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Introduction: Orange is a tropical and semi-tropical product sensitive to cold and freezing stress. Mostly,
chilling occurs in the temperature range of 0°C and freezing occurs below 0°C. One of the most serious and
significant damages to citrus fruits is freezing, which has a significant impact on the flavor and marketability of
orange and orange juice. Changing the flavor of the product, even in juicing processes, can cause a sharp loss in
the flavor of the produced juice. Fourier transform-infrared spectrometry (FT-IR) is known as a cost-effective
method for detecting compounds in different materials. FT-IR shows the characteristics of molecular vibrations
and functional groups in materials, so it can show the changes made in the structure of materials due to any
temperature changes [10, 11]. In addition, the hyperspectral imaging method is also one of the non-destructive
methods of examining surface defects with good accuracy, which has been the focus of various researchers
today. Infrared hyperspectral imaging method was used to detect Escherichia coli in lettuce and the results
showed that 4 different groups could be classified with more than 90% accuracy [12]. Therefore, in the present
study, the aim was to investigate the ability of FT-IR and hyperspectral imaging to distinguish frozen oranges
from unfrozen oranges. Despite the qualitative nature of the FT-IR method, the data of this method were also
modeled quantitatively.

Materials and methods: In this study, the frozen and unfrozen orange was investigated using FT-IR and
hyperspectral imaging. In the FT-IR method 20 frozen and unfrozen orange peels samples and in the
hyperspectral imaging method 18 frozen and unfrozen orange samples was used. At the first, oranges were
examined based on the days of freezing, but the spectroscopy results (FT-IR and Hyperspectral) showed that
there is no difference between the days of freezing. Therefore, as presented below, the samples were classified
based on frozen and unfrozen by the supervised pattern recognition method of linear discriminant analysis
(LDA). For that, first, pre-processing of the spectra using some methods of smoothing and noise reduction
(moving averaging (MA), Savitzky-Golay (SG) and median filter), and normalization (Multiplicative Scatter
Correction (MSC), Standard Normal Variate (SNV)) was performed. Studying the effect of the above five
methods individually and six combined methods MA+MSC, MA+SNV, SG+MSC, SG+SNV, MF+MSC, and
MF+SNV on the accuracy of LDA method was investigated. In this study, 75% of unfrozen and frozen samples
were selected as calibration data and 25% as evaluation data. Then, in order to implement the LDA method,
three linear, quadratic and Mahalanobis functions were used and classification was done accordingly. All the
above steps were done in The Unscrambler X 10.4 software.

Results and discussion: The results showed that the absorption peaks observed in different areas in all FT-IR
spectra are also present in unfrozen samples, which are related to cellulose and lignin [17]. The broadest visible
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peak is in the approximately 3400 cm™ wave number, which indicates the stretching vibrations of O-H groups in
the structure of orange peel. The peak in 1063 cm™ wave number indicates the C-O-H or C-O-R bond (alcohols
or esters), and the peaks in 2924 cm-1 and 1447 cm™ respectively indicate C-H stretching vibrations and
aliphatic chains (- CH2- and -CH3-)[19]. In addition, two peaks are observed in 1739 cm™ and 1634 cm™ wave
number, which are respectively caused by the presence of carbonyl groups such as ester and aliphatic and/or
unsaturated aromatic compounds in the structure of orange peel [19, 20]. The main compound in the structure of
orange peel in the FT-IR spectrum is lignin [21]. The absorption peaks in 400 cm™ to approximately 1500 cm™
wave number have undergone a fundamental change and the intensity of these peaks has been greatly reduced.
Because peel of citrus fruits have secretory bags or in other words, glands containing oily substances (mainly
contain peel essential oil), which burst due to freezing and the oily substance spreads on the peel. Spilling these
substances will burn the skin cells located in the spaces between these glands and cause them to wrinkle [23].
Freezing causes water to escape and drying of the essential oil bags in the peel and the formation of white
hesperidin crystals inside the damaged fruits. Therefore, the results of the FT-IR spectrum of orange samples
after 2 to 12 days of freezing show that this method is capable of detecting frost damage in orange fruit from the
samples taken from its peel. The results of FT-IR spectroscopy also showed that there is a difference between
frozen and unfrozen samples in the range of 400 cm™ to 1500 cm™ wave number. According to the results in the
linear and Mahalanobis methods, only for the MF+SNV combined preprocessing method, the correctly
classified samples are 100 %. However, in the quadratic algorithm, it is 100% for all methods except MA, SG
and MF. Considering that linear function is basically a simpler function than other functions, therefore LDA
based on MF+SNV preprocessing and linear method was used as the basis of classification. The correctly
classified samples (accuracy) in the evaluation category is around 92%, indicating the high ability of the model
obtained from FT-IR spectroscopic data processed by the MF+SNV method to predict frozen and unfrozen of
oranges.

Conclusions: According to the results obtained in this study, after freezing, the peaks in the FT-IR spectrum, in
the 400 cm™ to a 1500 cm™ wave number, underwent a fundamental change and the intensity of these peaks
decreased drastically. Moreover, by applying the preprocessing methods by median filter and standard normal
distribution (MF+SNV) of FT-IR spectroscopic data, it is possible to determine the frozen and unfrozen orange
with high accuracy (100% training and 92% evaluation) recognized. The results of the hyperspectral imaging
method showed that by applying the smoothing pre-processing method, it is possible to detect the frozen and
unfrozen of oranges with good accuracy (91.67% of training and 75% of evaluation). Therefore, the FT-IR and
Hyperspectral imaging methods are able to detect frozen and unfrozen of oranges (Thomson) but the FT-IR
spectroscopic method has a higher accuracy. Moreover, the hyperspectral imaging method provides the best
results for the pre-processing of the smoothing type.

Keywords: Fourier transform-infrared spectrometry (FT-IR), Freezing, Hyperspectral imaging, Linear
discriminant analysis, Orange
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3. Fourier Transform Infrared Spectroscopy
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1. Chilling Injury & Chilling Damage
2. Freezing
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Table 1. Characteristics of the samples in hyperspectral imaging study

Samples Treatments Time (day)
T1-T2-T11-T12 Unfreeze -
T3-T4-T13-T14 Freeze 6 days after freezing
T5-T6-T15-T16 Freeze 5days after freezing
T7-T8-T17-T18 Freeze 4 days after freezing

T9-T10 Freeze 3 days after freezing
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Voo eabgunadib Suys sladiged wo s MEFSNV - ols (Lis g3 —a598 b (il & by o gl
3 Loy, oled ly oo az )0 00,6l o Ll el Lo Fe em?t st o 03337 g9 0357 Slediges o aS
bt s aSul g arg bl 1) o0 MF 9SG MA  (pl jis sy 6l 0,00 929 glis 10+ » em™ L s
Ol el gty plw d s (s ook @b Lolul 39, L amsb ol o (omimcinls 51 Jols> (slaosls wig,
b gy s MFFSNV. (53ls 1 iy v (e LDA (5155 () Jgor s ol b 5 i (53l Jos LDA
B 13 sanaab sl as sl by, j0 04d oo cdwline a5 jeb len ol oul

=5 5 o e by sl LS emgYlale

o 5 035 gl SloJUi yy SeS& jslaeas ool oS 5 351ty e sla by, bl 2 LDA (sla e (oxivls gl (V) Jgor

FT-IR g, bl 5
Table 2. Results of calibration of LDA models based on different pre-processing methods and their combination in order to distinguish
between freezing and healthy Thomson oranges (FT-IR)

Percentage of correctly classified samples

proiggging : (per_centage) -

Linear Quadratic Mahalanobis
MA 60 56 60
SG 60 56 60
MF 60 56 60
MSC 84 100 92
SNV 84 100 92
MA+MSC 80 100 96
MA+SNV 80 100 96
SG+MSC 80 100 96
SG+SNV 80 100 96
MF+MSC 68 100 44

MF+SNV 100 100 100
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Table 3. Classification results for LDA evaluation based on MF+SNV preprocessing for classification of Thomson variety oranges
in freezing and healthy categories (confusion matrix).

Predicted
Freezing Healthy
Freezing TP=5 FN=1
Adual  Healthy FP=0 TN=6
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Table 4. Results of calibration of LDA models based on different pre-processing methods and their combination in order to
distinguish between freezing and healthy Thomson orange (hyperspectral data)

Correctly classified samples (%)

Pre-processing

Linear Quadratic Mahalanobis

MA 9167 9167 91,67

SG 91.67 9167 91.67

MF 91.67 9167 91.67
MSC 75 75 75
SNV s 75 75
MA+MSC 75 75 75
MA+SNV 75 75 75
SG+MSC & & 75
SG+SNV 75 75 75
MF+MSC 7 & 75
MF+SNV 75 75 75

5. Accuracy

1. True Positive

2. True Negative
3. False Positive
4. False Negative
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Table 5. Classification results for LDA evaluation for classification of orange (Thomson) in freezing and healthy categories based on
hyperspectral data (confusion matrix).

Freezing

Actual Healthy

Predicted
Freezing Healthy
TP=3 FN=0
FP=1 TN=0
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