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This study introduces a novel approach for the rapid detection of exchangeable heavy metal pollution in soil,
utilizing Scenedesmus obliquus as a bioadsorbent. Terahertz spectroscopy was used to analyze the cell wall pro-
teins and functional groups of S. obliquus following physical adsorption. This analysis enabled the deduction of
the types and concentrations of exchangeable heavy metal ions in soil. We established a prediction model for
heavy metal concentrations using partial least squares (PLS) regression, achieving optimal detection times:
10 min for Pb2+, 20 min for Ni2+, and 30 min for Co®". Validation with real surface soil samples demonstrated

excellent accuracy rates: 97.8 % for Pb2*, 91.8 % for Ni®*, and 90 % for Co>". Notably, our method reduces the
detection time to 0.5 hours, requires only 5 ml of sample volume, and enhances detection accuracy to 0.1 pg/L.

1. Introduction

Due to rapid urbanization and extensive industrial activities, soil
contamination is escalating, resulting in increased levels of various
heavy metals, including lead (Pb), nickel (Ni), and cobalt (Co) [1]. These
heavy metals pose serious health risks due to their toxicity and potential
bioaccumulation in the food chain. For example, prolonged exposure to
nickel can induce cutaneous inflammation in humans, leading to
festering of the skin [2]. Lead is known to accumulate in humans, dis-
rupting the regular maturation of erythrocytes, which in turn may
contribute to the onset of leukemia[3]. Excessive inhalation of cobalt
dust can cause "cemented carbide disease", which can cause dyspnea,
allergic asthma, and pulmonary edema [4,5]. The forms of heavy metals
in soil include exchangeable heavy metals, carbonate-bound heavy
metals, iron-manganese oxide-bound heavy metals, organic-bound
heavy metals, and residual heavy metals [6]. Among these forms,
exchangeable heavy metals are of particular concern due to their sus-
ceptibility to environmental fluctuations, mobility, and propensity for
transformation. Their capacity to migrate via water flow to groundwater
and surface water poses a significant risk of water pollution [7]. Thus,
this study focuses on the issue of exchangeable heavy metal ions in soil,
aiming to better understand their behavior and potential impacts on

environmental quality.

At present, atomic absorption spectroscopy (AAS), inductively
coupled mass spectrometry (ICP-MS), atomic emission spectroscopy
(AES), and X-ray fluorescence (XRF) are the mainstream approaches for
the detection of heavy metals in soil [8-11]. Traditional methods are
limited by the need for extensive chemical pretreatment, which is both
time-consuming and cumbersome, and by the requirement for sample
digestion to achieve a homogeneous aqueous solution. Furthermore,
these methods typically analyze one element at a time and have high
detection limits, making them unsuitable for trace detection [12,13].
Biological monitoring entails the assessment of soil pollution by
analyzing alterations in specific organisms inhabiting the contaminated
soil [14]. Microalgae, with their low cultivation costs and easy avail-
ability, have a high adsorption capacity due to their large cell surface
area, providing numerous adsorption sites for efficient heavy metal
pollutant removal. The surface of microalgae cells contains abundant
negatively charged groups that can form complexes with heavy metal
ions, effectively removing heavy metal pollutants [15]. Additionally,
microalgae exhibit adaptability and stress resistance to various extreme
environmental conditions, such as high temperature, salinity, and pH
levels [16]. This enables microalgae to grow and adsorb heavy metals
under different environmental conditions, demonstrating high
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application prospects in pollution detection.

In the context of heavy metal absorption by microalgae, two distinct
forms of uptake are observed [5,17]. The first mechanism involves
adsorption on the cell surface, commonly referred to as physical
adsorption. This process relies on the physical interactions between
microalgae and heavy metal ions, involving complex formation, chela-
tion, ion exchange, redox reactions, and microprecipitation mecha-
nisms. Notably, physical adsorption occurs independently of cellular
energy metabolism, as the binding of metal ions to microalgae does not
require energy expenditure [18]. The second form of absorption, known
as biosorption, occurs within the intracellular environment of micro-
algae. During the biosorption process, the uptake of metal ions primarily
relies on diffusion for their transportation into the cellular environment.
This phenomenon is frequently associated with energy consumption
since cells must engage in specific energy-dependent mechanisms to
facilitate the intracellular movement of metal ions [19]. Currently, we
have successfully developed a new method for real-time detection of
heavy metal types and concentrations in water using the biological
adsorption mechanism of microalgae and terahertz spectroscopy [20].
This holds considerable significance within the realm of soil heavy metal
detection.

However, when detecting heavy metal pollution in soil, the bio-
sorption method of microalgae is not applicable, due to the complexity
of the soil and the relatively long time required for biosorption can affect
the biosorption ability of microalgae. Soil is a complex medium
composed of organic matter, clay, minerals, and other components,
which might interact with the cell wall or membrane of microalgae,
thereby affecting the bioadsorption efficiency and accuracy of heavy
metals adsorption by microalgae [21,22]. This interaction limits the
application of microalgae in detecting heavy metal pollution in soil. In
contrast, the use of shorter-time microalgae physical adsorption
methods can more effectively address the challenge of detecting heavy
metal pollution in soil. The physical adsorption method of microalgae
utilizes the electrostatic interaction between negatively charged groups
on the surface of microalgae cells and heavy metal ions for adsorption.
The adsorption rate of this physical adsorption is faster than that of
biological adsorption, usually taking only a few minutes to a few hours,
allowing microalgae to more efficiently adsorb heavy metal pollutants in
complex soil samples [23]. Thus, we leverage microalgae’s physical
adsorption to sequester exchangeable heavy metal ions. This method
does not require the use of hazardous chemicals for complex pretreat-
ment of soil samples, which helps simplify and accelerate sample
pretreatment.

The primary factors impacting the physical adsorption of heavy
metals by microalgae include the functional groups and glycoproteins
present in the cell wall structure [24]. Conventional methodologies
employed for the detection of functional groups within cell walls often
involve the use of techniques such as immunolabeling and
high-performance liquid chromatography. However, these methods
involve intricate extraction procedures [25]. In addition to these ap-
proaches, spectral techniques have been utilized for detecting functional
groups in cell walls, owing to their fast and non-destructive testing
characteristics. These techniques primarily encompass infrared spec-
troscopy and Raman spectroscopy [26]. Infrared and Raman spectros-
copy are highly sensitive and non-destructive optical detection
techniques that provide valuable molecular and lattice vibration infor-
mation [27]. It’s worth noting that infrared spectroscopy, due to the
intense O-H stretching vibration, may have limitations in detecting
liquid components [28]. Conversely, Raman spectroscopy, with its weak
water signal, offers significant advantages in detecting samples rich in
water content [29]. However, the fluorescence background from the
samples, along with the presence of ubiquitous random noise interfer-
ence, can lead to baseline drift. Such drift can affect the accuracy of
Raman detection [30,31].

Terahertz (THz) technology has experienced a significant surge in
research and applications across various disciplines, owing to rapid
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progress in photonics technology and materials science [32,33]. Ter-
ahertz waves, occupying the frequency range of 0.1-10 THz, reside in
the intermediate region between far-infrared and microwaves [13]. The
cell wall functional groups -OH and -COOH, which need to be detected,
are typical polar groups that form hydrogen bonds in water [34]. The
vibration absorption frequency of intramolecular chemical bonds
mainly lies in the infrared band, while weak intermolecular interactions,
such as hydrogen bonds, van der Waals forces, and rotation and vibra-
tion transition of dipoles, as well as low-frequency vibration absorption
of the crystal lattice, are mainly in terahertz band [33,35]. Additionally,
the wavelength of the terahertz spectrum is longer than that of the
infrared spectrum, making it less susceptible to scattering [36]. The
terahertz region corresponds to the intermolecular vibration mode and
lattice vibration. Since most organic molecules possess specific "finger-
print" spectra, different substances can be qualitatively and quantita-
tively analyzed based on their terahertz characteristic peaks [37].

This research categorizes heavy metals into two distinct groups
based on their toxicity: highly toxic and generally toxic [38]. Lead ions
(Pb2+) were chosen as representatives of highly toxic heavy metal ions,
while nickel ions (Ni%") and cobalt ions (Co®") were selected to exem-
plify generally toxic heavy metal ions. S. obliquus was selected as a
representative microalgae carrier, and it was exposed to various dura-
tions and concentrations of metal ions. Terahertz spectroscopy was
employed to analyze alterations in the surface material composition and
functional groups of S. obliquus cells over time. A correlation model was
established to link changes in material composition and functional
groups (including proteins, -OH groups, polysaccharides, and COO-) to
the concentration of heavy metal ions. Subsequently, the efficacy of the
approach was validated by analyzing soil samples collected from in-
dustrial sites with atomic absorption spectroscopy. Fig. 1 illustrates the
schematic representation of our experimental procedure. The obtained
results indicate the superiority of terahertz technology over traditional
detection methods. Our discoveries offer invaluable understanding for
the assessment of heavy metal types and concentrations in soil, pre-
senting a promising new methodology and technical support for envi-
ronmental analysis.

2. Material and methods
2.1. Biological and chemical materials

The microalgae utilized in this experimentation is S. obliquus (strain
number: 276), procured from Freshwater Algae Culture Collection at the
Institute of Hydrobiology (FACHB). The chemical reagents utilized
included nickel nitrate hexahydrate (98 % purity, analytical reagent
grade, molecular weight 290.81), lead nitrate (99 % purity, analytical
reagent grade, molecular weight 331.21), and cobaltous nitrate (99 %
purity, analytical reagent grade, molecular weight 291.05), all of which
were purchased from the Aladdin Reagent Network.

2.2. Microalgae cultivation and sample preparation

2.2.1. Sources and cultivation of S. obliquus

Before the commencement of the experiment, a microscopic exami-
nation of S. obliquus is conducted to ascertain the absence of bacteria,
fungi, or any other microorganisms that could potentially contaminate
the culture. Throughout the cultivation process of S. obliquus, stringent
measures are taken to ensure sterility. All equipment, media, and
glassware used in the cultivation of S. obliquus are thoroughly sterilized
using high-pressure techniques, aimed at eradicating any potential
pollutants. The BG11 medium is used to facilitate the optimal growth of
S. obliquus. This culture medium is meticulously formulated to selec-
tively promote the growth of S. obliquus while inhibiting the prolifera-
tion of pollutants. Preparing the BG11 culture medium entails adjusting
it to a suitable concentration before introducing it into a conical flask.
Subsequently, the conical flask is subjected to high-pressure sterilization
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Fig. 1. The flow chart of the study.

at 120°C. Upon cooling, an appropriate quantity of S. obliquus is added
for cultivation. To reduce the risk of dust pollution, the mouth of the
conical flask is sealed with non-woven fabric secured by rubber bands.
Placed in an ultraclean laboratory, the cultivation lasts about 2 months.
The cultivation temperature is 20°C, the light intensity is 3000 lux, and
the light-dark cycle is 12 hours:12 hours. During the cultivation period,
the growth morphology of S. obliquus was regularly observed with a cell
counting plate and a microscope, and the cell density was estimated to
ensure stability throughout the experiment.

2.2.2. Physical adsorption and sample preparation

Allow the well-grown and stable S. obliquus to settle at the bottom of
the conical flask, then discard the upper layer of clean water. The
remaining S. obliquus suspension was centrifuged at 6500 rpm for
5 minutes. After centrifugation, the upper clear liquid was removed, and
sterile distilled water was added, repeating the washing process three
times to collect impurity-free S. obliquus. Prepare for physical adsorption
by loading 10 ml of S. obliquus into test tubes. According to the experi-
mental plan, equal amounts of S. obliquus and an aqueous solution
containing different concentrations of heavy metal ions were mixed and
shaken evenly. Samples were collected using disposable gel droppers at
10, 20, and 30 minutes, respectively. Centrifuge each sample, washing it
three times with sterile distilled water through repeated cycles of
addition and centrifugation. Place the cleaned S. obliquus mud into a
polyethylene mold and dry at a low temperature in an oven. Put the
dried sample into a grinder and grind it at a frequency of 70 Hz for
3 minutes. Mix S. obliquus powder with Cyclic Olefin Copolymer (COC)
powder (5 mg S. obliquus: 50 mg COC), place it into a mold, and press
with 4 tons of pressure for 2 minutes to form a 1 mm thick film. Sub-
sequently, the compressed sample is analyzed using terahertz
spectroscopy.

2.3. Dissolution rate of heavy metals in soil
The dissolution rate of heavy metals in soil is influenced by several

factors, including soil pH, organic matter content, chemical speciation of
heavy metals, soil moisture content, and ion strength, among others.

Experimental measurements can determine the dissolution rate of heavy
metals in soil under specific conditions. Generally, the dissolution rate of
heavy metals in soil can be quantified using the following formula:

[S] = Civp/ms

Here, [S] represents the dissolution rate of heavy metals in soil (mg/
kg); Ci is the concentration of Pb, Ni, and Co in aqueous solution (mg/L);
Vp is the volume of the extraction solution for water-soluble heavy
metals in soil (liters); ms is the mass of the soil sample (kilograms).

2.4. THz spectral measurement

We employed a Fourier-transform infrared (FTIR) spectrometer,
model Vertex 80 v, manufactured by BRUKER in Germany. The spec-
trometer’s light source was a water-cooled mercury lamp, ensuring
stable and continuous infrared light emission. To mitigate moisture
interference, nitrogen was continuously purged through the instrument
during data collection. Before each test, a blank carrier was used for
background scanning and noise elimination. Data acquisition was per-
formed using the spectroscopic software OPUS, developed by BRUKER,
Germany.

2.5. Partial least squares

Partial Least Squares (PLS) is a statistical technique used in multiple
linear regression. The primary objective of PLS is to establish a robust
relationship between the data and the model by leveraging the corre-
lation coefficient between predicted and actual values. By incorporating
multiple regression analysis, PLS enhances the model’s predictive ac-
curacy, making it well-suited for handling complex datasets.

In the evaluation phase, two key performance metrics are commonly
used to assess the PLS model’s reliability and effectiveness. The first
metric is the coefficient of determination (R%), which measures the
proportion of the variance in the dependent variable explained by the
independent variables. A higher R? value indicates a better fit to the
data. The second metric, the root mean square error (RMSE), calculates
the square root of the average squared differences between predicted
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and actual values. A lower RMSE value indicates a more accurate and
precise model.

3. Research and results
3.1. S. obliquus Spectra to Pb*>" solution stress

We chose Pb2* as the more toxic heavy metal ion. In this research, we
conducted terahertz spectral acquisition and analyzed spectral peaks in
S. obliquus samples exposed to various concentrations of Pb?>* solutions.
The Pb?" concentrations in the solutions were 500 pg/L, 100 pg/L,
50 pg/L, 10 pg/L, 5 pg/L, 1 pg/L, 0.5 pug/L, and 0.1 pg/L, and we ob-
tained the THz spectra for the experimental and control groups at
different adsorption time points (10 min, 20 min, 30 min). Fig. 3 shows
the terahertz spectra of S. obliquus at eight different Pb?>* concentrations.
All spectra exhibit a prominent envelope around 3.35 THz, which cor-
responds to two raised peaks at 6.76 THz and 9.18 THz, along with
distinct characteristic peaks at 17.28 THz. These four characteristic
peaks can be attributed to the presence of proteins, -OH groups, poly-
saccharides, and COO- functional groups in S. obliquus [39-42],
consistent with the terahertz spectral peaks of S. obliquus without heavy
metal stress, as shown in Fig. 2.

3.1.1. Study on changes in S. obliquus composition under Pb>" solution
stress based on terahertz spectroscopy

Three distinct levels of Pb?t were chosen: a higher concentration of
500 pg/L, a medium concentration of 5 pg/L, and a lower concentration
of 0.1 pg/L. By extracting four characteristic peaks, we examined the
absorbance variations of these peaks over time (10 min, 20 min, and
30 min), as illustrated in Fig. 4.

According to the spectral analysis, in Pb%" solutions with higher
concentrations, different biomolecules, including proteins, -OH groups,
polysaccharides, and COO- ions, demonstrated a pronounced decrease
in absorbance within the initial 20 min. Subsequently, during the
20-30-minute period, their absorbance values exhibited a subsequent
increase. At the 10-minute interval, proteins and polysaccharides
reached their lowest absorbance values, which increased with the in-
crease in Pb%* concentration. On the other hand, -OH groups exhibited
their lowest absorbance at high concentrations and decreased as the
concentration decreased, while COO- ions reached their lowest absor-
bance at medium concentrations.

Transitioning to the medium concentration Pb2* solution, proteins,
-OH groups, polysaccharides, and COO- ions exhibited a decrease until
20 min, followed by an increase until 30 min. At the 20 min mark,
proteins, -OH groups, polysaccharides, and COO- ions reached their
lowest absorbance values, which increased with decreasing Pb%* con-
centration, as depicted in Fig. 4(e), (f), (g), and (h).

In the lower Pb>" concentration solution, proteins and poly-
saccharides exhibited a gradual decrease until 10 min, followed by an
increase between 10 and 20 min, and then a subsequent decrease

0.5
Scenedesmus obliquus
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03} 6767 12
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Fig. 2. THz spectral of S. obliquus without heavy metal stress.
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Fig. 3. THz spectral of S. obliquus stressed by P

between 20 and 30 min. At the 30-minute mark, proteins, -OH groups,
and COO- ions reached their lowest absorbance values at low concen-
trations, and the peak value increased with increasing concentration. On
the other hand, polysaccharides showed their lowest absorbance at high
concentrations and increased with concentration, as illustrated in Fig. 4
(i), (§), (k), and (1). Notably, -OH groups decreased until 20 min and then
increased, whereas COO- ions decreased until 20 min. The results indi-
cate that the absorbance amplitude of polysaccharides exhibited the
most significant changes across all concentration levels and time
intervals.

3.1.2. Establish a prediction model of Pb>* concentration based on PLS at
various time intervals

We investigated the potential of using S. obliquus samples to predict
Pb%* concentrations using a prediction model based on PLS analysis.
Absorbance measurements of the samples were conducted at various
time intervals across a spectral range spanning from 75cm™! to
680 cm™!. A PLS prediction model was constructed using these absor-
bance values. To create the PLS model matrix, we maintained a ratio of
2:1 between the calibration set and the prediction set. The eight con-
centrations of Pb?t (500 pg/L, 100 pg/L, 50 pg/L, 10 pg/L, 5 pg/L,
1 pg/L, 0.5 pg/L, and 0.1 pg/L) were assigned corresponding identifiers
("8", "7", "6", "5", "4", "3", "2", "1"). To assess the accuracy of the PLS
prediction model, we compared the correlation coefficients and RMSE of
the calibration set and the prediction set.

The results obtained from the PLS modeling are presented in Table 1.
Our analysis reveals that the 10-minute time point yields the optimal
modeling performance, exhibiting the highest accuracy. Due to the high
concentration of Pb?*, the glycoprotein on the cell wall can adsorb lead
ions in water quickly, showing the shortest stress time in the best
adsorption time. Moreover, the detection accuracy of Pb?>" has been
improved from 1 pg/L to 0.1 pg/L.

3.2. S. obliquus spectra to Ni%* solution stress

The above describes the research on Pb*, which exhibits strong
toxicity. Next, we will conduct the same analysis on Ni2*, which has
relatively weak toxicity. The concentrations of Ni>* are as follows:
200 pg/L, 100 pg/L, 20 pg/L, 10 pg/L, 2 pg/L, 1 pg/L, 0.2 pg/L, and
0.1 pg/L. The results are shown in Fig. 5, where the position of the
characteristic peak is consistent with that in Fig. 3. However, due to the
weaker toxicity of Ni%* compared to Pb2*, the peak height is relatively
low.

3.2.1. Study on changes in S. obliquus composition under NiZ* solution
stress based on terahertz spectroscopy

We selected three different Ni* concentrations: 200 pg/L as the
higher concentration, 2 pg/L as the medium concentration, and 0.1 pg/L
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stress. High concentrations (500 pg/L) were represented by spectra (a), (b), (c),

and (d); medium concentrations (5 pg/L) by spectra (e), (f), (g), and (h); and low concentrations (0.1 pg/L) by spectra (i), (j), (k), and ().

Table 1
PLS model parameters under Pb?*stress.
Calibration Prediction
Discrimination model
R? RMSEC R RMSEP
10 min 0.894 0.745 0.867 0.834
20 min 0.879 0.894 0.899 0.817
30 min 0.882 0.885 0.881 0.887
| 1-0.1ug/L
| 2:0.2pg/L
| 3-1ug/L
‘f 4-2ug/L
| 5-10pg/L
6-20ug/L
7-100ug/L
8-200ug/L

Fig. 5. THz spectral of S. obliquus stressed by Ni*.

as the lower concentration. Four characteristic peaks were extracted,
and their absorbance variations over time were studied, as depicted in
Fig. 6.

For the higher Ni2* concentration, the absorbance of these peaks
showed an initial increase during the first 10-30 min. Notably, the COO-
peak reached its lowest point within 20 min, followed by an increase
from 20 to 30 min, as evident from Fig. 6(a), (b), (c), and (d). In the

medium Ni%* concentration solution, the absorbance of proteins, -OH,
polysaccharides, and COO- decreased in the initial 10 min and then
gradually increased during 10-30 min, as indicated in Fig. 6(e), (f), (8),
and (h). In the lower Ni?* concentration solution, as depicted in Fig. 6
(1), (), (k), and (1), proteins, -OH, and polysaccharides exhibited a slow
decreasing trend until 20 min, followed by an increase during
20-30 min. Similarly, the COO- peak decreased until 20 min and then
increased from 20 to 30 min. Within this set of substances, poly-
saccharides exhibited the most pronounced variations in absorbance
across all concentration levels.

3.2.2. Establish a prediction model of Ni2* concentration based on PLS at
various time intervals

The same analytical method used for P was employed to study
Ni2* samples. The calibration set for Ni2*analysis includes different
concentration ranges: 200 pg/L, 100 pg/L, 20 pg/L, 10 ug/L, 2 pg/L,
1 pg/L, 0.2 pg/L, and 0.1 pg/L, labeled as "8" to "1" respectively. The
results, as presented in Table 2, the Ni>* model demonstrated superior
performance at 20 min, consistent with the understanding that Pb%*
toxicity exceeds that of Ni%*,

b2+

3.3. S. obliquus spectra to Co>" solution stress

The concentrations of Co?" in the solutions were set at 1 pg/L, 5 pg/
L, 10 pg/L, 50 pg/L, 100 pg/L, 500 pg/L, 1000 pg/L, and 5000 pg/L.
Fig. 7 illustrates the spectra of S. obliquus exposed to eight distinct
concentrations of Co?".

3.3.1. Study on changes in S. obliquus Composition under Co>* Solution
Stress based on Terahertz Spectroscopy

As illustrated in Fig. 8, three different Co?" concentrations were
chosen: a higher concentration of 5000 pg/L, a medium concentration of
50 pg/L, and a lower concentration of 1 pg/L.

In the presence of higher Co?* concentration, proteins, -OH groups,
polysaccharides, and COO- ions exhibited the lowest absorbance within



Y. Zhou et al.

0.12

2
)

0.06

Absorbance(A.U.)
e

0.12

0.08

0.04

Absorbance(A.U.)

S
-
3

U.)

0.08

0.04

Absorbance(A

0.00

Journal of Environmental Chemical Engineering 12 (2024) 113709

proteins -OH polysaccharides COO
. 0.24f i
" (a) |20} (b) (¢) T \ (d)
.| 0ast 0.18 0.24 _
3 1 igh
0.10 \ ;
' 0.12 0.22 l
0.05+ .
. 0.20
0.00 (})02(: ‘ =
" () |02t (" (g | (h)
0.20 \
¢ [0as » 0241 B8 Medium
3 0.16}
0.10} 022} . "
0.05 ) 0.12 0.20
. . 0.24f 0.28
i (1) 0.20f * () (k) m
0.24 ‘\ X
0.15 0.18 \ / Low
. 0.20 A /
. 0.10+ . 0.12+
: 0.16
s 0.05}
. 0.06} 0.12 "
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 e

Cultivation time(min)

Cultivation time(min)

Cultivation time(min) Cultivation time(min)

Fig. 6. Spectra of S. obliquus proteins, - OH, polysaccharides, and COO - under Ni*>* stress. High concentrations (200 pg/L) were represented by spectra (a), (b), (c),
and (d); medium concentrations (2 pg/L) by spectra (e), (f), (g), and (h); and low concentrations (0.1 pg/L) by spectra (i), (j), (k), and ().

Table 2
PLS model parameters under NiZ*stress.
Calibration Prediction
Discrimination model
R? RMSEC R RMSEP
10 min 0.857 0.974 0.835 1.04
20 min 0.921 0.724 0.887 0.865
30 min 0.834 1.05 0.815 1.09
| 1-1ug/L
| 2-5ug/L
| 3-10ug/L
| 4-50ug/L
‘J 5-100pg/L
6-500ug/L
7-1000pg/L
8-5000ug/L

Fig. 7. THz spectral of S. obliquus stressed by Co>".

the first 10 min, followed by an increase from 10 to 30 min, as depicted
in Fig. 8(a), (b), (c), and (d). Similarly, in the medium Co*" concen-
tration solution, proteins, -OH groups, polysaccharides, and COO- ions
experienced a decline in absorbance within the initial 10 min, followed
by an increase from 10 to 30 min, as shown in Fig. 8(e), (), (g), and (h).
As for the lower Co®" concentration, Fig. 8(1), (), (k), and (1) illustrate a
rapid decrease in absorbance of proteins, -OH groups, polysaccharides,

and COO- ions until 10 min, with subsequent increases observed at
10-20 min. Polysaccharides, akin to Pb> and Ni?*, demonstrate the
most notable alterations in absorbance.

3.3.2. Establish a prediction model of Co?* concentration based on PLS at
various time intervals

Use the same experimental method as that used for Pb%* and Ni%* to
analyze Co?" samples. The calibration set for Co?*analysis includes a
series of concentrations: 5000 pg/L, 1000 pg/L, 500 pg/L, 100 pg/L,
50 pg/L, 10 pg/L, 5 pg/L, and 1 pg/L, denoted as "8" to "1" respectively.

The obtained results are summarized in Table 3. The results indicate
that PLS modeling demonstrates the most effective performance at the
30-minute mark. The reduced toxicity of Co?t in comparison to Pb**
and Ni%" leads to a lesser impact on cellular material composition and
functional groups during shorter adsorption periods than that observed
with Pb%" and Ni%". This phenomenon can be attributed to the milder
interaction of Co®* with the cellular components, thereby resulting in
less pronounced changes in composition and functional groups during
the initial stages of adsorption. These findings align with the under-
standing that Pb2* and Ni%* are more toxic than Co®". In conclusion, the
developed PLS prediction model based on S. obliquus absorbance values
proves effective in estimating Co?* concentrations. The model’s per-
formance is superior at the 30-minute interval and offers enhanced
precision for detecting Co®* at lower concentrations. These results hold
promising implications for environmental monitoring and toxicological
assessments.

3.4. Establish a PLS-based prediction model for Pb?>*, Ni* and Co®*
mixed solutions with different concentrations

Based on observed spectral changes, it was determined that proteins
and polysaccharides exhibited the most significant influence and played
a dominant role in the response of S. obliquus to stress induced by Pb*,
Ni2*, and Co?*. The results obtained from PLS modeling indicated
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Fig. 8. Spectra of S. obliquus proteins, - OH, polysaccharides, and COO - under Co®" stress. High concentrations (5000 pg/L) were represented by spectra (a), (b), (c),
and (d); medium concentrations (50 pg/L) by spectra (e), (f), (g), and (h); and low concentrations (1 pug/L) by spectra (i), (j), (k), and (D).

Table 3
PLS model parameters under Co?*stress.
Calibration Prediction
Discrimination model
R? RMSEC R2 RMSEP
10 min 0.762 1.257 0.795 1.167
20 min 0.856 0.978 0.863 0.955
30 min 0.897 0.828 0.855 0.981

distinct optimal time points for each stress experiment: 10 min for Pb?*
stress, 20 min for Ni%" stress, and 30 min for Co®" stress. In light of these
findings, we designed a mixed solution containing different concentra-
tions of Pb®*, Ni?*, and Co?* to impose stress on S. obliquus, utilizing the
concentrations within the range employed during the individual ion
modeling as outlined in Table 4. Considering that proteins and poly-
saccharides are the most important factors in the spectrum. Therefore, in
the mixed solution stress experiment, a band model containing only
proteins and polysaccharides was used (selecting 3.5-5 THz and

8-10 THz). Each sample during the modeling process was labeled as "1"
to "12".

Based on the findings from Table 5, the calibration determination
coefficients (Rf) were computed for three distinct time points, yielding
values of 0.993, 0.886, and 0.931, respectively. Moreover, the predic-
tion determination coefficients (R;) were also computed and found to be
0.986, 0.834, and 0.928 for the respective time intervals. According to
the R? and Rg in the model results of PLS of Pb?*", Ni2*, and Co?**
experiment in Sections 3.1.2, 3.2.2, and 3.3.2 the best times are 10 min,
20 min, and 30 min. Therefore, we believe that 10 min, 20 min, and
30 min are the judgment times of Pb?*, Ni*, and Co®".

3.5. Study on concentration of Pb?*, Ni?* and Co®" in real soil based on
PLS

To evaluate the predictive accuracy and robustness of the integrated
solution model introduced in Section 3.4, a comprehensive analysis was
conducted on a set of representative surface soil samples. These samples
were collected from locations surrounding five distinct heavy industry
bases within the Yangtze River Delta region, namely the Shanghai
chemical plant, Hangzhou Xiaoshan No.4 Chemical Plant, Ningbo Beilun
District Jiangnan Electroplating Factory, Huainan cement plant, and
Nanjing electroplating factory. Number five soil samples in sequence,
numbered 1-5. After removing surface debris, collect topsoil and test the

Table 4
Mixing ratio of Pb?*, Ni>*and Co**.
Samples Pb**(pg/L) Ni?*(ug/L) Co**(ug/L)

1 10 20 0
2 1 20 0
3 10 2 0
4 1 2 0
5 0 20 50
6 0 2 50
7 0 20 5
8 0 2 5
9 10 0 50
10 1 0 50
11 10 0 5
12 1 0 5

Table 5
PLS model parameters under mixed solution stress.
Calibration Prediction
Discrimination model
R? RMSC R? RMSEP
10 min 0.993 0.148 0.986 0.223
20 min 0.886 0.296 0.834 0.416
30 min 0.931 0.205 0.928 0.289
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characteristics of the soil according to the testing standards. The results
are shown in Table 6. Due to the larger particle size of soil No.2, we
adopted another testing method, and the test results are shown in
Table 7.

Dry the collected soil samples uniformly at low temperatures, and
sieve, or crush them to ensure a uniform soil particle size. Add distilled
water and mix it with soil samples to form a soil suspension. Add the soil
suspension to the oscillator for oscillation, mix it evenly, and let it stand
for some time until full contact between the soil suspension and water.
Next, filter the soil suspension using a membrane filter to obtain a water-
soluble solution of heavy metals. Pour the filtered solution into a beaker
and evaporate the moisture using a hot plate. Add the concentrated
solution to a test tube, dilute it with distilled water until the liquid
volume is consistent, and obtain a water-soluble heavy metal solution of
the soil. At the same time, we used the traditional method of AAS to
detect the content of water-soluble heavy metals Pb>", Ni*, and Co?" in
these 5 soil samples. According to the dissolution rate formula in Section
2.3, the water-soluble heavy metals Pb2+, Niz+, and Co®" in the five soil
samples are shown in Table 8. The concentration types of soil samples in
Table 8 correspond to samples 1, 5, and 9 in Table 4 of Section 3.4.
Therefore, we used the AAS method as an accuracy reference for the
water-soluble heavy metal content in the soil sample. We used the cor-
relation model between terahertz spectral absorbance changes and
heavy metal ion concentrations established in Table 4 to predict the
content of Pb?*, Ni®*, and Co®" in the soil sample, and calculate the
prediction accuracy.

Introduce S. obliquus into water-soluble heavy metal solutions pre-
pared from five soil samples. Collect 6 samples from each solution at 10,
20, and 30 minutes, for a total of 30 samples, and collect terahertz
spectra at 3.5-5 THz and 8-10 THz. Utilizing PLS models to predict the
spectral data gathered from all 30 samples. The correlation model be-
tween terahertz spectral absorbance changes and heavy metal ion con-
centrations established in Section 3.4, Table 4, was used to determine
the prediction accuracy of real soil samples, as shown in Table 9. In this
experiment, the average prediction accuracy of Pb>" was 97.8 %, the
average prediction accuracy of Ni?™ was 91.8 %, and the average pre-
diction accuracy of Co?™ was 90 %. This result also indicates that the
more toxic Pb?* has a greater impact on S. obliquus and is more easily
detected in a short period than Ni2* and Co®.

4. Discussion and prospects

The research focuses on analyzing the terahertz spectra of S. obliquus
exposed to toxic heavy metals (Pb?", Ni%*, Co?") at different time in-
tervals (10, 20, 30 min). Effects of stress on S. obliquus of varying purities
were explored, with spectroscopic data used to determine the responses
to different metal stress conditions. Using PLS analysis, optimal detec-
tion times were established: 10 min for Pb?*, 20 min for Ni?**, and
30 min for Co?*. Pb?* exhibited higher toxicity than Ni%* and Co?*.
Then, based on the reference of water-soluble heavy metal content
detected by the AAS method in soil, a correlation model between ter-
ahertz spectral absorbance changes and heavy metal ion concentration
was established using PLS, and the content of Pb%*, Ni%*, and Co?* in
soil samples was predicted. The results showed that the accuracy rates

Table 6
Soil samples characteristics.
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Table 7
The average particle size of soil No.2*.

Average particle size (mm) Proportion (%) Testing standard

+5 24.58

52 9.47

21 10.01

1-0.5 1

0.5-0.25 10.71 GB/T 21524-2008
0.25-0.01 10.20

0.01-0.075 4.37

-0.075 19.66

Table 8

Measurement of water-soluble heavy metal content in soil by AAS.

Samples Test results ( pg/L ) Sample types

1 <20,20,\ Approximately Sample 1

2

3 Pb%" , Ni®* , Co?* \, 20, 50 Sample 5

4

5 <20,\, 50 Approximately Sample 9
Table 9

Prediction accuracy of real soil samples.

Accuracy Pb%*(10 min) Ni%*(20 min) Co%" (30 min)
1 93 % 100 % 93 %
2 100 % 93 % 85 %
3 100 % 83 % 100 %
4 100 % 90 % 86 %
5 93 % 93 % 86 %
Summary 97.8 % 91.8% 90 %

were 97.8 % for Pb?*, 91.8 % for Ni2*, and 90 % for Co®*. The proposed
PLS model eliminates the complex pretreatment of soil samples. The
pretreatment time was reduced from over 20 hours to 0.5 hours. The
sample volume decreased from 50 ml to 5 ml, enhancing the accuracy
from 1 pg/L to 0.1 pg/L. This methodology advances environmental
monitoring by efficiently detecting heavy metal stress in soil, enhancing
soil health assessment, and promoting ecological sustainability.

Under normal circumstances, the content of heavy metals in soil is
correlated with soil characteristics such as particle size, water content,
and organic matter content. However, in this study, we collected five
samples with significant differences in soil characteristics. After pro-
cessing and testing, we found that there was no specific pattern in the
results of the five soil characteristic differences (average particle size,
pH, organic matter content, water content, and catch exchange capacity)
and heavy metal content, which may be related to the large regional
differences in soil sample collection. Meanwhile, after unified sample
processing, soil characteristics had no significant impact on the pre-
diction accuracy of PLS models, and the detection accuracy was above
90 %. This research method successfully detected the content of water-
soluble heavy metals that undergo physical migration and trans-
formation in soil solutions.

D50 D97

Organic matter

Water content Cation exchange capacity

Samples Average particle size (pm) (um) (um) pH content %) (cmol-+/kg)
(8/kg)

1 57.502 24.235 391.244 7.27 24.1 36.3 16.2

2 * * * 8.11 16.3 6.2 13.2

3 59.013 22.185 465.357 8.43 15 18 12.5

4 85.208 28.115 536.443 7.98 20.4 27.9 14.7

5 90.417 25.926 544.592 8.76 16.4 47.3 10.8

Testing standard GB/T 19077-2016 HJ 962-2018 NY/T 1121.6-2006 LY/T 1215-1999 HJ 889-2017
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The migration forms of heavy metals in soil are diverse, and the soil
presents a complex structural composition, including not only solid-
phase substances but also liquid and gas-phase substances [43]. Heavy
metal ions undergo various migration and transformation processes in
soil, mainly involving physical, chemical, and biological trans-
formations [44]. In the future, we will collect more soil samples and
conduct in-depth research on the interaction mechanism between soil
characteristics and heavy metal ions by controlling variables and using
terahertz spectroscopy technology. In addition, the rapid detection of
other types of heavy metal content is expected to have great research
prospects in the field of soil testing.
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