51). 
More recently, NIR-HSI has been used to 
analyze mycotoxins in cereal grains and 
to evaluate aflatoxin B1 infections on the 
surface of maize kernels (52). In another 
study, a short-wave infrared (SWIR) hyper-
spectral imaging system was applied to 
the identification of maize kernels infected  
with aflatoxin (53).

These studies show that NIR-HSI tech-
niques are demonstrating potential for 
determining insect infestation and my-
cotoxin infection in cereals and oilseeds. 
Therefore, HSI has been useful for the 
detection of different contaminants and 
defects of agricultural materials, such as 
fruits (54), meat (55,56), and grains (57–59), 
as well as mycotoxins in corn (51,60). In a hy-
perspectral imaging system, each image is 
transformed into two kinds of images. One 
is the band difference image of successive 
spectral bands; these two kinds of images 
are defined as equations 3 and 4.

DIk (x,y) = Ik+1 (x,y) - Ik (x,y) [3]

DEk (x,y) = [Ik+1 (x,y) - Ik (x,y)]/Ik (x,y) [4]

where Ik (x,y) links to pixel gray level at 
image point (x,y) for the kth spectral 
band for three types of images, indi-
cated by Ik, DIk, and DEk (61).

Electronic Nose
The electronic nose (e-nose) is also an 
innovative nondestructive technique 
widely used in food research applica-
tions. The e-nose comprises an array of 
gas sensors along with diverse types of 
selectivity, a signal collection element, 
and a pattern-recognized system, and 
provides a high level of sensitivity for 
simple pretreatment procedures. The 
application of e-nose technology in 
food and beverage safety and quality 
control is quite easy. Solid and liquid 
samples are also analyzed and can 
detect headspace volatiles, as seen in  
Figure 4 (69–73).

An e-nose based on nonselective sen-
sors interrelates with volatile compounds 
that exist in the headspace of the sample in 
a container. A signal is shown to the read-
out system, which is trained based on train-
ing samples and calibration process, and 
leads to pattern recognition and analysis 
(74). E-nose data combined with an artifi-
cial neural network (ANN) was utilized for 
microbial level sorting of barley, rye, oats, 
and wheat samples (75).

In using an e-nose, some investigations 
have been able to measure microbial con-
tamination in juices (71), blueberries (76), 
beef (77), bread (78), and onions (79). In the 
case of strawberry fruit, the yeast produce 
metabolites, including alcohols, esters, and 
acids, which alter the smell of the fruits. 
During storage, decay of strawberries can 
happen due to the fungal infection, and 

the contamination could spread to other 
unaffected fruits in the package container 
(80). Table IV (81) lists other examples of 
fungal and mycotoxin infections detected 
through the use of an e-nose.

The unpleasant smell produced during 
spoilage is the result of a fungal or bacterial 
breakdown of the food products. Research 
shows that volatile chemicals produced by 
microorganisms could be detected and 
used to predict an early attack of micro-
organisms in different types of food prod-
ucts. Because to this, analysis of volatile 
compounds is increasing in the field of 
food research, as researchers work to im-
prove the capability of odor sensing sys-
tems. In the analysis of specific compounds 
responsible for spoilage odors, detection 
through different analytical techniques 
provides useful information about food 
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safety and quality (82). Conventional anal-
ysis methods require more time, destroy 
test samples, and fail to provide timely re-
sults that are required by the fruit industry. 
Consequently, there is an important need 
for old tests to be replaced by the fast-
est, latest, sensitive, and nondestructive 
tests. It is helpful to monitor the infection 
of various food materials during storage 
and transportation, and by using spoilage 
analysis, food producers have the option 
to apply control measures (77).

The e-nose consists of numerous 
electronic gas sensors that have the se-
lectivity and sensitivity to detect volatile 
compounds found in the headspace of 
the container. Published articles relat-
ing to the practice of e-nose technol-
ogy and the analysis of different food 
products show positive results in the 
field of food quality (83). Although the 
complete chemical volatile profile is 

evaluated and analyzed, an e-nose is 
used in combination with gas chroma-
tography–mass spectrometry (GC–MS) 
(84–87). The e-nose detection technique 
used to detect fungal contamination is 
founded on the identification of specific 
volatile compounds linked to the growth 
of the particular type of microorganisms 
on different food products. The e-nose 
only detects specified volatile com-
pounds and shows the results through  
computer software (88).

In using an e-nose, accuracy of clas-
sification was determined using the fol-
lowing equation 5 (90)

.

ή = X 100%
NC

N
[5]

where η is the classification accuracy, 
Nc is the number of correctly classified 
samples, and N is the total number of 
tested samples.

NIR Thermal Imaging
Fungal growth in food products, espe-
cially in cereals, causes some undesirable 
changes, such as off-flavor production, 
discoloration, and finally, quality loss, all 
of which decrease the market value of 
food products. Maximum mold growth 
occurs at the temperature range of 
30–35 ̊C and with >15% moisture content 
in samples (89). The off-odors 3-methyl, 
1-butanol, 1-octanol, and 3-octane are 
the most common volatiles formed by 
fungi during storage. These off-odors 
are distinguished by numerous methods, 
such as sensory analysis, gas chroma-
tography (GC), and mass spectrometry 
(MS), which give accurate results, but 
these techniques require long sample 
preparation and testing time so there is 
a need to develop faster or more reliable 
techniques for early recognition of fungal 
contamination in stored cereals (88,98).

TABLE II: Detection of fungal and mycotoxin infections in food products using FT-IR (mid-infrared) spectroscopy

Technique Target Food 
Material Target Mycotoxin Wavenumber

Range (cm-1) Source

FT-IR Beef Microbial spoilage 600–4000 (124)

FT-IR Corn Fusarium graminearum 650–4500 (46)

FT-IR Peanuts Aspergillus flavus, 
Aspergillus parasiticus 625-4000 (36)

FT-NIR Corn meal Fumonisin B1 + B2 15385–4000
(650–2500 nm) (47)

Mid-infrared FT-IR Wheat F. graminearum 650–4000 (34)

Abbreviations: FT-IR (Fourier-transform infrared spectroscopy), and FT-NIR (Fourier-transform near-infrared spectroscopy).

TABLE III: Detection of fungal and mycotoxin infections in food products using visible (Vis) and near-infrared (NIR) 
hyperspectral imaging

Technique Target food 
material Target mycotoxin Wavelength 

Range (nm) Source

NIR hyperspectral imaging Dates Aspergillus flavus 970–1700 (66)

NIR hyperspectral imaging Maize Aflatoxin B1 400–1000 (64)

NIR hyperspectral imaging Oats Deoxynivalenol 1000–2500 (65)

NIR hyperspectral imaging Peanut Fungus 970–2570 (67)

NIR hyperspectral imaging Pistachio Aspergillus flavus 900–1700 (68)

NIR hyperspectral imaging Pulses Aspergillus flavus and 
Penicillium commune 1000–1600 (49)

Vis-NIR hyperspectral imaging Citrus fruits Penicillium digitatum 650–1080 (62)

Vis-NIR hyperspectral imaging Maize
Aspergillus strains, 

Fusarium strains and 
Penicillium spp.

400–1000 (125)

Vis-NIR hyperspectral imaging Wheat Fusarium 400–1000 (63)
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NIR thermal imaging combined with 
soft X-ray imaging methods are used for 
the detection of Aspergillus niger van 
Tieghem, Penicillium spp, and Tieghem 
and the Aspergillus glaucus group of 
infections in different types of stored 
cereals, especially in wheat kernels. 

Table V (99) lists other examples of 
fungal and mycotoxin infections de-
tected through the use of NIR thermal 
imaging. The thermal imaging technique 
must have the ability to quickly and re-
liably detect infection in different agri-
cultural products. This technique is built 
on temperature variations throughout 
the heating and cooling process (100). 
In the thermal imaging technique, the 
temperature radiation emission of the 
sample, which is unseen by the human 
eye, is transformed into a colorized two-
dimensional thermal image. The amount 
of radiation discharged by the sample in-
creases with temperature, so thermal im-
aging permits us to see even small tem-
perature differences (Figure 5). Today, 
thermal imaging is widely used in differ-
ent industries, such as agriculture and 
electrical and civil engineering. In agri-
culture, this technique has been widely 
adopted to evaluate the quality of fruits 
and vegetables (101), and to detect infec-
tions that occur due to microbial activity 
(102). Thermal imaging is also adopted in 
different grain handling practices such as 
wheat class identification and evaluation 
of insect infections and diseases (103).

The temperature of the surface of 
an object is estimated by the amount 
of infrared energy that is emitted from 

the radiative body surface. The intensity 
of the distribution of energy emitted is 
based on Planck’s distribution law, ex-
pressed in equation 6, where the tem-
perature is expressed by (T, in K), and 
wavelength is expressed by (λ,T) (104).

I(λ, T) = (e hc/kλT – 1)-1
(2hc2)

λ5(          ) [6]

Surface-Enhanced  
Raman Scattering (SERS)
FT-Raman and sur face-enhanced 
Raman scattering (SERS) are inexpen-
sive, fast, and nondestructive screening 
techniques for the quantification and 
classification of aflatoxins present in 
different food products (Table V) (105). 
Studies show that SERS overcomes the 
constraints of IR spectroscopy for de-
termination and study of fumonisins in 
different types of grains and oilseeds. 
Raman spectroscopic techniques show 
good response to a change in the po-
larizability of the symmetrical covalent 
bonds (such as S–S, C–C and C=C); 
however, IR spectroscopy has shown 
to be the better technique for mea-
suring dipole-containing asymmetric  
covalent bonds (106). 

Raman spectroscopy relies on the 
polarizability of a diverse set of bonds, 
and not on the dipoles of bonds as in 
IR. SERS is also insensitive to water, 
so it offers fewer and more distinct 
bands in food sample analysis. SERS 
is also used to study the structure of 
single components in complex grain 
matrices (107,108), and has the ability 

to detect a minor amount of harmful or-
ganic contaminants with more accuracy 
and reliability than other spectroscopic 
techniques (60,109,110). SERS can also 
detect environmental pollutants and 
biomolecules that are adsorbed on 
metal surfaces. 

Furthermore, SERS detects mo-
lecular changes that occur as a result 
of processing, and is able to measure 
different factors associated with grain 
and food processing qualities (108,111). 
Having the capability to categorize 
grain kernels with mutant and recom-
bined genes, it can be used to detect 
chemical modification of starches and 
proteins of different grains (108,112,113). 
As a result, the analysis of spectral fea-
tures provides detailed information 
about the sample at high resolution 
(114). SERS, used in conjunction with 
density functional theory (DFT), pro-
vides more precise results and more 
information related to mycotoxins than 
other rapid techniques, and calcula-
tions are more accurate.

 Various studies have used Raman 
spectroscopic techniques are used 
in combination with chemometric al-
gorithms and multivariate statistical 
methods to study different types of 
mycotoxins, such as fumonisins, de-
oxynivalenol, and aflatoxins in barley, 
peanut, maize and wheat (105,114–117). 

In Raman scattering, the presence 
of an electric field Ē induces a polar-
ization (P ) in an atom and molecule de-
scribed using equation 7, where α is the  
polarizability tensor:

TABLE IV: Detection of fungal and mycotoxin infection in different food products by using an electronic nose

Target Food Material Target Mycotoxin Quantification Range Source

Barley Ochratoxin A 0–934 ppb (86)

Bread Penicillium chrysogenum 103 CFU/g (97)

Maize Aflatoxins <4–100 ppb (93)

Maize Fumonisin < 0.6–1000 ppm (91)

Milk Pseudomonas Aureofaciens 8 x 108 CFU/mL (96)

Wheat Deoxynivalenol >1750 ppb (95)

Wheat Deoxynivalenol <0.001–2.130 ppm (94)

Wheat Deoxynivalenol 1000–2500 ppb (92)

Abbreviation: ppm (parts per million), ppb (parts per billion), CFU (colony-forming unit)
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P = α E [7]

Also, the elec tr ic f ield of the 
i n c i d e n c e  l i g h t  i s  e x p l a i n e d 
in  equat ion 8 ,  w here v 0 i s  re -
ferred to as the frequency of the  
incident light (118):

P = αE0 cos (2� v0 t) [8]

Conclusion
This article highlights the importance 
of nondestructive techniques for the 
determination of fungal infections 

and mycotoxin contamination of different 
food products. Before the development 
of nondestructive methods, conventional 
methods were widely used, but conven-
tional methods required much more time 
for determination and also provided less 
accuracy. Mycotoxin contamination in dif-
ferent food is becoming a serious threat 
to human health. The use of noninvasive 
analytical technology has been valuable 
and has improved greatly, but adequate 
control of mycotoxin is still not achieved. 
Early detection of fungal problems in food 
products is beneficial for applied control 
measures. If early detection is possible, 
food producers can also separate the af-
fected portion and save the remaining 
unaffected material; this is beneficial from 
both the health and economic points of 
view. The objective remains to develop 
rapid, fast, reliable, and economical meth-
ods for early detection of fungal problems 
in field applications.
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ticle is available online at https://www.
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FIGURE 4: Schematic diagram of the e-nose measurement system.

TABLE V: Detection of fungal and mycotoxin infections in food products using thermal imaging and SERS

Technique Target Food Material Target Mycotoxin Raman Spectra 
(cm-1) Source

Thermal imaging Wheat A. glaucus , A. niger 
and Penicillium spp. --- (89)

Thermal imaging Wheat Cryptolestes ferrugineus --- (119)

SERS Maize Aflatoxins 1568 (120)

SERS Maize Fumonisins 200–2000 (121)

Abbreviation: SERS (surface-enhanced Raman scattering).
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FIGURE 5: Schematic diagram of an NIR thermal imaging system. Adapted 
with permission from reference (89). 
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Raman Spectroscopy  
Analysis of Minerals  
Based on Feature Visualization 

The advantages of machine-learning 
methods have been widely explored in 
Raman spectroscopy analysis. In this 
study, a lightweight network model for 
mineral analysis based on Raman spec-
tral feature visualization is proposed. 
The model, called the fire module con-
volutional neural network (FMCNN), 
was based on a convolutional neural 
network, and a fire-module was intro-
duced to increase the width of the net-
work, while also ensuring fewer train-
able parameters in the network and 
reducing the model’s computational 
complexity. The visualization process 
is based on a deconvolution network, 
which maps the features of the middle 
layer back to the feature space. While 
fully exploring the features of the 
Raman spectral data, it also transpar-
ently displays the neural network fea-
ture extraction results. Experiments 
show that the classification accuracy of 
the model reaches 0.988. This method 
can accurately classify Raman spec-
tra of minerals with less reliance on 
human participation. Combined with 
the analysis of the results of feature vi-
sualization, our method has high reli-
ability and good application prospects 
in mineral classification.

Zhiqi Guo, Long Yu, Shengwei Tian, Xiaoyi Lv, and Wenlong Xue

Raman spectroscopy is based 
on the Raman scattering effect 
discovered by the Indian scien-

tist C.V. Raman. It analyzes the scattering 
spectrum with a frequency different from 
that of the incident light to obtain infor-
mation about molecular vibration and 
rotation, and this information can be ap-
plied to the study of molecular structure.

Raman spectrometers have been pro-
posed for the exploration of a diverse 
range of extraterrestrial targets includ-
ing asteroids, Europa, Mars, the Moon, 
and Venus (1–8). The Mars Science Labo-
ratory’s Chemistry and Mineralogy in-
strument (CheMin) analyzes the mineral 
content of rocks and sediments on Mars, 
including olivine and pyroxene, using 
X-ray diffraction (XRD) (9). Although this 
method has achieved good results, the 
collected samples need to be crushed 
during chemical analysis. The advantages 
of Raman spectroscopy, particularly its 
fast and nondestructive characteristics, 
can make it an effective alternative to 
XRD for such mineralogical analysis.

 Given the weakness of the Raman 
signal, the original Raman spectrum 
obtained will generally contain obvious 
fluorescence background and noise, 
and various signal-processing proce-
dures have been applied to extract 
useful information from the measured 

spectrum (10). Examples of such the 
signal-processing procedures include 
baseline correction, noise reduction, 
and statistical procedures, such as 
principal component analysis (PCA) and 
neural networks (11–15).

Balabin surveyed a number of ma-
chine-learning methods, including lin-
ear discriminate analysis (LDA), k-near-
est neighbor, support vector machine 
(SVM), probabilistic neural networks 
(PNN), and multilayer perceptrons 
(MLP) as spectral classifiers for improv-
ing quality control in industrial gasoline 
production (16). Ryzhikova used serum 
near infrared (NIR) Raman spectros-
copy combined with artificial neural 
network (ANN) classification models 
to diagnose Alzheimer’s disease (17). 
Data-driven deep learning approaches 
contribute to the discovery of intricate 
structures in high-dimensional data, re-
ducing the need for prior knowledge 
and human efforts in feature engineer-
ing (18). Although the application of 
deep learning to Raman spectroscopy 
has improved performance, it is still 
difficult to intuitively understand the 
representations of this model.

Research into the visualization of 
deep learning not only helps to under-
stand the working mechanism of the in-
ternal structure of the network, but also 
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can help guide the research into neural 
networks in other applications, avoiding 
blind parameter adjustment or trials. 
Such research can also help users better 
understand deep learning models and 
make the results more powerful. 

In the field of image classification, a vi-
sual explanation method for the convolu-
tional neural networks (CNN) model has 
already been reported (19,20). The visu-
alization of CNN-extracted features can 

help optimize the model. In this work, a 
lightweight network model for feature vi-
sualization in Raman spectrum analysis is 
proposed, termed factorization machine 
convolutional neural networks (FMCNN). 
While fully exploring the characteristics 
of the Raman spectral data of minerals, 
the results of analysis of the model are 
displayed transparently, and efficient and 
stable classification of the target samples 
are obtained.

Materials and Methods
Dataset Description 
The RRUFF database was founded in 
2006 at Arizona State University by Robert 
Downs. RRUFF currently contains tens of 
thousands of spectra acquired at several 
different laser wavelengths from oriented 
and un-oriented samples (21). For this 
project, we employed a subset of spectra 
from the RRUFF database, using only data 
from excellent oriented samples. This sub-
set contains high-quality Raman spectral 
data for 222 minerals with a total of 3696 
samples. After excluding spectra without 
independent mineral species identifica-
tion from XRD analysis, and spectra con-
taining only a single sample category, the 
number of categories dropped to 196, 
and the number of samples was 3284. 
Spectra for the mineral albite are shown 
in Figure 1, illustrating the typical within-
class variance.

All samples have been baseline-cor-
rected by the RRUFF project’s algorithm. 
Although there are several other methods 
for baseline correction, this study intention-
ally uses only standard RRUFF to process 
the data because most Raman communi-
ties use RRUFF data without modification. 
The Raman shift range of all the samples 
in this study is mostly between 0 and 1600 
cm-1. Given the different sources of spec-
trum collection, the samples have differ-
ent sampling rates and measurement 
ranges. After comparing several different 
interpolation methods, we chose a simple 
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FIGURE 1: Raman spectra of albite.

TABLE I: Comparison of results of the FMCNN model to those of other tradi-
tional machine learning analysis methods

KNN (Mean 
± Std)

RF (Mean 
± Std)

SVM (Mean 
± Std)

LDA (Mean 
± Std)

FMCNN 
(Mean ± Std)

Test 1 0.924  
(± 0.046)

0.965 
(± 0.025)

0.964 
(± 0.028)

0.832 
(± 0.050)

0.981 
(± 0.020)

Test 2 0.927
(± 0.023)

0.960 
(± 0.012)

0.962 
(± 0.015)

0.836 
(± 0.029)

0.981 
(± 0.017)

Test 3 0.926
(± 0.022)

0.959 
(± 0.023)

0.966 
(± 0.020)

0.834 
(± 0.020)

0.982 
(± 0.020)

Test 4 0.928 
(± 0.016)

0.959 
(± 0.013)

0.965 
(± 0.011)

0.842 
(± 0.029)

0.992 
(± 0.011)

Test 5 0.928 
(± 0.025)

0.960 
(± 0.020)

0.962 
(± 0.016)

0.845 
(± 0.028)

0.989 
(± 0.013)

Test 6 0.928 
(± 0.025)

0.964 
(± 0.015)

0.967 
(± 0.010)

0.847 
(± 0.026)

0.989 
(± 0.017)

Test 7 0.927 
(± 0.022)

0.963 
(± 0.017)

0.966 
(± 0.010)

0.842 
(± 0.025)

0.990 
(± 0.013)

Test 8 0.926 
(± 0.015)

0.960 
(± 0.015)

0.961 
(± 0.011)

0.842 
(± 0.038)

0.992 
(± 0.011)

Test 9 0.926 
(± 0.023)

0.961 
(± 0.024)

0.964 
(± 0.012)

0.838 
(± 0.029)

0.993 
(± 0.008)

Test 10 0.928 
(± 0.015)

0.961 
(± 0.019)

0.964 
(± 0.011)

0.841 
(± 0.028)

0.991 
(± 0.016)
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linear interpolation method that aligns all 
features. Each spectrum is converted into 
a vector of 1360 intensity values and uni-
formly sampled at a common wavelength 
from 150 to 1510 cm-1, making it convenient 
for further analysis.

FMCNN Model Architecture
This research proposes a lightweight net-
work model, FMCNN, that is based on 
convolutional neural networks and is used 
to classify Raman spectral data of miner-
als. Figure 2 shows the detailed structure 
of the model. The network retains the input 
layer, a convolutional layer, a pooling layer, 
a flattening layer, a fully connected layer, 
and an output layer of the traditional CNN. 
At the same time, it introduces a batch 
normalization layer to enhance the gen-
eralization ability of the network and adds 
a fire-module to ensure that the width of 
the network is increased while minimizing 
the computational complexity (22). Given 
the local connection and shared weights, 
the modified model has fewer train-
able parameters than a fully connected  
neural network. 

First, the model receives preprocessed 
mineral Raman spectrum data. The input 
layer information is one-dimensional, and 
it contains the entire spectrum. Hence we 
train one-dimensional convolutional ker-
nels in the model. For our convolutional 
layers, the activation function uses Leaky-
Relu to enhance the nonlinear fitting abil-
ity of the network, which is defined as:

f (x) = { x, if x > 0
ax, otherwise     [1]

where a is 0.2, which is TensorFlow’s 
initial parameter value (23). The convo-
lutional layer is followed by a batch nor-
malization layer (24).

 The convolutional layer can be ex-
pressed as follows:

Y xj = f (                      )bxj + ∑wij * xxi

k
       [2]

where Xxi is the i-th input map, Yxj is the 
j-th output map, x is the wavenumber 
index of the input spectrum, wij denotes 
the weights of the convolution filter, * rep-
resents the convolution, and bxj is a bias 
parameter of the j-th mapping. The func-
tion f indicates an activation function.

We introduced a fire-module after 
the first convolutional layer. This module 
specifically includes two parts, namely the 
squeeze layer and the expanded layer. 
The squeeze part is a convolution layer 
with a convolution kernel of 1 * 1, which 
is mainly used to reduce the number of 
input channels connected to this mod-
ule, thereby greatly reducing the number 
of model parameters; the subsequent 
expanded part is composed of two con-
volution layers of size 1*1 and 3*3 (here 
our input is one-dimensional data, so 3*1 
convolution layers are used instead of 
3*3 convolution layers), which are mainly 
used for true feature maps. At the end of 

the module, a concatenate operation is 
performed to learn patterns from a lim-
ited number of variables. Increasing the 
depth of the network can extract low-level 
and high-level features from the original 
spectrum, and increasing the width of the 
network can improve the adaptability of 
the network to different scales of local 
spectral features.

The fire module is followed by a max-
pooling layer for downsampling, and each 
neuron in the output map, Y, pools over a 
non-overlapping region in the input map, 
represented by X. Specifically,

Y i = maxj {         }xi
0≤m<n

j.n+m        [3]

The flattening layer connects the out-
put of the fire module and converts it into 
a one-dimensional single vector, and then 
feeds it into the fully connected layer. The 
end of the model is to use the fully con-
nected layers and followed by the soft-
max classifier to output the analysis re-
sults. The softmax function can be used 
to fit the input vector to real numbers in 
the range (in this case, the range is 0–1), 
and the sum of all real numbers is 1:

S(Xj) = ∑N   eWn.X
ew  j.x

n=1
       [4]

where X is an input vector, Wj is the 
weight of the j-th node, and N is the 
number of neurons in the output layer, 

Input Conv(32,6)
LeakyReLU

BN

�re_module Pooling(2,2) Flatten
Dense(196)

softmax

Expand(64,1)
concat

Expand(64,3)

Squeeze(16,1)
Actinolite
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...
Wulfenite
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32 16

64

64

12
8 12

8

FIGURE 2: FMCNN model for Raman spectrum analysis.
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which is the number of categories we 
need to test.

Visualization Method
The visualization method is based on 
the deconvolution network proposed by 
Zeiler (25). We reverse-mapped the mid-
dle layer features to the feature space. A 
deconvolution layer is attached to each 
layer of the fire module convolutional 
neural network (FMCNN). Deconvolu-
tion, also called transposed convolution, 
is the transposition of a conventional 
convolution layer filter. Figure 3 shows 
that convolution and deconvolution are 
two processes opposite to each other.

Because the FMCNN model uses 
the max-pooling layer, only the largest 
features are retained when extracting 
features, and non-maximum feature 
information is lost. In the process of 
forwarding calculation of maximum 
pooling, we use a table to record 
the position of each maximum value. 
When unpooling the feature, the maxi-
mum value is marked back to the re-
corded position, and zeros are filled 
in where the rest of the information  
is lost.

For the activation function in the 
model, we use LeakyRelu to increase 
the non-linear relationship between 
the network layers. Similarly, in the 
deconvolution process, the recon-
structed signal obtained from the 
previous layer is sent to the LeakyRelu 
function for calculation, and high-
level semantic information in the data 
is mined.

This research only visualizes the fea-
tures in the convolutional layers so after 
the network training is completed, the 
flatten layers and softmax layers in the 
model can be ignored. Using the trans-
pose of the trained convolution kernel 
to convolve the output features of each 
layer of the neural network, we can get 
the visualization results.

Model Training
While training the network, we use clas-
sification cross-entropy error loss and L2 
norm regularization to minimize the sum 
of squares and prevent overfitting:

TABLE II: Characteristic frequencies and Raman intensities of groups in  
organic compounds

Vibration* Region (cm−1) Intensity†

va ((C-)NO2) 1590–1530 m

vs ((C-)NO2) 1380–1340 vs

va ((C-)SO2(-C)) 1350–1310 w-0

vs ((C-)SO2(-C)) 1160–1120 s

v ((C-)SO(-C)) 1070–1020 m

v (C=S) 1250–1000 s

δ (CH2), δa(CH3) 1470–1400 m

δs (CH3) 1380 m-w; 
s, if at C=C

v (CC), aromatics
1600, 1580
1500, 1450

1000

s-m
m-w

s

v (CC), alicyclics,
aliphatic chains 1300–600 s-m

va (C-O-C) 1150–1060 w

vs( C-O-C) 970–800 s-m

va (Si-O- Si) 1110–1000 w-0

vs (Si-O- Si) 550–450 vs

v (O-O) 900–845 s

v (S-S) 550–430 s

v (Se-Se) 330–290 s

v (C(arom.)-S) 1100–1080 s

v (C(aliph.)-S) 790–630 s

v (C-Cl) 800-550 s

v (C-Br) 700-500 s

v (C-I) 660–480 s

* v = stretching vibration, δ = bending vibration, vs = symmetric vibration, va = antisymmetric vibration.
† vs = very strong, s s= strong, m = medium, w = weak, 0 = very weak or inactive.

TABLE III: Characteristic frequencies and Raman intensities of groups in 
common Inorganic compounds

Inorganics Region (cm−1) Intensity

NH4
+ 1410 w

NCO- 1300, 1260 s

CO3- 1065 s

HCO3
- 1270

1030
m
s

NO3
- 1040 s

NO2
- 1320 s

SO4
-2 980 s

HSO4
-2 1040

870
s
m

SO3
- 980 s

PO4
-3 940 s

s = strong, m = medium, w = weak.
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Loss = –      ∑ ∑ h(Xji) log(Ŷji) + λ||W||2m
1

j=1 i=1

m n
 [5]

where m is the number of categories of 
observation samples, n is the number of 
samples in the training set, h(Xji) and Yji 
are measured values and predicted val-
ues, W is the weight matrix, and λ is the 
regularization coefficient. 

We used an Adam optimizer for pa-
rameter learning, which can iteratively 
update neural network weights based 
on training data (26). The learning rate 
is equal to 0.001 (lr = 0.001), the expo-
nential decay rate of the first moment 
estimate is 0.9 (beta_1 = 0.9), the expo-
nential decay rate of the second moment 
estimate is 0.999 (beta_2 = 0.999), and 
epsilon is 1e-08. An early stopping strat-
egy is deployed to prevent overfitting. 

Comparison with Other Methods
To compare the FMCNN model with 
conventional analysis approaches, we 
consider a number of alternative machine-
learning methods: KNN, RandomForests 
(RF), SVM, and LDA. 

Parameters of all the models have been 
optimized toward improved model per-
formance. For the KNN model, the grid 
search method was used for parameter 
optimization, and the optimal value of the 
parameter K was determined (k = 1). For 
the RF model, we built 500 sub-trees to 
make the model have better prediction 
results. SVM is a kernel-based machine 
learning algorithm. In this experiment, 
the linear kernel function (penalty factor 
C = 100, gamma = 0.0078) was selected 
after comparison. All the models are im-
plemented on the Python platform using 
Keras and Scikit-learn library.

Evaluation Protocol
Validation is a crucial step in develop-
ing classification models because neural 
networks can frequently be overtrained 
(17). Because there are usually only a 
handful of spectra available for each 
mineral, the feasibility and effectiveness 
of the model were evaluated using a 10 
times 10-fold cross-validation method. 
Specifically, the dataset is divided into 

ten parts, one of which is used as test 
data in turn, and the remaining nine are 
used as training data. The whole pro-
cess was repeated ten times, and the 
average of the 10 results was used as 
an estimate of the algorithm’s accuracy. 

Results
Table I shows a comparison of the results 
of the FMCNN model performance and 
those of other traditional machine learn-
ing analysis methods. Table I also shows 
the mean and standard deviation of the 
accuracy of the 10 times 10-fold cross-
validation for all the methods. The re-

sults show that in each of the results of 
all models, the FMCNN model obtained 
the best results, with an average predic-
tion accuracy of 0.988. Compared with 
the worst-performing LDA, the average 
accuracy is improved by 15%. Compared 
to the best performing SVM, the average 
improvement is 2.4%.

Figure 4 shows a comparison of the 
classification stationary results of ten 
experiments of all the methods. After all 
methods were optimized, 10-fold cross-
validation was carried out ten times. Al-
though the waveforms have some fluc-
tuations, the amplitude is not large. The 

(a) convolution (b) deconvolution

FIGURE 3: Illustration of (a) convolution verses (b) deconvolution.
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accuracy of the FMCNN model proposed 
in this paper is significantly higher than 
that of all other methods. The waveform is 
smooth and the model has strong stability, 
which indicates that the model has good 
application potential in Raman spectrum 
analysis of minerals. 

For a deep learning network model, 
after multiple convolutions and pooling, 
the middle layer contained rich spatial and 
semantic information. The final flattening 
layer and the fully connected layer will lose 
the spatial information of the input data. It 
is difficult to show this visually. Therefore, to 
reasonably explain the classification results 
of the FMCNN model, it is necessary to 
make full use of the pooling layer before the  
flattening layer.

Figure 5 shows part of the test mineral 
spectrum used for evaluation and the visu-
alization results of the characteristics of the 
pooling layer extracted by this spectrum. 
The first line shows part of the evaluation 
spectrum used for the test, and the second 
line corresponds to the features extracted 
from the test spectrum. It can be seen in 
Figure 5 that the extracted features in-
clude strong Raman peaks corresponding 
to the mineral spectrum. In the FMCNN 
model, the extracted features can indicate 

the weights used to classify the test data 
set. Specifically, if a mineral spectrum has 
a strong Raman peak at a certain region, 
and the strong peak does not appear in 
another mineral spectrum, then the activa-
tion value of the feature map represented 
by this strong peak is large in the forward 
propagation process. In contrast, if there 
is a similar strong peak in the vicinity of the 
strong peak in another mineral spectrum, 
the activation value of the feature map of 
the strong peak will be small. Therefore, 
the extracted feature visualization results 
in the second row of Figure 5 correspond-
ing to the shape of the test spectrum in the 
first row. The extracted features had strong 
highlights at strong Raman-peak regions, 
and near-zero values were obtained at the 
background level region.

Raman spectroscopy can reflect the 
molecular structure and conformation in-
formation, and this information is the key 
basis for minerals to be accurately distin-
guished. Table II shows some character-
istic bands, including the characteristic 
frequency and Raman intensity of groups 
in organic compounds (27). Table III shows 
the characteristic frequencies and Raman 
intensity of groups in some common inor-
ganic compounds (28). The special chemi-

cal and structural differences between 
various types of minerals can be reflected 
in the corresponding information on the 
Raman spectrum. These characteristics 
are analyzed using deep learning meth-
ods, and finally, the classification can be 
accurately completed.

Conclusion
We have proposed a lightweight net-
work model for the feature visualization 
of Raman spectroscopy analysis, called 
the FMCNN model. The study discussed 
in this article proved that the method is 
simple in structure and easy to implement. 
Compared to other well-known machine 
learning methods, the accuracy of the 
model was higher while the stability of the 
model is guaranteed. It has a broad appli-
cation prospect for the analysis of mineral 
Raman spectra.

The ability of the model to interpret 
mineral Raman spectra is essential for the 
further development of spectral analysis 
using deep learning methods. The appli-
cation of a feature visualization method, 
which reversely maps the features of the 
middle layer to the pixel space, is im-
portant for the advancement of Raman 
spectroscopy. Therefore, the model can 
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FIGURE 5: Top row shows different Raman spectra of four minerals: (a) actinolite, (b) adamite, (c) witherite, and (d) 
zircon. Bottom row shows corresponding Raman extracted spectral features contributing to the recognition for each 
mineral (e) actinolite, (f) adamite, (g) witherite, and (h) zircon, respectively. The x-axis label for the top row spectra is 
Raman shift (cm-1) and for the bottom row features it is wavenumbers (cm-1). The y-axis label for the top row spectra 
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be visualized to analyze the process 
of neural network feature extraction.  
This process can help identify key 
Raman bands related to feature analy-
sis. The evaluation of the experimental 
results also confirms the accuracy of the 
feature extraction method. The method 
can be used to validate trained models 
to ensure the reliability of the classifica-
tion of multiple mineral samples.

Finally, considering the characteris-
tics of the spectral data, we also con-
sidered applying this method to other 
types of spectral and other material 
analysis. We speculated that this can 
be effectively achieved by fine-tuning 
the model.
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Effective Abatement of High Lead 
Level Contamination in a Forensic 
Firing Range via Inductively  
Coupled Plasma–Mass Spectrometry

Test firing a firearm is frequently used 
for forensic firearms and bullet iden-
tification. Airborne lead-containing 
particles are emitted when a firearm 
is tested, leading to lead building up 
on surfaces, exposing employees to 
potential lead-related health risks. 
Prior to cleaning, lead surface con-
centrations in the firing range at the 
National Forensic Laboratory Services 
in Ottawa were found to be higher 
than the Environmental Abatement 
Council of Ontario (EACO) post-abate-
ment limit, with the highest level 56 
times the limit. Inductively coupled 
plasma–mass spectrometry (ICP-MS), 
along with internal standardization, 
revealed that wiping surfaces with 
either a commercial decontamination 
product containing ethylene glycol 
butyl ether (EGBE) or alcohol cleaning 
pads satisfied the EACO standard by 
removing over 90% of lead from test 
surfaces whereas an external cleaning 
company only removed 36% of lead 
from the same surfaces. Fortunately, 
lead cross-contamination was minimal 
outside the firearms section and well 
below the residential EACO limit. 

Lily Huang, Diane Beauchemin, and Claude Dalpé

Conventional gunshot residue 
(GSR) found after firearm dis-
charge consists of particles com-

posed primarily of lead, antimony, and 
barium (1). Lead styphnate (C6HN3O8Pb) 
is often used as the primary explosive in 
conventional ammunition primers and, 
after firing, yields airborne GSR particles 
containing lead (1–3). However, lead bul-
lets or pellet projectiles produce larger 
quantities of airborne lead metallic parti-
cles upon discharge (1,4). Lead bullets also 
deposit thin layers of lead inside the barrel 
of a firearm, and even if a jacketed bul-
let is subsequently fired using the same 
firearm, residual lead inside the barrel is 
still emitted upon discharge (5). Because 
lead is a soft and low-melting-tempera-
ture metal, because of the energy and 
heat associated with terminal ballistics, 
lead bullets expel airborne molten lead 
particles upon impact (5,6). 

The discharge of a firearm can easily 
coat the user’s hands and face with lead 
particles (7). Without proper handling 
and lead decontamination, firearm users 
expose themselves to potential health 
risks, particularly lead poisoning (4). Lead 
poisoning can cause a variety of health 
effects in adults, including but not lim-

ited to nervous system damage, abnor-
mal sperm in men, and miscarriages in 
women (8). Lead poisoning is concern-
ing for children because it can severely 
affect their mental and physical devel-
opment with irreversible changes (9,10). 
Even with modestly elevated blood–lead 
levels, breast-feeding or pregnancy can 
directly affect a nursing baby or fetus, 
respectively (11,12). Lead toxicity may re-
main asymptomatic until a large concen-
tration of lead has accumulated, which 
could prove fatal if left untreated (8). 

GSR accumulation in firing ranges can 
result in high lead concentrations on sur-
faces, exposing personnel to potential 
health risks (4). Firing ranges, such as 
the one located at the Royal Canadian 
Mounted Police (RCMP) National Foren-
sic Laboratory Services in Ottawa (NFLS-
O), are purposed for forensic firearms 
and bullet identification or association. 
Although the NFLS-O firing range sees 
fewer firearm discharges per week than a 
recreational or training firing range, high 
concentrations of lead were still observed 
there. Improper handling and cross-
contamination could lead to personnel 
outside the range also being exposed 
through secondary or tertiary transfer 
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(13). Proper cross-contamination preven-
tion, such as removing contaminated work 
clothes before exiting the range, can reduce 
secondary and tertiary transfers of GSR (4). 

For a surface to be considered “lead-
free,” the Environmental Abatement 
Council of Ontario (EACO) sets a limit of 
0.215 µg/cm2 for the post-abatement re-
sidual lead surface concentrations in firing 
ranges, and 0.043 µg/cm2 for residential 
areas where sources of lead are not han-
dled (14). A preliminary analysis by an ex-
ternal company using inductively coupled 
plasma–optical emission spectrometry 
(ICP-OES) found surface lead concentra-
tions in the NFLS-O firing range exceeded 
the EACO limit by sevenfold.

The United States Environmental 
Protection Agency (EPA) recommends 
trisodium phosphate (TSP) for remov-
ing particles of lead-containing paints in 
residential homes because it selectively 
chelates lead (15). D-Lead, a commercial 
product containing ethylene glycol butyl 
ether (EGBE), supposedly acts similarly to 
TSP by chelating lead. The supplier, ESCA 
Tech Inc., claims D-Lead can reduce 322 
μg/cm2 (149,767% of the EACO limit) down 
to 0.04 μg/cm2 (19% of the EACO limit) 
of lead on a window glass pane (16). For 
cleaning hard surfaces, the frequency, du-
ration, and thoroughness of the cleaning 
may be more important than the choice 
of a lead-specific chelating detergent, as 
will be demonstrated below. 

However, considering that a firing 
range contains porous surfaces, choos-
ing a decontaminant product that can 
chelate lead effectively is vital. Indeed, a 
study compared TSP to a detergent hav-
ing a low phosphate concentration and 
to suction through a high efficiency par-
ticulate air filter and found inconsistency 
of cleanliness post-abatement between 
all methods of cleaning (17). 

Two methods have been used to col-
lect dust samples for heavy metal analy-
sis—vacuuming and wiping. Vacuuming 
has mostly been used for household 
dust studies, where cross-contamination 
between different surfaces was not a 
concern (18). In fact, a vacuum was used 
to obtain a consistent composite sample 
of fresh dust from a whole house, which 

was then digested prior to analysis using 
ICP-OES or inductively coupled–mass 
spectrometry (ICP-MS), depending on 
analyte levels (18). In contrast, the wiping 
approach was used to assess localized 
surface contamination (15). To assess lead 
contamination inside and outside a firing 
range, a technique providing a low detec-
tion limit and a wide linear dynamic range 
like ICP-MS is desired to measure both the 
trace lead levels outside the firearms sec-
tion and the higher levels in the range itself.

The goals of this study were to develop 
an ICP-MS method and use it to do the 
following: (a) Assess the levels of lead con-
tamination in a forensic firing range and 
adjacent work areas designated for fire-
arms and bullet identification, (b) assess 
cross-contamination outside the firearms 
section, and (c) compare three cleaning 
methods for effective lead abatement 
by i) an external cleaning company using 
commercial degreasers, ii) EGBE-con-
taining wipes, and iii) isopropanol clean-
ing pads. Surfaces tested included areas 
where lead was least expected (such as 
office desks), areas where some lead was 
expected (such as display tables near the 
firearms laboratory section), and con-
taminated areas (in particular, inside the 
firing range). To our knowledge, this is the 
first study where ICP-MS was used to as-
sess contamination in and around a firing 
range in close proximity to lead-free facili-
ties with no safety precautions other than 
the ones put in place for the firearms staff.

Experimental
Instrumentation
A NexION 300D quadrupole ICP-MS 
instrument (PerkinElmer Inc.) was used, 
which features a triple cone interface con-
sisting of nickel (Ni) sampler and skimmer 
cones along with an aluminum (Al) hyper-
skimmer cone. This ICP-MS instrument was 
equipped with a quartz torch and injector, 
a quartz cyclonic spray chamber, a PFA-ST 
microflow nebulizer connected to a model 
SC-2 DX autosampler with a Fast DXi mod-
ule equipped with a 300 μL perfluoroalk-
oxy alkanes (PFA) sample loop (Elemental 
Scientific Inc.). The operating conditions 
are as follows: 18 L/min argon plasma gas; 
1.00 L/min argon auxiliary gas; 1.06 L/min 

nebulizer gas; 0.10 mL/min sample uptake 
rate; and 1.40 kW radio-frequency power. 
They were optimized by the instrument’s 
software while aspirating a 1 µg/L multiele-
ment solution. The measurement condi-
tions (50 ms dwell time in pulse counting 
mode, with 40 sweeps per replicate dur-
ing 24 s) were selected to allow six replicate 
measurements of 103Rh+ and 208Pb+ during 
the signal plateau resulting from a 300-μL 
injection (see below). 

Images of lead distributions in the dust 
standard reference material (SRM) and in 
particles from the firing range were ob-
tained using a Vega3XMU scanning elec-
tron microscope (SEM) (Tescan) with an 
energy dispersion spectrometer (EDS) (Ox-
ford Instrument x-Max 50) operating with 
a current of 89.75 µA at 20 kV. Conductive 
carbon tape was used to mount samples 
on a 0.5 inch aluminum stub (Semoptics 
Ltd.). Samples were then graphite-coated 
using a Carbon Coater 108 Carbon/A 
(Cressington Scientific Instruments UK) 
for better imaging.

Reagents, Certified Reference
Materials, and Samples
A MilliQ system (Merck KGaA) provided 
doubly deionized water (DDW) (18.2 MΩ 
cm). Optima grade HNO3 and HCl (Fisher 
Scientific) were used for digestion of the 
samples and for their dilution. Glassware 
was washed with trace metal grade HNO3 
(Fisher Scientific). A dilution of a 1000 mg/L 
Rh in 20% HCl Specpure plasma standard 
solution (AlfaAesar) was used for internal 
standardization. Standard additions were 
made with a dilution of a 10,020 mg/L lead 
in 5% HNO3 Specpure plasma standard 
solution (AlfaAesar). Dust SRM 2584 was 
obtained from the National Institute of 
Standards and Technology (NIST). All sam-
ples were collected in the RCMP NFLS-O 
facility in Ontario, Canada.

Sampling Procedure
Following a study on lead surface wipe 
analysis (15), a 14 cm by 14 cm square stencil 
created using painter’s tape was measured 
out using a 14 cm paper ruler, which was 
discarded after each sampling surface to 
prevent cross contamination. A 70% (w/w) 
isopropanol (alcohol cleaning) pad (Personal 
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Respirator Cleaning Pad, Allegro Indus-
tries) was used to scrub across and down 
the stencilled surface. The alcohol pad was 
then placed into a sterile 50-mL polypropyl-
ene vial, sealed, and labeled. To test the ef-
fectiveness of cleaning methods, stencilled 
areas were cleaned with either D-Lead 
wipes soaked in EGBE or alcohol cleaning 
pads; then, the same surface was sampled 
using a new alcohol cleaning pad. Because 
of the nature of the lead contamination re-
lated to firearms discharge in the range, it 
was impossible to do multiple replicates of 
each surface. Table I shows that only one 
replicate was done for real samples with six 
measurement replicates per analysis. 

Leaching Procedure 
The wipes or cleaning pads were leached 
for lead, as described in the literature (15). 
Each wipe or cleaning pad loaded with 
the sample was removed from the 50-mL 
vial using tweezers. It was cut into roughly 
1 cm × 1 cm square pieces using scissors 
and placed flat at the bottom of a 50-mL 
polytetrafluoroethylene (PTFE) beaker. 
After air-drying for 15 min to remove most 
of the isopropanol, 10 mL of DDW was pi-
petted into the beaker, which was covered 
with a watch glass and heated at 125 ̊ C for 
5 min on a hotplate. Then, 2 mL of HCl fol-
lowed by 2 mL of HNO3 were pipetted into 
the beaker, which was covered with a watch 
glass and heated at 125 ˚C for 30 min. The 
beaker was then taken off the hotplate 
to cool in the fume hood with the watch 
glass on. The solution was decanted and 
poured into a 50-mL glass volumetric flask. 
The watch glass and sides of the beaker 
were rinsed with DDW and the wipe or pad 
was squeezed with tweezers to recover as 
much analyte as possible before diluting to 
volume. The leachates were finally centri-
fuged (Eppendorf Centrifuge 5702) at 4400 
rpm for 30 min and decanted again to re-
duce the amount of particulates in solution 
that might clog the nebulizer. 

Calibration Strategy
Semi-quantitative analysis of sample solu-
tions was done to enable adjustment of 
their concentrations to 10–20 µg/L prior 
to standard addition. All diluted samples 
contained 5% (v/v) HCl and 5% (v/v) HNO3. 

Standard additions of 10, 20, 30, and 40 
µg/L lead were made to each sample or 
SRM, and 1 µg/L Rh internal standard was 
included in all solutions. SRM 2584 dust 
served as quality control to verify the ac-
curacy and precision of the method.

Results and Discussion
Possible Interferences
Table I shows that the potential 206Pb++ in-
terference on 103Rh+ was negligible at the 
dilution factors used to keep the lead con-
centration in sample solutions at around 
10 µg/L, similar to the amount of lead in 
each standard addition. The potential 
86Sr17O+ and 87Sr16O+ interferences on 
103Rh+ were similarly negligible because, 
even in the SRM, the strontium concentra-
tion of 0.16 μg/L after dilution was much 
lower than that of rhodium. Furthermore, 
the oxide level (for example, CeO+/Ce+) 
was optimized to be below 5% while as-
pirating a 1 µg/L multielement solution.

Calibration Strategy
An internal standard was required to com-
pensate for occasional gradual clogging 
of the nebulizer by residual particulate 
matter, and rhodium was selected be-
cause it is not likely to be at levels affect-
ing the calibration in the range. Although 
more similar in ionization potential and 
mass to lead than rhodium, bismuth 
could not be used because it is present 
in bismuth-made projectiles found in the 
range (19) and at 9 mg/kg in SRM 2584. 
The method of standard addition was 
thus used to compensate for different 
matrix effects from the cement, wood, 
and steel surfaces sampled. In general, 
the square of the correlation coefficient 

for the calibration was better than 0.99. 
The detection limit, calculated as three 
times the standard deviation of the blank 
signal divided by the slope of the calibra-
tion curve for SRM 2584, was 0.1 µg/L.

Lead Recovery 
with Proposed Method 
NIST dust SRM 2584 with 0.9761 ± 0.0067% 
(m/m) lead was first used on its own to test 
the leaching method. The concentration 
found, 0.950 ± 0.025% (m/m) lead (n = 3), 
demonstrates that most of the lead was 
leached. Next, the dust was folded into 
an alcohol cleaning pad to test whether 
the pad interfered with leaching of lead. 
An identical result of 0.950 ± 0.023% m/m 
lead (n = 3) was obtained, demonstrating 
that the wipe does not interfere with the 
leaching method. Finally, 5 mg of dust on 
wax weighing paper was sprinkled onto 
a smooth clean surface measuring 14 cm 
by 14 cm, and the area was then wiped 
following the sampling procedure. This 
yielded 0.890 ± 0.048% m/m lead (n = 3). 
Clearly, the sampling method deterio-
rated analyte recovery, with the measured 
concentration corresponding to 85–96% 
recovery. This is in agreement with the 
80–120% recovery range in a one-wipe 
composite study; where the recovery 
largely depended on the dust loading of 
the cleaning pad or wipe, some mass loss 
being expected (15). 

Lead Cross-Contamination in the  
Firearms Section Outside the Range 
The firearms section is divided into sepa-
rate working areas, including the firing 
range, examination laboratory, micro-
scope rooms, and workshop. The range 

TABLE I: Signal intensities of rhodium and lead using the firing line floor sam-
ple at 5000-fold dilution (mean ± standard deviation, n = 6)

Sample
103Rh+ Signal  

(counts/s)
208Pb+ Signal 

(counts/s)

Blank 66000 ± 920 1200 ± 22

Sample (diluted 5000×) 61000 ± 990 270000 ± 3800

Sample + 10 µg/L Pb 64000 ± 390 610000 ± 3800

Sample + 20 µg/L Pb 63000 ± 730 910000 ± 12000

Sample + 30 µg/L Pb 62000 ±480 1200000 ± 11000

Sample + 40 µg/L Pb 63000 ± 500 1500000 ± 5900
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is the only area where externally hired 
cleaners were employed to abate lead. 
Firearms are only discharged in the range, 
causing the highest buildup of lead spe-
cies over time. Other working areas are 
used for examination and cleaning of 
firearms, which will cause lead cross-con-
tamination. For example, cleaning the 
barrel of a firearm will expel residual lead 
from previous discharges. Figure 1 shows 
that cross-contamination did not exceed 
the EACO threshold in some areas of the 
firearms section. Other locations in the 
workshop area where firearms are disas-
sembled and cleaned have lead concen-

trations over the EACO limit. In particular, 
the sink counter had a surface lead con-
centration over three times the EACO limit. 
This sink counter is where personnel wash 
their hands of lead and would be a point 
of potential cross-contamination to other 
areas within the forensic laboratory exter-
nal to the firearms section.

Lead Contamination
in the Firing Range
Samples were taken on multiple surfaces 
before cleaning and again right after the 
cleaners completed their work. The post-
abatement samples were taken as close as 

possible to the spots that were sampled 
before cleaning. Figure 2 shows that the 
lead concentration remained several folds 
above the EACO post-abatement limit. 
There were several areas where the lead 
concentration increased after cleaning by 
the external company: wall surfaces near 
the ceiling, wall surfaces near the firing 
line, the floor near the water tank, the side 
panel of the water tank bullet catch, and 
the top panel of the bullet catch. Marks 
left on the stainless-steel surfaces (both 
top and side) of the water tank bullet 
catch (Figure 3) post-abatement as well as 
remaining high lead concentrations on the 
surface suggest that the cleaners did not 
remove lead but merely spread it around. 
Because lead is a relatively soft metal, it is 
highly possible that the marks on the sur-
faces of the tank are caused by lead being 
smeared onto the surface. 

Efficiency of Other Cleaning Methods
To determine if the lead concentrations 
in the range could be brought down to 
acceptable levels using commercial prod-
ucts, the NIST dust SRM was not suitable 
because the range contains GSR parti-
cles and other lead species, but the SRM 
dust, which was collected from residential 
homes, does not (Figure 4). Previous spe-
ciation analysis of SRM 2584 indicated that 
98.5% of lead is present as carbonate and 
1.5% as sulfate (20). In contrast, Figure 4 
shows that lead in the range is in a differ-
ent form than in the dust SRM. The effec-
tiveness of the different cleaning methods 
was thus assessed only in the range itself. 

Because lead concentration could be 
highly variable over a large surface area, 
homogeneity of coverage was verified 
over a small surface. For instance, the lead 
concentration was tested on the stainless 
steel top of the water tank bullet catch 
within two square areas, standardized by 
measuring with stencils laid side by side. 
The lead concentration was 0.950 ± 0.003 
μg/cm2 in the first square and 0.950 ± 0.006 
μg/cm2 in the second. To similarly assess 
the efficiency of the different cleaning 
methods, two square stencils were likewise 
laid side by side for pre-abatement and 
post-abatement sampling, respectively. 
Lead concentration during pre- and post-

EACO limit (0.215 µg cm-2)

Sampling April 18, 2018 (After external
cleaning company)

Sampling April 17, 2018 (Before external
cleaning company)

Work table by Firing Line

Wall, near ceiling

Wall, behind water tank

Wall, �ring line

Wall, snail trap

Grey Tool Cabinet Top Surface

Ri�e Firing Stand Top Surface

Water Tank Bullet Catch Top Surface

Floor - Snail Trap

Floor - Firing Line Centre

Floor - Side of Water Tank

Blue Tool Chest with Laptop PC Top Surface

Ammo Storage Shelving Top Ledge

Wooden Work Bench Table Top

Snail trap

Water Tank Bullet Catch Side Panel 

Cotton Filled Bullet Catch Top Panel

Concentration (µg/cm2)
0.00 0.50 1.00 1.50 2.00 2.50 3.00

FIGURE 2: Concentration of lead on surfaces in the range. Samples were col-
lected before and after the external cleaning company finished cleaning (n = 3).

Workshop - Center wooden work bench

Workshop - Side wooden work counter, opposite of sink

Workshop - By sink counter

Blue microscope room - Desk with microscope

Pink microscope room - Desk with microscope

Exam lab - Counter along the window

Exam lab - Work table furthest from entry

Exam lab - Work table closest to entry

EACO limit (0.215 µg cm-2)

0 0.2 0.4 0.6 0.8 1 1.2

Concentration (µg/cm2)

FIGURE 1: Concentration of lead on surfaces in the firearms section, exclud-
ing the range. The standard deviations are too small to appear on the graph.
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abatement was tested on two surfaces: 
(1) the floor near the firing line and (2) the 
stainless-steel surface of the top panel of 
the water tank. The top was chosen over 
the side purely because of ease of wiping 
the surface and the larger surface area. 

Because the floor near the firing line is 
painted concrete, its porosity made wiping 
all residual lead from the floor more diffi-
cult than expected. Figure 5 shows that the 
external cleaning company only removed 
9% of lead from the surface, leaving be-
hind 11.01 µg/cm2 or 51 times the EACO 
limit. The post-abatement concentration 
found after using an EGBE decontami-
nant product was 2.11 µg/cm2, indicating 
that 83% of the lead was removed from the 
same surface. Unfortunately, the remaining 
lead concentration was still 9.8 times the 
EACO limit despite the greater removal 
efficiency using a decontaminant product  
containing EGBE.

EGBE-containing decontaminants per-
formed much better on a smooth surface. 
Figure 6 shows that wiping the stainless-
steel surface of the top panel of the water 
tank reduced the lead concentration to 
0.07 μg/cm2, or 31% below the EACO 
limit. Compared to the external cleaning 
company, which only removed 36% of lead 
on the water tank, an EGBE-laced decon-
taminant was able to remove 93% of lead 
on the surface.

EGBE Decontaminants 
vs. Alcohol Cleaning Pads
To verify if the thoroughness of clean-
ing has a greater impact on lead abate-
ment, another test used alcohol pads. 
The stainless-steel top surface of the 
water tank was wiped in another, closely-
spaced area using alcohol pads (70% 
w/w isopropanol) and the extent of lead 
removal was similar to having used an 
EGBE decontaminant (Figure 6). This 
confirmed that the precise product used 
was less important than the cleaning 
technique itself, which is in agreement 
with the findings in a previous study (17). 

Lead Concentration on Surfaces in 
NFLS-O Outside the Firearms Section 
Other areas within the NFLS-O laboratory 
were selected as high-risk places for po-

tential lead cross-contamination by sec-
ondary or tertiary transfer. Because they 
were not expected to have high endoge-
nous levels of lead, the maximum accept-
able threshold for comparison was low-
ered to the EACO residential limit of 0.043 
µg/cm2 (14). Because GSR and explosives 
are analyzed in the trace evidence sec-

tion, several different surfaces were 
tested. Several different surfaces were 
also selected in the biological evidence 
recovery section, where firearms can be 
examined. Biology examiners also share 
a photocopier with firearms examiners, 
which may be another point of second-
ary or tertiary lead transfer. Areas outside 

250µm

250µm

(a)

(b)

FIGURE 4: SEM-EDS images (magnified 924 fold) of (a) particles in the range, 
containing mostly Pb metal (green spots), and (b) dust SRM containing dif-
ferent Pb species.

FIGURE 3: Photographs of the stainless-steel surface of the water tank bullet 
catch top panel (top) and side panel (bottom) after decontamination by the 
cleaners, where smear marks (indicated by the red circles) are evident.
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the firearms section, such as general entry 
doors and a display table, were tested, 
along with entrances to bathrooms used 
by firearms examiners. 

Figure 7 shows that all lead concen-
trations in the areas outside the firearms 
section were below the EACO residen-
tial limit. A few notable areas included 
a convection oven in the trace evidence 
section (specifically the research and 

development [R&D] room that is sepa-
rate from the operational trace room), an 
exhibit locker in the biological evidence 
recovery section that typically holds 
firearms for examination, the shared 
photocopier, and the firearms display 
table. The higher lead levels from the 
oven, exhibit locker, and display table 
are due to the nature of samples that 
come into contact with those surfaces.  

Although the current concentration on 
the surface of the photocopier is 14% 
below the EACO limit, it is much higher 
than the rest of the working area where 
it is found, indicating a single point of 
common contact with firearms examin-
ers who cause cross-contamination.

Conclusions
A method for surface lead analysis using 
ICP-MS was validated using dust SRM 
2584. Standard addition compensated 
for matrix effects whereas internal stan-
dardization with rhodium compensated 
for the nebulizer clogging by occasional 
particulate matter in sample solutions 
despite centrifugation, decantation, and 
dilution. Application of the method to 
real samples from a forensic firing range 
revealed problematic lead concentra-
tions that were not reduced to the EACO 
limit by an external cleaning company, 
even on smooth surfaces. In contrast, 
using a consumer EGBE-containing lead 
decontamination product was effec-
tive in reducing lead concentrations on 
smooth surfaces below the EACO limit, 
as was using 70% w/w isopropanol pads.

On the other hand, no cleaning 
method tested in this study could reduce 
the lead concentration on the concrete 
floor in the firing range to an acceptable 
level. Only nonporous surfaces should be 
used in firing ranges to enable adequate 
cleaning. Given that unacceptable lead 
levels were found in a forensic labora-
tory firing range, even more problem-
atic lead levels are expected in training 
and recreational firing ranges where 
the frequency of firearm discharge is  
significantly higher. 

The lead surface concentration out-
side the firearms section of the facility 
was below the safe limit for residential 
living, indicating that secondary trans-
fer was mitigated. Nonetheless, gloves 
should still be worn when touching sur-
faces potentially exposed to GSR, such 
as exhibit lockers for firearm storage, the 
oven in the trace laboratory, and the dis-
play table outside the firearms section, to 
avoid direct contact with lead-containing 
particles. The abnormal lead surface 
concentration on the photocopier shared 
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FIGURE 6: Surface lead concentration on the top panel of the water tank bullet 
catch before and after cleaning by the external cleaning company, a commer-
cial EGBE-containing lead decontamination product, and alcohol cleaning pad.
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with firearms examiners indicates a point 
of cross-contamination. 

Future work will aim to simplify the 
ICP-MS method using external calibra-
tion with standard solutions containing 
5% (v/v) HCl and 5% (v/v) HNO3 (instead 
of standard addition) along with internal 
standardization. Vacuuming will also be 
assessed for lead abatement on concrete 
floors in the firing range.
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Trace element analysis  
application note
An application note from Analytik 
Jena describes the analysis of 
solutions containing 1 g/L cobalt 
for trace contaminants after ore 
concentration and purification. 
According to the company, seven 
elements were determined by 
inductively coupled plasma atomic 
emission spectroscopy (ICP-
OES) at standard as well as high 
spectral resolution.  
Analytik Jena, Upland, CA.  
www.analytik-jena.com

Analytik Jena

The analysis of main and trace element concentrations 
is an essential tool in geological science, e.g. for 
the characterization of geological features or 
determination of their age, as well as in the mining 
industry. The ore body of a mine is located and 
qualified based on ore analysis. The feed of smelting 
and hydrometallurgical processes has to be monitored 
just as the product and tailing do for accurate process 
control. Quality assurance of final products of 
course also requires precise determinations of trace 
contaminants.

All these analyses require the measurement of both 
high trace concentrations of the elements of interest 
– usually in a matrix containing a high amount of
dissolved solids in the gram per liter range. Multi-
element capabilities of the measurement system are
required due to the multitude of elements present and
relevant for this kind of application.

Considering these requirements leads to a robust 
multi-element technique tolerant towards matrix 
effects, and capable of analysing low concentrations. 
During the past two decades, AAS and ICP-OES 
have been the methods of choice, perfectly fulfilling 
these requirements not only for mining applications, 
but in any area that requires this type of analysis. 
More recently, ICP-MS has been developed into a 
valuable tool for ultra-trace detection, isotope ratio 
determinations, and the analysis of high-purity 
metals.

The shortcomings of the different techniques have 
been accepted as inevitable and considered the lesser 
evil when compared to other analytical techniques. 
Technical development, however, has continued 
and demands to reconsider this point of view have 
emerged.

Trace Element Analysis in Geology 
and Mining: HR-CS AAS, ICP-OES, and 
ICP-MS

Multichannel fiber probe
The NIRaman fiber probe 
from Art Photonics GmbH 
is designed to measure 
near-infrared (NIR) diffuse 
reflectance and Raman 
scattering for remote 
analysis of solids, powders, 
or liquids. According to 
the company, the NIR 
and Raman channels 
can operate simultaneously, providing hybrid modeling 
capabilities that were not possible in the past.  
Art Photonics GmbH, Berlin, Germany.  
https://artphotonics.com/product/niraman-fiber-probe/

AA graphite furnace tubes
Precision fabricated graph-
ite furnace tubes available 
from REFLEX Analytical 
are designed with high 
purity, high density graph-
ite, and coated with a layer 
of equally pure, pyro-
lytically deposited granite. 
According to the company, 
the tubes provide for a 
dense and durable surface 
that is impervious to sample, vapor, or solvent.  
REFLEX Analytical Corp., Ridgewood, NJ.  
https://www.reflexusa.com/pycogrfutu.html

CID1 CNIRS process system
The CID1 CNIRS process 
system from tec5USA is 
designed for continuous 
monitoring of critical 
process parameters 
in harsh industrial 
environments. According 
to the company, the system 
enables true process 
verification, end-to-end 
supply chain optimization, 
consistent quality, yield maximization, and waste minimization.  
tec5USA, Plainview, NY.  
https://tec5.com/en/products/

Palm spectrometer
The Breeze palm-held 
spectrometer from 
BaySpec is designed for 
400 to 2500 nm with a 
one-button operation. 
According to the company, 
the spectrometer is 
suitable for the analysis 
of plastics, illicit drugs, 
pharmaceuticals, 
explosives, biological 
warfare agents, medicine, 
food, and other materials. 
BaySpec Inc., San Jose, CA. www.bayspec.com

Raman microscope
Edinburgh’s RM5 
Raman microscope is 
designed to be compact, 
automated, and easy to 
use. According to the 
company, the confocal 
design of the RM5 
microscope is unique 
to the market, and 
suitable for analytical and 
research purposes.  
Edinburgh Instruments, 
Livingston, UK.  www.edinst.com https://www.edinst.com/
products/rm5-raman-microscope/

X-ray window
The BX-1 X-ray window 
from Moxtek is designed 
for light element 
detection in microanalysis 
applications. According to 
the company, the window 
is constructed entirely 
of low-Z materials, and 
is specifically built for 
applications requiring 
high transmission of low 
energy X-rays. 
Moxtek, Orem, UT.  
www.moxtek.com

Particle analysis module
Renishaw’s particle 
analysis software module 
for its inVia confocal 
Raman microscope is 
designed to automate 
the microscope so that 
it can identify particles 
on images, and then 
chemically analyze them 
using Raman spectroscopy. According to the company, 
the software provides chemical information on each 
particle, and its morphology statistics.  
Renishaw, West Dundee, IL.  
www.renishaw.com

Webcasts

eBooks

View our educational webcasts live 
or on demand in topics such as ICP 
methods, raman fundamentals, atomic 
spec, microplastics, and many more! 

Choose from topics such as food 
safety, sample prep, raman imaging, 

atomic absorption and more!  Presented in partnership withSponsored content from

j
a

n
u

a
r

y
 2

0
1

8 Aligning 
AnAlyticAl 

techniques with 
Modernized USP 

MonogrAphs

More learning tools for spectroscopists 
exclusively online 

Visit spectroscopyonline.com today!

F
E

B
r

u
a

r
y

 2
0

1
8

Sponsored by Presented in partnership with

rAMAn iMAging: 
concepts And  
opportunities

Spec-HouseAd-2020-final.indd   1 3/9/2020   1:58:58 PM

http://www.analytik-jena.com
https://www.artphotonics.com/product/niraman-fiber-probe/
http://www.reflexusa.com/pycogrfutu.html
https://www.tec5.com/en/products/
http://www.bayspec.com
http://www.edinst.com
http://www.edinst.com/products/rm5-raman-microscope/
http://www.edinst.com/products/rm5-raman-microscope/
http://www.moxtek.com
http://www.renishaw.com


Webcasts

eBooks

View our educational webcasts live 
or on demand in topics such as ICP 
methods, raman fundamentals, atomic 
spec, microplastics, and many more! 

Choose from topics such as food 
safety, sample prep, raman imaging, 

atomic absorption and more!  Presented in partnership withSponsored content from

j
a

n
u

a
r

y
 2

0
1

8 Aligning 
AnAlyticAl 

techniques with 
Modernized USP 

MonogrAphs

More learning tools for spectroscopists 
exclusively online 

Visit spectroscopyonline.com today!

F
E

B
r

u
a

r
y

 2
0

1
8

Sponsored by Presented in partnership with

rAMAn iMAging: 
concepts And  
opportunities

Spec-HouseAd-2020-final.indd   1 3/9/2020   1:58:58 PM

http://www.spectroscopyonline.com


http://www.bayspec.com

	SPEC1120_Cover
	SPEC1120_Mast_Staff
	SPEC1120_TOC
	SPEC1120_EAB
	SPEC1120_MolecularSpecWorkbench
	SPEC1120_FocusonQuality
	SPEC1120_SpectralIR
	SPEC1120_Bilal_print
	SPEC1120_Guo
	SPEC1120_Beauchimin
	SPEC1120_Products



