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I  Introduction 
L-ascorbic acid (L-AA), also known as vitamin C, is a 

water-soluble vitamin. It can be found widely in many plant 
materials, such as fruit and vegetables. Recently, many food 
products, such as juices and sports drinks, are fortified with 
L-AA. This is because L-AA is an essential nutrient and 
antioxidant, and thus plays an important role in health. Hence, 
there is increasing demand for vitamin C in both fresh and 
processed foods and drinks. Of the L-AA that is found in fresh 
food, such as fruits and vegetables, is however subject to 
degradation such process as heating, etc (Lee & Kader, 2000). 
For this reason, it is highly desirable to be able to quantify 
L-AA in foods, especially in juices or sports drinks, for 
quality control purposes. 

Many papers have established non-spectroscopic methods 
for L-AA determination.  These conventional methods 
include titrimetry, chemiluminescence, fluorometric, 
chromatographic and electrochemical methods (Arya et al., 
1998; Arya et al., 2000). Each method though has its 
limitations. For example, while the titrimetry method using 
dichlorophenolidophenol as the titrant is rapid, the titrant 
itself is unstable and must be standardized before use. In the 
case of the chromatographic method, while it is accurate, it is 
expensive and time consuming.  

Of the spectroscopic methods, Blanco et al., (1993) reports 
using near infrared (NIR) spectroscopy coupled with 

step-wise multiple linear regression (SMLR) and partial least 
squares (PLS) regression to determine L-AA in 
pharmaceutical products at concentrations of 16.67%, 22.88% 
and 40% . In this analysis relative standard error (RSE) was 
used to assess the quality of the calibration and validation 
model, both for the SMLR and PLS regression. The RSE for 
the SML regression was 0.59-1.82% (calibration), and 
0.72-2.34% (validation); and 0.69-2.46% (calibration), 
0.89-2.85% (validation) for PLS regression. Spectroscopic 
methods using NIR, Mid Infrared (MIR) and Raman 
spectroscopy for determination of L-AA in powder and liquid 
samples has been reported by Yang & Irudayaraj (2002). In 
these measurements, coefficients of determination (R2) for 
L-AA were 0.966-0.999, 0.973-0.980, and 0.941 for MIR, 
NIR and Raman spectroscopy, respectively. In the same report, 
determination of L-AA concentrations in the mid infrared 
region was conducted using Fourier transform infrared 
attenuated total reflectance (FTIR-ATR) spectroscopy in 
aqueous solutions. It was also demonstrated that using FTIR- 
ATR in the mid infrared region provided the best prediction of 
L-AA concentration, with R2 = 0.999 and the lowest standard 
error of cross-validation (SECV) =0.23%. In the far infrared 
region, an investigation of vibrational spectra of L-AA at low 
frequencies (below 100 cm-1) using terahertz time domain 
spectroscopy (THz-TDS) was reported by Binghua et al., 
(2008). However, determination of L-AA concentrations 
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Fig. 1 FARIS-1S spectrometer used for THz spectral 
acquisition (JASCO Corp., Japan) 
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using FTIR-ATR in the far infrared region including low and 
high frequency has not been reported yet. The use of this 
region for spectroscopic analysis, which is now known as the 
terahertz (THz) region, has to date been little explored due to 
the lack of appropriate generating and detecting devices.  

Recent developments in both emitting and more readily 
detecting methods of THz radiation have enabled terahertz 
spectroscopy to be undertaken. THz spectroscopy utilizes 
electromagnetic waves ranging from 0.1 to 10 THz. One THz 
corresponds to 33.33 cm-1, 4.14 meV, and has a wavelength of 
300 μm (Beard et al., 2002; Pickwell and Wallace, 2006; 
Baxter and Guglietta, 2011; Ferguson and Zhang, 2002). This 
region, especially in the low frequencies (0.3–6.0 THz, or 
about 10–200 cm-1) is rich in information about 
intra-molecular and inter-molecular vibrational modes in 
biological molecules (Laman et al., 2008). While NIR and 
mid infrared spectroscopy utilize electromagnetic radiation 
which correspond to stretching or bending motions of 
individual bonds in the molecule, in the far infrared or THz 
region electromagnetic radiation corresponding to motions of 
the entire structure  is utilized (Laman et al., 2008). THz 
radiation has low photon energies (1 THz = 4.14 meV), one 
million times weaker than x-rays, and will not cause harmful 
photo ionization in biological tissues. This has advantages 
both for imaging biological materials, and in food analysis. In 
addition to being considered safe for most applications, THz 
radiation can penetrate through many commonly used 
non-polar dielectric materials such as paper, cloth, cardboard, 
textiles, plastics, wood, leather and ceramics with moderate 
attenuation. This allows THz spectroscopy to be used in 
non-invasive and non-destructive inspection systems. The 
range of potential applications for THz spectroscopy is 
expanding with the increased availability of many absorption 
spectra discovered recently in the THz region (e.g., fingerprint 
spectra). Those spectra are peculiar to specific chemicals, 
including vitamins, sugars, pharmaceuticals, and agricultural 
chemicals (Kawase et al., 2003). One study successfully 
applied a THz imaging technique for non-invasive detection 
of illicit drugs inside an envelope (Kawase et al., 2003). Other 
studies successfully acquired low vibrational spectra (below 
200 cm-1 of wavenumber) of riboflavin (vitamin B2) and 
related compounds, and spectral absorbance of several fatty 
acids and their analogues (Takahashi et al., 2005; Jiang et al., 
2011). 

Water, a strongly polar liquid, is highly absorptive in the 
THz region (Ogawa et al., 2009; Querry et al., 1991). 
Therefore, it has not been recommended for use with the 
transmittance method of THz spectral probing in aqueous 
solutions. To overcome this limitation, the attenuated total 
reflectance (ATR) method is widely used for aqueous samples 

in the THz region, instead of using the transmittance method. 
There has however been no significant report on the 
application of FTIR-ATR-THz spectroscopy coupled with 
chemometric method for determination of L-AA in aqueous 
solutions. Therefore, the objective of this study was to 
demonstrate the potential use of FTIR-ATR-THz spectroscopy 
for quantification of L-AA in aqueous solutions. Specifically, 
a calibration model for L-AA using full spectrum partial least 
squares (FS-PLS) regression is developed. This calibration 
model can be used to predict the concentration of L-AA in 
aqueous solutions. 

 
II  Materials and Methods 

1.  Spectrometer for THz spectral acquisition 
THz spectra of L-AA solutions were acquired using a 

Fourier-transform infrared (FTIR) based spectrometer 
(FARIS-1S, JASCO Corp., Japan) (Figure 1). This system is 
based on a FTIR spectrometer (range of measurement: 20-450 
cm-1 or 0.6-13.5 THz) with a special light source made from a 
high pressure mercury lamp as a THz generating device. This 
lamp has low spectral intensity in the low frequency range 
(Hangyo et al., 2002). To solve this problem, a beam splitter 
made from silicon, which has high transmittance in the THz 
region, was used instead of one made from mylar. The THz 
spectral acquisition system was also equipped with an 
attenuated total reflectance (ATR) chamber. In this ATR 
system, a silicon prism which has high refractive index in the 
THz region was used as an internal reflection element (IRE). 
The spectrometer was also equipped with a room-temperature 
pyroelectric sensor made from deuterated L-alanine triglycine 
sulfate (DLTGS) as a detector. The software program Spectral 
Manager for Windows (JASCO Spectral Manager, JASCO 
Corp., Tokyo, Japan) was used to control the spectral 
acquisition process. 
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Table 1 Characteristic of calibration and cross-validation and 
prediction sample sets 

Items 
Calibration and 

cross-validation sample set 

Prediction 

sample set 

Number of samples 35 20 

Minimum value* 0 3.21 

Maximum value* 21.89 21.09 

Mean* 10.13 12.61 

Standard deviation* 6.69 6.81 

*Units % % 

 

2.  L-Ascorbic Acid (L-AA) Solutions 
L-ascorbic acid (L-AA) powder (Wako Pure Chemical 

Industries, Ltd., Japan) was used to prepare L-AA solutions, 
by dissolving the powder in distilled water. The solutions 
were stirred well with a mixer (Tube Mixer TRIO HM-, AS 
ONE, Japan). In this study, 55 samples of L-AA solution were 
prepared. The concentration range of the L-AA solutions was 
0-21% (mass/mass (w/w)). For FTIR-ATR-THz measurement, 
a 300μL sample of the L-AA solution was pipetted quickly 
onto the silicon prism surface using a micro pipette.  

The samples were divided into two sample sets.  A 
calibration and cross-validation sample set, consisting of 35 
samples. This set was used for developing the calibration 
model and performing the cross-validation test. And a 
prediction sample set, consisting of 20 samples, was used for 
prediction purposes. Table 1 shows the two sample sets in 
detail, and the range of L-AA concentrations in the calibration 
and cross-validation set, which covers the range in the 
prediction set.  

3.  ATR THz spectra acquisition 
FTIR-ATR-THz spectra of the L-AA solutions were 

acquired in the range 20-450 cm-1, using a 16 cm-1 of 
resolution. Each spectrum contains on average 200 scanning 
spectra. The reference for air was measured every 5 samples. 
The spectra intensity of samples and reference were obtained 
in single beam (SB) unit. During THz spectral measurement, 
the laboratory temperature and relative humidity were 
maintained at around 25°C and 70% respectively. The 
absorbance value of the sample was calculated using equation 
1. 

( ) ( )
( )ν
νν

R
SA 10log−=             (1) 

Where:   
( )νA  is absorbance at wavenumber ν  
( )νS  is intensity of sample at wavenumber ν  
( )νR  is intensity of air reference at wavenumber ν  

The calculated absorbance value was corrected using the 
ATR correction function provided in the software (JASCO 
Spectral Manager, JASCO Corp., Tokyo, Japan). The 
corrected values were used for further analysis. 

4.  Calibration model using full spectrum PLS 
(FS-PLS) regression 
To extract the relationship between THz spectra and the 

concentration of L-AA, a number of calibration models were 
developed using FS-PLS regression with different 
pre-processed spectra, including smoothing (moving average, 
median filter, Gaussian filter and Savitzky-Golay smoothing), 
and derivation (Savitzky-Golay first and second derivative). 
The internal validation method, known as full cross-validation, 
was conducted for each calibration model. FS-PLS regression 
is a very powerful and useful technique for quantitative 
studies in analytical science, including spectroscopy.  In this 
method, FS-PLS regression utilized both information from all 
wavenumbers of the THz spectra and the L-AA concentration 
data, and new variables called latent variables (PLS factors). 
In the development of all the calibration models, 20 PLS 
factors were set up as a maximum. Pre-processing of the 
spectra and the development of a calibration model using 
FS-PLS regression was performed by using the commercial 
multivariate analysis software The UnscramblerⓇ version 9.8 
(CAMO, Oslo, Norway). 

5.   Evaluation of the calibration model and prediction 
Performance of the calibration model and cross-validation 

was evaluated using the following statistical parameters; 
coefficient of determination between predicted and measured 
L-AA concentration (R2), root mean square error of 
calibration (RMSEC), root mean square error of 
cross-validation (RMSECV), and ratio of standard deviation 
to prediction error (RPD). Other important parameters are the 
range error ratio (RER) or ratio of range of the original data 
(maximum–minimum value) to standard error of 
cross-validation (SECV).  A good calibration model should 
have high R2, low RMSEC and RMSECV, but also a small 
difference between the two (Camps & Christen, 2009).  The 
quality of validation results were then evaluated using RPD 
and RER values. This is a qualitative measure for the 
assessment of the validation results. The smaller the error of 
prediction is, compared to the variance of the reference values, 
the larger the RPD value is, and therefore the better the model 
(Carles Collell et al., 2010; Conzen, 2006). An RPD between 
1.5 and 2 means that the calibration model can discriminate 
between low and high values of the response variable; a value 
between 2 and 2.5 indicates that coarse quantitative 
predictions are possible, and a value between 2.5 and 3 or 
above correspond to good and excellent prediction accuracy, 
respectively. It is recommended that the RER should be 10 or 
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Fig. 2 Typical spectra of water and L-AA solution in 
terahertz region (20-400 cm-1) 

Table 2 Cal ib ra t ion  and va l ida t ion  resul t  fo r  L-AA 
concentrateon determination 

Pre-Processing
PLS

 factors
R2

cal RMSEC RMSECV RPD RER R2
pred RMSEP

Original 12 0.994 0.507 1.513 4.36 14.26 0.884 3.627

MASa 12 0.993 0.542 1.517 4.35 14.22 0.897 3.659

MFSb 12 0.994 0.493 1.430 4.61 15.08 0.899 3.777

GFSc 15 0.996 0.396 1.475 4.48 14.66 0.912 4.322

SGSd 11 0.993 0.546 1.518 4.34 14.21 0.906 3.615

SGFDe 10 0.991 0.621 1.474 4.48 14.64 0.916 2.791

SGSDf 12 0.981 0.909 2.598 2.54 8.31 0.889 3.714
aMoving average smoothing with number of segment :3                         
bMedian filter smoothing with number of segments:7                            
cGaussian filter smoothing with number of segment : 5                          
dSavitzky-Golay smoothing with number of segments:3, polynomial order: 2         
eSavitzky-Golay first derivative with number of segments:11, polynomial order: 2     
fSavitzky-Golay second derivative with number of segments:13, polynomial order: 
2 

higher (Williams & Sobering, 1996; Conzen, 2006). Another 
important parameter is the number of PLS factors used to 
explain the model. This number also indicates the complexity 
of the model and is based on the minimum RMSECV. The 
performance of the final model was evaluated according to 
the root mean square error of prediction (RMSEP) and the 
coefficient determination (R2) in the prediction set.  

 
III  Results and Discussion 

1. Typical spectra of L-AA solution in THz region 
Figure 2 shows the typical spectra of L-AA in solution and 

water in the THz region (20-400 cm-1). Spectra data above 
401 cm-1 was not used because high noise was identified in 
the wavenumber range of 401-450 cm-1.  Both spectra are 
very similar in shape. Water is the main component in our 
L-AA solution. The absorbance peak of water spectrum in the 
THz region observed in this study is consistent with a 
previous report (Ogawa et al., 2009).  The peak was located 
at 154.3 cm-1 of wavenumber or at 4.6 THz. The spectrum of 
water is higher than that of L-AA in solution which indicates 
the influence of the L-AA molecule. The Terahertz region is 
rich in information about intra-molecular and inter-molecular 
stretching, and vibration of organic compounds (Laman et al., 
2008). The presence of the L-AA molecules in water results in 
intra-molecular and inter-molecular stretching vibration mode 
associated with organic bonding between L-AA and water 
molecules (L-AA–water, water–water and L-AA–L-AA) and 
results in a weaker absorbance of a L-AA solution compared 
to that of pure water (Figure 2). 

 

2. Calibration and cross-validation result of L-AA 
concentration determination 
Using  the  FS-PLS  regression  method,  calibration  

and  cross-validation  were  performed  on the original 
and several pre-processed spectra  (Table  2). The 

developed calibration model was further validated by full 
cross-validation using the ‘‘leave one out’’ technique. In this 
technique, one of the calibration samples is removed. 
Subsequently, the removed sample was predicted with the 
revised model using the residual samples, and the procedure 
was repeated until each sample was excluded once from the 
model (Gurdeniz et al., 2007). Seen in Table 2, all of the 
calibration models had a very high R2 = 0.981-0.996. The 
RMSEC values of L-AA varied from 0.396% to 0.909% 
(w/w). The RMSECV values varied from 1.430% to 2.598% 
(w/w).  These values were very similar compared to a 
previous result of L-AA determination in powder and liquid 
samples. Yang & Irudayaraj (2002) obtained SECV values 
0.23%, 1.35% and 2.47% for FTIR-ATR mid infrared 
spectroscopy, NIR spectroscopy and Raman spectroscopy, 
respectively. This result shows that FTIR-ATR-THz 
spectroscopy has the potential for quantification of L-AA in 
aqueous solution. RPD and RER values were also satisfactory. 
Most of the developed calibration models had an RPD of 
more than 3 and an RER of more than 10, except for the 
Savitzky-Golay second derivative spectra.  

3. Prediction of L-AA concentration 
To be valid as an analytical method, the capability of using 

the developed calibration models for prediction of L-AA 
concentrations of independent samples was confirmed. For 
this purpose, 20 samples of L-AA solution with different 
concentrations were used. The RMSEP obtained varied from 
2.791% to 4.322%. This result was inferior to that obtained in 
a previous report of L-AA determination (Yang & Irudayaraj, 
2002). That study used NIR, Mid Infrared and Raman 
spectroscopy for L-AA determination, and reported an overall 
error of prediction 0.2-3.0%.  As seen in Table 2, the 
calibration model using Savitzky-Golay first derivative 
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(a) 

 

(b) 
Fig. 3 (a) Plot of actual vs. predicted values from the 
calibration model for L-AA determination and (b) plot of 
actual vs. predicted values for validation results for L-AA 
determination using Savitzky-Golay first derivative spectra in 
the range 20-400 cm-1 

spectra resulted in the lowest RMSEP (RMSEP = 2.791%) 
and with the highest coefficient of determination (R2

pred = 
0.916). Hence, this calibration model was selected as the best 
calibration model for predicting L-AA concentration in 
aqueous solutions. A scatter plot between actual and predicted 
values for calibration and validation using Savitzky-Golay 
first derivative spectra is depicted in Fig. 3. 

Figure 4 shows the scatter plot of the prediction result. By a 

95% confidence paired t-test, there were no significant 
differences between the actual L-AA concentrations measured 
using the reference method and that predicted by 
FTIR-ATR-THz spectroscopy. This result shows that a 
calibration model for spectroscopy-based determination of 
L-AA concentration using FTIR-ATR-THz spectroscopy is 
possible. Prediction results show that FTIR-ATR-THz 

spectroscopy successfully predicted the concentration of 
L-AA in solution and has the potential for L-AA 
determination in complex systems, such as fruit juices and 
other aqueous systems. 

Fig. 4 Scatter plot of actual vs. predicted of L-AA for 
prediction step (The predicted values were calculated by using 
the calibration model developed by Savitzky-Golay first 
derivative spectra.) 
 

4.   Evaluating the structure of the calibration model 
In order to clarify the behavior of the calibration model, the 

regression coefficient was plotted against the wavenumber 
(Figure 5). Both radiations at higher and lower frequencies 
contribute significantly to the calibration model for L-AA 
determination. However, it was clear that the regression 
coefficient in the lower frequencies is a little superior to that 
in higher frequencies. Thus, it confirms the important role of 
inter-molecular bonding force of L-AA in lower frequencies 
(Binghua et al., 2008). In the lower frequencies, the specific 
wavenumber, which has significant regression coefficient 
(regression coefficient is more than ± 3000), includes 
wavenumbers of 53.99 cm-1 (1.62 THz), 65.57 cm-1 (1.97 
THz), 84.85 cm-1 (2.55 THz), 119.56 cm-1 (3.59 THz), 142.71 
cm-1 (4.28 THz) and in the higher frequencies at 227.56 cm-1 
(6.83 THz), 320.13 cm-1 (9.60 THz) and 362.55 cm-1 (10.88 
THz). These important wavenumbers may correspond with 
L-AA determination in aqueous systems. In a study of solid 
L-ascorbic acid measurement using THz-Time Domain 
Spectroscopy (TDS) in low frequencies it was reported that 
the inter-molecular vibration of solid L-ascorbic acid at 2.05 
THz and 2.34 THz (Binghua et al., 2008). In another study 
using the transmittance method, spectra of solid L-AA (5% in 
concentration) in the range of 0-200 cm-1 was successfully 
acquired. The transmittance data was transformed into 
absorbance data. Some peaks of L-AA absorbance in spectra 
of solid samples were found at 65.57 cm-1 and 119.56 cm-1 of 
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Fig. 5 Regression coefficient plot calculated for L-AA 
determination (Calculations were conducted by using 
Savitzky-Golay first derivative spectra of wavenumber 
20-400 cm-1 using FS-PLS regression.) 

wavenumber (RIKEN Terahertz Database). However, since 
L-AA in solid and liquid samples forms different spectra in 
the THz region, further investigation is needed to clarify this 
finding. 

IV  Summary and Conclusions 
In summary, quantitative measurement of L-AA 

concentration in aqueous solutions using FTIR-ATR in 
terahertz (THz) region is possible. Our calibration and 
validation model results show a high correlation between 
terahertz spectra of L-AA solution and L-AA concentration. 
The calibration model using the calculated Savitzky-Golay 
first derivative was found to give the best prediction of L-AA 
concentrations in aqueous solutions. A prediction error of 
2.791% was obtained and it seemed to be applicable for 
accurate determination of L-AA concentrations in aqueous 
solutions. The overall results indicate that the concentration of 
L-AA in aqueous solutions can be accurately determined by 
FTIR-ATR-THz spectroscopy coupled with a FS-PLS 
regression calibration model. Further research will focus on 
realizing the potential of using FTIR-ATR-THz spectroscopy 
for the determination of L-AA concentrations in complex 
systems, such as fruit juices and other aqueous systems.  

Acknowledgement 

This work was supported in part by KAKENHI 
(Grant-in-Aid for challenging Exploratory Research No. 
23658209). We also are grateful to many of our academic 
colleagues for many discussions in this field.  

 

References 

Arya, S., P. M. Mahajan, and P. Jain. 1998. Photometric methods for 

the determination of Vitamin C. Analytical Science, 14: 889–895. 

Arya, S., P. M. Mahajan, and P. Jain. 2000. Non-spectrophotometric 

methods for the determination of Vitamin C. Analytica Chimica 

Acta, 417:1–14. 

Baxter, J.B. and G.W. Guglietta. 2011. Terahertz spectroscopy. 

Analytical Chemistry, 83: 4342–4368. 

Beard, M.C., G.M. Turner, and C.A. Schmuttenmaer. 2002. Terahertz 

spectroscopy. The Journal of Physical Chemistry B, 106: 

7146–7159. 

Binghua, C., Z. Guangxin, and Z. Zekui. 2008. Far-infrared 

vibrational spectra of L-ascorbic acid investigated by terahertz 

time domain spectroscopy. Proceedings of the Second 

International Conference on Bioinformatics and Biomedical 

Engineering. Shanghai.p. 47–49. 

Blanco, M., J. Coello, H. Iturriaga, S. Maspoch,  and C. Pezuela. 

1993. Determination of ascorbic-acid in pharmaceutical 

preparations by near-infrared reflectance spectroscopy. Talanta, 

40: 1671–1676. 

Camps, C. and D. Christen. 2009. On-tree follow-up of apricot fruit 

development using a hand-held NIR instrument. Journal of Food 

Agriculture and Environment, 7(2):394–400. 

Carles Collell, C., P. Gou, P. Picouet, J. Arnau, and J. Comaposada. 

2010.  Feasibility of near-infrared spectroscopy to predict aw 

and moisture and NaCl contents of fermented pork sausages. Meat 

Science, 85(2): 325–330.  

Conzen, J. P. 2006. Multivariate calibration. A practical guide for 

developing methods in the quantitative analytical chemistry. 

Ettlingen: Bruker Optik GmbH. 

Ferguson, B. and X.C. Zhang. 2002. Materials for terahertz science 

and technology. Nature Materials, 1: 26–33. 

Gurdeniz, G., F. Tokatli, and B. Ozen. 2007. Differentiation of 

mixtures of monovarietal olive oils by mid-infrared spectroscopy 

and chemometrics. European Journal of Lipid Science and 

Technology, 109:1194–1202. 

Hangyo, M., T. Nagashima, and S. Nashima. 2002. Spectroscopy by 

pulsed terahertz radiation. Measurement Science and Technology, 

13: 1727–1738. 

Jiang, F.L., I. Ikeda, Y. Ogawa, and Y. Endo. 2011. Terahertz 

absorption spectra of fatty acids and their analogues. Journal of 

Oleo Science, 60(7): 339–343. 

Kawase, K., Y. Ogawa, and Y. Watanabe. 2003. Non-destructive 

terahertz imaging of illicit drugs using spectral fingerprints. 

Optics Express, 11(20):2549–2554. 

Laman, N., S.S. Harsha, D. Grischkowsky, and J.S. Melinger. 2008. 

High-resolution waveguide THz spectroscopy of biological 

molecules. Biophysical Journal, 94:1010–1020.  

Lee, S.K. and A.A. Kader. 2000. Preharvest and postharvest factors 

influencing vitamin C content of horticultural crops. Postharvest 

Biology and Technology, 20: 207–220. 

Ogawa Y., L. Cheng, S. Hayashi, and K. Fukunaga. 2009. Attenuated 

total reflection spectra of aqueous glycine in the terahertz region. 



 
Engineering in Agriculture, Environment and Food Vol. 5, No. 4 (2012) 158 

IEICE Electronic Express, 6(2): 117–121. 

Pickwell, E. and V.P. Wallace. 2006. Biomedical applications of 

terahertz technology. Journal of Physics D: Applied Physics, 39: 

R301–R309. 

Querry, M. R., D.M. Wieliczka and D.J. Segelstein. 1991. Water 

(H2O). In Handbook of Optical Constants of Solids II, ed. E.D. 

Palik, 1059-1077. San Diego, California: Academic Press. 

RIKEN Terahertz Database: http://thzdb.org 

Takahashi, M., Y. Ishikawa, J. Nishizawa and H. Ito. 2005. 

Low-frequency vibrational modes of riboflavin and related 

compounds. Chemical Physics Letters, 401: 475–482. 

Williams, P.C. and D.C. Sobering. 1996. How do we do it: a brief 

summary of the methods we use in developing near infrared 

calibrations. In Proc. 7th International Conference on Near 

Infrared Spectroscopy, eds. A.M.C. Davies and P. Williams, 

185–188. Montreal: NIR Publications.  

Yang, H., and J. Irudayaraj. 2002. Rapid determination of vitamin C 

by NIR, MIR and FT Raman techniques. Journal of Pharmacy and 

Pharmacology, 54: 1247–1255.  

(Received : 19. January. 2012, Accepted : 15. May. 2012) 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


