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Abstract

Using visible and near-infrared (Vis-NIR) spectroscopy combined with par-
tial least squares (PLS) regression, the rapid reagent-free analysis model for
chromium (Cr) content in tideland reclamation soil in the Pearl River Delta,
China was established. Based on Savitzky-Golay (SG) smoothing and PLS re-
gression, a multi-parameters optimization platform (SG-PLS) covering 264
modes was constructed to select the appropriately spectral preprocessing
mode. The optimal SG-PLS model was determined according to the predic-
tion effect. The selected optimal parameters d, p, m and LV were 2, 6, 23 and
8, respectively. Using the validation samples that were not involved in mod-
eling, the root mean square error (SEPy), relative root mean square error
(R-SEPy) and correlation coefficients (Rp,v) of prediction were 11.66 mg-kg™,
10.7% and 0.722, respectively. The results indicated that the feasibility of us-
ing Vis-NIR spectroscopy combined with SG-PLS method to analyze soil Cr
content. The constructed multi-parameters optimization platform with
SG-PLS is expected to be applied to a wider field of analysis. The rapid detec-
tion method has important application values to large-scale agricultural pro-
duction.
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1. Introduction

Soil heavy metal pollution refers to the phenomenon of excessive heavy metal
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elements in the soil, causing the increase of harmful substances in the soil and
crops and endangering human health. There are many causes of heavy metal
pollution in soil, such as industrial waste discharge, mining and so on. The de-
tection of soil heavy metal is an important basic work. Due to the extremely un-
even temporal and spatial distribution of soil components, intensive dynamic
sampling is required, and a large sample amount of testing is required to obtain
objective evaluation results.

The existing conventional detection methods are mainly atomic absorption
spectrometry (AAS) (Korca & Demaku 2021), atomic fluorescence spectroscopy
(AFS) (Zhou et al., 2019) and inductively coupled plasma emission spectrometry
(ICP-AES) (Fedotov et al., 2007), etc., but they require reagents or more com-
plex sample pre-processing and detection. Besides, their cost is high, and the de-
tection cycle is long, thus it is not suitable for large-scale detection of soil sam-
ples and real-time rapid measurement. Therefore, it is an urgent need to get a
fast and easy new detection method.

Near infrared (NIR) spectroscopy mainly reflects the vibration absorption
with overtones and combination frequencies of the hydrogen-containing group
X-H (such as C-H, N-H, O-H) of the substance molecule. It usually does not re-
quire reagents and can be measured samples directly (or after simple sample
preparation), which is a fast and simple detection method. It has been effectively
used in many fields, such as agriculture (Chen et al., 2011; Pan et al., 2012a; Pan
et al., 2014a; Pudelko & Chodak, 2020), food (Liu et al., 2013), environment (Pan
et al., 2012b) and biomedicine (Pan et al., 2013; Pan et al., 2014b; Long et al.,
2014; Han et al., 2015; Yao et al., 2016; Yao et al., 2017; Chen et al., 2017; Chen et
al., 2018). NIR spectroscopy is also applied to the analysis of some conventional
content indicators of soil, such as soil organic matter (Chen et al., 2011; Pan et
al., 2014a) and total nitrogen (Pan et al., 2012a; Pudelko & Chodak 2020). The
content of heavy metals in the soil is low (107 - 1079), and there is no direct
absorption characteristic in the visible-near infrared (Vis-NIR) region, but it
can be combined with the macromolecular organic matter containing hydro-
gen-containing group in the soil, which has indirect absorption in the Vis-NIR
spectral region (Horta et al., 2015).

The previous literature studies explored the feasibility of using Vis-NIR spec-
troscopy for soil heavy metal detection. Regarding farmland soil samples, the li-
terature (Chen et al,, 2015) used Vis-NIR spectroscopy combined with partial
least squares (PLS) and back propagation neural network (BPNN) to estimate soil
cadmium (Cd) concentration in irrigated areas in northern China. After spectral
preprocessing, the predicted correlation coefficient of the validation reached 0.824.
Regarding soil samples in mining areas, the literature (Wang et al., 2020) used
Vis-NIR diffuse reflectance spectroscopy combined with the BPNN model opti-
mized by mind evolutionary algorithm (MEA-BPNN) to estimate the concentra-
tion of soil heavy metals Cd, Cr, and Pb in a mining area in Sichuan Province,

China, the estimation accuracy R* is 0.873, 0.884 and 0.857, respectively.
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These works preliminary showed the feasibility of Vis-NIR spectroscopy to
analyze soil heavy metals, and also illustrated the diversity of methodology. Soil
heavy metal pollution is diverse, its causes are diverse and regional, and indivi-
dualized method research is required for the soil characteristics of pollution re-
gions.

In the Pearl River Delta (PRD) region of China, industrial development is fast
and large in scale. Due to wastewater discharge and migration of water and soil,
the soil heavy metal pollution was generated. Among them, the heavy metal
chromium (Cr) content exceeded the standard, causing concern. However, there
are few studies on the spectral application of the heavy metal detection of soil in
the tideland reclamation area of the PRD, and the related spectral analysis me-
thods are not perfect. Especially, due to the diversity of soil types, the baseline
shift and tilt of soil spectrum are serious, and the personalized research on the
optimization of spectral pretreatment mode is also very important.

The present paper intends to use Vis-NIR spectroscopy to establish a analysis
model of soil heavy metal indicator Cr in the tideland reclamation area of the
PRD, and focused on studying the multi-parameters optimization method of the
spectral preprocessing mode to improve the spectral prediction performance.

The soil samples are divided into calibration, prediction, and validation sets.
Based on Savitzky-Golay (SG) smoothing method (Savitzky & Golay, 1964; Xie
et al, 2010; Chen et al., 2011; Liu et al., 2014) and PLS regression, a mul-
ti-parameters optimization platform (SG-PLS) covering 264 modes was con-
structed in the calibration and prediction sets. According to the prediction ef-
fect, the optimal spectral preprocessing parameters are selected. An independent
validation set sample that does not participate in modeling is used to validate the
optimal model to obtain an objective method evaluation. It is believed that the
proposed multi-parameters optimization method with SG smoothing can also be

used for spectral analysis of other objects.

2. Experiment and Methods

2.1. Experimental Materials, Instruments and Measurement
Methods

In the vegetable and fruit bases of the tideland reclamation area localed the Pearl
River Delta, a total of 214 soil samples were collected. Sampling is carried out by
evenly distributing the points, and the sampling depth was 0 - 20 cm. After re-
moving impurities, the samples are natural air-dried, crushed, sieved (100 mesh-
es), and used for Vis-NIR spectral measurement. The Cr content in the samples
was measured by flame atomic absorption spectrophotometry. The minimum,
maximum, average and standard deviation of the actual values are 63.69, 148.93,
111.78 and 15.94 (mg-kg™), respectively.

The spectra were measured using an XDS Rapid Content™ Grating Spectro-
meter (FOSS; Denmark) equipped with a diffuse reflection accessory and a

round sample cell. The scanning range was 400 - 2498 nm with a 2 nm wave-
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length gap, which included the visible and NIR regions. Si and PbS detectors
were used for the detection of 400 - 1100 nm and 1100 - 2498 nm wavebands,
respectively. Every sample was measured thrice, and the average spectra were
used. The spectra were obtained at 25°C + 1°C and 46% * 1% relative humidity.

2.2. Calibration, Prediction and Validation Framework and
Evaluation Indicators

All samples are randomly divided into calibration (75 samples), prediction (75
samples), and validation (64 samples) sets; the calibration and prediction sets are
used for parameter optimization in PLS modeling; the selected models were va-
lidated using independent validation samples that were not used in modelling. In
modelling, the root mean square error (SEPy) and correlation coefficients (Rpm)
of prediction samples were calculated on the basis of the predicted and actual
values. The parameter of the PLS analysis was optimized according to the mini-
mum SEPy. Then, the validation samples that were not involved in modeling
were used to validate the selected model. In validation, the root mean square er-
ror (SEPy), relative root mean square error (R-SEPy) and correlation coefficients

(Rp,v) of prediction were calculated.

2.3. Multi-Parameters Optimization Platform with SG-PLS

PLS regression can comprehensively screen spectral data, extract information
variables and overcome spectral collinearity. The number of latent variables
(LV) in PLS is an important parameter that corresponds to the number of spec-
tral variables reflecting sample information. In present paper, LV was selected
according to the prediction effect in modeling.

SG smoothing is an effective multi-parameters spectral preprocessing method
that can eliminate noise (Savitzky & Golay, 1964; Xie et al., 2010; Chen et al.,
2011; Liu et al., 2014). It uses polynomial regression to correct the absorbance at
the center wavelength of the window, and achieves full spectrum correction by
moving-window mode. It has three functionally different parameters and is a
multi-mode preprocessing algorithm group. Compared with other pretreatment
methods, the SG method is richer, more flexible and has wider applicability.

In present paper, an algorithm platform for SG parameter optimization based
on PLS modeling is constructed to optimize the spectral preprocessing parame-
ters. The SG parameters include the order of derivatives (d), the degree of
polynomial (p), and the number of smoothing points (2, odd). In the original
work on SG (Savitzky & Golay, 1964), parameters d, p, and m were set to d =0,
1,2,3,4,5 p=2,3,4,5,6,and m=5, 7, -, 25 (odd). Considering that the ab-
solute values of the fourth and fifth derivatives are very small (which means a
large amount of spectral information is missing), the SG modes were not used
for screening here. And the remaining 99 modes were adopted.

Furthermore, if the wavelength gap and number of smoothing points are
small, then the smoothing window is narrow, and the information in the win-

dow for smoothing is insufficient, and it is difficult to get satisfactory prepro-
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cessing effect. Thus, it was necessary to expand the number of smoothing points
(m). In present study, m was expanded to 5, 7, -, 51 (odd). The calculation for-
mula for the added SG modes were derived, a total of 264 modes were obtained.
That is, the parameters were set to =0, 1,2,3; p=2,3,4,5,6;and m=5, 7, -,
51 (odd). The LV of PLS was set to LV = 1, 2, -+, 30. The PLS model based on
each SG mode was established, but the optimal SG parameters cannot be selected
on the basis of experience and were selected according to the minimum SEPy.

The computer algorithms for all mentioned methods in Section 2 were de-
signed using the MATLAB version 7.6 software.

3. Results and Discussion

3.1. PLS Models without and with SG Smoothing

The Vis-NIR spectra in the entire scanning region (400 - 2498 nm) of the 214
soil samples are illustrated in Figure 1. Significant baseline drift and tilt were
observed.

Quantitative analysis of Cr indicator in soil samples was performed. The di-
rect PLS model in the entire scanning region without spectral preprocess was es-
tablished. The optimal LV and prediction effects (SEPy, and Rpn) are summa-
rized in Table 1. The prediction correlation coefficient (Rpn) was low.

Next, the SG smoothing was used to preprocess the spectra, and the 264
SG-PLS models were established for all parameter combination. The optimal
SG-PLS model was determined according to the prediction effect. The optimal
parameters (d, p, m and LV) and prediction effect are summarized in Table 1.
The SG derivative spectra using the optimal SG parameters of all soil samples are
illustrated in Figure 2. It can be observed that with SG smoothing the baseline
drift and tilt are significantly reduced compared to the raw spectra. Comparing
with direct PLS that the SEPy value decreased by 10.2%. Moreover, the Rp have
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Figure 1. Vis-NIR spectra of all soil samples.

Table 1. Parameters and prediction effects of the direct PLS and SG-PLS models for Cr
content (mg-kg™) in modeling.

Model d p m LV SEPm Rem
Direct PLS - - - 9 12.13 0.686
SG-PLS 2 6 23 8 10.89 0.759
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been greatly improved. The optimal SG-PLS model was significantly better than
the direct PLS model without pretreatment. Therefore, the SG smoothing pre-
treatment of the soil spectra can improve the prediction effect.

3.2. Independent Validation

The 64 validation samples that were not involved in modeling were used to eva-
luate the optimal SG-PLS model. Using the SG spectra and actual values of Cr
content of calibration samples, the PLS regression coefficients were determined
on the basis of the model parameter (LV). The predicted Cr values were then
calculated using the obtained PLS regression coefficients and the SG spectra of
the validation samples. The corresponding SEPy, R-SEPy, and Rpy were 11.66
mgkg™, 10.7% and 0.722, respectively. The results showed that the SG-PLS
model achieves the significantly better validation effect. For the optimal SG-PLS
model, the relationships between the predicted and actual values of the valida-
tion samples are shown in Figure 3. The results of lower relative error and high-
er prediction correlation indicated the feasibility of using Vis-NIR spectroscopy
combined with SG-PLS method to analyze soil Cr content.

-3
0_5>5‘10

2nd derivative absorbance /AU

d=2, p=6, m=23

5L L 1 L L L L f
400 700 1000 1300 1600 1900 2200 2500
Wavelength /nm
Figure 2. SG spectra of all soil samples based on the optimal

parameters (d=2, p=6, m=23).
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Figure 3. Relationship between the predicted and actual values
with the optimal SG-PLS model.
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4. Conclusion

Excessive Cr content in the soil will inhibit the nitrification of organic matter,
make Cr accumulate in plants, and cause harm to humans and animals through
the food chain. The rapid detection method of soil Cr has important application
values to large-scale agricultural production. Using Vis-NIR spectroscopy and
SG-PLS method, the rapid reagent-free analysis model for Cr content in tideland
reclamation soil in the Pear] River Delta was established. The results indicated
that lower relative error and higher prediction correlation confirmed the feasi-
bility of using Vis-NIR spectroscopy combined with SG-PLS method to analyze
soil Cr content. The constructed multi-parameter optimization platform with
SG-PLS achieved good modeling result, and was expected to be applied to a
wider field of analysis. The research on wavelength optimization will be the next

work direction, which may help further improve spectral predictive ability.
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