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Abstract

:

Ebony (Diospyros celebica Bakh.) is an endemic plant on Celebes (Sulawesi) island. Extractive compounds within ebony wood cause it to have durability, strength, and beautiful patterns. In this study, we used near-infrared (NIR) spectroscopy to discriminate between ebony wood samples, based on their origins at different growth sites on Celebes island, and to develop quantitative models to predict the extractive content of ebony wood. A total of 45 wood meal samples from 11 sites located in West, Central, and South Celebes were collected in this study. NIR spectral data were acquired from hot water and ethanol–benzene soluble extracts from ebony wood in this study. The extractive content of the ebony was 10.408% and 10.774% based on hot water solubility and treatment with ethanol–benzene solvent, respectively. Multivariate analysis based on principal component analysis–discriminant analysis revealed that ebony wood from West Celebes differed from most of the wood from South Celebes; however, it was only slightly different from ebony wood from Central Celebes based on NIR spectra data. These findings were in line with the extractive contents obtained. Partial least square regression models based on wood meal spectra could potentially be used to estimate the hot water and ethanol–benzene extractive contents from ebony wood.
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1. Introduction


The genus Diospyros includes about 500 species of trees and shrubs that grow in tropical to temperate regions. Some Diospyros species in tropical Africa, India, and Southeast Asia have dark-black heartwood with black spots or stripes, which is often called black wood or ebony wood. This unique wood has a high value [1]. An endemic ebony species on Celebes (Sulawesi), an island in the Central-East part of Indonesia, is Diospyros celebica Bakh. [2]. The wood of this species has been characterized as luxury sawn timber since the 18th century [3], and it was the first of the fancy wood group categorized in Indonesia. Like ebony from other species, the wood of D. celebica has a unique appearance, with the presence of black wood with stripes of reddish-brown, gray, or greenish-brown, especially in the heartwood part [4,5]. According to [6], ebony wood is durable and strong; the specific gravity of ebony is between 1.01 and 1.27, and it is therefore categorized as class I for both strength and durability. Ebony wood is used for construction as well as other purposes, such as luxury furniture, carving, decorative tools, and musical instruments. The great demand and high price of ebony wood have led to increased logging in natural forests and accelerated illegal logging activities. The International Union for Conservation of Nature (IUCN) Red List categorized ebony as vulnerable [7], and limitations on logging and trading have therefore been instituted.



Extractives play an important role in the natural durability of wood. These chemical compounds are produced by plant secondary metabolism. With regard to ebony, research by [1,8] found that the black portion of heartwood was resistant to fungal and termite attack. According to [9], Diospyros species contain extractives such as naphthoquinone, naphthalene, and derivatives of naphthol. In particular, the heartwood of D. celebica contains diomelquinone, o-naphthoquinone, celebaquinone, isocelebaquinone, and diosindigo [10]. Determining the total content of extractives by conventional means requires solvents with different polarities. Consequently, determining extractive content is costly; however, it is also important because it can lead to timber identification. In addition, the rapid assessment of extractive content can provide a quick, indirect assessment of durability. Such assessments enable the evaluation of heartwood quality for genetic breeding, which benefits from having a large number of individual tree samples [11].



Near-infrared spectroscopy (NIRS) paired with multivariate analyses is an analytical methodology that provides information on the high-weight chemical groups present in cellulose, hemicellulose, lignin, and extractive molecules (resin, gums, etc.) in wood [12]. It can be used to identify and rapidly predict a specific wood’s properties [13], such as its physical and mechanical properties [14,15,16,17] and chemical components [18,19,20,21,22], and to discriminate wood samples based on site origin and timber identification [23,24,25,26,27]. The current study tested the use of NIRS for discriminating ebony wood based on growth sites on Sulawesi, and developed feasibility in the quantitative prediction of the extractive content of its wood.




2. Materials and Methods


2.1. Sample Preparation


Ebony trees from 11 different sites on Celebes island were chosen. Three sites were in West Celebes (Batu Ampa Village, Gandang Dewata National Park, and Sondoang Village), four sites in Central Celebes (Wawopada Seed Stand, Sausu Seed Stand, Pangi Binangga Nature Reserve, and North Poso Pesisir Secondary Forest), and four sites in South Celebes (Belabori Protection Forest, Tanatoro Protection Forest, Cani Sirenreng Nature Reserve, and Coppo Seed Stand), as shown in Figure 1. Trees of unknown age with a diameter of about 30 cm were chosen, and samples were taken from these trees using a Pickering Punch® tool (Agroislab, Welburn, UK) at a height of approximately 100 cm from the ground (Figure 2). The samples were cylindrical in shape and approximately 10 to 15 cm in length, with a diameter of 2 cm (Figure 2a). These samples were then cut into smaller pieces for various analyses (Figure 2b), and some samples were milled to produce wood meal with a particle size of 40–60 mesh (Figure 2c). A total of 45 composited samples were obtained from West Celebes (15 samples), from Central Celebes (17 samples), and from South Celebes (13 samples). For laboratory testing, the wood meal samples were prepared in accordance with Technical Association of the Pulp and Paper Industry (TAPPI) standard T257 cm-85 [28]. Wood meal samples were also used for acquiring NIRS data.




2.2. NIR Spectra Acquisition


The NIR spectra of 45 wood meal samples were collected using a Buchi® NIRFlex N-500 spectrometer equipped with a fiber-optic probe instrument, and operated using the software NIRWare 1.2 (Buchi Labortechnik AG, Flawil, Switzerland). The spectral range was measured between 1000 and 2500 nm (10,000 to 4000 cm−1) at 4 cm−1 spectral resolution. Approximately 15 g of the wood meal was placed in a petri dish for NIRFlex. Calibration of the device was necessary for the initial acquisition process. All samples underwent reflectance spectroscopy scanning for approximately 30 s in a laboratory environment at 20 °C to 23 °C. Three spectra were collected for each of the samples for a total of 135 spectra. All reflectance spectra (R) were obtained as original or raw spectra, which were then converted to absorbance (A) spectra in the data processing.




2.3. Wet Chemical Laboratory Methods


The moisture content and the hot water and ethanol–benzene solubility of the extractives were gravimetrically determined according to the TAPPI standard test methods T 264 cm-97 [29], T204 cm-97 [30], and T207 cm-99 [31], respectively. The ethanol–benzene mixture was used in this study to obtain the highest level of extractives, which was enabled by the additional dissolution of low molecular weight carbohydrates and polyphenols. For determining the extractive content by hot water solubility, approximately 2.0 ± 0.1 g of wood meal was transferred to an Erlenmeyer flask, 100 mL of distilled water was added, and the flask was placed in a boiling water bath for 3 h. The flask contents were transferred to a filtering crucible, which had been previously dried to a constant weight. Finally, the sample was washed with 200 mL of hot distilled water. Extractive content was also determined with ethanol–benzene (1:2, v/v) solvent using a Soxhlet flask. A wood meal sample of 2.0 ± 0.1 g in a extraction thimble was extracted via a solvent cycle for at least 24 extractions. The thimble was washed with small amounts of fresh solvent, then the contents were dried in an oven at 102 ± 3 °C to a constant weight.




2.4. Data Analysis


The 135 NIR spectra were divided into two groups: (1) Test sets (2/3 data or 90 spectra) or calibration data set, and (2) cross-validation (1/3 data or 45 spectra) or validation data set. Data analysis and spectral processing were carried out using Unscrambles® X (ver. 10.1 from CAMO software USA). To obtain an optimal model, and to choose the number of latent variables and exclude outliers, data were preprocessed using Savitzky–Golay first and second derivatives, multiplicative scatter correction (MSC), smoothing, or standard normal variate (SNV) to eliminate or minimize variations related to the baseline shifts caused by additive and multiplicative scattering. This step was necessary because the near spectrum contained overlapping information in terms of raw spectra data, and could not provide a satisfactory model.



Multivariate statistical analytical techniques must be used to decipher the complicated information conveyed by such spectra [14,21]. In this study, for the discrimination and identification of wood samples, NIRS data were evaluated by using principal components analysis–discriminant analysis (PCA–DA) and a partial least square regression model (PLSR), which are statistical methods for the classification of data and calculation of models for quantitative analysis, respectively [18,19,27,32]. PCA-DA was used to recognize the distribution of the spectra, which can indirectly lead to discrimination of ebony wood based on growth site differences. The PLSR was developed to find the best correlation function between NIR spectral data and extractive content. This method is typically used to identify and quantify chemical components in wood based on NIR spectra, and it provides better predictive diagnostics than other methods (e.g., principal components regression) in wood chemistry [21,33,34].



The statistical summary generated was used to select the predictive model to estimate the extractive content. The accuracy of each calibration model can be evaluated using the coefficient of determination (R2), root mean square error of calibration and prediction (RMSEC and RMSEP), and the ratio of performance to deviation (RPD). Reference [18,19] explained that an R2 value between 0.50 and 0.65 indicates that high and low concentrations can be discriminated. A value for R2 between 0.66 and 0.81 indicates approximate quantitative predictions, whereas an R2 value between 0.82 and 0.90 reveals good predictions. For a reliable model, the R2 value should be high, while the RMSE value for both calibration and validation should be low. RPD is a measurement of the ability of an NIRS model to predict a constituent. An RPD value below 2.0 cannot yield a relevant prediction, while a value of 2.0–3.0 is adequate for rough screening. Reference [35] reported that an RPD value between 1.5 and 2.5 is sufficient for estimating wood properties. A value above 3.0 is satisfactory for screening (e.g., in plant breeding), values of 5.0 or more are suitable for quality control analysis, and values above 8.0 are excellent, and can be used in any analytical situation.





3. Results


3.1. Spectroscopic Characterization


NIR spectra obtained using the Buchi® NIRFlex had an absorbance range between 0.070 and 0.701 (Figure 3). Peaks and valleys in spectra were due to different light absorptions by the wood meal, and they indicated the existence of various chemical compounds in ebony wood. Original spectral data patterns, as shown in Figure 3, are a common pattern in wood, with subtle differences between wood species in many places within individual spectra, and variation based on the growth sites of ebony wood. A distinct absorbance pattern produced by preprocessing spectral data of the second derivative, and MSC of absorbance spectra shown at 1413, 1901, and 2250 nm is shown in Figure 4.




3.2. Wet Chemical Analysis


At a mean moisture content of about 7.84%, the average extractive content using hot water and ethanol–benzene solvent was 10.408% and 10.774%, respectively (Table 1). Extractive content for both hot water and ethanol–benzene solubility was highest for the ebony wood from West Celebes, followed by Central Celebes, and the lowest was from ebony wood from South Celebes. Statistical analysis revealed that site origin was not associated with a significant difference in extractive content based on hot water solubility. Meanwhile, for ethanol–benzene solubility, no significant difference was found between West and Central Celebes samples, whereas the extractive content of samples was significantly different between West and South Celebes (Table 1). The solubility in ethanol–benzene enabled successful discrimination of extractive contents based on site origin, especially between West Celebes and South Celebes. The higher standard deviation values for hot water and ethanol–benzene solubility of 2.225% and 2.116%, respectively, were found for ebony wood from South Celebes. The results from paired sample t-tests showed that the extractive content based on hot water and ethanol–benzene solubility was not significantly different at α = 0.5.




3.3. Chemometric Analysis


In the first step of model building in the current study, calibration and validation data sets were subjected to PCA. PCA-DA was used because the single PCA from NIR spectral data could not clearly discriminate the growth sites of the ebony wood. Discriminant analysis was carried out using seven principal components (PCs) obtained from the PCA, and it showed two values of the discriminant function (DF) that were successful for discriminating the site origin of ebony wood in Celebes. Ebony wood from West Celebes differed the most from wood from South Celebes, while it slightly differed from ebony wood from Central Celebes (Figure 5).



The multivariate analytical method of PLSR was used to calibrate and validate the spectra, based on reference values from laboratory testing, to develop a regression model. The parameters used to develop the models for extractive content based on hot water and ethanol–benzene solubility are summarized in Table 2. The best preprocessing method was obtained by using raw spectra and combining the second derivative and MSC of the NIR spectra to determine hot water and ethanol–benzene soluble extractives, respectively. The coefficients of determination of R2cal = 0.684 and R2val = 0.598 were obtained for hot water soluble extractives (Figure 6a). For determining the ethanol–benzene soluble extractives, R2cal = 0.609 and R2val = 0.704 were obtained (Figure 6b). The RMSE values represent the average error of the method. In a comparison of the RMSEC and RMSEP, the RMSE values for hot water and ethanol–benzene extractive solubility were still high. The RMSEC and RMSEP were over 1.003 and 0.788 for hot water extractive solubility, and 1.109 and 0.973 for ethanol–benzene extractive solubility. Meanwhile, the model had a RPD = 3.627 and a RPD = 3.569 for hot water and ethanol–benzene solubility, respectively.





4. Discussion


NIR spectra reveal organic and inorganic compounds. Each compound is associated with a distinct absorbance, and the presence of extractives, as well as differences in the moisture content, lead to variations in the spectral data [14,36]. Distinguishing the spectra from one another through visual comparison was difficult in this study because they did not all reveal obvious differences. According to [37], the wavelength at 1900 nm indicates a vibration bond on O–H stretching + 2 × C–O stretching, which is the structure of starch; C=O stretching produces the second overtone, which is a structure of –CO2OH; and the wavelength at 2280 nm reveals C–H stretching + C–H deformation, which indicate the structure of –CH3. In the reviews by [38,39], the NIR band assignments of the chemical components were reported mostly at 1410 nm, 1447 nm, 1668 nm, and 2136 nm. In the literature about prediction based on hot water solubility, [19] reported that the bands at 7042 cm−1 (1420 nm), 5263 cm−1 (1900 nm), and 4380 cm−1 (2283.1 nm) indicated the existence of a phenolic ring, C=O stretching of –CO2H, and C–H stretching + C–H deformation, respectively. In another study about ethanol–benzene solubility by [18], the band at 5200 cm−1 (1923 nm) was attributed to hydroxyl (–OH) and carbonyl (–C=O) groups, whereas the band at 7000 cm−1 (1428.5 nm) was attributable to hydroxyl (–OH) groups. Reference [20] reported that the bands at 1410 and 1900 nm became larger in relation to the extractive and phenolic content with extraction by hot water, and significant spectral differences were found at 2084 and 2036 nm for mahogany (Swietenia macrophylla King). While [39] reported that the vibration at about 2200 nm could be attributed to the extractive content, which coincided with lignin at the absorbance peak.



In our study, the bands at 1900 nm, 2260 nm, and 2440 nm seemed significant, which indicated that the ebony wood was quite predominated by extractive content, about 10%. Generally, the extractive content of samples from West Celebes was higher than that of samples from Central and South Celebes, for both hot water and ethanol–benzene solubility. Extractive content from West Celebes showed a significance difference compared with South Celebes. Previous research on the extractive content of ebony wood was reported by [5], who found that the average extractive content of ebony wood from South Celebes was 9.710% for ethanol–toluene solubility, and 13.540% for hot water solubility, with standard deviations of 2.970% and 1.430%, respectively. The difference in extractive content was presumably related to the site origin quality, which affected the quality of the wood chemical components.



NIR spectral data are rich in information. A NIR spectrum consists of many bands that are usually highly overlapping, due to overtone and combination modes [39]. If the NIR spectra only contained overtone bands, their interpretation would be easier; however, the NIR region also contains groups of combination bands with lower intensity [40]. The results of discriminant analyses in this study were successful in discriminating site origin based on NIR spectral data. The results seemed to be in line with the results from chemical testing, which showed that the extractive content of wood from West Celebes was quite different from wood from South Sulawesi, but had no significant difference from wood from Central Celebes. This initial information was useful in relation to the site origin of ebony wood from Celebes.



A regression model used to develop the models for extractive content based on hot water and ethanol–benzene solubility found that the R2 and RMSE were over 0.6 and 0.9, which indicated that the developed model still needs to be improved for any application. However, the RPD values were over 3.5, which indicated that the model was quite satisfactory for screening purposes. For this reason, the model should be further validated with a wider range of samples prior to implementation.




5. Conclusions


NIR spectral data acquisition, as well as a determination of the extractive content of D. celebica, was carried out on wood meal samples. The samples were collected from 11 sites within West Celebes, Central Celebes, and South Celebes. PCA-DA successfully discriminated NIR spectra based on the growth site of the ebony wood. Samples from West Celebes had different trends compared with those from other parts in Celebes. It seemed that NIRS differences were in line with results on soluble extractives. The NIR spectra could be used to predict the existence of extractive compounds in ebony wood. NIRS may serve an important role in discriminating wood origin, as well as predicting wood properties.
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Figure 1. Distribution of the 11 sites where ebony wood samples were collected on Celebes, or Sulawesi, island (Sulsel or South Celebes, Sulbar or West Celebes, and Sulteng or Central Celebes). 
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Figure 2. (a) Samples of ebony wood sample were taken from the trees using a Pickering Punch® tool (Agroislab, Welburn, UK); (b) cylindrical wood sample, (c) wood chip samples, (d) wood meal samples (40–60 mesh). 
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Figure 3. Representative average of original near-infrared (NIR) spectra of ebony wood samples were collected from South Celebes, West Celebes, and Central Celebes. 
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Figure 4. Example of second derivative and multiplicative scatter correction (MSC) of absorbance of extractive content in ethanol–benzene solubility for ebony wood. 
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Figure 5. Discrimination ebony wood based on site origin using NIR spectra data processed by principal components analysis–discriminant analysis (PCA–DA). 
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Figure 6. Linear regression models of predicted and laboratory values of (a) hot water soluble extractives, and (b) ethanol–benzene soluble extractives of ebony wood. 
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Table 1. Extractive content in different solvent on ebony wood from South Celebes, West Celebes, and Central Celebes.
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Site

	
n

	
MC (%)

	
Hot Water Solubility (%)

	
Ethanol-Benzene Solubility




	
Max

	
Min

	
Mean

	
S.Dev

	
Max

	
Min

	
Mean

	
S.Dev






	
West Celebes

	
15

	
7.14

(0.65)

	
13.840

	
8.320

	
10.846 a

	
1.505

	
13.639

	
7.941

	
11.395 a

	
1.687




	
Central Celebes

	
17

	
8.14

(1.23)

	
12.484

	
8.798

	
10.540 a

	
1.126

	
14.058

	
8.230

	
10.879 ab

	
1.468




	
South Celebes

	
13

	
8.33

(1.42)

	
13.095

	
6.144

	
9.720 a

	
2.225

	
13.717

	
6.417

	
9.920 b

	
2.116




	
Total

	
45

	
7.84

	
13.840

	
6.144

	
10.408

	
1.655

	
14.058

	
6.417

	
10.774

	
1.806








Notes: n, number of samples. Numbers in parentheses indicate standard deviation. Different superscripted letters in the same column denote significance at α = 0.5.
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Table 2. Calibration and validation model for extractive content of ebony wood.
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Preprocessing

	
LV

	
Calibration

	
Validation

	
RPD




	
N

	
R2cal

	
RMSEC

	
N

	
R2val

	
RMSEP






	

	
Hot water-soluble extractive




	
Raw spectra

	
7

	
90

	
0.684

	
1.003

	
42

	
0.598

	
0.788

	
3.627




	

	
Ethanol-benzene soluble extractive




	
2ndDvt21pts, MSC

	
2

	
90

	
0.609

	
1.109

	
45

	
0.704

	
0.973

	
3.569








LV, latent variables; R2cal coefficient of determination of calibration; RMSEC, root mean square error calibration; R2val coefficient of determination of prediction; RMSEP, root mean square error prediction; RPD, ratio prediction to deviation.
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