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Abstract: In the present study we have developed a new version (ND-NIRs) of a
polychromator-type near-infrared (NIR) spectrometer with a high-resolution photo diode array
detector, which we built before (D-NIRs). The new version has four 5 W halogen lamps
compared with the three lamps for the older version. The new version also has a condenser
lens with a shorter focal point length. The increase in the number of the lamps and the
shortening of the focal point of the condenser lens realize high signal-to-noise ratio and
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high-speed NIR imaging measurement. By using the ND-NIRs we carried out the in-line
monitoring of pharmaceutical blending and determined an end point of the blending
process. Moreover, to determinate a more accurate end point, a NIR image of the blending
sample was acquired by means of a portable NIR imaging device based on ND-NIRs. The
imaging result has demonstrated that the mixing time of 8 min is enough for homogeneous
mixing. In this way the present study has demonstrated that ND-NIRs and the imaging
system based on a ND-NIRs hold considerable promise for process analysis.

Keywords: near-infrared imaging; powder blending; in-line monitoring

1. Introduction

In modern pharmaceutical industries, the idea of new quality management has been proposed for the
delivery of reliable pharmaceutical products. The idea is the quality by design (QbD) approach. QbD is
an approach that clarifies the factors which significantly influence the quality properties of the
medicine from the stage of the formulation design and the process design, and it carries out the quality
control based on a scientific basis [1]. Process analytical technology (PAT) is used to analyze the
manufacturing process, determine the factors essential for understanding the manufacturing process,
and clarify variable factors that affect quality control [2,3]. PAT is positioned as a powerful technology
to achieve the QbD approach. To evaluate the quality of an oral medication, the monitoring of
component distribution including that of active pharmaceutical ingredient (API) is essential. It is well
known that spectroscopic technology is attractive for the non-destructive monitoring of pharmaceutical
tablets [3—11]. Evaluation methods for inhomogeneity in a tablet based on ultraviolet-visible (UV-Vis)
spectroscopy and high performance liquid chromatography (HPLC) were developed about two decades
ago [10,11]. However, the UV-Vis spectroscopy methods are usually based on destructive methods, so
there are only a few reports on the use of UV-Vis spectroscopy in the quantitative analysis of tablet
components. Recently a number of research groups have been involved in the development of
vibrational spectroscopy methods for PAT [4-10]. Near-infrared (NIR) spectroscopy in particular has
attracted keen interest as a powerful PAT method since it has superior features for real time
monitoring; it is a non-destructive and non-contact method [4,12]. Moreover, NIR can use optical
fibers, allowing remote-sensing. Imaging techniques in the NIR region have also been developing [13—-19].

Our research group has been involved in PAT studies through the development of new NIR
instruments, particularly, imaging instruments [15,19-21]. We recently developed a distribution type
NIR spectrometer (D-NIRs), which is an NIR imaging instrument based on a polychromator-type NIR
spectrometer with a high sensitivity and high-resolution photodiode array detector (PDA). The portability
of D-NIRs is superior. The size of the imaging unit is only 3 liter volume. D-NIRs enables high speed
monitoring (25 ms/pixel) and high wavelength resolution (1.25 nm) of NIR imaging due to the newly
developed Indium Gallium Arsenide (InGaAs) detector. The detector consists of a high-density PDA
containing 640 elements with 20-um pitch. InGaAs photodiodes with a wavelength sensitivity of
900-1700 nm (photoreceptive sensitivity: 0.8 at 1550 nm) are used [20].
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A NIR image obtained during the water dissolution process of a tablet demonstrated the potential of
D-NIRs as a PAT tool [19,22-24]. Of course, NIR images of tablets measured by using D-NIRs can
clarify the distribution and the relative abundance of chemical components in the tablets [15]. It was
successfully demonstrated that D-NIRs is an attractive tool for PAT and that it can be applied for QbD.

However, evaluation methods for pharmaceutical blending process based on NIR imaging are still
under development, although the blending process can be monitored by NIR spectra [10,11,25] and it
was reported that NIR imaging technique can be utilized for studying the effects of the particle sizes of
chemical components on the blending process [26]. In addition, the end point of the blending process
was determined by using a NIR imaging technique [27]. However, in this case it took long time to get
an image and also the wavelength resolution was very low. Thus, it would be highly desirable to
develop a NIR imaging system that enables both high speed and high wavelength resolution
measurements in NIR imaging.

Quite recently, as a part of the present study we have built a new type of D-NIRs named ND-NIRs.
The new type has four 5 W halogen lamps as light sources, that is, one more halogen lamp than the
original type. In addition, in the scanning unit of ND-NIRs the focal length of the condenser lens is
shortened to optimize the performance of the optical scanning system. The increase in the number of
lamps together with the shortening of the focal length has enabled about seven times faster imaging
measurements compared with the original version. The purpose of the present study was to carry out
the in-line monitoring of a pharmaceutical blending process and the determination of an end point of
this blending process by using a ND-NIRs, polychromator-type NIR spectrometer with high speed and
high wavelength resolution. Moreover, to determinate an accurate end point in a short time, a NIR image of
the blending sample was acquired by means of a portable NIR imaging device based on ND-NIRs.

2. Results and Discussion
2.1. NIR Spectra of Ascorbic Acid, D-mannitol and Magnesium Stearate

Figure 1 shows: (a) diffuse-reflectance (DR) NIR spectra and (b) the second derivative spectra of
powder of ascorbic acid (AsA), D-mannitol and magnesium stearate in the 950-1700 nm region.
Narrow bands of AsA at around 1361 and 1458 nm may be due to the first overtones of stretching
vibrations of free and intermolecular hydrogen-bonded OH groups, respectively [28]. A broad
absorption in the 1150-1250 nm region of AsA may be assigned to the second overtones of CH
stretching vibrations [28]. A broad absorption in the 1490-1590 nm region of D-mannitol may be
assigned to the first overtones of OH stretching vibrations.

2.2. Evaluation of Inhomogeneity during Blending Process by In-Line NIR Spectrometer

Figure 2 shows a series of second derivative spectra of the blending sample measured during
rotation mixing. The inset of Figure 2 depicts the enlargement of the 1445-1475 nm region. It is noted
that the peak intensity at 1458 nm due to the first overtone of the OH stretching vibration mode of AsA
changes with time. The band of 1458 nm is not detected in the initial stage of the mixing. However,
this band becomes strong as mixing proceeds. The spectrum measured at 0 s reflects D-mannitol only;
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the band at 1495 nm arises only from the first overtone of the OH stretching mode. The intensity at
1495 nm becomes intense with mixing.
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Figure 1. (a) NIR spectra of ascorbic acid, D-mannitol and magnesium stearate; (b) The
second derivative of the spectra shown in (a).
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Figure 2. The second derivative spectra of mixing sample measured during the blending process.

Figure 3 plots a 5-point moving block standard deviation of the peak intensity at 1458 nm in the
second-derivative spectra versus time. We also prepared similar plot by using the band at 1495 nm due
to D-mannitol. The 1495 nm band gave similar result to the 1458 nm band. It is noted in Figure 3 that
during the initial stage of mixing, the powder sample in the vessel is inhomogeneous, and therefore,
the standard deviation (SD) value is high. As mixing proceeds, the sample becomes homogeneous.
Then, the spectra of the mixtures of ascorbic acid, D-mannitol and magnesium stearate as the mixing
ratio are detected, and thus, the spectral variation decreases, yielding a low SD value. The result in
Figure 3 shows that the SD gives a constant value around 168 s after the start of rotation mixing. Thus,
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it is very likely that the sample in the bottle becomes homogeneous after 168 s. Note that the SD does
not exceed 0.00002 after 168 s.
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Figure 3. A plot for standard deviation of the second derivative intensity at 1,458 nm
versus time. The DR-NIR spectrum was measured with 4 s intervals.

2.3. Evaluation of Inhomogeneity during Blending Process by NIR Imaging

Figures 4-6 depict: (a) images for the distribution of AsA and (b) binary images for mixing times of
1, 8, and 15 min. A binary image is the two color image, it usually consists of white and black color.
To determine the color in an image, the arbitrary threshold is defined prior to the visualization from the
digital numbers and intensities, etc. of all pixels. Figure 7a—c show the second derivative spectra
collected at different points in the two-dimensional image of the blend sample at 1 min after the start
of blending. In the measurement of two-dimensional image of blend sample NIR spectra acquisition,
second differentiation treatment, and absorbance mapping using specific wavelength were carried out
at the same time. The ND-NIRs allows the spectral acquisition in 242 s for a measurement area of
5 mm x 5 mm, spatial resolution 0.1 mm in the wavelength region of 934-1713 nm, with the
wavelength resolution of 1 nm. In this system the number of data is 2601 pixels times 780 absorbance
data = 202,878 datapoints. Table 1 summarizes the measurement times for various measurement
conditions. The results in the table demonstrate that ND-NIRs can provide two-dimensional spectra
imaging data at a high speed. Second derivative spectra of one pixel (one point) shown in Figure 7
demonstrate that they catch clearly the specific absorption wavelength of 1458 nm due to AsA. These
results suggest that ND-NIRs has high signal-to-noise ratio and high wavelength resolution, enabling
the correction of base line deviation and the band separations without the influence of the increase of
noise induced by the second derivative treatment. Each point spectrum obtained from the binary images
corresponds well to the spectrum of AsA, showing that the sample existing in the points is AsA.
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Table 1. Measurement time for each condition by ND-NIRs.

Measurement Area 5 mm X 5 mm
Spatial Resolution 1 mm 0.5 mm 0.2 mm 0.1 mm
Number of Measurement Point
36 121 676 2061
(Number of Spectra Data)
Measurement Time 5s 13s 64 s 242 s
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Figure 4. (a) The second derivative intensity mapping image of the mixing sample at 1 min
after the start of the blending. (b) A binary image of the sample at 1 min after the start of
the blending. A binary image developed by arbitrary threshold value.

Second
Derivative
a b
5.0 (') _ \ 0 5.0 (
4.0
3.0 €
£ E
B 2x10% 2
X
@®
>_‘F 2.0 Ni
1.0
0. I-4><10“‘ 0.0
0.0 1.0 2.0 3.0 4.0 5.0 0.0
X-axis/mm X-axis/mm
(X0.0:Y0.0) (X3.5:Y1.4)

Figure 5. (a) The second derivative intensity mapping image of the mixing sample at
8 min after the start of the blending. (b) A binary image of the sample at 8§ min after the
start of the blending. A binary image developed by arbitrary threshold value.
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Figure 6. (a) The second derivative intensity mapping image of the mixing sample at 15 min
after the start of the blending. (b) A binary image of the sample at 15 min after the start of
the blending. A binary image developed by arbitrary threshold value.
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Figure 7. (a) The second derivative spectra at X3.8, Y0.5 and X1.4, Y4.7 points of the
binary image of the blending at 1 min after the start of the blending. (b) Those at X0.0,
Y0.0 and X3.5, Y1.4 points. (¢) Those at X0.0, Y3.7 and X2.4, Y1.0 points.
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We calculated area ratios (pixel ratios) of AsA and non-AsA from the binary images, and then
estimated the temporal change in the relative amount of AsA. The area ratio of AsA in the binary
images of two-dimensional spectra at the mixing time of 1, 8, and 15 min was 1.49%, 9.57%, and
8.74%, respectively. The relative amount of AsA at the mixing time of 8 and 15 min was almost the
same as that the initial sample throw amount (10%). On the other hand, the relative amount of AsA at
the mixing time of 1 min was much smaller, indicating that the mixing is insufficient. From the present
result we can conclude that the mixing time of 8 min is enough for homogeneous mixing.

3. Experimental Section
3.1. New NIR Imaging Device (ND-NIRs)

A new version of D-NIRs (Yokogawa Electric Co., Tokyo, Japan) has been developed for the
collection of two-dimensional DR-NIR spectra data. Its imaging unit consists of galvanic mirrors,
condenser lenses, a rectangular prism, a fiber-optic cable, and four halogen lamps as shown in Figures 8
and 9. There are two significant major differences between the original version (D-NIRs) and the new
version (ND-NIRs). One is the number of lamps. The new version has four 5 W halogen lamps while
the old version had only three. This increase in the number of lamps increased the light power
significantly. Another important difference between the two versions is the length of the focal point of
the condenser lens. The length has become significantly shorter in the new version (70 mm) compared
with that in the old version (100 mm), greatly increasing the signal intensity. The increase in the
number of the lamps and shortening of the focal length of the condenser lens achieve high signal-to-noise
ratio, enabling high-speed NIR imaging measurement. Figure 10 plots a root mean square (rms) noise
of D-NIRs and ND-NIRs at the high-light flux. The rms noise evaluation test between D-NIRs and
ND-NIRs that was carried out in accordance with the US Pharmacopeia [29]. The rms noise level of
the old version is 0.5 mAbs/0.5 s, while that of the new version is 0.05 mAbs/0.5 s. The measurement
speed of the new version (11 s/100 pixels) has become seven times higher compared with that of the
original one (80 s/100 pixels).

It is also notable that the size of the new imaging unit is only 220 % 90 x 150 mm due to the
contribution of these optimized elements in the imaging unit. The irradiation energy from the four
halogen lamps reaches a sample, and the diffuse reflected reaches the galvanic mirror. Finally, this
signal is detected by a spectrometer named P-NIRs through the optical fiber. P-NIRs was also developed
as a new spectrometer by our research group [20]. The high speed spectra mapping of 13 s per 25 mm?
area of ND-NIRs is due to the P-NIRs. The superior futures of P-NIRs were reported in a previous
paper [20,21]. The maximum scan area of ND-NIRs is 10 x 10 mm, and its spatial resolution is 25 pm.

3.2. Data Collection

The blending machine was rotated by 15 rpm in 15 min. The spectrometer, P-NIRs, was placed
under this machine (Figure 11), and when the machine returned to the original position, the DR-NIR
spectrum of blending powder was recorded by P-NIRs. The NIR spectra in the 950-1700 nm region
were measured with a 1 nm interval, and they were converted to CSV format immediately. These
spectral data were subjected to Savitzky-Golay (SG) smoothing and then to second derivative
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treatment with 19 point, and 2nd order [30]. Two-dimensional measurements of DR-NIR spectra were
carried out several times by using a ND-NIRs. DR-NIR spectra at each pixel were obtained by line
scanning method, and the peak at 1458 nm due to the first overtone of OH stretching vibration of AsA
identified by the point measurement was used for the NIR mapping.

B

Y
10mm

Figure 8. Overview of the developed NIR imaging device (ND-NIRs). A: X axis galvano
mirror, B: Y axis galvano mirror, C: 5 W halogen lamp, D: Condensing lens 1, E: Right
angle prism mirror, F: Condensing lens 2, G: Optical fiber cable.

Figure 9. Outline of D-NIRs. A: P-NIRs, B: XY scanning unit, C: control unit, D: Sample
plinth with temperature control function.
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Figure 10. A plot for root mean square noise of D-NIRs and ND-NIRs at high-light flux.

Figure 11. Outline of the blending test setup. A: P-NIRs for the in-line blending process
monitor, B: Vessel-type blending machine.

3.3. Sample Preparation

Ascorbic acid (AsA), magnesium stearate and D-mannitol were purchased from Kanto Chemical
Co., Inc. (Tokyo, Japan), and their powders were prepared for blending. These materials were
introduced into a vessel type blending machine (Tsutsui Scientific Instruments Co., Ltd., Taito-ku,
Japan). The outline of the blending test setup is shown in Figure 3. To monitor the blending process,
each material was added in the order D-mannitol, magnesium stearate and AsA. Finally, the prepared
powder consisted of 88% (w/w) D-mannitol, 2% (w/w) magnesium stearate and 10% (w/w) AsA.

4. Conclusions

We have developed a new version of a polychromator-type NIR spectrometer with a high-resolution
photo diode array detector, which we built before (D-NIRs). The new version has achieved a high



Molecules 2015, 20 4017

signal-to-noise ratio and a high speed. The noise level of the new version is 10 times lower than that of
the old version, and the measurement speed of the new version is seven times higher than that of the
original one. By using the new version we performed an in-line evaluation of inhomogeneity during a
blending process and determined the end point for homogeneous mixing. The evaluation of
inhomogeneity during the blending process was also carried out by NIR imaging. Two-dimensional
spectra of mixing samples were measured at different times. The NIR imaging revealed that the
distribution of AsA in the blend sample changes with time. It has turned out that the mixing time of 8
min is sufficient for homogeneous mixing. The present study has demonstrated that NIR imaging is
very useful for further understanding of the result of in-line monitoring of blending process.

Acknowledgments

The study was supported by “Innovation Promotion Program” of New Energy and Industrial
Technology Development Organization (NEDO), Ministry of Economy, Trade and Industry, Tokyo, Japan.

Author Contributions

K.M., D.I. and T.G. designed research; K.M., H.S., T.G. and M.K. performed the experimental
work; K.M., D.I. and Y.O. analyzed data; K.M. and Y.O. wrote the paper.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. International Conference on Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use. ICH Harmonized Tripartite Guideline Pharmaceutical
Development Q8 (R2). Available online: http://www.ich.org/fileadmin/Public Web_Site/ICH
Products/Guidelines/Quality/Q8 R1/Step4/Q8 R2 Guideline.pdf (accessed on 15 January 2015).

2. US Food Drug Administration. Guidance for Industry, PAT: A Framework for Innovative
Pharmaceutical Development, Manufacturing, and Quality Assurance. Available online:
http://www.fda.gov/downloads/Drugs/Guidances/ucm070305.pdf (accessed on 15 January 2015).

3. Bakeev, K.A. Process Analytical Technology, 1st ed.; Blackwell Publishing: Oxford, UK, 2005;
pp. 13-38.

4. Ozaki, Y.; Amari, T. Near-Infrared Spectroscopy in Chemical Process Analysis; Sheffield
Academic Press: Sheffield, UK, 2000; pp. 53-95.

5. Andersson, M.; Folestad, S.; Gottfries, J.; Johansson, M.O.; Josefson, M.; Wahlund, K.G.
Quantitative analysis of film coating in a fluidized bed process by in-line NIR spectrometry and
multivariate batch calibration. Anal. Chem. 2000, 72, 2099-2108.

6. Kogermann, K.; Aaltonen, J.; Strachan, C.J.; Pollanen, K.; Heinamaki, J.; Yliruusi, J.; Rantanen, J.
Establishing quantitative in-line analysis of multiple solid state transformations during dehydration.
J. Pharm. Sci. 2008, 97, 4983—4999.



Molecules 2015, 20 4018

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Li, W.; Worosila, G.D.; Wang, W.; Mascaro, T. Determination of polymorph conversion of an
active pharmaceutical ingredient in wet granulation using NIR calibration models generated from
the premix blends. J. Pharm. Sci. 2005, 94, 2800-2806.

Trafford, A.D.; Jee, R.D.; Moffatand, A.C.; Graham, P. A rapid quantitative assay of intact
paracetamol tablets by reflectance near-infrared spectroscopy. Analyst 1999, 124, 163—-167.
Rantanen, J.; Résdnen, E.; Tenhunen, J.; Kéansdkoski, M.; Mannermaa, J.P.; Yliruusi, J.
In-line moisture measurement during granulation with a four-wavelength near infrared sensor: An
evaluation of particle size and binder effect. Eur. J. Pharm. Biopharm. 2000, 50, 271-276.
Sekulic, S.S.; Ward, H.W., II; Brannegan, D.R.; Stanley, E.D.; Evans, C.L.; Sciavolino, S.T.;
Hailey, P.A.; Aldridge, P.K. On-Line Monitoring of Powder Blend Homogeneity by Near-Infrared
Spectroscopy. Anal. Chem. 1996, 68, 509-513.

El-Hagrasy, A.S.; Delgado-Lopez, M.; Drennen, J.K., III. A Process Analytical Technology
approach to near-infrared process control of pharmaceutical powder blending: Part II: Qualitative
near-infrared models for prediction of blend homogeneity. J. Pharm. Sci. 2006, 95, 407-421.
Ozaki, Y. Near-infrared spectroscopy—Its versatility in analytical chemistry. Anal. Sci. 2012, 28,
545-563.

Sasié, S.; Ozaki, Y. Raman, Infrared, and Near-Infrared Chemical Imaging; John Wiley & Sons
Ltd.: Hoboken, NJ, USA, 2009.

Shinzawa, H.; Awa, K.; Ozaki, Y. Compression induced morphological and molecular structural
changes of cellulose tablets probed with near infrared imaging. J. Near Infrared Spectrosc. 2011,
19,15-22.

Ishikawa, D.; Murayama, K.; Genkawa, T.; Awa, K.; Komiyama, M.; Ozaki, Y. Development of
compact near infrared imaging device with high-speed and portability for pharmaceutical process
monitoring. NIR News 2012, 23, 14—17.

Unger, M.; Ozaki, Y.; Siesler, H-W. Variable-Temperature Fourier Transform Near-Infrared
(FT-NIR) Imaging Spectroscopy of the diffusion process of Butanol (OD) into Polyamide 11.
Appl. Spectrosc. 2011, 65, 1051-1055.

Neil Lewis, E.; Schoppelrei, J.; Lee, E. Near-infrared Chemical Imaging and the PAT
Initiative-NIR-CI adds a completely new dimension to conventional NIR spectroscopy.
Spectroscopy 2004, 19, 26-36.

Gao, P.; Meury, R.H. Swelling of hydroxypropyl methylcellulose matrix tablets. 1. Characterization
of swelling using a novel optical imaging method. J. Pharm. Sci. 1996, 85, 725-731.

Ishikawa, D.; Murayama, K.; Genkawa, T.; Awa, K.; Komiyama, M.; Sergei, K.; Ozaki, Y.
Application of a newly developed portable NIR imaging device to dissolution process monitoring
of tablets. Anal. Bioanal. Chem. 2013, 405, 9401-94009.

Murayama, K.; Genkawa, T.; Ishikawa, D.; Komiyama, M.; Ozaki, Y. A polychromator-type
near-infrared spectrometer with a high-sensitivity and high-resolution photodiode array detector for
pharmaceutical process monitoring on the millisecond time scale. Rev. Sci. Instrum. 2013, §4, 023104,
doi:10.1063/1.4790413.



Molecules 2015, 20 4019

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ishikawa, D.; Genkawa, T.; Murayama, K.; Komiyama, M.; Ozaki, Y. Feasibility study of diffuse
reflectance and transmittance near infrared spectroscopy for rapid analysis of ascorbic acid
concentration in bilayer tablets using a high-speed polychromator-type spectrometer. J. Near
Infrared Spectrosc. 2014, 22, 189—-197.

Otsuka, M.; Tanabe, H.; Osaki, K.; Otsuka, K.; Ozaki, Y. Chemoinformetrical Evaluation of
Dissolution Property of Indomethacin Tablets by Near-Infrared Spectroscopy. J. Pharm. Sci. 2007,
96, 788-801.

Van der Weerd, J.; Kazarian, S.G. Combined approach of FTIR imaging and conventional
dissolution tests applied to drug release. J. Control. Release 2004, 98, 295-305.

Kazarian, S.G.; van der Weerd, J. Simultaneous FTIR Spectroscopic Imaging and Visible
Photography to Monitor Tablet Dissolution and Drug Release. Pharm. Res. 2004, 25, 853—860.
Ufret, C.; Morris, K. Modeling of powder blending using on-line near infrared measurements.
Drug Dev. Ind. Pharm. 2001, 27, 719-729.

Li, W.; Woldu, A.; Kelly, R.; McCool, J.; Bruce, R.; Rasmussen, H.; Cunningham, J.; Winstead, D.
Measurement of drug agglomerates in powder blending simulation samples by near infrared
chemical imaging. Int. J. Pharm. 2008, 350, 369-373.

El-Hagrasy, A.S.; Morris, H.R.; D’amico, F.; Lodder, R.A.; Drennen, J.K., III. Near-Infrared
Spectroscopy and Imaging for the Monitoring of Powder Blend Homogeneity. J. Pharm. Sci. 2001,
90, 1298-1307.

Lui, H.; Xiang, B.; Qu, L. Structure analysis of ascorbic acid using near-infrared spectroscopy and
generalized two dimensional correlation spectroscopy. J. Mol. Struct. 2006, 794, 12—17.

Cogdill, R.P.; Anderson, C.A.; Delgado-Lopez, M.; Molseed, D.; Chisholm, R.; Bolton, R.;
Herkert, T.; Afnan, A.M.; Drennen, J.K., III. Process Analytical Technology Case Study Part I:
Feasibility Studies for Quantitative Near-Infrared Method Development. AASP Pharm. Sci. Tech.
2005, 6, 262-272.

Savitzky, A.; Golay, M.J.LE. Smoothing and differentiation of data by simplified least squares
procedures. J. Anal. Chem. 1964, 36, 1627-1639.

Sample Availability: Not available.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



