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Note from the CEO
Mike Hennessy, Jr. 
President & CEO, MJH Life Sciences®

F ruit qualit y detec tion and classif ication of ten 

relies on the look, smell, and touch of the fruit,  

an approach that is inefficient and hard to quan-

tif y. In a recent study, a comprehensive, nondestruc-

t ive detec tion method using hyperspec tral imaging 

was developed to evaluate the internal and external 

quality of pears. The work—this month’s cover story— 

offers a theoretical basis for the development of an on-

line quality detection and grading system based on hy-

perspectral imaging, and provides a theoretical basis and 

technical support for the development of real-time, online,  

and nondestructive detection systems for the fruit industry.

Th e g e n u s  Ci n na m o m u m  c o m p r i s e s  m o re t ha n 

30 0 species of evergreen aromatic trees and shrubs, 

many of which are economically important, given their use 

in food flavoring (cinnamon), cosmetics, and medicines.  

Thus it is important that financially viable species can 

be identified rapidly and onsite. In research presented in 

this issue, the feasibility of using a portable near-infrared 

(NIR) spectrometer combined with partial least squares 

for discrimination analysis (PLS-DA) to identify five similar 

Cinnamomum wood species was investigated.

Recently, a team of researchers designed and syn-

thesized a convenient, fast, and ef ficient dual-channel 

chemosensor based on a rhodamine-benzaldehyde de-

rivative, and systematically investigated its recognition 

performance for mercury ions. The results showed that 

this open fluorescence sensor possessed high sensitivity 

and high selec tiv it y to detec t Hg2+. The study is pre-

sented in this issue.

This month, we also continue our special coverage 

of the components of spec troscopy instruments, de-

signed to provide a basic “under the hood” look at 

these instruments. We kicked this of f in February with  

The Spectroscopy Instrument Components Terminology 

Guide (available as a f ree download on our website), 

writ ten by our Senior Technical Editor Jerry Workman 

Jr. Here, Workman continues a four-par t ar t ic le sur-

vey ar ticle on components. Par t 1, on sources, lasers, 

and detectors, was our March cover story. In this issue,  

he presents part 2, addressing optical components or sub-

assemblies used for vibrational spectroscopy instruments. 

Happy reading!
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Understanding Proficiency Tests
Proficiency tests (PTs) use characterized materials that have been created 
to represent the types of samples, matrices, and analyte targets being 
tested in laboratories. PT samples are assigned reference values that are 
not disclosed to participants. PT samples are treated like blind samples 
in which the nature and quantities are unknown. In PTs, analysts may 
receive basic information regarding the target identity, quantitative range,  
and other information that directs them in how to perform sample preparation 
or analyses. PT samples can come in many different forms, from solid or 
liquid matrices to extracted oils, or solid-dosage formulations like capsules 
and tablets. Analysts are expected to prepare and treat PT samples in the 
same way similar types of samples would be routinely processed. 

PT participants confidentially share their results with the PT provider 
for final evaluation and grading. In this way, PTs serve as an indicator 
for the competency of a laboratory’s staff and analytical performance. 
Results reported to the PT provider are compared to the established 
reference values for that PT. A reference laboratory obtains established 
reference values or averages the values reported by the PT participants 
(consensus value).

Results can be reported individually, meaning each analyst reports a 
result, or by calculating an average from all analysts performing the PTs. 
The individual result entry method is often preferred because it serves to 
document passing or not passing results at an individual level. This is most 

helpful for assessing and attributing competency of each laboratory analyst 
performing the PT.

Participants who achieve passing PT results are ensuring the validity 
and reliability of their laboratory’s test results. PTs should be an integral 
part of the quality management system (QMS) of any testing laboratories. 
When evaluating PT programs, laboratories must consider some critical 
points such as: the qualifications of the PT administrator, the quality and 
qualifications of the PT provider, and the accessibility of data. Within a 
QMS based on ISO guidelines, laboratories are required to use certified 
providers for their analytical standards, methods, and PTs. ISO 17025 
laboratories must use PT providers accredited to ISO 17043 and CRM 
providers to ISO 17034. 

Examples of PT
Methods used for PTs should have previously been validated by 
the laboratories or standards organizations that have issued those 
methodologies (such as USP or ASTM). PTs are not a means of methods 
validation. A suitable QC-known, certified reference material, or primary 
reference standard is employed for validating an analytical method. 
Acceptable PT results can serve as method verification when PTs are 
performed by the laboratory’s validated method. After the in-house 
methods have been validated, the methods can be verified by successfully 
passing a PT from an accredited third-party provider. In this example, PT is 
integral to the QMS of the participant laboratory. 

PTs serve to measure the ongoing proficiency of independent 
laboratories through interlaboratory comparison of test results for the same 
sample. Some regulatory bodies stipulate the frequency of PT participation. 
Testing laboratories participate in accordance with their accreditation audit 
schedule. Some accreditation audits only occur once every other year. 
Thus, the laboratories would participate in PTs once every two years. 

How to Determine PT Participation
When determining the schedule and budget for PT participation,  
it’s best to consider the accreditation goals and regulatory requirements for 
the laboratory. It is best for each analyst who is reporting data to perform 
PT at least annually to monitor performance during a 12-month period. 
Longer stretches without PT participation could negatively impact timely 
identification of non-conformance and delay implementation of effective 

Concentrations and Conversions

Weight to Weight Concentrations

Weight to Volume Concentrations

Concentration Conversions

Name Symbol Equivalence

Name Symbol Equivalence

Name Symbol ppt* ppm ppb ppt**

Parts per thousand*
Parts per million

Parts per billion

Parts per trillion**

ppt*
ppm

ppb

ppt**

ppt*
ppm

ppb

ppt**

g/L
mg/L

µg/L

ng/L

mg/mL
µg/mL

ng/mL

pg/mL

µg/µL
ng/µL

pg/µL

fg/µL

ng/nL
pg/nL

fg/nL

ag/nL

g/kg
mg/kg

µg/kg

ng/kg

mg/g
µg/g

ng/g

pg/g

µg/mg
ng/mg

pg/mg

fg/mg

ng/µg
pg/µg

fg/µg

ag/µg

Parts per thousand*
Parts per million

Parts per billion

Parts per trillion**

ppt*
ppm

ppb

ppt**

—
1 x 10-3

1 x 10-6

1 x 10-9

1 x 103

—

1 x 10-3

1 x 10-6

1 x 106

1 x 103

—

1 x 10-3

1 x 109

1 x 106

1 x 103

—

Parts per thousand*
Parts per million

Parts per billion

Parts per trillion**

Figure 1: Unit conversions

Passing the Test: Understanding Proficiency Testing
Patricia Atkins*, Lauren Stainback†, and Donnell Charles‡,  *Spex CertiPrep, †NSI Lab Solutions, ‡United States Pharmacopeia

Laboratories use proficiency tests (PTs) to comply with their accreditation requirements and to evaluate an analyst’s performance. 
Laboratories regard PTs as a burdensome chore that must be successfully completed to satisfy internal or external compliance 
or accreditation requirements. PTs are an integral part of a quality management system (QMS) under quality assurance and 
control (QA/AC). Understanding the core components of the QMS is an important part of passing any PT test. Unacceptable PT  
results may have little to do with the result itself but reflect the use and application of statistics, standards, and methods.  

Industry Insights: Chromatography
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corrective action. Laboratories that do not achieve acceptable results on 
a PT should examine analyst training and method procedures to check 
for deficiencies.

PT Calculations and Results
Once participants analyze a PT sample, the participants report their results 
to the PT provider for review and evaluation. PT providers use customized 
software programs to evaluate participants’ results using programmed 
algorithms and statistics that meet the accrediting bodies’ guidelines. ISO 
guidelines (ISO 13528) have two basic methods for statistical evaluation 
of proficiency tests: the En-value and the z-score. An En-value is most 
commonly used in interlaboratory comparisons where the laboratories 
report their uncertainty calculations (Equation 1).

En =
Xi – Xref

u2
x + u2

ref
[1]

where Xi is the laboratory-reported value versus the Xref value re-
ported by the PT provider divided by the square root of the com-
bination of uncertainties from the laboratory value and the refer-
ence value expressed using k = 2 with a 95% coverage factor.  
Results with En-value between 1 and –1 are acceptable and agree 
with the reference values. Results with En-values greater than one 
or less than –1 are not acceptable.

The most practical of the statistical functions for chemical and biological 
analyses is the z-score. (Equation 2).

Z-score = Xi – µ
σ

[2]

where µ is the mean subtracted by the Xi laboratory reported value; 
divided by the standard deviation, s. 

The z-score can be used within interlaboratory comparisons without 
an uncertainty calculation; the z-score assumes all reported samples 
are from the same population, batch, or sample set and have the  
same uncertainty.

The results are calculated after the outliers are removed or are 
obtained from robust statistics. Z-scores of less than two are considered 
acceptable. Scores between two and three are considered suspect,  
and scores greater than three are unacceptable. Once participant 
results are compared to reference values and assigned acceptable 
or unacceptable scores, those scores are provided to the laboratories. 
Results of a particular PT scheme may be deemed suspect if a clear bias 
or trend is apparent. Even if the results themselves are passing, the PT 
results can be considered unsatisfactory if there is a clear and measured 
bias. All failures or unsatisfactory results should be directed toward root 
cause analysis and corrective actions indicated by the laboratory’s QMS.

Corrective Actions
In the event that analysts or laboratories fail a PT, there should be a 
procedure for review along with a plan of action to correct the problems 
found. First, a root cause analysis is conducted to identify and document 
the problems. If a root cause analysis finds deficiencies within a system, 
then corrective action is devised to remedy issues. A retesting of a corrected 
system must be conducted to determine if the correction was successful. 
Points of review should include laboratory processes and all internal quality 
control data. Points to reexamine during a system and procedure review 
for a PT failure include:
• Preparation: Did the preparation process differ between routine samples 

and the PT samples?

Pro�ciency Testing Best Practices

Fit for Purpose

Receipt & Delivery

Policies & Methods

Instruments & Maintenance

PT Preparation & Analysis

What is the purpose for the PT? Expand testing capacity, check competency
of analysis or other.
Is the PT material similar to routinely tested samples?
Do the PTs meet the needs or future needs of the lab?
Are PTs performed only by individuals approved to perform those procedures?

Check with supplier for shipping dates and noti�cation of delays.
Upon receipt, check PT condition. Report damage and thermal changes which
can alter PT.
Check handling instructions and safety data sheets to optimal storage and handling.

Changes to methods or policies should all be completed and validated
prior to any PT.
Updates should be reviewed with all staff members participating in the PT.

Make sure all maintenance and repairs of systems is completed in advance 
of a PT.
Calibration and linearity checks should be performed prior to starting the PT.
Replace all chemical consumables, mobile phases and other reagents.
Complete any statistical evaluations of precision and accuracy for systems
and methods used in PT.
Check that all equipment, volumetrics and labware are clean and properly
calibrated.

Plan ahead for suf�cient time to complete the PT study.
Use only calibrated volumetrics to create dilutions and allow suf�cient time for
equilibration of the volumetrics as noted by the equipment.
Be observant of preparation instructions (material temperature, dilutions, etc.)
Follow all instructions provided by the PT supplier or request clari�cation
before starting PT.
For differences in sample preparation due to matrix or material; keep detailed notes
as to deviation or additions to prepare samples that differ from routine preparation.
Check and recheck all calculations, units of measure and reporting formats prior
to preparation and after analyses.

Figure 3: Best practices for PTs

Dilution Tips
Make sure you keep track of units.

Unify units when possible (i.e. convert to grams, µg uniformly)

Don’t forget purity when making a stock solution.

Don’t forget to account for the weight or volume of internal standards or spiking solutions.

Start calculations with the stock solution or raw material dilution.

Another type of dilution is a simple dilution using a dilution factor as seen in the equations below.

In order to make calibration curves, most people employ a mixture of simple dilutions separate from each
other or use a serial dilution which is a series of dilutions, where each dilution is cumulative. Typical serial
dilution scheme:

Make sure your calibration points are within range of your analytical targets and within the dynamic range
of the instrument, if not either the samples or standards will need to be diluted.

Starting Material or Stock Starting Calculation

Simple Dilution Equations

X (mass or volume units of Target) / Final (mass or volume) * Purity (or concentration) of material * 106

Dilution = Volume of Mass of Sample / Total Volume or Mass of (Sample + Diluent)

Dilution Factor = Total V of (Sample + Diluent) / V of Sample
** or we can simply say the reciprocal of dilution

1 mL 1 mL 1 mL1 mL 1 mL 1 mL

Original
Sample

Dilutions:

9 mL diluent
in each tube

1/10 = 10^-1 1/100 = 10^-2 1/1,000 = 10^-3 1/10,000 = 10^-4 1/100,000 = 10^-5

Figure 2: Dilution tips

https://www.nsilabsolutions.com/
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• Instrumentation and equipment: Does the deficiency lie within the sys-
tem, and can it be corrected with replacement, repair, or recalibration?

• Environment: Were all materials and equipment maintained at the 
correct temperature?

Examine all processes, standards, and calculations: 
• Were all the calculations correct and documented including unit 

conversions? (Figure 1)  
• Are all the dilutions correct and within the correct dynamic range for the 

system? (Figure 2)
• Were the standards, reagents, QC samples, and controls within 

expiration?
• Were samples and standards prepared fresh, or were new standards 

opened?

Best Practices for Preparing for a PT
The proper handing and processing of PT samples can be critical in 
passing PTs. There are other areas that play key roles in passing these tests, 
including instrument calibration, maintenance, and updating procedures 
and methodologies. Figure 3 provides is a list of helpful points to assist 
laboratories and analysts in passing their PTs.

PT Limitations
PTs are a necessary and helpful tool in the QMS arsenal of a laboratory. 
But they do have some limitations and misuses. In PT schemes where 
interlaboratory tests are used to establish values, there is often a 
retrospective aspect to the tests. Also, there are often routine samples 
or analyses not reflected by the PT schemes because the PT is offered 
in a different sample format or matrix than what the laboratory routinely 
tests. For example, if a laboratory tests pesticides in plant extracts with 
alcohol-based matrices (tinctures), but the PT sample is pesticide in plant 
material, the PT doesn’t match the preparation routine of that laboratory. 
An unacceptable PT only indicates a problem exists. It does not identify 
the root cause of the problem. Conversely, an acceptable PT result does 
not indicate competence in all areas of a QMS. PTs are not substitutes for 
using quality controls and reference standards. They all work collectively 
within the QMS.

Conclusions—Tying It All Together
PTs serve to measure the ongoing proficiency of independent laboratories 
through interlaboratory-comparison of test results for the same 
characterized material. PT participation is often stipulated by the regulatory 
authority overseeing laboratories operations or an accrediting body to which 
laboratories comply, or often both authorities concurrently. It is best to 
consider the laboratories’ accreditation goals and regulatory requirements 
when determining the schedule and budget for PT participation. It is 
best to perform PTs at least annually to monitor laboratory performance 

during a 12-month period. Longer stretches without PT participation could 
negatively impact timely identification of non-conformance and delay 
implementation of effective corrective action. PTs are useful tools to verify 
continuous improvement, resolve or monitor effective corrective actions, 
and demonstrate training and competency for laboratory analysts. PTs are 
a multipurpose external quality assessment tool and should be an integral 
part of the laboratory’s QMS.

Further reading
• ISO/IEC: 17043:2010—Conformity assessment – general requirements 

for proficiency testing
• ISO/IEC: 17025—General requirements for the competence of testing 

and calibration laboratories
• USP Proficiency Testing Program: www.usp.org/proficiency-testing
• NSI Laboratory Solutions PT Program: www.nsilabsolutions.com/profi-

ciency-testing/
• Spex Knowledge Base for white papers on dilutions, calibrations, and 

standards: www.spex.com/KnowledgeBase/AppNotesWhitepaper
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MOLECULAR SPECTROSCOPY WORKBENCH

Use of Raman Spectroscopy  
to Qualify Carbon Materials  

In the last 30 to 40 years, vari-
ous new types of carbon mate-
rials have been engineered for 
multiple industrial uses. It is now 
well-known that the Raman spec-
trum is sensitive to the structure, 
even though the spectrum is rather 
uncomplicated. Because Raman 
spectroscopy now has a reputa-
tion for providing good informa-
tion, potential users of Raman 
equipment can request informa-
tion on the quality of their sample. 
However, they are often not able to 
define clearly what they mean by 
“quality.” If they are growing dia-
mond films, they may or may not 
want interstitial sp2 carbon to glue 
polycrystalline diamond together. 
If they are growing hard diamond-
like carbon (DLC) films, they may 
want to correlate the spectral char-
acteristics with physical charac-
teristics of the film. In this column,  
I explain how the Raman character-
istics can aid in characterization of  
carbon materials.

Fran Adar

There are essentially two ways 
that elemental carbon bonds to 
itself—sp2 and sp3 bonds. In dia-

monds, all bonds are sp3. The atoms crys-
tallize in a tetrahedral lattice, and the zone 
center phonon falls at 1332 cm-1. In per-
fect graphite, all the carbons are arranged 
in infinitely extended aromatic planes 
that stack in the A-B-A-B arrangement.  
The zone center phonon falls near 1580 
cm-1, and has been called the G band. 
However, graphite rarely appears with-
out a second band in the mid-1300 cm-1 
region. In 1970, Koenig reported that he 
could correlate the relative intensity of this 
band to the crystallite size of the graphite 
sample being measured, as determined by 
X-ray diffraction (XRD) (1); the intensity of 
this band that came to be known as the D 
(“disorder”) band was related inversely to 
long range order. It was believed that the 
D band simply represented the disorder 
in graphite. However, in 1978, Vidano and 
Fischbach and, in 1990, Wang, Alsmeyer, 
and McCreery found that its frequency 
depended on the laser excitation wave-
length. By exciting graphite with varying 
laser wavelengths they observed that the 
D band occurred near 1390 cm-1 when ex-
cited in the UV, and 1270 when excited in 
the NIR (2,3). They also documented the 
presence of a band in the mid-2700 cm-1 
region that fell close to precisely twice the 
frequency of the D band. In the discussion 
by Wang and associates, they surmised 
that the dependence of the D band fre-
quency on the excitation wavelength 

followed from each wavelength exciting 
different subpopulations of the materi-
als. However, in 2004, Reich and Thom-
sen produced a theory based on double 
resonance that explained the “excitation-
energy dependence (of the D band), the 
overtone spectrum, and the difference be-
tween Stokes and anti-Stokes scattering” (4).  
Although the theory is an elegant solid-
state physics exposition of the energy band 
structure and its effects creating double 
resonance Raman conditions, it is prob-
able that many readers of this article would 
not be in a position to become competent 
in this area. The point is to be cognizant of 
the best understanding of the origins of the 
Raman spectra of carbon-based materials 
so that the spectra can be used to derive 
empirically physical and chemical informa-
tion on manufactured materials. 

Before the double resonant theory 
was developed, the D nomenclature 
was further used to denote “diamond-
like,” which was probably a misnomer.  
The term came from the development of 
hard carbon films for the computer hard 
disc industry where the conclusion was 
that the hardness of the films was related to 
the D or “diamond-like” band, whose fre-
quency was not far from that of diamond. 
In fact, the spectra of these films were fit 
to D and G bands and the characteristics 
of the fits (peak positions, peak widths, 
peak amplitudes, % Gaussian in the fitting 
function, and integrated intensity in the 
fits) were used to correlate to the physical 
characteristics of the films. Because of the 
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wavelength dependence of the D band 
intensity, for empirical correlations to be 

effective, measurements must be made 
in a consistent manner—same excitation 

wavelength, same spectral dispersion, and 
so forth. Irmer and Dorner-Reisel explained 
the spectral behavior related to the size of 
graphitic nanoclusters, hydrogenation, and 
hydrogen-free tetrahedral amorphous car-
bon (ta-C) with sp3-bonded content, and 
how these properties are correlated with 
hardness and wear properties (5).

In this column, I show examples of mea-
surements of all these materials, so that 
someone interested in using the spectra 
for empirical correlations has a roadmap 
of where to start. 

Diamond
The phonon in diamond appears at 
1332 cm-1, as seen in Figure 1. A clean 
diamond has a flat baseline, with some 
evidence for the second order band near 
2600 cm-1. Figure 1 shows the Raman 
spectrum with a picture of the small chip 
from which the spectrum was acquired. 
Figure 1 also shows the spectrum plotted 
in wavelength units, rather than Raman 
units, and shows the photoluminescence 
(PL) that sometimes appears in diamond 
because of impurities. These PL spectral 
features have been used to characterize 
diamond, both natural and man-made 
(made under pressure or by chemical 
vapor deposition [CVD]) (6). 

Figure 2 shows the results of a mapping 
measurement of a polycrystalline diamond 
film. The two colored maps were made 
using the Raman frequency of the two 
peaks fitted by the software. This material 
is clearly not high quality, single crystal dia-
mond, but if the small crystals are grown to 
be used for polishing, the material would 
work well. If, however, one wanted a dia-
mond window, this sample would clearly 
not be useful. In addition, it is useful to 
point out that the peak shifts in this data 
set are understood to be because of stress. 

Graphite and Other sp2 Carbons
Figure 3 shows the spectrum of crystalline 
graphite measured with a 600 and 1800 
g/mm grating on the same instrument. 
Note that the relative intensities do not 
exactly overlay because of differences 
in line widths relative to the instrument’s 
dispersion with the two gratings. Because 
of this phenomenon, one must make mea-
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surements under consistent conditions if 
meaningful correlations from the spectra 
want to be derived. Note that the D band 
appears in this spectrum because truly 
single crystal natural graphite is rare. 

Figure 4a shows a Raman map of gra-
phene. Graphene is technically a single 
layer of graphite, but the spectra of sev-
eral-layer graphene have been used to 
determine the number of layers. In the fig-
ure, the sets of red, green, and blue cur-
sors were used to calculate the integrated 
intensities of the D, 2D, and G bands.  
Clearly, the D band is quite low in intensity 
in this sample, which is expected for a near 
perfect lattice. A mark of true single layer 
graphene is a high I(2D)/I(G) ratio, which can 
be seen in the light teal map on the lower 
right. However, the intensity maps do not 
show the entire picture. Figure 4b shows 
a few spectra extracted from the map,  
indicating how the spectra change in this 
data set from point to point. A good refer-
ence for the Raman spectra of graphene is 
an article in Physics Reports (7) which dis-
cusses many interesting phenomena that 
can be monitored with Raman spectra. 

There is also the possibility of moni-
toring single-walled and multi-walled 
carbon nanotubes (SWCNTs and MW-
CNTs). In addition to the D and G bands  
(and their derivatives discussed above),  
the SWCNTs have bands in the low fre-
quency region (<300 cm-1), which are diag-
nostic of the chirality and size of the tube.  
However, the intensity of the spectra are 
extremely dependent on the type of tube, 
which changes the resonance conditions. 
That means, if you are looking for a par-
ticular type of tube, you may or may not 
see it with the laser wavelength that you 
are using. There are many good refer-
ences on the solid states physics of these 
materials, but in another Physics Reports 
article, there is a figure that clearly shows 
the relationship between the excitation 
wavelength and the type of tube mea-
sured (Figure 12 in reference [8]). 

We have also measured the spectra 
of various carbon fibers that were shared 
with us by Herman Noether, retired from 
Hoechst Celanese. Thornel was manu-
factured from pitch, and its structure was 
known to exhibit radial graphite planes. 

Other fibers manufactured from polyacry-
lonitrile (PAN) exhibit turbostratic graph-
ite planes that wrap around the fiber axis. 
Figure 5 shows the spectra of these three 
samples. Both Thornel and PAN GY70 
were fairly crystalline as determined by 
their Raman spectra, both of which have 
sharp G and D bands. The PAN fiber 
called Celion 3000 exhibits very broad 
D and G bands and very weak features 
in the 2D region. I have band-fit all three 
spectra. Thornel and GY70 both exhibit a 
weak but sharp band between 1610 and 

1620 cm-1, and this band has been seen 
in intercalation studies. To fit the Celion 
spectrum, two extra bands are required 
to flatten the residual. If you will be using 
these spectra to characterize or compare 
samples, again the samples have to be ori-
ented in the same way, and all instrumen-
tal conditions have to be the same (laser 
wavelength, spectral dispersion, and po-
larization). Then, you can export the fitted 
parameters to an Excel file to determine 
quantitatively how the samples compare. 
In fact, you can correlate physical chemical 
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properties with these parameters, even if 
you do not understand what they mean at 
the nanoscopic level. Tables Ia–Ic show the 
fitted parameters from these spectra. 

An example of how these spectra can 
be useful is something I came across on 
the internet while assembling this ar-
ticle. An article that goes back to 1979 
discusses the uptake of certain metal 
chlorides that are used to treat carbon 
fibers to raise their electrical resistance.  
This study was sponsored by NASA be-
cause of there being several industrial ac-
cidents that were a consequence of elec-
trical sparking in manufacturing facilities 
(9). What was found was that the chemi-
cal uptake was much higher in the pitch 
fibers than in the PAN fibers. Looking at 
the cartoon figures that I made for Fig-
ure 5, it is easy to understand why there is 
more penetration in the pitch fibers than 
in the PAN fibers. Polarized Raman spec-
tra would enable differentiating PAN from 
pitch fibers because of the orientation of 
the graphite planes in the fiber. 

There is also a material called glassy 
carbon, a spectrum of which I show in Fig-
ure 6. Note that it also has D and G bands, 
wide enough to overlap a bit, but sharper 
than the bands of DLC, which you will see 
in a moment. In addition, the D band is 
more intense than the G band which is 
rather unusual. According to Professor 
William White at Penn State, the adjective 
“glassy” for this material is actually a misno-
mer. It is highly crystalline, but the crystals 
are quite small. Professor White told me 
this more than 30 years ago (10), and the 
current theories of the structures of sp2 
carbons might affect this description, but 
if you do a Google search on the Raman 
spectrum of glassy carbon, most spectra 
are similar to the one in Figure 6. 

DLC Films 
The Raman spectra of these films have 
been used extensively for physical char-
acterization. Figure 7 shows the spectra of 
two such films, with the band-fitting, and 
Table II shows the band-fit parameters ex-
tracted and imported into Excel for further 
manipulation that will enable correlation 
with physical properties. There is an excel-
lent review by Whitley that describes how 
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TABLE IA: Band-fit parameters derived from the Raman spectra of Thornel 
derived from asphalt using two different processes. 

THORNEL

Peak (cm-1) Amplitude % Gaussian Width (cm-1) Integrated Area

1351.6 189.4 0 46.9 13819.9

1577.6 2600.4 0.2 19.1 73339.6

1617.8 84.9 0.4 12.6 1471.7

1727.7 31.9 0 500 22716.4

2452.3 86.6 0.1 57.7 7394.3

2639.4 90.2 0 61.9 8636

2697.2 1258.3 0.6 63.2 100450.7

2943.1 27.3 0 153 6227.3

3235.8 155.7 0.2 21 4797.4

TABLE IB: Band-fit parameters derived from the Raman spectra of PAN GY70 
using two different processes. 

PAN GY70

Peak (cm-1) Amplitude % Gaussian Width (cm-1) Integrated Area

1098.2 10.1 1 39.4 422.6

1343 432.2 0.4 40.4 23754.2

1369.3 39.6 0 500 28050.8

1572.2 2105.2 0.1 23.5 74892.9

1610.4 125.6 0.6 25.4 4063

2441.5 73.3 0.1 65.1 7250.2

2683.2 1202.4 0.3 60.9 103925.7

2917.3 34.3 0.1 80.3 4042.4

3222.2 82.7 0 34.4 4368.8
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this technology is used in the computer 
disk industry (11). The figure shows two 
spectra, both of which were successfully 
fit to a D and G band. I say “successfully 
fit” because the residual shows only 
noise, but no indication of the neces-
sity for another band. Comparison of 
the D bands in the two spectra indicate 
significant differences in band width.  
More interesting, however, is the I(D)/I(G) 
ratio when using the highest count rate 
in the region of the two bands vs. the 
amplitude (height) of the fitted peaks 
vs. the integrated intensities of the fit-
ted peaks. Table III shows the results of 
these simple calculations for the two 
samples. Reading across the table from 
left to right for each sample, it is clear that 
the calculated ratios are quite different.  
People tell me that they want to know the 
D/G ratio as a quality index. But which ratio 
do they really want? The problem is that 
the non-spectroscopist is not aware of this 
complexity. It appears that calculating the 
D/G ratio should be a simple calculation, 
but, clearly, the answer is different de-
pending on how the calculation is done. 
Which one will produce the best correla-
tion with the desired properties? Even if 
you do not understand what is the origin 
of these spectral characteristics, you can 
see that what you choose to calculate 
will determine what number you will get.  
Maybe the thing to do is to correlate 
separately all of these ratios to the physi-
cal characteristics of the sample to see 
which one actually predicts the data  
the best. 

Summary
We showed representative spectra of 
many classes of carbon allotropes, with 
an indication of the origins of the spectra. 
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TABLE II: Band-fit parameters derived from the Raman spectra of two films of diamond-like carbon (DLC).  

DLC k4 DLC t4

Peak 
(cm-1) Amplitude % 

Gaussian
Width 
(cm-1)

Integrated 
Area

Peak 
(cm-1) Amplitude % 

Gaussian
Width 
(cm-1)

Integrated 
Area

1 718.7 6.8 0 263.8 2555.6 1 711.9 21.7 0 218.5 6836.7

2 1387.9 63.7 0.9 347.3 24016.5 2 1377.6 194.4 0.7 316.6 72416.3

3 1565.9 48.7 1 138.3 7177.7 3 1576.9 158.2 0.8 136.5 25126.9

4 2809.7 8.1 0 500 5005.6 4 2809.5 24.8 0.3 500 14481.2

TABLE IC: Band-fit parameters derived from the Raman spectra Celion 3000 
derived from polyacrylonitrile (PAN) using two different processes. 

Celion 3000

Peak (cm-1) Amplitude % Gaussian Width (cm-1) Integrated 
Area

1200.9 219.9 0 278.7 90550.3

1356.7 548.4 1 168.9 98573.8

1493.1 238.2 1 105.3 26688.7

1584.5 630.8 0.6 100.4 79742.2

2727.7 44.1 0.4 300 17173.6

2933.8 53.4 0 300 22670.4

● Continued on Page 50
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PEER-REVIEWED RESEARCH

Identification of Five Similar  
Cinnamomum Wood Species Using 
Portable Near-Infrared Spectroscopy 

The feasibility of using a portable 
near-infrared (NIR) spectrometer 
combined with partial least squares 
for discrimination analysis (PLS-DA) 
to identify five similar Cinnamo-
mum wood species was investigated.  
To improve model reliability and iden-
tification accuracy, the effects of three 
main spectra preprocessing methods 
and their combinations were examined.  
Then, the model performance created 
by spectra collected before and after 
specimen surface sanding were com-
pared. In the PLS-DA model based on 
spectra preprocessed by standard nor-
mal variate (SNV) and first derivative 
combined, the identification accuracy 
of the five species was above 95%,  
and the compared results demon-
strated the surface natural change in-
fluences the NIR model performance.  
It was shown that a portable NIR device 
combined with PLS-DA can be used to 
rapidly and accurately identify five sim-
ilar Cinnamomum wood species. 

Xi Pan, Jian Qiu, and Zhong Yang  

C innamomum is a genus belong-
ing to the Lauraceae family that is 
composed of approximately 250 

known species mainly distributed in warm 
temperature and tropical regions (1,2). 
There are about 46 species in China, and 
they are mainly distributed south of the 
Qinling mountains, especially in the south-
western, central, and southern China prov-
inces. The genus, Cinnamomum, is one of 
the most popular and important species 
because its byproducts are used in food 
flavoring, cosmetics, and medicines (3).
The major aromatic product, camphor,  
is obtained from Cinnamomum camphora, 
and the timber of this species is considered 
a good material for high-value furniture, 
carvings, and structural uses (4). 

Some anatomy research involving Cin-
namomum (Lauraceae) has been con-
ducted (4,5,6). The results have shown 
that the wood structure was homoge-
neous among genera (4,7). As a result, 
it is difficult to determine wood species 
immediately on-site even for a skilled in-
spector. Although some advancement has 
occurred in wood species identification 
auxiliary technology, a device that could 
identify wood species rapidly and on-site 
at the species level has long been desired. 
Near-infrared (NIR) spectroscopy has been 
investigated as a reliable technique for 
identifying some wood species, but it has 

not been tested for the Cinnamomum spe-
cies. NIR spectroscopy is a nondestructive, 
fast, and cost-effective analytical technol-
ogy (8), and an NIR instrument combined 
with multivariate analysis is a useful tool not 
only for the quantification but also for the 
qualification of wood species (9).

Wood species identification by NIR 
spectroscopy has been investigated ex-
tensively. Adedipe and others correctly 
classified the red and white oak species 
by using NIR spectroscopy and soft in-
dependent modeling of class analogies 
(SIMCA) (10). NIR spectroscopy, with aid 
of partial least squares for discrimination 
analysis (PLS-DA), identified mahogany 
(Swietenia macrophylla King) from three 
similar-looking woods, crabwood (Car-
apa guianensis Aubl.), cedar (Cedrela 
odorata L.) and curupixá (Micropholis 
melinoniana Pierre) at two conditions 
of laboratory-processed powder (11) 
and solid wood block (12).Based on NIR 
spectroscopy, eight rosewoods were 
clearly classified into eight categories by 
principal component analysis (PCA) (13). 
Horikawa and others demonstrated that 
two anatomically similar wood species, 
Piuns densiflora and Pinus thunbergii, 
could be identified by employing NIR 
spectra collected from heartwood sam-
ples (14). These studies demonstrated 
that NIR spectroscopy is an effective 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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technique for wood species identification in laboratory con-
ditions, but further studies are needed. 

The development of hardware and high-performance acces-
sories has promoted the advance of miniature NIR spectrometers 
(15). Some investigations involving wood species identification and 
provenance detection by portable NIR devices has been con-
ducted. The origin of true mahogany wood from five countries was 
detected by portable NIR spectroscopy devices and multivariate 
data analysis (16). The potential of portable NIR (spectral range: 
1595–2396 nm) technology combined with SIMCA and PLS-DA 
to identify seven high-value Dalbergia wood species was inves-
tigated (17). The results showed that visually confusable species 
of Dalbergia can be identified at species level using portable NIR 
technology. Therefore, it is promising to identify wood species ac-
curately and rapidly on-site by using a miniature NIR spectrometer.

The main advantages of portable NIR devices include non-
destructive and on-site detection; however, the disadvantages 
include the spot size, limited wavelength range, and limited 
resolution (18). Because of these drawbacks, it makes it difficult 
to develop an all-purpose NIR spectra database. The sam-
ples from previous research studies are mainly from sawmills,  
lumber boards, and so on. Wood herbarium, with abundant vari-
eties of wood specimens, is an invaluable resource for establish-
ing a teaching model database. If the NIR spectroscopy model 
database established using wood specimens from the wood her-
barium can be used to identify external wood species, it would 
promote the development of wood species filed and identified 
by portable NIR spectroscopy technology dramatically. 

NIR investigations involving large-scale wood specimens from 
wood herbariums are few in number. For this study, specimens 
were stored in the wood herbarium under natural conditions for 
many years; as a result, the smell and surface color of the woods 
has changed. The NIR spectra mainly contain information pertain-
ing to the overtones and combinations of fundamental vibrational 
transitions, including those of the C-H, O-H, and N-H functional 
groups (19). The study of Horikawa and others showed that when 
the aging wood samples were used, the NIR model was ineffec-
tive in identifying two similar wood species, Pinus densiflora and 
Pinus thunbergii, when sampling from traditional architecture (14). 
As a result, researching the feasibility of building an NIR model by 
wood specimens from wood herbarium is desirable.

To verify if the removal of oxidized film on the surface of 
the wood specimen interfered in the discrimination analysis 
of wood species, 29 samples of mahogany were cut from the 
end of boards that were stored to be exported from the market 
in the research of Braga and others (12). The spectra were ob-
tained before and after sanding the sample surface. The result 
showed no significant difference in the performance of two 
spectra type models, but the influence of the natural change 
of wood specimens stored in wood herbarium to the portable 
NIR model was indeterminate.

Five Cinnamomum species (Cinnamomum porrectum [Roxb.] 
Kosterm., Cinnamomum tenuipilum Kosterm., Cinnamomum 
camphora [L.] Presl., Cinnamomum glanduliferum [Wall.] Nees, 

and Cinnamomum longipetiolatum H. W. Li ) from herbarium 
wood were selected to test the effectiveness of the portable 
NIR model. There are two principal aims in this research: one 
was to demonstrate the possibility of the identification of 
five Cinnamomum species by a portable NIR spectrometer, 
and the other one was to verify the influence of the natural 
surface change of the wood specimens to the species iden-
tification using portable NIR technology.

Materials and Methods
Sample Preparation and  
NIR Spectra Measurement
In this work, five Cinnamomum species (Cinnamomum porrectum, 
Cinnamomum tenuipilum, Cinnamomum camphora, Cinnamo-
mum glanduliferum, and Cinnamomum longipetiolatum) were 
harvested from the wood herbarium of the Southwest Forestry 
University (Table I). For this study, 30 specimens with no defect 
were selected for each species. The specimens used were cut 
from different parts of the tree. The average size of the specimen 
is around 75 mm × 10 mm × 45 mm, and the total number of the 
specimens was 150. Prior to spectral measurement, two cross-
sections were sanded with grit for each specimen. In addition,  
three species (Cinnamomum glanduliferum, Cinnamomum cam-
phora, and Cinnamomum porrectum) were selected, and the spec-
tra were obtained before and after sanding the sample surface.

http://www.teamwavelength.com
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The NIR spectra were collected with the 
MicroNIR on-site spectrometer (Viavi Solu-
tions, Inc.) over a range of 908–1650 nm.  
For each of the 150 specimens, five spec-
tra in different points on the cross-section 
were obtained, totaling 1500 raw spectra. 
In the present work, the average process 
was carried out for five raw spectra from 
the same cross-section. Therefore, there are  
60 spectra for each species, and the train-
ing set included 40 spectra, with the test set 
composed of 20 spectra for each species.

Spectra Processing and Data Analysis
Spectra preprocessing is often indis-
pensable in multivariate analysis, and it is 
a very important step in NIR quantitative 
and qualitative analysis. The appropriate 
NIR spectral preprocessing method can 
effectively improve the applicability of 
the model. The noise information in the 
NIR spectra can be filtered, and the ef-
fective information can be retained by 
a reasonable preprocessing method, 
thereby reducing the complexity of the 

NIR model and improving the robust-
ness of the model. The commonly 
used NIR spectral pretreatment meth-
ods mainly include smoothing, deriva-
tives, standard normal variate (SNV), 
and so on. To create high depend-
ability for the discriminate model,  
the three different pretreatment meth-
ods (smoothing, first derivative, and 
SNV) and combinations of these three 
methods were carried out in this work. 

Smoothing
Smoothing reduces the noise in the 
data without reducing the number of 
variables. In smoothing, X values are av-
eraged over one segment symmetrically 
surrounding one data point. The raw 
value on this point is replaced by the 
average over the segment, thus creating 
a smoothing effect. The Savitzky-Golay 
smoothing was selected and accom-
plished using the Unscrambler X 10.4 
software (CAMO) for this experiment.

The Savitzky-Golay algorithm fits 
a polynomial function to each curve 
segment, thus replacing the original 
values with more regular variations.  
The length of the segment (right and 
left of each data point), and the order 
of the polynomial can be selected. 
The polynomial order was three,  
the number of right and left side point 
was 10, and the number of smoothing 
points was 21 in this study.

Derivatives
Derivatives are applied to correct for base-
line effects in spectra to remove non-
chemical effects and create robust cali-
bration models. Derivatives also resolve 
overlapped bands to provide a better 
understanding of the data and emphasize 
small spectra variations not evident in the 
raw data. The first derivative preprocess 
based on Savitzky-Golay derivative was 
carried out in this work.

The Savitzky-Golay derivative can be 
used to compute first, second, third, and 
fourth order derivatives. The Savitzky-
Golay algorithm is based on performing 
a least squares linear regression fit of a 
polynomial around each point in the spec-
trum to smooth the data. The derivative 
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FIGURE 1: Mean spectra of same sample of five species preprocessed by dif-
ferent methods. (a) raw spectra, (b) processed by smoothing, (c) processed 
by first derivative, (d) processed by SNV, (e) processed by smoothing and first 
derivative combined, (f) processed by smoothing and SNV combined, (g) pro-
cessed by SNV and first derivative combined; and (h) processed by smoothing, 
SNV, and first derivative combined.

TABLE I: Wood specimen used in the experiment

Species Genus Family Wood ID of Lab

Cinnamomum porrectum

Cinna-
momum Lauraceae

SWFU-H00637

Cinnamomum tenuipilum SWFU-H00641

Cinnamomum camphora SWFU-H00626

Cinnamomum glanduliferum SWFU-H00632

Cinnamomum longipetiolatum SWFU-H00635
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is then the derivative of the fitted polyno-
mial at each point. The algorithm includes 
a smoothing factor that determines how 
many adjacent data point variables will 
be used to estimate the polynomial 
approximation of the curve segment.  
The first derivative of a spectrum is a 
measure of the slope of the spectral 
curve at every point. The slope of the 
curve is not affected by purely addi-
tive baseline offsets in the spectrum,  
and thus the first derivative is an effec-
tive method for removing such offsets. 

Standard Normal Variate (SNV)
SNV is a row-oriented transformation 
which removes scatter effects from spectra 
by centering and scaling individual spec-
tra. Each value xk in row of data x is trans-
formed according to equation 1: 

xsnv = 
xk – Mean(x)

SDev(x)
       [1]

Where xk is the raw values of data x, 
Mean(x) is mean values of data x, SDev(x) 
is the standard deviation of data x.

Partial Least Squares (PLS) for  
Discrimination Analysis (PLS-DA)
To better obtain the information of NIR 
spectra, PLS-DA was performed using the 
Unscrambler X 10.4 software (CAMO). PLS-
DA involves developing a conventional 
partial least squares regression model,  
in which the Y vector is composed of a bi-
nary variable (0 and 1). The data matrix X is 
formed by the NIR spectra of the sample. 
If the variable takes the value of 1, the sam-
ples belong to that group and if a variable 
takes the value of 0, the sample is not a 

TABLE II: Results of calibration and prediction models for discriminating five species based on raw spectra

Preprocess Sample Set Parameters C. gla C. ten C. lon C. cam C. por

Raw

Calibration
R2 0.634 0.788 0.930 0.683 0.938

SEC 0.243 0.184 0.106 0.226 0.100

Validation
R2 0.568 0.761 0.918 0.619 0.927

SECV 0.265 0.197 0.116 0.249 0.109

Factors 8 8 8 8 8

(C. gla; Cinnamomum glanduliferum; C. ten: Cinnamomum tenuipilum; C. lon: Cinnamomum longipetiolatum; C. cam: Cinnamomum camphora; C. 
por: Cinnamomum porrectum. R2: square of correlation coefficient for calibration (validation); SEC: standard error of calibration; SECV: standard 
error of cross validation).
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www.savillex.com

Savillex PFA C-Flow Nebulizers
Consistent Nebulizer-to-Nebulizer Performance.

The C-Flow’s unique, two-piece design is made possible 
by Savillex’s expertise in fluoropolymer injection molding, 
allowing for precise manufacturing and higher, more 
consistent performance than any other PFA nebulizer. 

Don’t Settle for Less.

Options to suit virtually every ICP-MS application – 
conventional sample introduction systems and desolvators

Unmatched sensitivity in normal and cool plasma modes 

Convenient, demountable uptake lines

http://www.savillex.com


20  Spectroscopy 37(6)   June 2022 www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

TABLE III: Results of calibration and prediction models for discriminating five species under three independent pre-
process methods

Preprocess Sample Set Parameters C. gla C. ten C. lon C. cam C. por

Smooth

Calibration
R2 0.555 0.787 0.921 0.618 0.930

SEC 0.267 0.185 0.113 0.248 0.106

Validation
R2 0.490 0.756 0.908 0.561 0.918

SECV 0.288 0.199 0.122 0.267 0.115

Factors 8 8 8 8 8

First derivative

Calibration
R2 0.748 0.773 0.883 0.755 0.919

SEC 0.201 0.191 0.137 0.199 0.114

Validation
R2 0.718 0.752 0.863 0.718 0.906

SECV 0.214 0.201 0.149 0.214 0.123

Factors 8 8 8 8 8

SNV

Calibration
R2 0825 0.852 0.872 0.833 0.853

SEC 0.168 0.154 0.144 0.164 0.154

Validation
R2 0.770 0.830 0.838 0.791 0.803

SECV 0.193 0.166 0.162 0.184 0.179

Factors 11 11 11 11 11

TABLE IV: Results of calibration and prediction models for discriminating five species under four combined preprocess 
methods

Preprocess Sample 
Set Parameters C. gla C. ten C. lon C. cam C. por

Smooth + first 
derivative

Calibration
R2 0.727 0.798 0.874 0.737 0.913

SEC 0.210 0.180 0.143 0.206 0.118

Validation
R2 0.686 0.771 0.852 0.697 0.899

SECV 0.226 0.193 0.155 0.222 0.128

Factors 10 10 10 10 10

Smooth + SNV

Calibration
R2 0.787 0.852 0.848 0.793 0.821

SEC 0.185 0.154 0.157 0.182 0.170

Validation
R2 0.731 0.827 0.814 0.745 0.775

SECV 0.209 0.168 0.174 0.203 0.191

Factors 13 13 13 13 13

SNV + first 
derivative

Calibration
R2 0.835 0.874 0.866 0.836 0.855

SEC 0.163 0.142 0.147 0.162 0.153

Validation
R2 0.810 0.852 0.831 0.804 0.822

SECV 0.176 0.155 0.166 0.178 0.170

Factors 11 11 11 11 11

Smooth + 
first deriva-
tive + SNV

Calibration
R2 0.811 0.844 0.811 0.824 0.864

SEC 0.174 0.158 0.174 0.168 0.148

Validation
R2 0.776 0.815 0.767 0.790 0.834

SECV 0.191 0.173 0.194 0.185 0.164

Factors 11 11 11 11 11
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member of that group (17). The square 
of the correlation coefficient for cali-
bration (validation) (R2), standard error 
of calibration (SEC), standard error of 
cross validation (SECV), the number 
of correct classifications, and the ac-
curacy of classification models were 
used to evaluate the models. 

Results
The NIR Spectra 
The characteristics of raw spectra and after 
they are preprocessed by different meth-
ods is shown in Figure 1. Compared with 
raw spectra, the spectra barely changed 
after the smoothing processing (1b), and it 
shows that there is a serious baseline drift. 

Other preprocessed methods allowed 
more specific identification of small and 
latent absorption peaks, which displayed 
the specificity of absorption peaks for 
certain bonding groups. Most of the dif-
ferent absorption of bands are a result of 
the differences in the chemical composi-
tion between the species, but it is clear 

TABLE V: Results of five species predicted by eight different identification models based on PLS-DA

Preprocess
C. gla (N = 20) C. ten (N = 20) C. lon (N = 20) C. cam (N = 20) C. por (N = 20)

Ncorrect
Accuracy 

(%) Ncorrect
Accuracy 

(%) Ncorrect
Accuracy 

(%) Ncorrect
Accuracy 

(%) Ncorrect
Accuracy 

(%)

Raw 17 85 20 100 20 100 19 90 20 100

Smooth 17 85 20 100 20 100 16 80 20 100

First derivative 20 100 20 100 17 85 20 100 20 100

SNV 20 100 20 100 20 100 20 100 16 80

Smooth+first 
derivative 19 95 20 100 18 90 20 100 20 100

Smooth+SNV 18 90 20 100 20 100 20 100 20 100

SNV+first 
derivative 20 100 20 100 19 95 20 100 20 100

Smooth+first 
derivative+SNV 19 95 20 100 17 85 20 100 19 95

TABLE VI: Results of calibration and prediction models for discriminating three species (Sand and No-sand) under 
two combined preprocess methods

Preprocess Sample Set Parameters C. gla C. cam C. por

Sanded

SNV + first 
derivative

Calibration
R2 0.895 0.922 0.969

SEC 0.153 0.132 0.083

Validation
R2 0.866 0.895 0.958

SECV 0.175 0.154 0.098

Factors 9 9 9

Smooth 
+ SNV

Calibration
R2 0.890 0.906 0.958

SEC 0.157 0.145 0.097

Validation
R2 0.845 0.851 0.934

SECV 0.188 0.184 0.123

Factors 11 11 11

Not-sanded

SNV + first 
derivative

Calibration
R2 0.954 0.869 0.833

SEC 0.101 0.171 0.194

Validation
R2 0.939 0.788 0.737

SECV 0.118 0.220 0.245

Factors 10 10 10

Smooth 
+ SNV

Calibration
R2 0.968 0.800 0.789

SEC 0.084 0.212 0.218

Validation
R2 0.957 0.680 0.663

SECV 0.099 0.270 0.277

Factors 11 11 11
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that overlap between the bands in the same figure is significant.  
A visual inspection of the NIR spectra is not helpful for wood spe-
cies identification, and it is very difficult to infer the chemical com-
pounds responsible for the difference bands (peaks) and attribute 
these band variations to specific species. Therefore, it is necessary 
to use multivariate analysis for spectral analysis.

PLS-DA Models 
Table II shows the optimal number of factors for each model 
suggested by the software Unscrambler v10.4. (Note the c and 
p superscripts denote calibration and prediction, respectively.)  
The results of calibration and prediction models for discriminating 
five species based on raw spectra were quite poor: the R2c value 
was only 0.634 for Cinnamomum glanduliferum and 0.683 for Cin-
namomum camphora. This result demonstrated the performance 
of the model based on raw spectra may not be enough for five 
species identification.

The results of calibration and prediction models for discrimi-
nating five species under three independent preprocess meth-
ods are shown in Table III. First, in contrast to the model created 
by raw spectra the R2c value of five species were decreased 
in the model created by the smooth preprocessed spectra.  

Second, the R2c value of Cinnamomum glanduliferum and Cin-
namomum camphora were increased in the model created by 
the first derivative preprocessed spectra compared to the mode 
created by raw spectra, but the R2c value of another three species 
decreased. Third, the R2c value of Cinnamomum glanduliferum,  
Cinnamomum tenuipilum, and Cinnamomum camphora increased 
in the model created by the SNV preprocessed spectra, compared 
to the model created by raw spectra, but the R2c value of another 
two species decreased. After a single method was processed 
among five species, the R2 value of two or three species increased, 
whereas the R2 value of residual species decreased compare to 
the results of raw spectra. The holistic parameter value may be 
increased if the different preprocessing methods combined are 
used to treat spectra. As a result, the three preprocessing meth-
ods (smooth, first derivative, and SNV) combined to treat spectra 
were carried out to obtain a high performance PLS-DA model. 

And the results of calibration and prediction models for 
discriminating five species under four combine preprocessing 
methods are presented in Table IV. Considering the parameter 
value of each species, and compared to Tables II and III, it is clear 
that the result of the model created by SNV and first derivative 
combined preprocessing were best, exhibiting a relative high 
R2c value (0.835 to 0.874) and R2p value (0.804 to 0.852), along 
with a relatively low standard error of calibration (SEC) value  
(ranged between 0.142 and 0.163) and standard error of validation 
(SECV) value (ranged between 0.155 and 0.178).

Then, the PLS-DA identification models based on raw spectra 
and spectra preprocessed using seven different methods were 
established, aiming to test the ability and accuracy of the models. 
Based on PLS-DA, the results of the unknown samples of five spe-
cies predicted by identification models are presented in Table V.  
It is obvious that in the model created by the spectra preprocessed 
by SNV and first derivative combined, only one sample of Cinna-
momum longipetiolatum was misclassificated into another species.  
The accuracy of the model was above 95%, the highest accuracy 
was obtained among eight PLS-DA models. This result indicated 
that the PLS-DA models had the ability to quickly predict and clas-
sify five similar Cinnamomum species.

Scaled loading plots of first three factors of the spectra prepro-
cessed by SNV and first derivative combine (factor 1 has a propor-
tion of variance 83%; factor 2 has a proportion of variance 9%; and 
factor 3 has a proportion of variance 5%) are shown in Figure 2, 

TABLE VII: Results of three species (sanded and not-sanded) predicted by two different identification models based 
on PLS-DA 

Preprocess
C. gla (N = 20) C. cam (N = 20) C. por (N = 20)

Ncorrect
Accuracy 

(%) Ncorrect
Accuracy 

(%) Ncorrect
Accuracy 

(%)

Sanded
SNV + first 
derivative

Smooth + SNV

20 100 20 100 20 100

20 100 20 100 20 100

Not-sanded
SNV + first 
derivative

Smooth + SNV

20 100 19 95 20 100

19 95 19 95 20 100
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FIGURE 2: Scaled loading plots of first three factors of 
the spectra preprocessed by SNV and first derivative 
combined. (Factor 1 has a proportion of variance of 83%; 
Factor 2 has a proportion of variance of 9%; and Factor 3 
has a proportion of variance of 5%)
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which is a plot of X-loading weights for all the components com-
pared to the variable number. If a variable has a large positive or 
negative loading weight, this means that the variable is important 
for the component concerned. If a variable has the same sign for 
all the important components, it is most likely to be an important 
variable. The highest accuracy was obtained in the model created 
by spectra preprocessed using SNV and first derivative (Table V). 
As a result, the loading plots of the first three factors (had a greater 
contribution to model) of the spectra preprocessed by SNV and 
first derivative combined was analyzed (Figure 2). From the point 
of view of factor 1, there existed significant peaks at approximately 
982–1106 nm. For factor 2, the main absorptions were at 1025, 1267, 
and 1434 nm, and the important peaks were approximately 1186 
and 1484 nm for factor 3. 

Three wood species (Cinnamomum glanduliferum, Cinna-
momum camphora, and Cinnamomum porrectum) and their 
NIR mean spectra obtained before and after sanding based on 
SNV and first derivative combined preprocess were shown in  
Figure 3. The differences between the same specimen absor-
bance before and after sanding are displayed in Figure 3. For ex-
ample, the change in absorbance of the Cinnamomum camphora 
bands located at 950–1000 nm, 1350 nm, and 1410 nm.

The results of calibration and prediction models for discriminat-
ing three species, sanded and not-sanded samples, under two 
combined preprocess methods (SNV and first derivative, smooth-
ing and SNV) are shown in Table VI. It can be seen that the R2c value 
of sanded samples were above 0.895, and the R2c value of not-
sanded samples were above 0.833 for the model based on spec-
tra preprocessed by SNV and first derivative combined. The R2c 
value of the sanded samples were above 0.890, and the R2c value 
of not-sanded samples were above 0.789 for the model based 
on spectra preprocessed by smoothing and SNV combined; the 
sanded sample provided better results than the unsanded (raw) 
sample. The identification results of unknown samples from three 
different species, sanded samples, and not-sanded samples 
using two types PLS-DA models were presented in Table VII. 
For the sanded samples, all samples were identified correctly 
for the two models. 100% accuracy was attached for all sanded 
samples. For the not-sanded samples, one sample of Cinna-
momum camphora was misclassified into other species for the 
model created by the spectra preprocessed by SNV and first 
derivative combined, and one sample of Cinnamomum glan-
duliferum and one sample of Cinnamomum camphora were 
misclassified into other species for the model created by the 
spectra preprocessed after smoothing and SNV combined.  
The accuracy was 95% for not-sanded samples. Although two 
types of models are created from the spectra obtained from 
sanded and not-sanded specimens; samples that were sanded 
produced higher accuracy models in wood species identifica-
tion using portable NIR technology. 

The NIR spectra were collected from the cross-sections of wood 
specimens in this research. The cross-sections of hardwoods con-
sisted of vessels cells, which have a longitudinal axis that is parallel 
to the direction of the NIR incident radiation. Therefore, the NIR 

radiation can travel further into the wood (20). Meanwhile, the 
sanding process reduces the roughness of cross-sections and 
exposes more vessels, so more information of the chemistry and 
structure of wood species can be obtained from the spectra of 
sanded wood samples. The model created by the spectra from 
the sanded samples was better than the model created by the 
spectra from the not-sanded ones.

This result was not consistent with the result Braga and oth-
ers reported (12). Comparing the samples of their experiment, 
it can be seen that the main differences are the sample origin 
and storage conditions. The samples were cut from the ends 
of boards that were stored and then exported in the research 
of Braga and others. 

The samples of this work are from the wood herbarium and 
stored here for many years under natural conditions, so natural 
surface changes can be seen in the sample surfaces. It is dem-
onstrated that natural changes of a sample surface influence the 
performance of the NIR model for wood species identification 
using portable NIR technology.

Conclusion
Five similar Cinnamomum species from wood herbarium were 
correctly identified at species-level based on the portable NIR 
spectra preprocessed by SNV and first derivative combined.  
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FIGURE 3: Three wood species showing NIR mean spectra 
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The growing role of certified reference materials (CRMs) in 
organic analysis 

SPECTROSCOPY: How are reference materials used in the analysis process?
DYER: Reference materials are used to confirm the analytical test. They can be used to calibrate an 
instrument, with a validation test, or as a quality check on a calibrated testing instrument to make 
sure it remains within the industry-necessary requirements for whatever’s being analyzed.

MANTEI: The accuracy of reference materials is important to ensure end-user materials meet 
specifications that can improve anything from safety and durability to reliability of the products they 
produce. For example, sulfur determination for oil and gas producers: They have to meet certain EPA 
requirements to reduce pollutants such as sulfur or mercury. The reference materials we offer are 
used in most of the analyzers for this type of testing. 

DYER: They can also be used to check tests for sugars or starches in foods or by checking metals 
using inductively coupled plasma – mass spectrometry (ICP-MS).

SPECTROSCOPY: What is the difference between a reference material and a CRM?
DYER: A basic reference material is anything that is used as a comparative to differentiate items 
such as iron or copper. It has very basic needs and therefore has little means for precision or 
uncertainty. For example, a geologist identifying different types of rocks using a handheld X-ray 
analyzer would set that up with reference materials to identify the type of materials. It may not have 
an exact analysis but enough to identify the different compositions as they are walking around an 
area and checking things out. 

A CRM offers a more in-depth characterization of the material, providing one or more accepted 
test methods, an uncertainty of what’s being measured to a 95% confidence limit, and establishing 
metrological traceability and/or traceability to a National Metrology Institute (NMI) such as NIST or 
other 17034 credited references, and then is certified by an accredited reference material producer.

MANTEI: Interestingly, it was some of these organic reference materials that led to the creation of 
Alpha Resources. In 1978, the founders of Alpha saw a need for a reliable source of accurate coal 
reference materials. That need created one of the widest ranges of organic and inorganic certified 
reference materials for elemental combustion analysis in the market.

SPECTROSCOPY: What are the requirements of a facility to certify a material? 
DYER: One requirement is they must be accredited. Someone can create a reference material and 
call it a CRM, but only an accredited 17034 can produce the CRM under strict guides that can be 
accepted by auditors within industries. To break this down, the ISO 9001 gives a defined quality 
management that many companies use to show they have a quality-minded system. ISO 17025 
addresses a quality management structure that’s necessary for an accredited testing laboratory to 
provide the data. Then an ISO 17034 serves as the quality management for a producing a CRM like 
Alpha Resources.

Why Use Certified Reference Materials for  
Organic Analysis in Atomic Spectroscopy?

Kent Dyer 
Chief Chemist 
Alpha Resources LLC

Ken Mantei 
Director of Operations 
Alpha Resources LLC

MANTEI: As more companies move to the accredited lab status, the 
necessity for CRMs produced under these guidelines is becoming  
more important. 

SPECTROSCOPY: What are the benefits of using a CRM versus a 
reference material?
DYER: The benefits of a CRM start with that they have an unbroken chain 
of traceability. They’re based on a foundation of audits and accreditation 
bodies that show the competence of the reference material producer who 
provides the most accurate and precise CRM. All these are necessary to 
create confidence in an auditor and for a customer. 

MANTEI: Kent, where does an unbroken chain of traceability get involved 
in this process? 

DYER: It starts at the top of the analytical- and physical-known properties, 
such as mass or the mole. These are established by the NMI, such as NIST, 
and are approved by the International Bureau of Weights and Measures 
in France. So, the NMIs provide the foundation of a primary, known as 
benchmarks for analysis, and from these reference materials, we produce 
a secondary CRM that is 17034 accredited. 

SPECTROSCOPY: When and why are CRMs preferred in analysis?
DYER: As industries evolve and change, there’s an increasing need for a 
safety system and assurance that the product is of good integrity, and 
the quality drives the requirement for CRMs to be used more in testing 
applications. 

MANTEI: What drives these changes—what industries? 

DYER: Innovation drives it, as do consumers. But it began with the 
automotive and aerospace and has progressed into other testing 
requirements, such as environmental, coal, mining, food testing, etc.

SPECTROSCOPY: Where do you see the shift happening from simple 
reference materials to CRMs for organics? 
DYER: The shift is happening as labs seek increased improvement in their 
quality system or changes in regulations. And as they do this, they will 
need to go from a reference material to a CRM and show their auditors 
they’re using the CRMs for their testing. 

MANTEI: Where do you see the biggest shift? 

DYER: Labs have to meet these strict standards, so becoming accredited 
to industries such as mining and manufacturing, where they didn’t have 
the requirement, has become more important for them to have a CRM. 

SPECTROSCOPY: What precipitated the interest in CRMs for organics? 
DYER: Quality and safety precipitated the need. The ISO movement began 
with the industries that have a big demand for quality, such as aerospace and 
automotive. The benefits that increased their quality and safety have now 
filtered into other factions of industry, and organic analysis is one of them. 

MANTEI: How have you seen things evolve the most over the years? 

DYER: When I first got started, prior to ISO and laboratory accreditation 
bodies, companies like GM or GE would send their top engineers and 
quality people to evaluate the lab and give them approval, so you had 
a letter that stated your approval. Sending folks out to evaluate a lab 
became problematic for the big corporations, as it was for labs to have 
auditors constantly coming through. So, accreditation bodies were 
formed to alleviate the strain. Subsequently, ISO was formed to provide an 
international forum such that everybody was on the same page for testing. 

Initially, laboratories could operate under a 9001, but that didn’t cover 
specific lab needs, so ISO 17025 standard was created, which covers testing 
and calibration. Then ISO 17034 was created to make sure that reference 
materials are being properly produced. 

http://www.spectroscopyonline.com
http://www.alpharesources.com
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Study of Nondestructive  
Testing of Nanguo Pear Quality 
Using Vis-NIR Spectroscopy

When evaluating fruit, such as the Nan-
guo pear, ensuring high quality of the 
product is a top priority. The quality of 
a Nanguo pear will directly affect its ap-
pearance, taste, and commodity value. 
Currently, most of the quality detection 
methods of Nanguo pears are destruc-
tive. In this work, nondestructive testing 
methods for the internal and external 
quality of the Nanguo pear were studied.  
First, the spectral curves of the Nan-
guo pear were collected to establish 
the internal comprehensive quality in-
dicators. Second, the successive pro-
jection algorithm was used to extract 
the spectral characteristics of samples. 
Based on the gray level co-occurrence 
matrix, texture features of the sample 
image were extracted. Finally, the model 
was established by fusing spectral and 
image features together, and good mod-
eling results were achieved. The inter-
nal and external quality of the Nanguo 
pear were detected simultaneously.  
The accuracy of the external quality as-
sessment was 97.14%. For the internal 
quality prediction model, the correction 
set R2

c and RMSEC are 0.959 and 0.483, 
respectively, and the prediction set R2

P 
and RMSEP are 0.920 and 0.615, respec-
tively. It provides a theoretical basis for 
the development of an online nonde-
structive testing system for fruit. 

Kai Song, Dongmin Yu, and Dong Yang 

Nanguo pears are known as 
the “king of pears.” Nanguo 
pears can be made into fruit 

juices, preserved fruits, pear pastes,  
dried fruits, and other byproducts that 
not only improve the added value of 
other products, but also plays an impor-
tant role in promoting the development 
of the Nanguo pear industry. However, 
in the blind pursuit of generating a 
higher yield, the quality of the Nanguo 
pear fruit has declined, a trend that has 
resulted in a sharp decrease in its com-
modity value and quality. This decline 
of Nanguo pear quality has affected the 
development of the Nanguo pear indus-
try and the related economic chain.

Currently, fruit quality detection and 
classification relies on the look, smell, 
and touch of the fruit under observation. 
However, that approach to quality de-
tection method requires a sizable labor 
force and remains an inefficient process. 
In addition to these disadvantages, 
quality cannot be accurately judged by 
visual inspection. At this time, most of 
the internal quality research needs to 
be conducted by chemical detection, 
which causes damage to the fruit itself. 
Therefore, nondestructive testing and 
research of the internal quality based 
on hyperspectral imaging can effec-
tively overcome these shortcomings to 

achieve rapid and nondestructive test-
ing, which has become the focus of 
researchers. Currently, the application 
of hyperspectral imaging technology is 
used to detect the internal and external 
qualities (11) of several fruits and vegeta-
bles, including apples (2,5), bananas (7), 
peaches, pears, dates, navel oranges, 
blueberries (4), Hami melons, oranges, 
potatoes, spinach, and tomatoes (14). 
Hyperspectral imaging technology has 
been widely used in various fields. It has 
applications in product safety (1,3,12), 
pest identification, especially in vege-
tables, fruits (6,10), meat (13), grain (15), 
and agricultural products (18).

Looking at the literature, we can see 
that there is increased interest in study-
ing the Nanguo pear. However, most of 
the studies are about trace elements 
in a Nanguo pear, the effects of lipids 
on the aroma and coloring, the effects 
of enzymes on the decay and storage 
time of Nanguo pear, and the effects of 
different regions, climates, and environ-
ments on the Nanguo pear. There are 
few studies on the nondestructive de-
tection and recognition of the internal 
quality of Nanguo pears, especially on 
assessing quality using hyperspectral  
imaging technology.

Hyperspectral imaging can simulta-
neously detect the spectral and image 
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information of the measured object. We conducted long-term 
research on the Nanguo pear previously. In that work, the exter-
nal quality identification of the Nanguo pear was achieved (16), 
and a nondestructive method for testing the internal quality of 
Nanguo pear was studied (17).

It can be seen that hyperspectral imaging can detect the in-
ternal and external quality of the Nanguo pear. However, using 
hyperspectral imaging for simultaneous external and internal 
quality detection has been rarely reported.

Following our past research on the Nanguo pear, the pur-
pose of the current study was to use hyperspectral imaging 
technology to explore the development of a comprehensive 
detection method to evaluate the internal and external quality 
of the Nanguo pear in a nondestructive manner. Our study 
offers a theoretical basis for the follow-up development of an 
online quality detection and grading system based on hyper-
spectral imaging technology. It also provides a theoretical basis 
and technical support for the development of real-time, online, 
and nondestructive detection systems for the fruit industry.

Materials and Methods
Test Materials
The experimental materials were purchased from the Datun 
fruit farm in Haicheng City. In total, 420 fresh Nanguo pears 
were collected, including 200 external defect samples (50 het-
eromorphic fruits, 50 pest damaged fruits, 50 rust fruits, and 50 
brown rot fruits) and 220 intact fruit samples. There were 280 
correction sets (30 abnormal fruits, 30 pest fruits, 30 rust fruits, 
30 brown rot fruits, and 160 intact fruits) and 140 prediction sets 
(20 abnormal fruits, 20 pest fruits, 20 rust fruits, 20 brown rot 
fruits, and 60 intact fruits).

Hyperspectral Image Acquisition and Correction
The hyperspectral image was collected by the system.  
First, the parameters of the hyperspectral image acquisition 
system were adjusted. Next, the distance between the sample 
and the lens was set at 272 mm, the platform moving speed was 
set at 1.1 mm/s, and the camera exposure time was set at 79 ms.  
Then, according to the above method, the collected hyperspec-
tral images were corrected by the blackboard and whiteboard. 
Finally, the sample images of Nanguo pears were collected.  
The black and white correction formula was as follows:

R = I – D
W – D

                    [1]

where R is the relative reflectivity of the black-and-white 
corrected hyperspectral image; I is the original hyperspec-
tral image; D is the hyperspectral image calibrated by the 
blackboard; and W is the hyperspectral image calibrated 
by the whiteboard.

Selection Method of Quality Index
According to the agricultural industry standard of the People’s 
Republic of China (NYT 1076-2006), the external and internal 

quality indexes of the Nanguo pear were selected. The de-
tection index of the external quality of Nanguo pear samples 
examined whether there were surface defects. The types of 
surface defects selected in this paper are common defects, 
namely abnormal fruit, insect-damaged fruit, rust fruit, and 
brown rot fruit. Soluble solid content (SSC), titratable acid con-
tent (TAC), fruit firmness (FF), and vitamin C (VC) were selected 
as the evaluation indexes to characterize the internal quality of 
the Nanguo pear. Based on the study of the four internal quality 
indicators, the internal comprehensive quality indicators, which 
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FIGURE 1: Curve of relative reflectance.

TABLE I: Correlation analysis of Nanguo pear between 
the physicochemical indexes

Indexes SSC TAC FF VC

SSC 1

TAC 0.892** 1

FF -0.854* 0.836* 1

VC 0.950* 0.937** 0.868* 1
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FIGURE 2: Root mean square error (RMSE) distribution of 
different variable numbers by SPA. Final number of se-
lected variables = 6 (RMSE = 0.25317).
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can represent the four internal quality in-
dicators, were determined and used for 
subsequent internal and external quality 
research and analysis.

Determination of Physical 
and Chemical Indexes
For the determination of pulp hardness, 
refer to “NY/T 2009-2011 determination 
of fruit hardness” (22). For the determina-
tion of the content of soluble solids, please 
refer to “GB/T 12295 determination of sol-
uble solids in fruit and vegetable products 
refractometer method” (23). For the deter-
mination of titratable acid content, refer to 
“GB/T 12293 determination of titratable 
acid in fruit and vegetable products” (24). 
For the determination of vitamin C, refer to 
“GB/T 6195-86 determination of vitamin C 
in fruits and vegetables (2,6-dichloroindo-
phenol titration)” (25).

Determination of an Internal 
Comprehensive Quality Index
First, the correlation analysis of the in-
ternal quality indicators was examined. 

Second, the Kaiser-Meyer-Olkin (KMO) 
(20) and Bartlett (21) tests were used to 
determine whether these variables were 
suitable for factor analysis. Finally, Statisti-
cal Package for the Social Sciences (SPSS) 
software was used to analyze the original 
variables of internal quality indicators, 
and the principal component eigenvalues 
and contribution rates were extracted.  
The score of the coefficient matrix of com-
ponents was calculated by the regression 
method to comprehensively evaluate sev-
eral quality indexes of the Nanguo pear. 
The rotation score coefficient matrix was 
used to establish and analyze the subse-
quent principal factor expression.

Feature Extraction Method
In this study, successful projection al-
gorithms (SPA) (9) were used to extract 
feature variables. In this paper, Gray 
level co-occurrence matrix (GLCM) (8), 
was used to extract and analyze the 
image texture features. The best wave-
length extraction method was selected,  
and the image with the best wavelength 

was taken as the feature image. Based on 
the feature image, five texture features, 
namely contrast, homogeneity, correla-
tion, energy, and entropy, were extracted 
for subsequent modeling analysis.

Identification Method
The least squares–support vector ma-
chine (LS-SVM) (19) has clear advantages 
in processing nonlinear, small sample, 
and high-dimensional data. It has been 
widely used in image recognition, elec-
tricity, food inspection, communication, 
and other fields. Based on the LS-SVM 
algorithm, the internal quality model of 
the Nanguo pear was established using 
the spectral and image information as 
the input of the model and the internal 
comprehensive quality index as the out-
put. By taking the spectral and image in-
formation as the input of the model and 
the external quality index as the output,  
the external quality model of Nanguo 
pear was established. Nanguo pear 
samples with five different external qual-
ity indexes (heteromorphic fruit, insect 
damaged fruit, rust fruit, brown rot fruit, 
and normal fruit) were assigned 1, 2, 3, 
4, and 5, respectively. If the difference 
between the predicted value of Nan-
guo pear sample and the hypothetical 
category was within ± 0.5, the sample 
discrimination was correct. For example, 
if the prediction result of the Nanguo pear 
sample was between 0.5 and 1.5, the dis-
crimination was correct for heteromorphic 
fruit. If the prediction result of the Nanguo 
pear sample was between 1.5 and 2.5, 
the discrimination was correct for insect 
damaged fruit. If the prediction result of 
the Nanguo pear sample was between 
2.5–3.5, the discrimination was correct for 
rust fruit. If the prediction result of Nan-
guo pear sample of brown rot fruit was 
between 3.5–4.5, the discrimination was 
correct. If the prediction result of Nanguo 
pear sample of normal fruit was between 
4.5–5.5, the discrimination was correct. 

Results and Discussion
Measurement and Correlation
Analysis of Internal Quality Index
After the hyperspectral images of Nan-
guo pear samples were collected and 
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the spectral curve data were obtained, 
the internal quality indexes of the Nan-
guo pear were detected, including SSC, 
TAC, FF, and VC. 

The correlation analysis of the SSC, 
TAC, FF, and VC physical and chemical 
indexes were made. The results appear 
in Table I. It can be seen from Table I that 
there was significant correlation among 
SSC, TAC, FF, and VC. SSC is highly cor-
related with TAC and VC, and FF is also 
highly correlated with SSC, TAC, and VC.

Selection of Internal Quality 
Comprehensive Indicators
It can be seen that there was significant 
correlation between the four internal 
quality indicators. If any of them were 
used to establish the internal quality 
model of the Nanguo pear, the model 
would be affected by the other three 
quality indicators. Therefore, it was 
necessary to conduct factor analysis on 
these four indicators to find the compre-

hensive quality indicators that can repre-
sent the four internal quality indicators of 
Nanguo pears.

KMO and Bartlett tests were con-
ducted on the four indicators of inter-
nal quality to determine whether these 

variables were suitable for factor analy-
sis. The KMO test coefficient was 0.692, 
which was greater than 0.5. The sig-
nificance of the Bartlett test was 0.02— 
less than 0.05. It showed that the partial 
correlation between the variables was 
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FIGURE 5: Identification results of LS-SVM model of external quality based on 
feature information fusion.

TABLE II: Characteristic values and contribution rate of main components in factor analysis of Nanguo pears

Component
Initial Eigenvalue Rotation Square Sum Loading

Total Variance (%) Cumulative 
(%) Total Variance (%) Cumulative 

(%)

1 2.220 54.352 54.352 1.868 44.223 44.223

2 1.502 33.458 87.810 1.854 43.587 87.810

3 0.202 10.561 98.371

4 0.076 1.629 100.00

stretch.
Fully-automated tuning at high resolution

2500 – 6900 cm-1

CW optical parametric oscillator
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strong and independent, making it suit-
able for factor analysis.

SPSS software was used to analyze 
the original variables of the internal qual-
ity index of the Nanguo pear samples, 
and principal component analysis (PCA) 
was used to extract the eigenvalues.  
The main component analysis method 
was used to determine the common 
factor variance statistics for the internal 
quality index variables. 

Variance between the common factors 
of the four indicators of internal quality was 
above 0.8, which indicated that the com-
mon factors, after being extracted by fac-
tor analysis, retained most of the original 
information and had good interpretation 
ability for each indicator variable. In the 
process of factor analysis, PCA was used 
to extract the characteristic value and the 
principal component contribution rate, 
and the maximum variance method was 
used to rotate. The extracted characteristic 
values and contribution rates of principal 
components are shown in Table II.

It can be seen from Table II that the 
first two factors of the Nanguo pear sam-
ples have covered the main information 
of internal quality indicators.

The regression method was used to 
calculate the score coefficient matrix 
of components. It can be seen from 
Table III that in the composition matrix 
of the original variable of quality index, 
the score effect of TAC and hardness 
was not good, but in the composition 
matrix after rotation, the score effect of 
both was significantly improved, and the 
overall effect of the rotation composi-
tion matrix was good. Therefore, the ro-
tation score coefficient matrix was used 
to establish and analyze the subsequent 
main factor expression.

From Table III, we can get two main 
factor scores of the component matrix as 
follows (for equations 2–4, X1 is SSC value 
of each sample; X2 is TAC value of each 
sample; X3 is FF value of each sample;  
X4 is VC value of each sample; Y1 is the first 
main factor score expression for the qual-
ity indicators‘ rotated score matrix; Y2 is 
the second main factor score expression 
for the quality indicators‘ rotated score 
matrix; and Y is the internal comprehen-
sive quality index of Nanguo pear):

Y1 = 0.933 * X1 + 0.725 * X2 + 0.166 * X3 
+ 0.882 * X4

[2]

Y2 = 0.069 * X1 + 0.106 * X2 + 0.821 * X3 
+ 0.152 * X4

[3]

Based on the contribution rate and 
factor score of the two main factors, the 
internal comprehensive quality index y 
of Nanguo pears was established. The 
expression is as follows:

Y = 0.5435 * Y1 + 0.3346 * Y2 = 0.5302 * 
X1 + 0.4295 * X2 + 0.3649 * X3 + 0.5302 

* X4
[4]

Using the internal comprehensive 
quality index formula, the Y-value of each 
sample of Nanguo pears was calculated.

The average value of the compre-
hensive quality index of external defect 
samples is lower than that of intact fruit 
samples, and the average value of the 
comprehensive quality index of exter-
nal defect and intact fruit samples is 
lower than that of intact fruit samples. 
However, the standard deviation of the 

comprehensive quality index of external 
defect and intact fruit samples is greater 
than that of intact fruit samples, which is 
because of rust fruit disease that reduces 
the SSC and VC values. The SSC, FF,  
and VC values of brown rot fruit de-
creased more than the SSC, TAC, and VC 
values of pest fruit, but both decreased.

Spectral Curve Analysis
The hyperspectral image acquisition sys-
tem was used to collect the samples of 
Nanguo pears, extract the region of in-
terest (ROI) (100 pix * 100 pix) of the five 
types of samples, and obtain the average 
reflectance spectrum curve of the het-
eromorphic area, insect damaged area,  
rust area, brown rot area, and normal fruit 
area, as shown in Figure 1. The spectral 
curve range was 400–1000 nm.

It can be seen from Figure 1 that the ab-
sorption peak of relative reflectance curve 
of intact fruit sample appears at 675 nm, 
which is mainly caused by the absorption 
of chlorophyll in the pulp and epidermis of 
Nanguo pears. The shape of the relative 
reflectance curve of the heteromorphic 
fruit is most similar to that of the intact fruit,  
but the relative reflectance of the intact 
fruit is higher. The absorption peak of the 
rusty fruit decreased with the decrease of 
chlorophyll. After being attacked by in-
sects, Nanguo pears formed a standing 
hole on their surface, where the chlorophyll 
was missing, so there was no obvious ab-
sorption peak. There was also no obvious 
absorption peak in the brown rot fruit.

Spectral Feature 
Extraction and Analysis
After preprocessing the spectral data, 
SPA was used to select the character-
istic wavelengths. The minimum effec-
tive wavelength was set to four and the 
maximum effective wavelength was set 
to 18. The wavelength selection process 
is shown in Figure 2.

It can be seen from Figure 2 that when 
the number of characteristic wavelengths 
is 6, there is a turning point in RMSE, and 
the RMSE value is 0.25317. Therefore, the 
number of characteristic wavelengths is 
6, which are 527 nm, 606 nm, 750 nm, 796 
nm, 825 nm, and 902 nm, respectively. 

TABLE III: Component score coefficient matrix

Quality 
Indicators

Component Matrix Rotation 
Component Matrix

1 2 1 2

SSC X1 0.846 0.182 0.933 0.069

TAC X2 0.569 0.286 0.725 0.106

FF X3 0.217 0.681 0.166 0.821

VC X4 0.725 0.318 0.882 0.152



June 2022   Spectroscopy 37(6)  31www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

Texture Feature Extraction
Results and Analysis of Image
Here, 750 nm was selected as one of the 
characteristic wavelengths by SPA, and it 
can be seen from Figure 1 that the spectral 
curves of the five samples have the larg-
est difference at the wavelength of 750 
nm. Therefore, the images at 750 nm were 
selected as the feature images. The char-
acteristic images of heteromorphic fruit, 
insect damaged fruit, rust fruit, brown rot 
fruit, and intact fruit are shown in Figure 3.

GLCM was used to extract the gray 
level co-occurrence matrix in the direc-
tion of 0° from the feature images of each 
sample, and then extract five texture fea-
ture parameters (contrast, correlation, 
entropy, homogeneity, energy) from 
each gray level co-occurrence matrix. 

Internal Comprehensive 
Quality Inspection
Characteristic wavelengths of internal qual-
ity comprehensive index extracted by SPA 
are selected as the spectral characteristic. 

The texture features extracted by GLCM 
are taken as image features. The LS-SVM  
model are established based on spec-
tral features, image features, the fu-
sion information of spectral features, 
and image texture features to predict 
the internal comprehensive quality of  
the samples.

The modeling results show that the 
LS-SVM model based on spectral char-
acteristics has a good effect. The cor-
rected set R2

C and RMSEC are 0.905 
and 0.798, respectively, and the pre-
dicted set R2

P and RMSEP are 0.882 
and 0.937, respectively. The discrimi-
nant result of the model based on the 
texture feature is slightly lower than that 
of the model based on spectral feature. 
The corrected set R2

C and RMSEC are 
0.895 and 0.992, respectively, and the 
predicted set R2

P and RMSEP are 0.878 
and 1.285, respectively. The accuracy 
of the LS-SVM model based on the fu-
sion information of spectral features and 
texture features has been significantly 

improved compared with the model 
of single spectral and texture feature.  
The prediction results of fusion informa-
tion are shown in Figure 4.

The accuracy of the LS-SVM model 
based on the fusion information of 
spectral and texture features was high. 
The correction set R2

C and RMSEC are 
0.959 and 0.483, respectively, and the 
prediction set R2

P and RMSEP are 0.920 
and 0.615, respectively. It shows that 
the spectral feature data and the tex-
ture feature data play a good coopera-
tive role and improves the accuracy and 
stability of the model.

External Quality Inspection
Spectral features, image features,  
the fusion information of spectral fea-
tures, and image features were used 
as the input. The LS-SVM model was 
used to distinguish the external quality 
of samples.

The modeling results show that the 
discrimination result of the LS-SVM model 
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based on spectral characteristics is 
good. There were 15 samples that were 
misjudged, and the correct discrimina-
tion rate was 89.29%. The discrimination 
rate of the LS-SVM model based on tex-
ture features is slightly higher than that of 
the model with spectral features, and the 
discrimination accuracy rate is 91.43%. 
The model discrimination result based 
on the fusion information of the spectral 
feature and texture feature is the best,  
as shown in Figure 5.

It can be seen from Figure 5 that 
the model recognition result based 
on the fusion information of spec-
tral and texture features is the best,  
with only four samples being mis-
judged. Among them, two normal 
fruits are misjudged as heteromor-
phic fruits and two heteromorphic 
fruits are misjudged as normal fruits, 
with the recognition accuracy being 
97.14%, which is because the spectral 
characteristics and texture character-
istics of the two fruits were similar; 
as a result, it is easy to misclassify 
them. The correct rate of identifying 
insect-damaged fruit, brown rot fruit,  
and rust fruit is 100%. It can be seen 
that the fusion of feature information 
can promote each other between 
single features and make the feature 
information more effective and ad-
vantageous, thus improving the dis-
crimination effect of the model.

Conclusion
The study revealed the simultaneous 
detection of the internal and external 
quality of the Nanguo pear. The detec-
tion effect of the LS-SVM model based 
on the fusion information was great, and 
the accuracy of external quality detec-
tion was 97.14%. The internal quality pre-
diction model, the correction set R2

c and 
RMSEC are 0.959 and 0.483, respectively, 
and the prediction set R2

P and RMSEP 
are 0.920 and 0.615, respectively.

The research method of this paper 
realizes the effective, fast, and nonde-
structive testing of Nanguo pear quality,  
and provides the theoretical basis for the 
development of the nondestructive on-
line testing system of fruit quality.
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A Novel High Selectivity  
Fluorimetric and Colorimetric  
Probe Based on Rhodamine B 
Hydrazide Derivatives for  
Detecting Hg2+ in Aqueous Media

A colorimetric and fluorescent dual-
channel chemosensor (G1) with a 
simple structure was designed and 
synthesized to identify Hg2+ in an 
aqueous solution with high selectiv-
ity and sensitivity. After adding Hg2+,  
the color of G1 in the dimethyl sulfoxide  
(DMSO)/H2O (2:8 , v/v) solution 
changed from colorless to a distinct 
rose red, whereas the fluorescence 
changed from colorless to bright or-
ange under ultraviolet (UV) light.  
The detection limit on the fluorescence 
response of G1 to Hg2+ was as low as 
6.09 × 10-7 mol/L. The results of the 
Job’s plot suggested that the com-
bined stoichiometry between G1 and 
Hg2+ was 1:1. By successively adding 
Hg2+ and ethylenediaminetetraacetic 
acid (EDTA), the fluorescence process 
can be reversed and almost no fluores-
cence loss. In addition, G1-based test 
strips were produced and were able to 
qualitatively detect Hg2+ in tap water.

Kai Gui, Ying Yao, Hui-Xin Liu, Xu-Mei Fu, and Jing-Han Hu 

With the development of 
science and technology, 
mercur y (Hg) is widely 

used in medical, military, and elec-
t r ical applicat ions (1–3).  Hg2+ is 
easily accumulated in the human 
body, and its great toxicity lies in 
it s strong abili t y to bind to thiol 
groups and amino groups in pro-
teins and enzymes (4,5), which can 
further cause vision loss, mental dis-
orders, movement disorders, tumor 
formation, and other diseases (6–8).  
After mercury-containing compounds 
are introduced into the ecosystem, 
their strong migration and low deg-
radation pollutes the environment 
(9–11). The maximum allowable limit 
of mercury ions in drinking water that 
was stipulated by the World Health 
Organization is 6 ng/mL (12–14).

In recent years, more f luores-
cent sensors, nanopar tic les, and 
chemical probes have been de-
veloped for mercury (II) detection 
because of their simple operation, 
h igh sens i t i v i t y  and se lec t iv i t y, 

and shor t detection time (15 –22).  
However, most of the func tional 
groups of f luorescent probes are 
easily oxidized and contain sulfur 
(23–26), which is highly toxic (27–34). 
Therefore, it is of great significance 
to develop an ef fective and rapid 
detection method for mercury ions.

Our research group has s tud-
ied mercury-detecting probes for 
a long time (35–43). Rhodamine is 
a type of f luorescent probe lumi-
nescent group with high f luores-
cence quantum ef f ic iency, favor-
able water solubil i t y, and a high 
absor pt ion coef f ic ient  (4 4 – 4 6).  
In the absence of Hg(II), rhodamine 
was present in the nonfluorescent 
spiral state. However, with the ad-
dition of Hg(II), the color changed, 
the fluorescence emission was en-
hanced, and the spiral ring opened. 
Bec ause of  these obser vat ions 
when Hg(II) is added to rhodamine, 
it makes rhodamine an ideal signal 
group for detecting Hg(II) (47,48). 
In this paper, we designed a probe, 
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G1, based on a rhodamine-benzal-
dehyde derivative, and systemati-
cally investigated the recognition 
per formance toward metal ions. 
Af ter adding Hg2+, the G1-based 
ring went through an opening pro-
cess, the solution color changed 
from colorless to red, and the fluo-
rescence changed from a closed to 
an open state. Rhodamine B acted 

more ef fec t ive ly in Hg2+ detec-
tion because of its long excitation 
wavelength, good light s tabil i t y,  
high f luorescence quantum yield, 
good water  so lubi l i t y,  and les s 
toxicity compared to other rhoda-
mines. The results showed that G1 
was an open f luorescence sensor 
with high sensitivity and high se-
lec tivit y to detec t Hg2+. The test 

paper based on the probe G1 was 
constructed, and that was able to 
successfully detect Hg2+ in water.

Experimental
Materials and Physical Methods
All reagents and solvents in the ex-
periment were purchased from the 
market without further purification. 
Perchlorate salt of cations (Cu2+, 
Fe3+, Co2+, Ni2+, Cd2+, Pb2+, Zn2+, 
Cr3+, Hg2+, Ag+, Ca2+, and Mg2+) 
were purchased f rom Alfa-Aesar 
Chemical Reagent Co. and stored in 
a vacuum desiccator. Melting points 
were per formed on an X-4 digital 
melting point apparatus. The ul-
traviolet-visible (UV-vis) absorption 
spectra and fluorescence emission 
spectra was carried out by a UV-
2550 UV-vis absorption spectrom-
eter and an RF-5301 f luorescence 
spectrometer using a 1-cm quartz 
cell. Data from 1H NMR and 13C NMR 
were recorded using a Varian Mer-
cury-400BB A nuclear magnetic res-
onance (NMR) spectrometer and the 
measured mass spectrometry (MS) 
data was recorded using a ZAB-HS 
mass spectrometer instrument.

Synthesis of Compound 1
C o m p o u n d 1  w a s  o bt a in e d by 
one-step condensation (49), using 
rhodamine B (1.92 g, 4 mmol) and 
hydrazine hydrate (2 mL, 4 mmol) 
in  methanol  (20 mL ).  The reac -
t ion was ref luxed 75 °C for 6 h.  
After the reaction was completed, 
it was cooled to room temperature. 
When the pH was adjusted to 8 with 
a sodium hydroxide (NaOH) solu-
tion, a large amount of solid pre-
cipitation occurred. The compound 
was then washed three to four times 
with distilled water to produce a 
pale pink compound in 81% yield, 
melting point: 213–215 °C.

Synthesis of G1
Compound 1 (0.92 g, 2 mmol) and 
2- bromo -3 -hydrox y- 4 -methox y-
benzaldehyde (0.46 g, 2 mmol) were 
dissolved in ethanol (20 mL), and the 
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SCHEME 1: The synthesis process of G1.

TABLE I: NMR Data for G1

Sample 1H and 13C NMR Spectral Data

G1
(1.0317 g, 77%)

1H NMR (500 MHz, DMSO-d6) δ 9.55 (s, 1H), 8.68 (s, 1H), 7.93 
(m, 1H), 7.58 (dtd, J = 23.9, 7.3, 1.2 Hz, 2H), 7.21 (d, J = 8.7 Hz, 
1H), 7.09 (m, 1H), 6.99 (d, J = 8.7 Hz, 1H), 6.46 (m, 4H), 6.33 (dd, 
J = 9.0, 2.6 Hz, 2H), 3.81 (s, 3H), 3.28 (dd, J = 14.9, 7.3 Hz, 6H), 
2.89 (s, 1H), 2.73 (s, 1H), 1.06 (t, J = 7.0 Hz, 12H). 13C NMR (126 
MHz, DMSO-d6) δ 164.29, 162.78, 152.89, 150.01, 148.93, 144.90, 
144.16, 134.44, 129.17, 127.93, 126.59, 124.19, 123.46, 117.37, 112.53, 
111.43, 108.64, 105.18, 97.99, 65.37, 56.71, 44.16, 36.26, 12.92.
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solution was stirred and refluxed for 
6 h. Af ter the mixture was cooled 
to room temperature and the pre-
cipitate was washed with distilled 
water, the mixture was filtered and 
the precipitate was recrystallized 
with DMF-H2O to give a cr imson 
compound in 77% yield. As shown 
in Scheme 1, the melting point was 
between 234–236 °C.

General Procedure for  
UV-vis and Fluorescence  
Spectroscopy Experiments
In UV-vis and fluorescence experi-
ments, G1 and several cations (Cu2+, 
Fe3+, Co2+, Ni2+, Cd2+, Pb2+, Zn2+, 
Cr3+, Hg2+, Ag+, Ca2+, and Mg2+) 
were prepared in DMSO solution. 
At the same time, the subjects in 
all experiments were kept at a con-
stant concentration (2.0 × 10 -5 M). 
The UV-vis absorption spec trum 
and the f luorescence spec t rum 
were measured using a UV-2550 UV-
vis absorption spectrometer and a  
RF-5301 fluorescence spectrometer, 
respectively.

General Procedure for 
1H NMR Experiments
The procedure was as follows: 5 mg 
of l igand G1 was dissolved in an 
nucleus magnetic tube with DMSO-
d6, and 0.01 mol/L of a Hg2+ solu-
tion was prepared with DMSO-d6, 
the lat ter being added to the for-
mer in the corresponding amount. 
Then, the measurement was carried 
out in a Varian Mercury-400BB NMR 
apparatus (Table I). 

Results and Discussion
Af ter  adding 5 0 equiva lent s  of 
various cations (Cu2+, Fe3+, Co2+, 
Ni2+, Cd2+, Pb2+, Zn2+, Cr3+, Hg2+, 
Ag+, Ca2+, and Mg2+) in a G1 (2.0 
× 10-5 M) and in a DMSO/H2O (2:8, 
v/v) solution at room temperature,  
we observed these solutions chang-
ing. The resu l t s  showed that  a 
wide absorption peak appeared at 
562 nm on the UV-vis absorption 
spectrum. However, no significant 

change was observed after adding 
other cations to the G1 solution. 
Meanwhile, i t was obser ved that 
the G1 solution changed from col-
orless to rose red after the addition 
of Hg2+ alone (Figure 1).

T h e  f l u o r e s c e n c e  s p e c t r u m 
showed that G1 in a DMSO/H2O 
(2:8, v/v) solution had almost no 
f luorescence under 437 nm exci-
tation. With the addition of Hg2+  
to the G1 solution, the fluorescence 

intensity at 578 nm was significantly 
enhanced and a change in fluores-
cence color from colorless to bright 
orange could be observed. At the 
same time, other cations (Cu2+, Fe3+, 
Co2+, Ni2+, Cd2+, Pb2+, Zn2+, Cr3+, 
Hg2+, Ag+, Ca2+, and Mg2+) didn’t 
cause any significant change in the 
fluorescence emission of the G1 so-
lution. The results suggested that 
the G1 solution was able to uniquely 
identify Hg2+.
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We conduc ted the Hg2+ t i t ra-
tion experiment at room tempera-
ture to investigate the change in 
the response of G1 (2.0 × 10 -5 M) 

to the ring opening of the rhoda-
mine derivatives in the DMSO/H2O  
(v/v =2:8) solution. As shown in Fig-
ure 2, the Hg2+ (0.1 M) gradually 

added to the DMSO/H2O (2:8, v/v) 
solution of G1, and the changes in 
UV-vis absorption spec trum and 
f luorescence spec trum were ob-
ser ved. In the UV-vis absorption 
spectrum, as Hg2+ increases from 0 
to 15.2 equivalents, the absorption 
peak at 562 nm gradually increases.  
Figure 4 shows the change in fluo-
rescence emission spectra with the 
addition of Hg2+. At the excitation at 
400 nm, when the concentration of 
Hg2+ increased from 0 to 24.1 equiv-
alents, the fluorescence intensity of 
the host gradually enhanced.

To further verify the selectivity of 
the sensor G1, we studied the rec-
ognition abilit y of the host G1 to 
Hg2+ in the presence of a series of 
cations (Cu2+, Fe3+, Co2+, Ni2+, Cd2+, 
Pb2+, Zn2+, Cr3+, Hg2+, Ag+, Ca2+, 
and Mg2+) by recording the changes 
in the UV-vis spectra and the fluo-
rescence spec trum. As shown in 
Figure 3, we found that in the ab-
sence of Hg2+, no significant spec-
tral changes were observed af ter 
the addition of other cations to G1. 
However,  when Hg2+ was added 
to the solut ion, they al l  showed 
significant spectral changes. The 
experimental results showed that 
other cations had considerable in-
fluence on the recognition of Hg2+ 
by G1 in the UV-v is spec tra and  
f luorescence spectrum.

Figure 4 shows that the f luores-
cence intensity of G1 changes almost 
linearly with the increase of the Hg2+ 
concentration. As calculated on the 
basis of 3SB/S (where SB is the stan-
dard deviation of the blank solution 
and S is the slope of the calibration 
curve) (50), the detection limit was 
down to 6.09 × 10−7 M. To deter-
mine the stoichiometric ratio of G1 
and Hg2+, we set the total concentra-
tion of the host and guest as a fixed 
value, and a Job’s plot was drawn. 
We changed the ratio of the host and 
guest in the solution before mea-
suring the fluorescence spectrum.  
The result showed that the stoichio-
metric ratio of G1:Hg2+ is 1:1.
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To explore the mechanism of sen-
sor G1 for Hg2+, 1H NMR titration was 
carried out. As shown in Figure 5,  
G1 has a single peak at 8.64 ppm 
and 9.55 ppm in DMSO-d6, which 
corresponds to−CH=N and−OH, 
respectively. After Hg2+ was added,  
the −OH peak of the G1 gradually 
disappeared. In addition, the proton 
peak in the benzene ring also had a 
split ting phenomenon because of 
the electron density change caused 
by the ring opening of the spirolac-
tam of the G1. Based on these results,  
we showed the possible reaction 
mechanism between G1 and Hg2+.

To test the effect of pH (2–12) on 
the recognition process of G1 in 
the DMSO/H2O (2:8, v/v) solution,  
we added Hg2+ to the dif ferent pH 
values of the G1 buffer solution for 
pH experiments. When adding Hg2+ 
to G1 buf fer solutions of dif ferent 
pH values, it was found that the host 
G1 recognized Hg2+ in the pH range 
of 4–9. It indicated that the recogni-
tion of ions with the host G1 is af-
fected by pH (Figure 6).

Application
We studied the repeatability of the 
sensor and added ethylenediami-
netetraacetic acid (EDTA) to the 
G1-Hg2+ mixture to test and iden-
tify whether the process was revers-
ible. As shown in Figure 7, the fluo-
rescence of the G1-Hg2+ solution 
restored to the init ial s tate af ter 
EDTA was added, indicating that the 
complexation process of the main 
body G1 and Hg2+ was reversible.  
Because of the strong complexing 
ability of EDTA to Hg2+, the sensor 
demetalized and spironolamide ring 
regenerat ion led to the f luores-
cence quenching again after EDTA 
and Hg2+ complexed. The fluores-
cence of sensor G1 can be switched  
“Off-On-Off” repeatedly, with little 
fluorescence loss during this process. 

We made test strip based on the 
host G1, which could quickly detect 
Hg2+ in the ac tual environment.  
We  d i p p e d  t h e  p r e p a r e d  te s t 

paper into a DMSO solution of G1  
(0.1 mol/L), and dried it in a vacuum 
drying oven. As shown in Figure 8, 
when Hg2+ aqueous solution was 
added to the prepared test strip, 
the obvious color change of the 
tes t s t r ip was c lear ly obser ved,  

with strong red fluorescence being 
o b s e r ve d  u n d e r  t h e  U V  l a m p.  
Therefore, the prepared test strip 
was able to quickly and ef ficiently 
detect Hg2+ in the aqueous solution.

We fur ther verified that G1 de-
tects the Hg2+ content in the water 
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TABLE II: Determination of Hg2+ in tap water

Sample Hg2+ Added
Concentration (μM)

Hg2+ Found 
Concentration (μM)

Recovery 
Rate (%)

RSD 
(%, n =3 )

Tap water

2 1.95 97.5 3.9

5 5.19 103.8 3.6

10 10.32 103.2 3.4
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environment. We added 0–5 ppb of 
Hg2+ to the G1 (0.1 mol/L) solution.  
When the concentration reached 2 
ppm (the maximum allowable level 
of mercury ions in US Environmental 

Protection Agency drinking water),  
the fluorescence intensity of the sensor 
G1 increased by three times (Figure 9).

Through ana ly z ing the water 
samples, we verified the practicabil-

ity of the sensor. Under the same 
conditions, we used the f luores-
cence method to determine the Hg2+ 
content in the tap water sample, 
and repeated the test three times. 
As shown in Table II, the Hg2+ con-
centration determined by the ex-
periment was similar to the added 
amount concentration, and the re-
covery rate was approximately 100%. 
The relative standard deviation (RSD) 
was less than 3.90%, indicating that 
the sensor G1 was accurate and fea-
sible to measure the mercury content 
in environmental samples.

Conclusion
We designed and synthesized a con-
venient, fast and efficient sensor G1, 
which can selectively recognize Hg2+ 
in a wide pH range with dual-channel. 
The detection limit of the sensor G1 
for Hg2+ fluorescence response was 
6.09 × 10-7 M. By successively adding 
Hg2+ and EDTA, the fluorescence pro-
cess can be reversed, and the switch-
ing process can be repeated many 
times with almost no fluorescence 
loss. The mechanism of G1 recog-
nition was discussed by means of  
1H NMR, and it was believed that 
the reaction mechanism between 
G1 and Hg2+ was because of the 
r ing opening of the spironolac-
tone ring of rhodamine. In addition,  
G1-based test strips were prepared, 
which could be used as colorimet-
ric and fluorescence measurement 
tools for the rapid detection of Hg2+.  
The qualitative determination of 
mercury ions in tap water has been 
tested successfully, and the feasibil-
ity of G1 in practical application has 
been verified. We believe that G1 has 
potential application potential as a 
Hg2+ dual-channel chemical sensor.
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Addressing evolving techniques in spectroscopy and what 
needs can be met with new technology

R aman spectroscopy is a spectroscopic technique used to determine rotational, vibrational, 
and other low-frequency modes within molecules. Distinct chemical fingerprints exist within 
Raman spectrums and allow for quick recognition of specific molecules and materials. As 

this field continues to advance, we sat down with John Gilmore to discuss how devices such as 
Hamamatsu’s Raman module have been designed to meet the growing needs for compact and 
portable spectrometry. 

SPECTROSCOPY: Can you give us an overview of what Hamamatsu’s role as a Raman 
module provider is?
JOHN GILMORE: Hamamatsu provides Raman module solutions, intended primarily for original 
equipment manufacturers (OEM), for OEM applications. The module is a self-contained unit that 
includes the spectrometer, as well as the laser and collection optics. We provide this OEM solution to 
manufacturers, and they bring the application knowledge and software expertise to make it a final 
solution for an end user. 

SPECTROSCOPY: What is a Raman module and what sets it apart from already existing 
technologies like a Raman microscope or a Raman spectrophotometer?
JOHN GILMORE: One thing is the size of the Raman module. A Raman microscope tends to be a 
benchtop instrument that would be rather expensive, but very capable in terms of its detection 
limits. The Raman modules and the Raman solutions from Hamamatsu are much more compact. 
They tend to operate at room temperature, instead of having a cool detector for lower noise 
performance. In some applications, they can be coupled with an end user’s nanoparticles or for 
surface-enhanced Raman spectroscopy (SERS). 

SPECTROSCOPY: How can these modules be used for SERS substrates? 
JOHN GILMORE: SERS technology offers an enhancement to the Raman signal, and the amount 
of enhancement ranges from 103 to as high as 106. Some numbers were reported even higher in the 
study. This enables the user to have the ability to detect lower levels of concentration. It also enables 
the user to use lower laser power settings which is beneficial because too much laser light can burn 
the sample. 

SERS technology does offer some unique benefits in terms of the detection limits and sensitivity 
achievements. It can be a bit tricky because of the molecules that interact with the nanoparticles. 
There is not an exact science when it comes to selecting the nanoparticle for a specific application, 
so it is recommended to talk to your provider about the optimum solution of the right nanoparticle 
for the right application. 

SPECTROSCOPY: Hamamatsu’s Raman module uses 785 nm excitation and a particular 
set of excitation wavelengths. What would be required to modify this module for specific 
application or implementation? 

Understanding Raman Modules  
& Emerging Applications

John Gilmore 
Business Development Manager 
Hamamatsu Corporation

JOHN GILMORE: Our base module is centered around a laser excitation 
of 785 nm. It is a popular wavelength in Raman, in part because it is a 
balance between the sensitivity of the detection instrumentation and the 
reduction in a fluorescent background. To change the wavelength of the 
excitation source, one needs to change several other things. 

The collection optics usually has a filter meant to eliminate the laser light, 
because the laser light is very intense and can easily saturate the detection 
system, being the spectrometer. The spectrometer itself would need to be 
tuned to other wavelengths. 

For example, another popular excitation wavelength is 532 nm. That would 
still use a silicon-based spectrometer and would require some change in 
the spectrometer optics and the citation filter. 

Another somewhat common excitation wavelength is 1064 nm. People 
like to use longer wavelengths as the excitation source to eliminate the 
fluorescent background. However, with a 1064 nm approach, it requires 
the use of indium gallium arsenide spectrometers (InGaAs), so it is a much 
different solution. 

The Raman module is not a silicon-based detector. It is now moving 
towards an InGaAs based detector that tends to be more expensive, and 
depending on the application, may require cooling as well. These are 
some of the factors that users need to think about when considering other 
excitation wavelengths. 

SPECTROSCOPY: Would you consider the Raman module to be a 
portable device?
JOHN GILMORE: Yes, I would consider it a portable device. The Raman 
modules are USB bus powered, so they can be a battery-operated device 
and those are certainly portable. To demonstrate their overall dimensions, 
some of the modules are about the size of an iPhone. Hamamatsu is 
focused on portable applications for a lot of different market segments, 
including medical, pharmaceutical, and agricultural. 

SPECTROSCOPY: What are implementation challenges that users 
might face with the Raman module?
JOHN GILMORE: Hamamatsu provides the Raman module, which is 
a complete solution with the spectrometer, the laser, the optics, and 
potentially, a SERS substrate. We also provide evaluation software  
that allows the user to be up and running immediately upon receiving  
the device. 

However, the evaluation software is rather limited and basic. It allows the 
user to control the various parameters of the module, such as exposure 
time and laser intensity, but it does not include a library. If you are familiar 
with the Raman spectrum, it usually has unique features and a unique 
signature to it. That signature along with Raman peaks are matched 
to a library that uses certain peaks to identify a particular material or 
substance. Those are tools the OEM or the end user would need to provide. 

Instead of these tools, Hamamatsu provides a software developer’s kit and 
a dynamic link library (DLL) to allow the end user or the OEM manufacturer 
to write their own application specific code. 

SPECTROSCOPY: Can you expand on what market segments could 
use this device?
JOHN GILMORE: Medical is one of the applications that could use  
this device. There’s been some work done for disease detection in 
third world countries, where the level of healthcare and availability of 
diagnostics is not as readily available as what we are accustomed to  
in the United States. 

Researchers have also been using the Raman module for  
detection of illegal drugs which allows for the pharmaceutical  
market, law enforcement, and security applications to benefit from 
Raman technology. 

Lastly, the food industry and agricultural applications are a great market 
as the Raman module can be used for quality and inspection of produce. 

http://www.spectroscopyonline.com
http://www.hamamatsu.com
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A Survey of Basic Instrument  
Components Used in Spectroscopy, 
Part 2: Optical Materials and Designs 

In this second part of this four-part se-
ries on spectroscopy instrument compo-
nents, we look into optical components 
or subassemblies used for vibrational 
spectroscopy instruments. Our “under 
the hood” look continues as we survey 
the most typical instrument optical 
design component materials. As we 
continue publishing this survey series,  
we note that several tutorial articles and 
The Spectroscopy Instrument Compo-
nents Terminology Guide, the latter of 
which was published digitally in Febru-
ary 2022, are available to our readers. 

Jerome Workman, Jr.  

In Part 2 of our four-part spectros-
copy components survey article,  
we take a closer look at a variety of as-

pects associated with spectroscopy opti-
cal materials and designs to include infra-
red (IR), Raman, and near-IR (NIR) optics, 
UV optics, visible optics, charge-coupled 
devices (CCDs), monochromators, in-
terferometers, diode arrays, digital light 
processing (DLP) designs, microscopes, 
and hyperspectral imaging (HSI) systems.  
These are shown in Table III, with the table 
containing four columns of information con-
tent—the component name, a text descrip-
tion, basic specifications, and references 
and links are given in the table (1–5). Part I 
of this series is published in the March 2022 
issue. Optical filters (high-pass, low-pass, 
interference, acousto-optic tunable filters 
[AOTF], tilting, broadband, narrowband, 
neutral density, custom, and so forth) is a 
rather large subject and beyond the scope 
of this article series. The Spectroscopy In-
strument Components Terminology Guide 
covers the general filter terms (1), and we 
note the subject of optical filters would be 
an excellent topic for a future separate arti-
cle. For the table, all components or optical 
assemblies are listed in alphabetical order. 
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TABLE III: Spectroscopy optics and optical materials

Component Text Description Specifications References and Links

Infrared 
(IR) optics

IR optical  
materials include  
sodium chloride,  

potassium bromide, cesium 
iodide, calcium fluoride, 

barium fluoride, silver bromide, 
zinc sulfide, and zinc selenide

IR optical material with transmission  
ranges given in  

wavenumbers (cm-1) are: 
Sodium chloride (NaCl) 

(40,000–590),
Potassium bromide (KBr) 

(40,000–340),
Cesium iodide (CsI) (40,000–200),

Calcium fluoride (CaF) (50,000–1140),
Barium fluoride (BaF2) (50,000–840),
Silver bromide (AgBr) (20,000–300),

Zinc sulfide (ZnS) (17,000–833),
Zinc selenide (ZnSe) (20,000–460)

J. Coates, “Review of IR Sampling 
Methods,” in Applied Spectros-
copy: A Compact Reference for 
Practitioners, J. Workman Jr. and 
A. Springsteen, Eds. (Academic 
Press, Chestnut Hill, MA, 1998), 
pp. 49–91.

N.L. Alpert, W.E. Keiser, and 
H.A. Szymanski, IR: Theory and 
Practice of Infrared Spectroscopy 
(Springer Science & Business 
Media, New York, NY, 2012).

Raman and 
near-IR (NIR) 
optics

Raman optical materials are  
identical to NIR materials and 

some Raman spectrometers also 
have absorption-based NIR  

scanning capabilities.

In nanometers (nm): Diamond (C) 
(220–4,000), Optical glass (HPFS 
7978 and 7979) (SiO2) (150–4350), 
Optical glass (I2-IR) (SiO2) (250–

3600), Fused silica “water free” (SiO2)
(150–3150), Quartz, anhydrous (SiO2) 
(200–2750), Quartz, extremely low 
O-H (SiO2) (190–2700), Sapphire 
(Al2O3) (150–5100), Silica, fused 
(IR Quality) (SiO2) (200–4000), 
Suprasil 300 (SiO2) (190–3600)

L.A. Lyon, C.D. Keating, A.P. 
Fox, B.E. Baker, L. He, S.R. 
Nicewarner, S.P. Mulvaney, 
and M.J. Natan, Anal. Chem. 
70(12), 341–362 (1998).

E. Mustorgi, C. Malegori, P. 
Oliveri, M. Hooshyary, H. 
Bounneche, L. Mondello, M. Oteri, 
and M. Casale, Chemom. Intell. 
Lab. Syst. 199, 103974 (2020).

UV optics

UV optics consist of very clean, 
very low OH quartz, with low UV 

absorption or scattering  
properties. These optics requires 

near zero particulates (foreign 
matter), low entrapped air, 

and low entrapped moisture. 

UV optical materials with transmission 
ranges given in nanometers (nm) are:

Optical glasses HPFS 7978 
and 7979 (150–4350),

Optical glasses HPFS 865X 
and 797X (150–2600),

Optical glasses as S1-UVA 
and S1-UVB (170–2200),

Fused silica “water-free” (150–3150),
Quartz, extremely low O-H (190–2700),

Sapphire (150–5100),
Silica, fused IR quality (200–4000),

Suprasil 300 (190–3600)

H.H. Perkampus, UV-vis  
Spectroscopy and its  
Applications (Springer Science 
& Business Media, New 
York, NY, 2013).

A.C. Power, J. Chapman, S. 
Chandra, and D. Cozzolino, 
“Ultraviolet-visible Spectroscopy 
for Food Quality Analysis,” in 
Evaluation Technologies for Food 
Quality (Woodhead Publishing, 
Sawston, United Kingdom, 2019), 
pp. 91–104.

Visible 
optics

Visible optics can be made from a 
variety of glasses (or equivalents) to 
include high performance glasses: 
Corning HPFS 7978, 7979, 7980; 

HPFS 865X and 797X; Pyrex; ESCO 
BK7, G1, A1, I2-IR, S1-UVA and 

S1-UVB; fused silica “water-free” 
(SiO2) and Tempax, and Suprasil 

300. Less expensive and moderate 
performing glasses include: flint 

glass SF 10, SF 8; BK 7, borosilicate 
crown, and optical crown. Other 
materials transmitting visible light 

include methacrylate polymer, 
potassium bromide (KBr) potassium 

chloride (KCl), generic anhydrous 
quartz, fused silica, crystalline 

quartz (SiO2), and extremely low 
O-H quartz. sapphire (aluminum 
oxide) (Al2O3) is used when high 
modulus is required. A variety of 

silicas are used such as 
synthetic fused (SiO2), and

 UV grade fused (SiO2). 
In certain applications, even sodium 

chloride (NaCl) may be used.

Visible optical materials with
 transmission ranges given in 

nanometers (nm) are as follows.
Most any optical glass, silica, or 

quartz will have a working  
transmission range of

~320–2300; other useful  
materials include higher cost 

sapphire (150–5100), and lower cost 
methacrylate polymer (250–1100).

J. Workman Jr, Ed., The Hand-
book of Organic Compounds, 
three-volume set: NIR, IR, Ra-
man, and UV-vis Spectra Fea-
turing Polymers and Surfac-
tants (Elsevier, London, United 
kingdom, 2000), pp. 49–74.

Continued on Page 44
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TABLE III (CONTINUED): Spectroscopy optics and optical materials 

Component Text Description Specifications References 
and Links

Charge  
coupled  
device (CCDs) 
and electron  
multiplying  
CCD (EMCCD)

CCDs are photoelectric detectors that 
include multiple, evenly spaced lines or 

rectangles of detectors (or pixels), each of 
which may independently detect a broad 

wavenumber (wavelength) range of energy.  
These detectors may be flat or curved to 
accommodate a multiwavelength beam 
of diffracted light. They may be a linear 

array or a rectangular array utilizing energy 
detectors where different pixels form a 

mosaic or pixel map capable of collecting and 
reporting linear (1D), or two-dimensional 

(2D) signals. The 2D signal images may be 
accumulated to form a hyperspectral image of 
three-dimensions (3D) or four-dimensions (4D).

CCD specification ranges:
Wavelength sensitivity: 400–1000 nm
Relative response >0.4: 400–700 nm

Quantum efficiency: >75% 
at 400–900 nm

Spectral resolution: adjusted to 3–5 nm 
for vis-NIR, and 1–3 cm-1 for Raman

Digitization: 12–16 bit
S/N (single pixel): 120:1 to 150:1

Maximum frame rate  
(all pixels): 20–125 fps

Pixel size: square 3–8 µm
Number of pixels: 480–1600

Sensitivity: 3–15 Lux
Power source: +12V DC

Dimensions: 30 mm (W) x 30 
mm (H) x 50 mm (D)

Operating temperature: -20 °C to +60 °C
Humidity: 90% or less (no condensation)

Tutorials:

https://www.
horiba.com/us/
en/scientific/
products/raman-
spectroscopy/
raman-academy/
raman-faqs/
what-is-a-ccd-
detector/

https://www.
fierceelec-
tronics.com/
components/
understanding-
ccd-camera-
resolution-and-
dynamic-range

Mono- 
chromator  
(molecular 
spectroscopy)

The term means single color (or one wavelength). 
An instrument used to provide an incident light 
beam within a narrow wavelength range. Mono-

chromators may be constructed with one or more 
dispersive elements (diffraction grating or prism). 

Dispersive instruments are no longer used for 
infrared but are still widely used for UV-vis-NIR. A 
monochromator becomes a spectrophotometer 
when it is combined with a light source, entrance 
and exit slits, one or more gratings, detectors, an 

amplifier, and an output energy measuring device. 
The standard design is comprised of an energy 
source, an entrance slit, a diffraction grating, an 

exit slit, and a broadband detector. Often multiple 
broadband detectors are used with cutoff filters 
to eliminate higher order diffracted light. Most 

early, pre-interferometer infrared instruments were 
based on a grating monochromator design.

Monochromators often follow these 
specifications. There are a diversity  

of designs from very simple to 
more complex (Czerny–Turner)

Wavelength sensitivity: 170–3000 nm
Spectral resolution: adjusted 
to 2–10 nm for UV-vis-NIR

Wavelength accuracy: < ±0.5 nm
Noise: <30 µAU RMS @ mid-scale
Light source: deuterium (UV), UV-

enhanced xenon (UV-vis), and 
tungsten halogen (vis-NIR)

Power Source: + 100/240 VAC, 1 Amp
Dimensions: mini versions of 25 mm 
x 25 mm or larger special versions 

measuring several feet across.
Operating temperature: -20 °C to +60 °C
Humidity: 90% or less (no condensation)

Tutorial:

https://www.
shimadzu.com/
an/service-
support/tech-
nical-support/
analysis-basics/
fundamentals-
uv/single_
double.html

Interferometer

The Michelson interferometer is commonly 
used for IR or NIR measurements and includes 

a hot IR source, detector, beam splitter, and 
two mirrors (fixed and movable), which form 
the two arms of the interferometer. The fixed 
mirror is a stationary mirror in one of the in-

terferometer arms. Its purpose is to reflect the 
light back to the beam splitter along a fixed 

and constant path. The moving mirror, on the 
other hand, is designed to create a pathlength 

different from the fixed path arm of the 
interferometer. The interferogram 

results when the incident wavelengths 
are modulated differently because of the 

moving mirror velocity and position.

Interferometers have several designs  
based on applications, space, and 

ruggedness requirements.
Wavenumber sensitivity: 30–

11,000 cm-1 (NIR-IR-FIR)
Spectral resolution: adjusted  

to <0.5–64 cm-1

Wavenumber accuracy: ±0.01 cm-1

Noise: <100 µAU RMS @ mid-scale
Light source: globar (IR) and 
tungsten halogen (vis-NIR)

Power Source: + 100/240 VAC, 1 Amp
Dimensions: mini-sized (25 mm cube) 

to large bench size (120 mm cube)
Operating temperature: -20 °C to +60 °C
Humidity: 90% or less (no condensation)

Tutorial:

https://www.
ligo.caltech.
edu/page/
what-is-inter-
ferometer

Diode array

A silicon diode-array detector (DAD), also known 
as a photodiode array (PDA) detector, consists 
of a carefully spaced and aligned linear array 

of silicon photodiodes that can simultaneously 
measure all wavelengths at one time, depending 

on the wavelengths of light that are dispersed 
on the array. The linear array of detector diodes 
most commonly consists of 512 or 1024 diodes. 

A diode-array detector may exhibit spectral 
wavelength ranges for the UV-vis region (190 

to 800 nm) to the far vis-NIR region (600–1100 
nm). By manipulating the dispersion of light 
and the control electronics the reporting of 
a single wavelength or wavelength region 

or the full spectrum is possible. Diode arrays 
can be fast and also capture experimental 
conditions identically at each wavelength.

DADs or PDAs generally have these  
specifications with 1024 elements.  

There are alternative designs 
based on applications, size, and 

ruggedness requirements.
Wavelength sensitivity: 190–680 
nm (UV-vis for chromatography);

190–800 nm (UV-vis); 
600–1100 nm (vis-NIR)

Spectral resolution: Adjusted to <1–16 nm
Wavelength accuracy < ±1 nm
Noise: < ±5 µAU @ mid-scale

Light source: deuterium and tungsten
Power source: + 100/240 VAC, 1 Amp

Dimensions: bench size of 150 mm 
(h) × 400 mm (w) × 600 mm (d)

Operating temperature: -20 °C to +60 °C
Humidity: 90% or less (no condensation)

Tutorial:

https://www.
globalspec.
com/learn-
more/semicon-
ductors/dis-
crete/diodes/
diode_arrays

https://www.horiba.com/us/en/scientific/products/raman-spectroscopy/raman-academy/raman-faqs/what-is-a-ccd-detector/
https://www.fierceelectronics.com/components/understanding-ccd-camera-resolution-and-dynamic-range
https://www.shimadzu.com/an/service-support/technical-support/analysis-basics/fundamentals-uv/single_double.html
https://www.ligo.caltech.edu/page/what-is-interferometer
https://www.globalspec.com/learnmore/semiconductors/discrete/diodes/diode_arrays
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TABLE III (CONTINUED): Spectroscopy optics and optical materials 

Component Text Description Specifications References and Links

DLP

A digital light processing (DLP) 
device is a microelectromechanical 

system (MEMS) device also known as 
a digital micromirror device (DMD). 

This stationary fixture consists 
of many thousands or millions 
of micromirrors used in a DLP 

instrument. The micromirrors move 
in series to capture the diffracted 

light from a fixed diffraction 
grating onto a set of collimation 

optics guided to a detector to create 
a full spectrum in microseconds. The 
solid-state DLP spectrometer yields 
fast, high-resolution spectroscopy, 
particularly for the visible and NIR 

regions. This optical configura-
tion is quite temperature sensitive 
and requires temperature control, 
high tolerance optics, and precise 
alignment of optical components. 

Digital light processing devices are 
designed to give spectra with no 

moving mechanical parts. The only 
moving parts are the micromirrors in 
the digital micromirror device (DMD). 

Wavelength sensitivity: 
1350–2450 nm (NIR)

Spectral resolution: Adjusted to <10–12 nm
Wavelength accuracy: < ±2 nm (corrected)

Noise: <100 µAU @ mid-scale 
(with temperature control)

Light source: tungsten halogen
Power source: + 100/240 VAC, 1 Amp
Dimensions for DLP device: 100 mm 

(h) × 200 mm (w) × 200 mm (d)
Operating temperature: -20 °C to +60 °C
Humidity: 90% or less (no condensation) 

Tutorial:

https://training.
ti.com/fundamentals-
dlp-technology-
based-spectroscopy

Microscopes 
for microspec-
troscopy

The optics for a 
microspectroscopy instrument 
consist of both spectroscopic 

measurement components and 
visual observation components. 
The spectroscopic measurement 

components consist of a collimated 
energy source (typically from a 

scanning interferometer) that will 
transmit through (or reflect from) 

a sample; reflection optics to focus 
the spectroscopic beam onto 

the sample, an upper aperture, 
objective lens, sample translation 
stage, condenser optics, lower 

aperture, and detector. The visual 
observation components consist 

of a visible light source, beam 
splitter, refection optics to focus 

the visible beam onto the sample, 
an upper aperture, objective lens, 

sample translation stage, and 
binocular eyepieces to observe 
the visible image of the sample.

Types of microspectroscopy:
Fluorescence (UV-vis) 

Infrared (FT-IR): 4000–400 cm-1

NIR: 680–2600 nm 
Microfluorimetry

Raman: 5050–200 cm-1

UV-vis: 190–750 nm 
Power Source: + 100/240 VAC, 3–4 Amp

UV-vis-NIR
Detectors: Si and InGaAs

Wavelength range: 200–2500 nm
Spectral resolution: 10 nm

Spatial resolution: 1–100 µm 

FT-IR 
Detectors: DTGS or MCT-A

Wavenumber range: 4000–400 cm-1

Spectral resolution <10 cm-1

Spatial resolution: 1–100 µm 

Raman 
Detectors: CCD

Wavenumber range: 5050–200 cm-1

Spectral resolution <10 cm-1

Spatial resolution: 1–100 µm, maxi-
mum: 1 µm; confocal depth: 2 µm

Tutorial:

https://www.sci-
encedirect.com/
topics/chemistry/
ir-microspectroscopy

Hyperspectral 
imaging (HSI)

Hyperspectral imaging (HSI) is 
the collection of multiple spectra 
into a three- or four-dimensional 

data hypercube consisting of 
wavenumber (wavelength), and 

amplitude (two dimensions); 
and X- and Y-spatial coordinates 

(as the third dimension); and 
sometimes time sequence (as the 

fourth dimension). The optical 
configuration for HSI spectros-
copy instruments is the same 
basic instrument as a typical 

array spectrometer with special-
ized optics added to be able to 

project spectral images across a 
linear array or two-dimensional 
array detector system; as well 

as data processing software for 
handling multidimensional array 
data. Types of HSI systems and 
applications include laboratory, 

process, airborne, field, and 
unmanned aerial vehicle (UAV).

HSI devices cover multiple designs  
and wavelength regions.

UV-vis-NIR
Detectors: diode array

Wavelength ranges (typical): 400–1100 nm 
(1024 pixels); 950–1730 nm; 960–2500 nm

Spectral bands (channels): 70–300 
Spectral resolution: ~5–10 nm

S/R: >300–1200
Field of view (FOV): 15–30o

Acquisition speed: 400–1000 fps
Data bit resolution: 12–16 bit

Spatial resolution: adjustable onto ~2 pixels
Dimensions: (l × w × h) 
300 x 100 x 150 mm

HSI topics:

https://www.sci-
encedirect.com/
topics/medicine-
and-dentistry/hyper-
spectral-imaging

https://training.ti.com/fundamentals-dlp-technology-based-spectroscopy
https://www.sciencedirect.com/topics/chemistry/ir-microspectroscopy
https://www.sciencedirect.com/topics/medicine-and-dentistry/hyperspectral-imaging
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VENDOR PERSPECTIVES

What are the some of the most important things that you wished instrument users 
understood better?
Optical fiber probes enable to use key spectroscopy methods for remote reaction monitoring and 
process control, and I wish instrument users to better understand the benefits of different types of 
spectroscopy fiber probes for these applications.

Spectroscopy fiber probes enable the development of new approaches in medicine. One 
of the challenging applications is to define tumor margins in-vivo using optical spectroscopy.  
Malignant and healthy tissues may be differentiated by fluorescence or molecular spectroscopy 
methods: Raman scattering, IR-absorption, or diffuse reflection. Development of the spectral systems 
and sensors will help to define tumor margins in vivo, and secure its complete removal.
Viacheslav Artyushenko, Managing Director, art photonics GmbH
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What tools or innovations will be needed to advance analytical spectroscopy  
in the next 5 years?
Analytical spectroscopy is expanding its presence in industrial quality control departments.  
As companies peer ever deeper into the chemical and structural properties of their products, it will 
be increasingly common for laboratory levels of confocality, spatial resolution, and fluorescence 
rejection to be required outside of dedicated research groups. Therefore, advances in user interfaces 
and automation will be necessary to make powerful analytical tools easy to use for non-specialists. 
The technology is moving very quickly in this direction, and Raman microscopes capable of complex 
measurements at very high measurement rates are already starting to appear in the marketplace.

Thomas Dieing, Product Manager at WITec GmbH
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What do you think is one of the biggest challenges currently facing 
molecular spectroscopy?
Molecular spectroscopy continues to play a key role in being able to answer questions 
around bacteria and viruses using techniques such as fluorescence and the PCR technique, 
NIR spectroscopy, and vibrational spectroscopy such as FT-IR and Raman spectroscopy.  
Our customers are now demanding that their research instrumentation is powerful enough to not 
only be capable of sensitive single techniques, but carry out multiple techniques in one solution. 
Combining Raman and fluorescence, fluorescence and UV-vis, or FT-IR and fluorescence is a 
challenge we try to tackle in our design and manufacture every day.

Alistair Rennie, Group Head of Product, Edinburgh Instruments
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Evaluation of the models created by raw 
spectra and the spectra processed by a 
single method demonstrated the different 
preprocessing methods combined are use-
ful for creating a portable NIR wood species 
identification model, and portable NIR spec-
troscopy combined with PLS-DA model can 
be used to rapidly and accurately identify 
five similar Cinnamomum species. From the 
practical point of view, further advancement 
of the method would examine the feasibility 
of identifying external wood samples based 
on models created by wood specimens from 
the wood herbarium. However, this study was 
limited in the number of wood specimens 
and the external origin of wood samples. 
The performance comparison of the three 
species sanded spectral model and the not-
sanded spectral model demonstrated that 
creating a discriminant model using wood 
specimens from the wood herbarium was 
feasible. And the study suggests that speci-
men surface natural changes influence the 
NIR model performance. The natural change 
surface of specimens should be removed 
(samples sanded) to create NIR models with 
improved identification accuracy. 
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What tools or innovations will be needed to advance analytical spectroscopy in the 
next five years?
Manufacturers of sample prep, sample handling, and sample introduction systems will need 
to further reduce the elemental background in all materials they use that have contact with the 
sample. Although fluoropolymers are becoming more widely used, the sensitivity of modern 
ICP-MS instruments means that switching fluoropolymers alone for sample contact situations 
does not guarantee lower blanks. Manufacturers will need to use the highest purity grades of 
fluoropolymer resin and find ways to mold products in a cleaner way such as the use of HEPA 
filtration and mini clean environments around the molding press. 

Don Potter, Executive Adviser, Savillex
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Raman spectrometers
Metrohm’s Raman 
spectrometers are 
designed to deliver 
insights about reaction 
dynamics, blending, 
and other processes. 
According to the company, 
the spectrometers 
provide qualitative 
and quantitative chemical information and are easy to 
integrate into production or in situ experiments. 
Metrohm USA, Inc.,  
Riverview, FL.  
www.metrohm.com

UV-vis-NIR cuvettes
REFLEX Analytical’s 
UV-vis-NIR cuvettes and 
cells are designed from UV 
quartz, IR quartz, and glass 
materials. According to 
the company, the cuvettes 
are assembled by direct 
fusion, ensuring resistance 
to chemical attack and 
extremes of temperature, 
and are available with fitted covers, plugs, screw caps, 
anaerobic screw caps, and graded seals.  
REFLEX Analytical Corporation,  
Ridgewood, NJ. www.reflexusa.com

Diamond ATR accessory
The IRIS diamond 
attenuated total reflection 
(ATR) accessory from PIKE 
is designed for infrared 
(IR) sampling for powders 
gels, liquids, solids, and 
more. According to the 
company, the accessory 
is suitable for research, 
QA/QC, and sample 
identification. 
PIKE Technologies,  
Madison, WI.  
www.piketech.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

PRODUCTS & RESOURCES

We tried to indicate what about the spec-
tra can be important for some obvious 
applications, providing literature refer-
ences in order for the reader to start 
planning their work. 

Good luck!
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TABLE III: D to G ratio calculated from the maximum intensity of the raw 
spectra, from the peak heights of the fitted spectra, and from the integrated 
areas of the fitted spectra.

Raw Spectra Fitted Height Integrated 
Area

k4 I(D)/I(G) 0.73 1.3 3.33

t4 I(D)/I(G) 0.83 1.23 2.88
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