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Article

Efficient Analytical Pretreatment of Cr(VI) in Ethylene
Wastewater by Grafting g-C3Ny4 Material Based on Coupling
Agent-Modified Basalt Matrix (Basalt-MTES/g-C3Ny)
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Abstract: This study presents a novel Basalt-based grafted graphitic carbon nitride compos-
ite (Basalt-MTES/g-C3Ny) for the efficient pretreatment of Cr(VI) in ethylene wastewater.
The composite was synthesized by the acid purification of natural Basalt, surface modifica-
tion with hydroxymethyl triethoxysilane (MTES), and the subsequent grafting of g-C3Ny.
Characterization confirmed the uniform distribution of nano-sized g-C3Ny particles on a
Basalt surface with intact chemical bonding, where 82.63% of melamine participated in
g-C3Ny crystallization. The material exhibited a high specific surface area (403.55 m?/g)
and mesoporous structure (34.29 nm). Acidic conditions promoted the protonation of
amino groups in g-C3Ny, significantly enhancing Cr(VI) adsorption via ion exchange.
Adsorption kinetics followed the pseudo-second-order model, while isotherm data fitted
the Langmuir monolayer adsorption mechanism. The composite achieved 97% Cr(VI)
recovery through chromatographic extraction and retained 96.87% removal efficiency after
five regeneration cycles. This work demonstrates a cost-effective, recyclable green pre-
treatment material for high-sensitivity Cr(VI) monitoring in ethylene industry wastewater,
offering dual benefits in environmental remediation and regulatory compliance. The design
synergizes natural Basalt’s stability with g-C3Ny’s adsorption affinity, showing practical
potential for sustainable wastewater treatment technologies.

Keywords: basalt-MTES/g-C3Ny; Cr(VI); ethylene wastewater; analytical pretreatment;
ion exchange

1. Introduction

As the core product of the modern petrochemical industry, ethylene’s production scale
directly reflects the industrialization level of a country. The global ethylene production
capacity has been continuously increasing in recent years, reaching 210 million tons in
2023, and is widely used in plastics, synthetic rubber, fibers, and other fields [1]. However,
at the same time, the environmental monitoring issues involved in the ethylene refining
process have to be given increasing attention. According to statistics, as much as 18.2 billion
tons of wastewater is generated globally each year from the refining of ethylene (2017) [2].
The industrial wastewater produced during the ethylene refining process is complex in
composition, containing a large amount of refractory organic matter and heavy metal ions,
posing a serious threat to the ecosystem and human health [3]. Although various countries
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have set strict standards for the discharge of ethylene wastewater (for instance, China’s
"Pollutant Discharge Standard for Petrochemical Industry” stipulates that the COD limit
is 60 mg-L 1), there are still problems, such as the strong concealment of pollutants and
insufficient detection sensitivity in actual monitoring [4]. In particular, the trace analysis of
highly toxic substances like Cr(VI) has become difficult in environmental monitoring [5].

In the monitoring of heavy metals in ethylene wastewater, Cr(VI) is listed as a priority
pollutant to be controlled due to its strong oxidizing property, carcinogenicity, and bioaccu-
mulation [6]. Current standards (such as the EU’s “Industrial Emission Directive”) require
that the emission concentration of Cr(VI) shall not exceed 0.01 mg-L‘l, which is much
lower than the limits of metals such as iron (2.0 mg-L~') and zinc (1.0 mg-L =) [7]. How-
ever, Cr(VI) in ethylene wastewater often coexists with Fe3*, Cu?t, etc., and is disturbed by
factors such as pH and organic matter [8]. Traditional spectrophotometric methods (such
as the diphenylcarbazide method) are prone to false positivity or insufficient sensitivity [9].
Therefore, developing efficient enrichment and selective separation techniques has become
the key to achieving the precise analysis of trace Cr(VI).

At present, the analytical pretreatment of Cr(VI) in ethylene production enterprises
(such as the Sinopec Yanshan Petrochemical Company) mainly relies on the evaporation
concentration method (simple principle but cumbersome operation), the ion exchange
method (difficult resin regeneration), and the membrane enrichment method (severe mem-
brane fouling) [10,11]. Although the extraction chromatography method has excellent
selectivity, it requires the synthesis of specific functionalized eluent resins (such as those
containing amino chelating groups), which makes the process complex and costly [12].
In recent years, graphite carbon nitride (g-C3N4) has shown a specific treatment capacity
for Cr(VI) due to its layered structure rich in Lewis bases. Most applications of g-C3Ny
in Cr(VI) treatment mainly focus on the reduction in Cr(VI) under photocatalysis, and
studies have shown that based on the possible ion exchange or coordination complex-
ation between the g-C3Ny functional group and Cr,O;2~ or CrO4%~, it also has great
potential in the adsorption and analytical pretreatment applications of Cr(VI) [13,14]. How-
ever, its powder form is prone to agglomeration and difficult to recover, which limits its
practical application. If it is immobilized on the surface of the porous matrix material,
it can not only retain the adsorption activity but also improve the stability of the ma-
terial. This idea provides new thoughts for the design and synthesis of new analytical
pretreatment materials.

In recent studies, Basalt has become an ideal matrix for functional materials due to
its natural porous structure, high mechanical strength, and surface-active groups [15].
Firstly, its natural porous structure (with pore diameters ranging from 20 to 80 nm) sig-
nificantly enhances the adsorption capacity and rate, which is because it provides a high
specific surface area (up to over 550 m?-g~!) and abundant mass transfer channels [16].
It is not uncommon for the matrix of porous structural materials to provide excellent
reactive performance. For example, in the study of mesoporous carbon CMK-3 encapsu-
lating nickel nanoparticles and homopoly (vinylsulfonic acid) as acid—metal bifunctional
reduction amination catalysts by Kalbasi R. et al., the excellent pore structure played a
significant promoting role in the catalytic effect [17]. Secondly, Basalt has excellent mechan-
ical strength (tensile strength > 3000 MPa) and thermal stability (temperature resistance
> 600 °C) [18]. It can maintain structural integrity even under dynamic water flow or
complex working conditions, avoiding secondary pollution caused by material breakage.
The chemical inertness characteristic enables it to remain stable in the industrial wastewater
environment, thereby extending the service life of the material. Furthermore, the abundant
hydroxyl groups (with a -OH density of approximately 3.2/nm?) on the surface of Basalt
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can be directionally modified by silane coupling agents, providing an ideal interface for the
loading of functional materials (such as g-C3N4) and achieving the precise regulation of
adsorption performance [19]. In this study, Basalt material was used as the framework. The
Basalt material was modified by the coupling agent hydroxymethyl triethoxysilane (MTES),
and g-C3Ny4 was successfully grafted to construct a composite material (Basalt-MTES/
g-C3Ny) with both adsorption and separation functions for the pretreatment process of
Cr(VI) analysis and measurement in ethylene wastewater. The surface conformation and
synthesis mechanism of Basalt-MTES/g-C3N4 were analyzed by characterization methods
such as SEM, FTIR, XRD, XPS, and BET. In terms of the application of synthetic materi-
als, this study systematically evaluated the effects of Basalt-MTES/g-C3Ny4 on the acidity,
isotherms, kinetics, adsorption heat, and regeneration performance of the Cr(VI) adsorption
process, applied it to the analytical pretreatment of actual ethylene wastewater, and signifi-
cantly improved the detection accuracy of the flame atomic absorption spectrophotometer.
This research provides a design idea of new pretreatment materials for the high-sensitivity
analysis of Cr(VI) in ethylene wastewater, which is of great practical significance for pro-
moting the green production and environmental supervision technology progress in the
ethylene industry.
The synthesis flowchart of Basalt-MTES/g-C3Ny is shown in Figure 1.

OEt

0—gj—CHyOH
/

N Reflux stirring reaction
|
"y
NN 550C,4»h h‘l N N h‘l
N L Basalt-MTES/g-C;N,
NN N N N N N
Melamine Graphite-phase Carbon Nitride

Figure 1. Synthesis process of Basalt-MTES/g-C3Ny.

2. Results and Discussion
2.1. Characterization of Basalt, Basalt—~MTES, and Basalt-MTES/q-C3Ny

The SEM characterization of Basalt, Basalt-MTES, and Basalt-MTES/g-C3Ny is shown
in Figure 2. For the Basalt (Figure 2a), since it has been thoroughly treated with HNOj3, the
soluble impurity components in the Basalt material are removed. Through this process, a
large number of pores were formed on the surface and inside the material, and the specific
surface area was greatly increased compared to before. After removing the impurities, the
surface of the Basalt showed a lamellar porous structure. For Basalt-MTES (Figure 2b),
because the grafting reaction of the coupling agent belongs to the small-molecule grafting
reaction, the appearance of Basalt did not change significantly after the introduction of
the coupling agent MTES. However, after further grafting g-C3Ny, the surface of the
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material changed significantly. Since the formation process of carbon nitride belongs to the
polymerization growth reaction, g-C3Ny will eventually be grafted on the surface of the
matrix material in the form of a polymer, and the surface of the material will be covered. As
shown in Figure 2¢, the nano-sized granular material on the surface is a g-C3Ny4 polymer

particle [20]. Furthermore, based on visual inspection, the diameter of the g-C3Ny particles
is mostly less than 100 nm.

Figure 2. SEM images of Basalt (a), Basalt—-MTES (b), and Basalt-MTES/g-C3Ny (c).

The FTIR spectra of the Basalt, Basalt-MTES, and Basalt-MTES/g-C3N, are shown in
Figure 3. For the Basalt (Figure 3a), 1062 cm™! is the stretching vibration peak of Si-O-Si,
which is because Basalt is mainly composed of SiO, (45-52%) and a variety of metal ox-
ides (Al O3, FeO, Fe,O3, CaO, MgO, etc.). After advanced treatment with HNOj3, the
metal oxides were dissolved, and the main framework of SiO, was retained [21]. Overall,
971 cm~! is the flexural vibration peak of -OH, 1627 cm ! is the in-plane deformation vi-
bration peak of -OH, and the broad peak around 3430 cm ! is the stretching vibration peak
of the double-base -OH and H,O [22,23]. This information indicates that the acid treatment

process retained the SiO; framework of Basalt and shows that after the acidification of
HNO3, the surface of Basalt is rich in -OH.

(c)

3067 cm-1 2935 cm™

—_— 1641 cm™
X 1471 cm™
: gy
O v e
£ [(b) _
& 1407 cm™1
c
[+
| =
- -_v_
(a) 3430cm- 1627 cm™
971 cm~

1062 cm-1

- L - ] - I = 1 v I - L]
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 3. FTIR spectra of Basalt (a), Basalt—-MTES (b), and Basalt-MTES/g-C3Njy (c).
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For the Basalt-MTES (Figure 3b), the flexural vibration peak of -OH at 971 em ™! and

the in-plane deformation vibration peak of -OH at 1627 cm !

were significantly weakened
or disappeared, which indicates that the large amount of -OH on the surface of Basalt may
react with the coupling agent MTES, and in this reaction, the -OCHj in the coupling agent
molecule condenses with the -OH on the surface of Basalt, and the two are chemically

bonded together in the form of Si-O-5i [24]. The reaction is as follows:

OCH; OCH;
HOH,C——Si—OCH; + HO—Si ————— HOH,C—Si——0—Si T CHZOH
OCH; OCHj

The wide peak at 3430 cm ! disappears, indicating the disappearance of moisture on
the surface of Basalt; that is, there may be a large number of organic hydrophobic groups
(coupling agent molecules) on the surface of Basalt [25]. The weak peak at 1407 cm~! is
the in-plane bending vibration peak of C-H in -CHj (due to the single-layer grafting of the
coupling agent molecules, the peak intensity is relatively weak). The above information
initially indicates that the coupling agent MTES has been grafted onto the surface of Basalt.

For the Basalt-MTES/g-C3Ny (Figure 3c), the characteristic peak at 1471 cm ! is
the C-C stretching vibration in the melamine ring outside, and the characteristic peak of
1641 cm ! is the C-N stretching vibration in the melamine inside the ring [26]. In addition,
3067 cm~! is the stretching vibration peak of C-H on -CH,-, and 2935 cm ™! is the stretching
vibration peak of C-H in -CH,OH. This peak position information indicates that melamine
has successfully grafted and polymerized on the material surface.

The XRD analysis results of the Basalt, Basalt-MTES, and Basalt-MTES/g-C3Ny are
shown in Figure 4. For Basalt (Figure 4a), there is only one main characteristic peak of 22.36°
in the spectrum, which is a typical feature peak of amorphous SiO;. This indicates that
only SiO, remains in the Basalt matrix substrate after acid treatment [27]. After grafting the
coupling agent MTES, for the spectra of Basalt-MTES (Figure 4b), there are clearly organic
compound diffraction peaks at 30.72° and 31.96°, which indicates that the coupling agent
molecules are already present on the surface of the material [28]. For Basalt-MTES/g-C3Ny
(Figure 4c), characteristic peaks appeared at 20.16° and 27.44°. The diffraction peak at
20.1° belongs to the microcrystalline structure of g-C3Ny, and the diffraction peak at 27.4°
corresponds to the (002) crystal plane, which belongs to the interlayer superposition of
g-C3Ny [29]. This indicates that g-C3N, and Basalt-MTES have successfully recombined.
This analysis result is basically consistent with the FTIR result.

The XPS spectrogram of Basalt, Basalt-MTES, and Basalt-MTES/g-C3Ny is shown
in Figure 5a, and the N 1s spectrum of Basalt-MTES/g-C3N} is shown in Figure 5b. In
Figure 5a, for Basalt (a;), there are only two elements: Si and O. Among them, the binding
energy 103 eV is the Si 2p absorption peak, 153 eV is the Si 2s absorption peak, and 533 eV is
the O 1s absorption peak, which indicates that the main framework component of the Basalt
matrix after acid treatment is SiO, [30]. Compared with Basalt, for the Basalt—-MTES (ay)
spectrogram, in addition to the Si and O absorption peaks, there is also the C 1s absorption
peak, at 285 eV, indicating that the coupling agent molecules may already exist on the
surface of Basalt [31]. For Basalt-MTES/g-C3Ny (a3), besides the above-mentioned peaks,
the absorption peak of N 1s appears at 399 eV, which indicates that the melamine was
successfully grafted to the surface of the Basalt [32].
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Figure 4. XRD pattern of Basalt (a), Basalt—-MTES (b), and Basalt-MTES/g-C3Ny (c).
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Figure 5. XPS spectra of Basalt, Basalt-MTES, and Basalt-MTES/g-C3Ny (a); the deconvolution of N
1 s spectra (b).

In order to further explore the law of the grafting reaction of melamine on the surface
of Basalt, we fitted the N 1s absorption peak of Basalt-MTES/g-C3Ny. After the grafting
reaction, the N in the material may have the following four connection modes, which are
the N-C inside the melamine ring, the N-C outside the melamine ring, the N-O connected
with the coupling agent, and the N-H not involved in the reaction. Four deconvoluted
peaks centered at 400.5 eV, 401.2 eV, 399.9 eV, and 403.2 eV were assigned to the above four
connection methods, respectively [33,34]. The N 1s spectra of Basalt-MTES/g-C3Ny are
illustrated in Figure 5b. According to the fitting results, the peak area ratios of the four
groups are 77.12%, 10.51%, 3.85%, and 8.52%, respectively. Among the melamine grafted

on the surface of Basalt, the proportion of melamine involved in g-C3Ny crystal formation
reached 82.63%.

392
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Nitrogen sorption isotherm and pore size distribution of Basalt and Basalt-MTES/
g-C3Ny are shown in Figure 6. For Basalt (Figure 6(aj,a)), the specific surface area and
maximum probability aperture calculated by the BET method and the BJH method are
563.25 m2-g~! and 71.27 nm, respectively. After the grafting reaction (Figure 6(b1,b,)), the
pore size and specific surface area decrease, as shown in Table 1. After the melamine
grafting reaction, the material still has a large pore size and specific surface area
(406.55 m?-g~!, 34.29 nm), which can fully ensure that the adsorbed substance can freely

enter the pore interior.
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= ; A matom \
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Figure 6. Nitrogen sorption isotherm and pore size distribution of Basalt (aj,a;) and Basalt-MTES/
g-C3Ny (by,b2).

Table 1. Pore size and specific surface area before and after the grafting reaction.

Species Pore Size (nm) Specific Surface Area (m?-g—1)
Basalt 71.27 563.25
Basalt-MTES/g-C3Ny 34.29 406.55

2.2. Adsorption Experiment Results of Cr(VI) by Basalt—-MTES/g-C3Ny

Figure 7 examines the influence of pH (2-9) on the adsorption of Cr(VI) by three
materials: Basalt, Basalt-MTES, and Basalt-MTES/g-C3Njy. It can be seen from the figure
that under any pH conditions, the adsorption effect of Basalt-MTES/g-C3Ny4 on Cr(VI)
is much higher than that of Basalt and Basalt-MTES, which indicates that the g-C3Ny
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group has a significant adsorption effect on Cr(VI) [35]. For the adsorption of Cr(VI) by
Basalt-MTES/g-C3Ny (Figure 7c), with the increase in pH, the adsorption amount first
increases and then decreases. The adsorption amount gradually increases within the pH
range of 2 to 6, which is because under low pH (2—4) conditions, Cr(VI) mainly exists in the
form of CryO2~, and its strong oxidizing property causes a certain degree of damage to the
organic functional groups in the material, so the adsorption effect is not ideal. And as the
pH increases to 5-6, part of Cr,072~ is converted into CrO42~. Meanwhile, the oxidizing
power of CrO42~ is limited when the acidity weakens, the damage to the functional groups
of the material is reduced, and the adsorption effect is significantly improved. When pH
> 6, Cr,O72~ is converted in large quantities to CrO42; that is, the concentration of the
adsorbate increases, which leads to a certain degree of decline in the adsorption effect
within the limited adsorption sites [36]. As the pH continues to rise, the adsorption effect
further declines, and the alkalinity of the solution increases. This is because the SiO; in
the Basalt matrix is corroded under alkaline conditions, resulting in a certain degree of
damage to the material framework (pore structure) and affecting the adsorption effect.
And as the alkalinity increases, the adsorption capacity decreases, indicating that the
material is more damaged. Therefore, pH 5-6 is more conducive to the removal of Cr(VI)
by Basalt-MTES/g-C3Njy.

50 —— Basalt
- —e— Basalt-MTES
945 4 —A— Basalt-MTES/g-C,N,
o
E40
b
c
3 35 4
g _1(c)
& 30
= !
L]
S 25 4
Qo
|-
$ 20 -
)
= 15
£ (b)
(a)
5 1 ® 1 = 1 L 1 ® 1 ™ 1 = 1 = 1
2 3 4 5 6 7 8 9
pH value

Figure 7. The influence of pH on the adsorption of Cr(VI) by Basalt (a), Basalt-MTES (b), and
Basalt-MTES/g-C3Ny (c).

The influence of ionic strength on the adsorption of Cr(VI) by Basalt-MTES/g-C3Ny
is shown in Figure 8. When the Cl~ concentration increased from 0 to 0.1 mol-L71, the
adsorption amount of Cr(VI) decreased significantly; that is, the increase in the C1~ concen-
tration competed with the Cr(VI) adsorption process, which suggests that the Basalt-MTES/
g-C3Ny adsorption of Cr(VI) may be an anion exchange process.
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Figure 8. The influence of ionic strength on the adsorption of Cr(VI) by Basalt-MTES/g-C3Njy.

The adsorption kinetics results of Basalt-MTES/g-C3Ny for Cr(VI) are shown in
Figure 9. In the variation relationship of ‘adsorption capacity—adsorption time’, the adsorp-
tion of Cr(VI) by the material reached equilibrium within 400 s and remained stable in the

remaining contact time. It can be seen from the figure that the adsorption rate was relatively

fast, within 0 to 90 s. As time went on, a large number of adsorption sites were occupied,

resulting in a slowdown in the adsorption rate. After 400 s, the adsorption tended to

be balanced.

45 (A a5 4(b
y=0.1013x - 40.5481
40 4 40 R? = 0.9634
./;=/0:225x - 29.0605
35 35 R?=0.9973
' i = Cr(Vl) ‘D30
o] Pseudo first-order kinetic o m Cr(Vl)
£ Pseudo second-order kinetic é Rapid adsorption
‘:25 p =25 - —— Internal diffusion
S S —— Adsorption equilibrium
y =4.9335x - 0.8931
20 4 20 R? = 0.9896
15 15 -
10 T T T T 1 T T 10 " T T * T € T L T * T T
0 200 400 600 800 1000 1200 0 5 10 15 20 25 30 35
Time (s) t"(1/2)

Figure 9. Adsorption kinetic model for Cr(VI) on Basalt-MTES/g-C3Ny ((a): pseudo-first-order and
pseudo-second-order kinetic modes; (b): intra-particle diffusion model).

In order to further explore the adsorption mechanism, three dynamic models (pseudo-

first-order kinetic model, pseudo-second-order kinetic model, and intra-particle diffusion)
were used; the models were fitted to the curve of Basalt-MTES/g-C3N, adsorbing Cr(VI).
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The pseudo-first-order kinetic model, pseudo-second-order kinetic model, and intra-
particle diffusion model were given as Formulas (1)—(3) [37-39]:

q; = 9e(1 —exp(—kit)) 1)
2
o qekzt
e = 1+ qekzt (2)
qe = kpt? +C 3)

where q; (mg-g 1) is the adsorption capacity at time t (s), and qe (mg-g~!) is the equilibrium
adsorption capacity. And k; (s7') is the pseudo-first-order kinetic rate constant, and
ky (g-s'mg™!) is the pseudo-second-order kinetic rate constant. K is the intra-particle
diffusion rate constant.

The fitting results of the pseudo-first-order kinetic model and pseudo-second-order
kinetic model are shown in Figure 9a, and the fitting parameters are shown in Table 2. By
comparing the correlation coefficient R? and the equilibrium adsorption capacity qe, it can
be known that the correlation coefficient fitted by the pseudo-second-order kinetic model is
higher (R? = 0.9973), and the calculated theoretical adsorption capacity is more consistent
with the experimental data, which indicates that the pseudo-second-order kinetic model
can better conform to the process of Basalt-MTES/g-C3Ny4 adsorbing Cr(VI), reflecting that
the rate-determining step of this process might be chemical adsorption [40]. Furthermore,
the fitting straight line of the intra-particle diffusion model (Figure 9b) does not pass
through the origin, indicating that intra-particle diffusion is not the main factor controlling
the adsorption rate. The adsorption of Cr(VI) by Basalt-MTES/g-C3Ny is mainly based on
surface adsorption.

Table 2. Adsorption kinetic parameters (pseudo-first order and pseudo-second order) for Cr(VI) on
Basalt-MTES/g-C3Ny.

Adsorption Kinetic Model Parameters Cr(VD
qe (mg-g~") 55.28

Pseudo-first order K; (s71) 0.014

R? 0.985

qe (mg-g ) 4262

Pseudo-second order K; (g-s'mg 1) 0.086
R 0.997

To determine the interaction between the adsorption material and the adsorbate, we
conducted an isotherm study on the adsorption of Cr(VI) by Basalt-MTES/g-C3Ny, as
shown in Figure 10. It can be seen from the figure that the adsorption amount of Cr(VI)
increases with the increase in the initial concentration of Cr(VI), which is because the higher
concentration greatly increases the contact opportunities between the Cr(VI) ions and the
active sites on the surface and inside Basalt-MTES/g-C3Ny4. The adsorption data were
fitted using the Langmuir and Freundlich models, respectively, and the formulas are as
follows [41,42]:

qmaxbce
— € 4
e 1 +bce ( )
qe = K¢Cef (5)

10
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where qe (mg-g 1) is the equilibrium adsorption capacity, qmax (mg-g ') is the maximum
adsorption capacity, Ce (mg-g~!) is the equilibrium concentration, b is the constant, K; is
the Freundlich constant, and ny is the concentration index.
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Figure 10. Adsorption isotherm model for Cr(VI) on Basalt-MTES/g-C3Nj.

The fitting parameters are shown in Table 3 as follows. Through the comparison of
the correlation coefficients of the two models, the adsorption process of Cr(VI) by Basalt-
MTES/g-C3Ny is more in line with the Langmuir model. The maximum adsorption amount
calculated by the Langmuir model is close to the experimental data. The adsorption behav-
ior conforms to the monolayer adsorption on heterogeneous surfaces, and the interaction
between adjacent Cr,07% (or CrO4%7) can be ignored [43]. The maximum adsorption
amount calculated by the Langmuir model was 77.26 mg-g !

Table 3. Langmuir and Freundlich adsorption isotherm parameters for Cr(VI) on Basalt-MTES/g-C3Ny.

Adsorption Isotherm Model Parameters Cr(VI)
Qmax (mg-g~1) 77.26

Langmuir b (L'mg~1) 0.093

R 0.992

K¢ 8.538

Freundlich ng 0.354

R? 0.946

The Van 't Hoff equation was used to fit the adsorption capacity at different tem-
peratures to obtain the thermodynamic parameters AH and AS. We calculated the AG at
different temperatures using the Gibbs equation. The Van 't Hoff and Gibbs equations were
given as Formulas (6) and (7):

AH\ 1 AS

11
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AG = AH — TAS @)

and - %

Ce

where C; is the concentration of the solid surface at the adsorption equilibrium, and Ce is

Ke ®)

the concentration in the solution at the adsorption equilibrium.

Van ‘'t Hoff’s fitting results and parameters for temperature changes are shown in
Figure 11 and Table 4. According to the calculation results of the thermodynamic parame-
ters, the AH of Basalt-MTES/g-C3Ny for Cr(VI) adsorption is 31.43 kJ-mol~!, which means
that the adsorption processes are endothermic. According to the study of Spek, D et al., the
enthalpy change range of physical adsorption is between 2.10 and 20.90 kJ-mol~!, and the
enthalpy change range of chemical adsorption is between 20.90 and 418.40 k]-mol~! [44]. In
the temperature range of 293.15-333.15 K, the AG range of Basalt-MTES/g-C3Njy for Cr(VI)
adsorption is between —0.71 and —5.10 kJ-mol ~!; namely, with the increase in temperature,
the AG value decreases, indicating that the adsorption process is spontaneous.

2.0

1.8 + ®m Cr(Vl)

Van't Hoff fitting
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1.4 1

1.2 S
o
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Figure 11. Fitting results of K. and 1/T of Cr(VI).

Table 4. Adsorption thermodynamic parameters of Cr(VI).

Species T (K) AG (KJ'-mol-1) AH (KJ-mol-1) AS (J-mol-1.K-1) R?

293.15 —-0.71
303.15 —1.81
Cr(VI) 313.15 —291 31.43 109.67 0.9994
323.15 —4.02
333.15 —5.10

2.3. Analytical Pretreatment Experimental Result of Cr(VI) by Basalt-MTES/q-C3Ny

The analytical pretreatment results (elution curves) of Cr(VI) in simulated samples and
real ethylene wastewater samples by Basalt-MTES/g-C3Ny4 are shown in Figure 12, and the

12
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Cr(VI) recovery rates calculated based on the experiment results are presented in Table 5.
According to the calculation results, for the three simulated samples of Cr(VI) with different
concentrations (initial concentrations of 0.01 mg-L~!, 0.02mg-L~!, and 0.03 mg-L '), the
average recovery rates all exceeded 99%. In the tests of the three groups of real wastewater
samples, the overall recovery rate was slightly lower than that of the simulated samples,
which might be caused by the more complex components in the ethylene wastewater
(such as other metal elements and small-molecule organic substances) [45]. However, the
recovery rate of Cr in real samples can still reach about 97%. The above experiment results
show that for Cr(VI) lower than the detection limit, Basalt-MTES/g-C3Ny can effectively
enrich it by using the extraction chromatographic layer method, thereby achieving the
purpose of an accurate analysis.
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Figure 12. The analytical pretreatment elution curve of Basalt-MTES/g-C3Ny for Cr(VI).

Table 5. Statistics on the recovery rate of Cr(VI) in simulated samples and real samples.

Species Initial Cr(VI) Concentration of the Sample Enrichment Rate
0.0l mg-L! 99.21%
Simulated sample 0.02 mg-L~! 99.54%
0.03 mg-L~! 99.33%
Cr(VI)
0.023 mg-L ! 97.31%
Real sample 0.027 mg-L~! 98.02%
0.024 mg-L~1 97.24%

13
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2.4. The Result of the Cyclic Regeneration Experiment

The Basalt-MTES/g-C3Ny cycling regeneration experiment is shown in Figure 13.
After five cycles, the removal rates of Cr(VI) are 96.87%, 96.31%, 95.64%, 95.14%, and
94.27%, respectively. Under the same experimental conditions, the adsorption capacity of
the material slightly decreases with the increase in the number of repeated reactions. This
might be due to the fact that the potentially adsorbed Cr(VI) cannot be completely desorbed,
resulting in a slight reduction in adsorption sites during the repeated adsorption process.
The above results indicate that the Basalt—-MTES/g-C3Ny material has good regeneration
ability and reusability and is an effective pretreatment material for Cr(VI) analysis in
ethylene wastewater.

[ Cr(VI) adsorption rate
100 96.87 96.31 95.54 95.14 94.27

0 IIII,_!
1 2 3 4 5

Cycle number

Adsorption rate (%)
8 3 3

N
o
1

Figure 13. The influence of the number of cycles and regenerations on the removal of Cr(VI) by
Basalt-MTES/g-C3Ny.

3. Materials and Methods
3.1. Materials

Natural Basalt ore (Chengde Zhongxian Technology Co., Ltd., Longgang, China);
melamine (AR, Maclin Reagents Shanghai Co., Ltd., Shanghai, China); hydroxymethyl
triethoxysilan (MTES) (98%, Maclin Reagents Shanghai Co., Ltd., Shanghai, China); HNO3
(AR, Maclin Reagents Shanghai Co., Ltd., Shanghai, China); anhydrous ethanol (Maclin
Reagents Shanghai Co., Ltd., Shanghai, China); K,Cr,O7 solution (1000 mg-L’l, Maclin
Reagents Shanghai Co., Ltd., Shanghai, China); ethylene cracking untreated wastewater
(Sinopec Group, Yanshan Petrochemical Company, Beijing, China).

3.2. Preparation of Basalt Matrix-Grafted Graphitic Carbon Nitride Material (Basalt—-MTES/3-C3Ny4)
3.2.1. Pretreatment of Basalt-MTES

The natural Basalt ore is crushed by a crusher and screened to retain Basalt particles
with a size of 80-100 mesh. In the above particles, deionized water is added and then
placed in an ultrasonic cleaner for cleaning (20 min) to remove impurities other than the
mineral components. After cleaning the Basalt particle material, 2 mol-L~! of HNOj; is
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added, and it is stirred with a magnetic stirrer for 60 min. The above particles are washed
with deionized water and dried, and the porous Basalt-based material (Basalt) is prepared
for use.

The Basalt was modified with the coupling agent hydroxymethyl triethoxysilane
(MTES) to obtain alkylated Basalt. Using xylene as the solvent, the Basalt was placed in
a reactor and stirred for 30 min, then MTES was added, and the mixture was stirred and
refluxed for 24 h at a constant temperature (80 °C). After the grafting reaction, the product
was washed three times with ethanol and dried under vacuum at 60 °C for 24 h to obtain
modified Basalt (Basalt—-MTES).

3.2.2. Preparation of Basalt-MTES/g-C3Ny

We put 10 g of melamine in an alumina crucible, placed the crucible in a muffle furnace,
heated it to 550 °C (2.5 °C/min), and maintained it for 4 h to allow the melamine to react
fully. After the reaction was completed, the product was cooled to room temperature in a
muffle furnace. We collected the product and grinded it into powder. Then, we rinsed it
repeatedly with deionized water and anhydrous ethanol until neutral, and dried it at 70 °C
for 24 h. Finally, the dried material was ground and sieved to obtain g-C3Ny.

Using acetic acid solution with a mass fraction of 2.5% as the solvent, Basalt-MTES
was put into the reactor and stirred continuously to keep it in a suspended state. Then, we
added the g-C3N4 powder to the above-mentioned mixing system and continued to stir at
room temperature for 24 h. Then it was left to stand overnight. After filtration, washing,
and freeze-drying, the product was obtained, which was Basalt-MTES/g-C3Njy.

3.3. Characterization of Basalt—-MTES/g-C3Ny

The morphologies of Basalt, Basalt-MTES, and Basalt-MTES/g-C3N4 were observed
and recorded, respectively, by scanning electron microscopy (SEM, JEM-2100F, Tokyo,
Japan); the changes in the surface chemical groups of Basalt, Basalt-MTES, and Basalt-
MTES/g-CsNy were analyzed by a Fourier Transform Infrared spectrometer (FT-IR,
Nicolet-460, Waltham, MA, USA). We mixed Basalt, Basalt-MTES, and Basalt-MTES/ g-
C3Ny, respectively, at a ratio of 1:100 evenly, and then placed them on a manual tablet press
to make thin slices. The test was conducted under the following conditions: a resolution of
4em~1a scanning range of 4000-650 cm~ !, and 16 scans; the XRD spectra of Basalt, Basalt—
MTES, and Basalt-MTES/g-C3Ny4 were recorded on a powder diffractometer (D8Quest,
Bruker, Zweibrticken, Germany), operating at 40 kV and 40 mA. The elements and chem-
ical states existing in Basalt-MTES/g-C3N4 were determined by an X-ray photoelectron
spectrometer (XPS, Escalalab 250 XI, Thermo Fisher Scientific, Waltham, MA, USA). The
specific surface area and pore structure of Basalt and Basalt-MTES/g-C3N, were measured
on a specific surface area and porosity analyzer (JT-2000, Haixinrui, Beijing, China).

3.4. Calculation Method of Adsorption Experiment

The total concentrations of Cr(VI) were determined by a flame atomic absorption
spectrophotometer (TAS-990, Puxi, Beijing, China). The adsorption amount Q of Cr(VI) in
aqueous solution by the Basalt-MTES/g-C3Ny was calculated by the following Equation:

(CO — Ce)*V
m

Q= )

where Q (mg-g~!) is the adsorption amount, Cy (mg-L~!) is the initial concentration of

Cr(VI) before adsorption, and C (mg-L~!) is the concentration of Cr(VI) after adsorption.
V (L) is the volume of the solution, and m (g) is the mass of the Basalt-MTES/g-C3Njy.
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The removal rate 1(%) of Cr(VI) in aqueous solution by the Basalt-MTES/g-C3N4 was
calculated by the following Equation:

n = Go100% (10)

3.5. Adsorption Experiment of Cr(VI) on Basalt-MTES/g-C3Ny

The influence of Basalt-MTES/g-C3N4 on the removal of Cr(VI) under different fac-
tors was investigated by a single-factor analysis method to determine the adsorption
performance of the material. These experiments mainly include pH and ionic strength,
adsorption kinetics research, adsorption isotherm research, and adsorption heat research.
After each group of adsorption experiments was completed, the adsorbent was sepa-
rated by filtration, and the supernatant was taken to determine the concentration of
Cr(VI). The adsorption capacity Qe and the removal rate n of Cr(VI) were calculated using
Formulas (9) and (10).

3.6. Analytical Pretreatment Experiment of Cr(VI)

A certain amount of Basalt-MTES/g-C3Ny was taken, soaked in deionized water for
24 h, and then filtered by suction. Then, it was washed multiple times with 1 mol-L~!
HNOj until the washing liquid was colorless and transparent. We washed with deionized
water until neutral, and vacuum dried at 80 °C until constant weight was ready for use.
The pretreated Basalt-MTES/g-C3N4 was loaded into a 5 mL extraction chromatographic
column, and the column was passed through with HNOs (pH = 5.0) to pre-balance it and set
it aside for later use. The natural flow rate of the chromatographic column is approximately
0.5-0.6 mL-min~!. Note: The analytical measurement instrument used in this experiment
is a flame atomic absorption spectrophotometer (TAS-990, Puxi, Beijing, China). Experi-
mental verification shows that the detection limit of Cr measurement by this instrument is
0.037 mg-L~ 1.

Simulation sample experiment: We prepared 100 mL of Cr(VI) solutions with con-
centrations of 0.01 mg-L~!,0.02 mg-L~!, and 0.03 mg-L~!, respectively (all concentrations
were less than the detection limit of Cr by the instrument) and pH = 5.0. We passed each of
the above solutions through the Basalt-MTES/g-C3Ny extraction chromatographic column,
respectively, then eluted Cr(VI) with a 0.1 mol-L~1 Na,yC,0y solution, and collected 15 mL
of the eluent (collected 15 times, 1 mL each time) [14]. The eluent concentrations of each
group were measured, respectively, by a flame atomic absorption spectrophotometer, as
mentioned above. Each group of experiments was repeated three times, and the elution
curve of Cr(VI) was plotted.

Real wastewater sample experiment: We randomly took three oily water samples
from the ground produced by ethylene cracking (with a pH of approximately 5.0). It was
known, through concentration analysis, that the initial Cr concentrations were 0.023 mg-L 1,
0.027 mg-L~!, and 0.024 mg-L~!, respectively. In total, 100 mL of a water sample was
passed through the Basalt-MTES/g-C3Ny extraction chromatographic column, and then
Cr(VI) was eluted with a 0.1 mol-L~! Na,C,0y solution [14]. We collected 15 mL of the
eluent (collect 15 times, 1 mL each time). We measured the concentration of the eluent and
plotted the elution curve of Cr(VI).

3.7. Recycling and Regeneration Experiment

The Basalt-MTES/g-C3Ny, after adsorbing Cr(VI), was added to a conical flask con-
taining the NayC,Oy solution (0.1 mol-L~1) and desorbed through constant-temperature
oscillation for 12 h to dissociate Cr from the surface or interior of the adsorbent. After
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desorption, we took a certain volume of the supernatant, measured the concentration of
Cr(VI), and calculated its removal rate of Cr(VI). The desorbed material was washed with
deionized water until neutral, dried, and then repeatedly adsorbed five times under the
same conditions.

4. Conclusions

This study successfully prepared a porous Basalt-MTES/g-C3N4 composite by graft-
ing g-C3Ny onto acid-purified natural Basalt via MTES coupling agents for efficient Cr(VI)
enrichment in ethylene wastewater. Characterization revealed uniformly distributed g-
C3Ny nanoparticles on the Basalt surface, with 82.63% melamine participating in crys-
tallization, while the material exhibited a high specific surface area (403.55 m?/g) and
mesoporous structure (34.29 nm). Adsorption experiments demonstrated that protonated
amino groups in g-C3Ny under acidic conditions (pH 5-6) dominated Cr(VI) removal
through anion exchange. The process followed pseudo-second-order kinetics and Lang-
muir monolayer adsorption mechanisms. The composite achieved >97% recovery of trace
Cr(VI) via chromatographic extraction and maintained 96.87% removal efficiency after five
regeneration cycles. This work proposes a cost-effective, recyclable green pretreatment
strategy for high-sensitivity Cr(VI) detection in ethylene industrial wastewater, offering
dual benefits in environmental remediation and industrial compliance. The design in-
tegrates Basalt’s structural stability with g-C3Ny’s adsorption functionality, advancing
sustainable wastewater treatment technologies.
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Abstract: The condition of the aquatic environment, particularly in protected areas of high
ecological value such as the Narew River, requires detailed monitoring to identify and minimise
the impact of anthropogenic factors on the ecosystem. This study focused on the content of heavy
metals in bottom sediments and macrophytes of the Narew River, emphasising the influence of
human activities and natural factors on this ecologically valuable ecosystem. Pb, Cr, Zn, Cd, Fe,
and Mn concentrations were analysed in sediment samples, and ten macrophyte species were
collected at 11 sampling points along the river. A geochemical index (Igeo) and multivariate
statistical analyses were employed to identify sources of contamination. The digested samples
(sediments and plants) were analysed for Pb, Cr, Cu, Zn, Ni, Cd, Fe, and Mn using flame
atomic absorption spectrometry (AAS) on an ICE 3500 Thermo Scientific spectrometer, with
a measurement error below 5%, validated against certified reference materials. The study
results indicated that most metals, including Ni, Cr, Co, Fe, and Mn, predominantly originate
from natural geological processes. In contrast, Zn, Cd, Cu, and Pb were identified as being
enriched due to anthropogenic activities. An analysis of macrophytes revealed varied patterns of
metal accumulation, which correspond to the bioavailability of metals and their environmental
concentrations. Comprehensive statistical analyses provided insights into the predominant
sources of metal contamination, closely associated with industrial emissions, agricultural runoff,
and transportation activities. The integration of sediment and macrophyte monitoring allowed
for a thorough evaluation of the Narew River ecosystem, facilitating the identification of
key pollution sources. These findings highlight the critical need for measures to mitigate
anthropogenic contributions of heavy metals—particularly from industrial, agricultural, and
transportation sectors—to safeguard the Narew River’s unique ecological and natural heritage.

Keywords: heavy metals; river; bottom sediments; macrophytes

1. Introduction

Water quality, particularly in ecosystems of significant rivers and their tributaries,
is significantly influenced by human activities within the river and across its catchment
area [1]. Rivers transport characteristic pollutants that are accumulated within their basins,
serving as critical pathways for the migration and transformation of trace elements and as
primary sites for their accumulation [2,3]. Metal pollution in aquatic ecosystems has become
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a global concern [4,5] due to these elements” high toxicity, persistence, and bioaccumulation
potential, which have drawn worldwide attention [6].

The concentrations and bioavailability of trace metals in rivers are affected by numerous
factors, including chemical speciation; mobility within aquatic systems; climatic, morpho-
logical, and hydrological conditions; and the geological characteristics of the catchment
area [7,8]. Organic matter in the environment may also be important in controlling bioavail-
ability through chelation reactions that enhance metal solubility [9]. Additionally, water and
sediments’ pH and redox potential (Eh) are critical in determining metal bioavailability [10].
Compared to lithogenic metals, anthropogenic metals are more bioavailable and transportable
within aquatic environments [11]. Anthropogenic activities such as fertilisation, industrial
and municipal wastewater discharge, mining, transportation, stormwater, and atmospheric
deposition are mainly responsible for the increasing accumulation of heavy metals in water,
sediments, and macrophytes, significantly contributing to aquatic ecosystem pollution [12,13].

Macrophytes can absorb large quantities of metals from their surrounding water,
accumulating pollutants throughout their growth period that are unaffected by temporal
fluctuations [14]. This makes them excellent indicators of heavy metal contamination in
aquatic ecosystems [15,16]. Plant species growing along stream banks and beds absorb and
accumulate essential elements, primarily from the water, thereby contributing to protection
against eutrophication [17,18]. The choice of appropriate macrophytes depends on species,
availability, and climatic conditions.

Heavy metal accumulation in sediments threatens aquatic environments for a long
time [19]. Milenkovic et al. [20] argue that sediments can record temporal changes in
trace elements caused by environmental changes and human activities. According to
Kuang et al. [21], Calmuc et al. [22], and Zonta et al. [23], sediments are effective indicators
for monitoring pollution, serving not only as carriers of trace elements but also as potential
secondary sources in aquatic environments. In recent decades, various sediment quality
indices, including the geoaccumulation index (Igeo), have been developed to provide a
straightforward comparative assessment of heavy metal contamination in sediments [24].

The objective of this study was to analyse the variability of heavy metal concentrations
in bottom sediments and ten macrophyte species collected from the Narew River, the fifth-
longest river in Poland. Large sections of the Narew River are protected within national parks,
landscape parks, and Natura 2000 areas. The river retains a natural character throughout
its length, featuring numerous floodplains and meanders. It holds substantial ecological
value, with some areas designated as wetlands of international importance. Consequently,
monitoring its environmental condition and identifying its current and potential pollution
sources are a top priority for addressing harmful microelements such as heavy metals.

Environmental samples were collected at 11 sites along the river for analysis. Concen-
trations of Pb, Cr, Cu, Zn, Ni, Cd, Fe, and Mn were measured in the samples. The primary
objectives of this research included (1) analysing heavy metal concentrations in the river’s
bottom sediments and assessing their pollution levels using the geoaccumulation index (Igeo),
(2) examining and comparing metal accumulation in ten macrophyte species growing along
the riverbanks, and (3) identifying potential sources and factors influencing heavy metal
content in the Narew River through multivariate statistical analysis, cluster analysis (CA), and
correlation analysis.

This study contributes to understanding aquatic plants in lowland rivers with natural
characteristics, including extensive floodplains and meandering of high ecological value.
Furthermore, it sheds light on these plants” ability to accumulate trace elements like
sediments, establishing a link between trace element concentrations in plant species and
their surrounding environment. The findings provide valuable insights for assessing the
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environmental risks of heavy metals, identifying anthropogenic impacts, and implementing
stricter monitoring of the studied aquatic ecosystem.

2. Materials and Methods
2.1. Study Area

The total length of the Narew River (Figure 1) is 484 km, of which the majority, 448 km,
lies within Poland, with a smaller segment of 36 km located in Belarus, where the river
originates. The Narew River begins at an elevation of 159 m above sea level in the Orfowo
wetland complex, on the edge of the Bialowieza Forest, initially known as the “Skaronowski
Row”. For only a 1 km stretch, the Narew is the border between Poland and Belarus.
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Figure 1. Locations of measurement points along the Narew River in Poland.

This study covered a 431 km section of the river (excluding the Zegrzynski Reservoir).

The river basin, characterised by lowland marshy terrain, encompasses an area of 355 km?
and exhibits a slow flow rate of 0.2-0.3 m/s. The catchment area is 35% forested, while 20%
is designated for agricultural use.

The Narew River is connected to a network of tributaries, the most significant of which

are the Narewka, Orlanka, Jaskranka, Neresl, and, particularly, the Suprasl with the Sokolda.

The peripheral border position of the Biebrza River to the north of the region and the Bug
River to the south limits their contribution to the region’s water management. The Narew
stretches approximately 210 km from the mouth of the Biebrza River to its confluence with
the Bug River within the Zegrzynski Reservoir. Along this stretch, the valley’s width ranges
from 1.5 km to about 7 km, covering an area of approximately 900 km?. The catchment area
predominantly comprises luvisols and leached brown soils, with podzolic soils, including
rusty and podzolic types derived from sands of various origins, ranking third in prevalence.

The climate in the upper part of the Narew River is temperate, influenced by its
geographical location, but it also exhibits some effects of a continental climate. Multi-year
studies have determined that the average annual temperature is approximately 6.7 °C. The
winter season typically begins in late November and ends in early April, with temperatures
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ranging from —6.7 to —2.7 °C. Subzero temperatures persist for around 70 days annually
in this area, compared to approximately 40 days in central Poland.

The Narew River valley includes the city of Ostroleka, with a population of about
52,000. The city is home to a pulp mill, a 720 MW combined heat and power plant, and
other industrial facilities, including those in the metal, construction, and food industries.
Below Serock, the lower Narew is crossed by road bridges at Wierzbica, Pultusk, Rozan,
Ostroteka, Nowogrdd, and Lomza. Among the cities in the region, Lomza is the largest,
with a population of around 61,000. Lomza hosts significant industrial facilities, such
as a furniture factory, brewery, starch production plant, and cotton industry operations.
Further south in the region, the town of Wyszkoéw (approximately 25,000 residents) lies
on a railway line from Tluszcz to Ostroteka. Wyszkow also houses a furniture factory,
glassworks, brewery, and other industrial establishments.

The region’s industrial production prominently features agri-food processing, with
companies such as PP.S. Lomza and dairy plants in Grajewo, Wysokie Mazowieckie, Kolno,
Zambrow, and Piatnica. The textile industry, concentrated in Lomza and Zambrow, and
the wood industry in Grajewo also play significant roles.

The water quality of the Narew River is influenced by wastewater discharges from
cities such as Lapy, Lomza, Ostroteka, R6zan, and Pultusk, as well as inflows from trib-
utaries, including the Narewka, Orlanka, Suprasl (carrying wastewater from Bialystok),
Biebrza, Lojewek, Ga¢, Pisa, Szkwa, Rozoga, and Orzyc. Transportation routes crossing the
river also impact water quality. These include the Hajnéwka and Siemianowka railway
lines, two road connections between Biatystok and Hajnéwka, a heavily trafficked road
and railway route between Biatystok and Bielsk Podlaski, the Lapy-Biatystok road, and the
Warsaw-Biatystok railway line, which crosses the Narew River at two points.

2.2. Sample Collection and Preparation

Macrophyte and bottom sediment samples were collected in August 2020 from
11 measurement points along the Narew River. These measurement points were located
near the following towns: Bondary (1), Korpacz (2—downstream of the Orlanka tributary),
Suraz (3), Ztotoria (4—downstream of the Supraél tributary), Tykocin (5—downstream
of the Neredl tributary), Wizna (6—downstream of the Biebrza tributary), Lomza (7),
Ostroteka (8), Rézan (9), Pultusk (10), and Serock (11—downstream of the Bug tributary).

Bottom sediments were collected in the coastal zone in the top layer to a depth of 5.0 cm
because this layer is where the most intensive deposition of suspended material occurs. A
core collector was used to collect samples, which allows for material to be obtained in a
way that minimises contamination and sample loss. Ten samples were collected and placed
in plastic containers at each selected point. After mixing, a representative sample weighing
approximately 1000 g was obtained. These samples were dried and then sieved through
a nylon sieve with a mesh diameter of 0.2 mm. The selected fraction was analysed in the
laboratory because it constitutes the majority of the bottom sediment composition and
plays a key role in transporting substances in the aquatic environment. Sediment samples
were collected at a distance of 2-3 m from the macrophyte sampling sites, which ensured
data consistency between the sediment and plant analyses.

The following macrophytes, available in the field, were collected for the study: Com-
mon reed (Phragmites australis), Reed canary grass (Phalaris arundinacea L.), Long-leaf
pondweed (Potamogeton nodosus Poin.), Clasping-leaf pondweed (Potamogeton perfoliatus
L.), Sharp-leaf pondweed (Potamogeton acruifolius), Floating pondweed (Potamogeton natans
L.), Slender sedge (Carex acuta L.), Yellow water-lily (Nuphar lutea L.), Branched bur-reed
(Sparganium erectum L.), and Sweet manna grass (Glyceria maxima Hartman).
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Plant material was harvested in August, during the peak of the vegetation season when
bioaccumulation is most intense, as noted by Ruiz et al. [25] and Eid et al. [26]. Samples
were collected on climatically similar days to minimise the influence of weather conditions.
Randomly, four to six specimens of each available species were taken from each sampling
point and combined into composite samples. The collected macrophytes were thoroughly
washed with river water to remove attached sediments and epiphytes. For bioaccumulation
assessment, the macrophytes were placed in labelled polyethene zip-lock bags. Sediment
samples (<0.2 mm fraction) and macrophyte samples were dried in the laboratory to constant
weight and then ground into a uniform powder using an agate mortar.

The prepared material was transferred to Teflon vessels, and a mixture of 8 mL of HNO3
and 2 mL of 30% H,O, was added. According to the manufacturer’s guidelines, the samples
were digested using a microwave digestion system (Ethos Easy, Milestone, Italy). Du Laing
et al. [27] reported that microwave-assisted digestion with a mixture of HNO3 and H,O; is
the most appropriate method for determining heavy metals in macrophytes and sediments.

The digested samples (sediments and plants) were analysed for the concentrations of
Pb, Cr, Cu, Zn, Ni, Cd, Fe, and Mn using flame atomic absorption spectrometry (AAS) on
an ICE 3500 Thermo Scientific spectrometer.

Measurement error was estimated by comparing the results with certified reference
materials, including ERM-CD281 grass mixture and LGC7162 strawberry leaves. The
calculated measurement error was at most 5% of the certified values. Sediment results
were validated using the certified reference material for sediments, NCS DC 73317a. For
multivariate statistical analyses, arithmetic means of metal concentrations in different
macrophyte organs were calculated and treated as representative of the overall metal
content in macrophytes. This approach ensured reliable data for further evaluation of
heavy metal bioaccumulation and sediment contamination.

2.3. Assessment of Sediment Contamination, Geoaccumulation Index (Igeo)

Miiller [28] introduced the geoaccumulation index (Igeo) in 1969 to assess soil contami-
nation, and it has since become a widely used tool for evaluating soil pollution levels [29-32].
The Igeo determines metal enrichment by comparing the concentration of each studied
element with its baseline value in the Earth’s crust [33].

The local geochemical background (LGB) represents the natural concentrations of
trace elements in the environment, shaped by the region’s specific geological features.
LGB values help assess local pollution levels by reflecting the area’s unique geochemical
characteristics. This study obtained LGB values from the scientific literature and regional
geological data, including information on source rocks and sediments in the Narew region.

However, due to incomplete data on some elements and to ensure comparability with
other studies, the global geochemical background (GCB) values proposed by Turekian
and Wedepohl [34] were used to calculate the Igeo. These values are widely accepted in
environmental studies, facilitating comparisons across geographical areas. The Igeo is
defined using the following formula [28]:

I =1lo i
geo =~ 1982{ 15.GCB

where Cn represents the measured concentration of the studied metal in bottom sediments,
GCB denotes the geochemical background content based on the classification proposed
by Turekian and Wedepohl [34], and 1.5 is a constant correction factor accounting for the
variability of the lithogenic background matrix [28,29,35].
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The geoaccumulation index (Igeo) is divided into seven classes: unpolluted, class 0
(Igeo < 0); unpolluted or moderately polluted, class 1 (0 < Igeo < 1); moderately polluted,
class 2 (1 < Igeo < 2); moderately or heavily polluted, class 3 (2 < Igeo < 3); heavily polluted,
class 4 (3 <Igeo < 4); heavily to very heavily polluted, class 5 (4 < Igeo < 5); very heavily
polluted, class 6 (Igeo > 5) [28]. Turekian and Wedepohl [34] proposed the following geochem-
ical background values: Cr = 90 mg/kg, Zn = 95 mg/kg, Cd = 0.3 mg/kg, Co =19 mg/kg,
Mn = 850 mg/kg, Cu = 45 mg/kg, Ni = 68 mg/kg, Pb = 20 mg/kg and Fe = 47,700 mg/kg.

2.4. Statistical Analysis

The obtained data were analysed using STATISTICA software (version 13.3) before
performing analyses, and variables and cases were prepared and organised in a necessary
database of research results. The analyses began with the calculation of descriptive statistics,
including arithmetic mean, median, maximum, minimum, standard deviation (SD), and
coefficient of variation (CV [%]). The normality of the data distribution was verified using
the Shapiro-Wilk test, with statistical significance set at p < 0.05. Pearson’s correlation
analysis was employed to investigate relationships between pairs of metals. Pearson’s
correlation coefficients between various elements provide valuable insights into their
sources in the geochemical environment [36].

Hierarchical cluster analysis (HCA) using Ward’s method and Factor Analysis (FA) was
applied to identify the sources of the studied metals. Before conducting FA, the Kaiser-Meyer-
Olkin (KMO) test and Bartlett’s test of sphericity were performed. The KMO values ranged
from 0.58 to 0.63, and Bartlett’s test showed statistical significance. The Varimax rotation method
was employed. For interpreting the Factor Analysis results, associations between the original
variables and factors were considered significant when the absolute values of their loadings
exceeded 0.70. Multivariate statistical methods are widely used for identifying numerous
substances and pollutants in the environment and exploring their migration pathways, as
demonstrated by Lu et al. [37], Chen et al. [38], Caeiro et al. [39], and Lee et al. [40].

3. Results and Discussion
3.1. Metal Content of Sediment

The results of basic statistical calculations for sediment studies (Table 1) and macro-
phytes (Table 2) are presented below. The variability of metals at the studied locations was
assessed using standard deviation (SD) and the coefficient of variation (CV). The variability
of metal concentrations in sediments ranged from a CV of 25.96% (Mn) to 78.42% (Cd).
In contrast, the variability of macrophyte metals ranged from a CV of 15.52% (Mn) to
80.40% (Cd). Interestingly, these extreme ranges pertain to the same metals (Mn and Cd) in
sediments and macrophytes.

Table 1. Content of analysed metals in the bottom sediments of the Narew River [mg/kg].

Intake Metal
Point Ni Cr Zn Cd Co Cu Pb Fe Mn
Bondary 13.98 14.17 151 0.93 7.94 48.01 21.06 12,505 275
Korpacz 2.04 2.80 51 0.02 2.25 15.31 12.18 7529 276
Suraz 5.72 4.46 53 0.23 412 18.97 12.94 5980 235
Zlotoria 3.31 15.75 147 0.31 3.39 19.36 24.90 11,467 332
Tykocin 3.86 8.74 182 0.35 4.42 20.28 42.90 4737 232
Wizna 6.47 10.46 85 0.50 5.57 16.56 18.98 7110 315
Lomza 6.04 12.18 180 0.65 5.57 19.82 15.73 10,032 425
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Table 1. Cont.

Intake Metal
Point Ni Cr Zn Cd Co Cu Pb Fe Mn
Ostroteka 5.09 4.70 72 0.23 3.05 15.86 12.85 5039 217
Rézan 13.01 11.08 129 0.45 4.94 29.50 17.46 12,704 372
Puttusk 5.57 3.91 84 0.17 3.60 18.29 11.60 4735 277
Serock 14.87 0.91 33 0.01 1.89 16.90 7.63 2222 167
GCB 68 90 95 0.3 19 45 20 47,200 850
LGB 5 5 48 0.5 2 6 10 n.a. n.a.
average 7.27 8.10 106 0.35 4.25 21.71 18.02 7642 284
min 2.04 0.91 33 0.01 1.89 15.31 7.63 2222 167
max 14.87 15.75 182 0.93 7.94 48.01 42.90 12,704 425
SD 4.50 4.99 54 0.27 1.73 9.53 9.58 3544 74
CV [%] 61.93 61.58 51 78.42 40.60 43.88 53.16 46 26
Note: SD—standard deviation, LGB—local geochemical background, GCB—global geochemical background,
n.a.—not available.
Table 2. Content of analysed metals in submerged parts of macrophytes [mg/kg].
Intake . .
Point Macrophyte Species Ni Cr Zn Cd Co Cu Pb Fe Mn
Bondary Phragmites australis 6.46 3.36 59 0.12 3.27 24.20 12.28 6211 259
Potamogeton nodosus Poin. 10.42 0.30 50 0.19 2.61 13.01 9.66 1787 320
Phalaris arundinacea L. 1.83 1.37 86 0.10 2.55 17.29 10.33 7797 373
Korpacz  Potamogeton perfoliatus L. 7.65 3.72 68 0.86 6.51 18.87 11.99 7452 490
Potamogeton acruifoliud 6.56 3.67 83 0.32 512 16.44 9.88 13,127 493
Suraz Phragmites australis 7.36 0.99 67 0.07 2.17 14.94 9.09 6236 428
Ztotoria  Phragmites australis 5.51 1.61 93 0.07 2.29 13.25 6.67 3980 421
Tykocin  Phragmites australis 6.52 1.91 55 0.26 3.27 17.68 8.43 6813 418
Potamogeton natans L. 11.35 418 104 0.44 4.52 17.92 9.02 6738 491
Wizna Carex acuta L. 3.91 2.81 78 0.30 2.63 19.36 7.40 3605 486
Potamogeton nodosus Poin. 7.02 5.83 108 0.36 4.00 20.90 8.45 6040 488
Lomza Phalaris arundinacea L. 791 2.34 61 0.22 3.08 13.45 6.10 6455 459
Ostroleka Potamogeton nodosus Poin. 9.54 3.15 83 0.28 4.27 27.67 8.15 7888 485
Carex acuta L. 6.26 3.41 91 0.14 3.00 17.92 7.57 7637 402
- Phalaris arundinacea L. 4.23 2.68 72 0.22 2.82 23.02 7.57 7929 338
Rozan  Nyhary lutea L. 4.97 3.87 103 0.25 3.21 22.34 8.87 5495 466
Nuphary lutea L. 5.84 2.02 67 0.03 2.73 11.46 6.53 7185 414
Pultusk g0 canium erectum L. 193 090 51 009 186 945 601 3632 435
Phalaris arundinacea L. 1.30 1.18 54 0.15 2.21 11.91 6.20 5126 341
Serock Glyceria maxima Hartman 7.17 2.49 58 0.13 2.99 21.19 8.05 6300 470
Nuphary lutea L. 5.44 1.54 54 0.12 2.54 14.60 7.40 2293 467
average 6.15 2.54 74 0.22 3.22 17.47 8.37 6178 426
min 1.30 0.30 50 0.03 1.86 9.45 6.01 1787 259
max 11.35 5.83 108 0.86 6.51 27.67 12.28 13,127 493
SD 2.62 1.34 19 0.18 1.11 4.67 1.77 2412 66
CV [%] 42.54 52.65 25 80.40 34.58 26.73 21.11 39 16
0.02— 0.05— 0.01- 50-200  20-500
Natural content 0.1-5a 05 a 10-70 a 02 a 08 5-30a 0.1-5b b a

a—Kabata-Pendias and Pendias [41], b—Markert [42].

At the primary statistical analysis stage, it is possible to identify, to a limited extent, the

sources of metals in the aquatic environment. Additional statistical tools were applied to expand

the scope of the analysis. The mean metal concentrations in the sediments of the Narew River
decreased in the following order: Fe > Mn > Zn > Cu > Pb > Cr > Ni > Co > Cd.

To assess the contamination of bottom sediments, the geochemical background es-
tablished by Turekian and Wedepohl [34] was utilised. The analyses revealed that Ni, Cr,
Co, Fe, and Mn concentrations were within natural levels, while Zn, Cd, and, partially, Cu
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and Pb exceed these levels. The highest concentrations in the sediments were observed
for Fe, Mn, and Zn, and the lowest for Cd. This distribution of the studied components
is related to their geochemical properties and the degree of their prevalence in the envi-
ronment. The concentrations of Fe and Mn ranged from 2222 to 12,704 mg/kg and 167 to
425 mg/kg, respectively.

For Zn and Cu, the concentrations ranged from 33 to 182 mgZn/kg and 15.31 to 48.01
mgCu/kg with mean values of 106 + 54 mgZn/kg and 21.71 4 9.53 mgCu/kg. This study
demonstrated relatively low Pb, Cr, Ni, and Co concentrations, which fell within the range
of 7.63-42.90, 0.91-15.75, 2.04-14.87, and 1.89-7.94 mg/kg, respectively. These ranges
mostly align with natural levels, except Pb, whose upper range exceeds natural levels by
more than two times. The maximum concentration of Cd was approximately three times
higher than the geochemical background, suggesting the anthropogenic enrichment of
sediments with this element [9,33]. The average Cd concentration in the Narew sediments
was 0.35 & 0.27 mg/kg, ranging from 0.01 to 0.93 mg/kg.

The sediments’ Cr, Cd, Cu, Zn, and Co concentrations are strongly intercorrelated,
as indicated by correlation coefficients ranging from r = 0.61 to r = 97. According to
Ke et al. [43], Bhuyan et al. [44], and Ciazela et al. [45], consistent and robust correlations
between pairs of metals, with values between 0.7 and 0.9, suggest a common origin.

The geochemical index values (Igeo) for Ni, Co, Cu, Fe, Mn, and Cr (Table 3) were
negative. Consequently, most of the studied sediments were classified as class 0, indicating
unpolluted. However, the Igeo values for Cd, Pb, and Zn were positive in specific locations.

Table 3. Geochemical index of bottom sediments River Narew.

Measurement Point Ni Co Pb Cu Zn Fe Mn Cr Cd
Bondary 1 —2.87 —1.84 —0.51 —0.49 0.08 —2.52 —2.21 —3.25 1.05
Korpacz 2 —5.65 —3.66 —1.30 —2.14 —1.48 —3.25 —2.21 —5.59 —4.72
Suraz 3 —4.16 —2.79 —1.21 —1.83 —1.43 —3.58 —2.44 —4.92 —1.00
Ztotoria 4 —4.95 —-3.07 —0.27 —1.80 0.05 —2.64 —1.94 —3.10 —0.52
Tykocin 5 —4.72 —2.69 0.52 —1.74 0.35 —3.92 —2.46 —3.95 —0.38
Wizna 6 —3.98 —2.35 —0.66 —2.03 —0.75 —3.33 —2.02 —3.69 0.15
Lomza 7 —4.08 —2.36 —0.93 —1.77 0.34 —2.83 —1.59 —3.47 0.53
Ostroteka 8 —4.32 —-3.22 —-1.22 —-2.09 —0.99 —3.83 —2.56 —4.85 —0.98
Rozan 9 —2.97 —2.53 —0.78 —-1.19 —0.14 —2.49 —1.78 —3.61 0.02
Puttusk 10 —4.19 —2.98 —1.37 —1.88 —0.77 —3.92 —2.20 —5.11 —1.38
Serock 11 —2.78 —391 —1.98 —2.00 —2.11 —5.01 —293 —-7.21 —5.69

Positive Igeo values for Cd were observed in sediments at the following points:
Bondary (1.05), Wizna (0.15), Lomza (0.53), and Rézan (0.02). A positive Igeo value for
Pb was recorded at Tykocin, with a value of 0.52, classifying the sediment as class 1
(moderately polluted). For Zn, positive Igeo values were recorded at Bondary (0.08),
Zlotoria (0.05), Lomza (0.34), and Tykocin (0.35), also placing these sediments in class 1
(moderately polluted).

Most of the sediments listed were classified as class 1 (moderately polluted), except
for the sediments from Bondary, which were classified as class 2 (strongly polluted). The
arithmetic mean Igeo values for the studied metals followed the order: Zn > Pb > Cd > Cu
> Mn > Co > Fe > Ni > Cr. The Igeo results indicate that Zn, Pb, and Cd are the metals most
enriched in the Narew sediments, whereas Ni and Cr are the least enriched.

3.2. Metal Content of Macrophyte

In this study, all plants exhibited lower levels of Mn and Cu compared to phytotoxic
thresholds [41,42], whereas higher levels were observed for Cd, Ni, Co, Pb, Cr, and Fe.
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The accumulation of heavy metals in aquatic plants depends on various physicochemical
factors, such as metal bioavailability in water, uptake rate through plant membranes, the
stability of metals in biotic and abiotic environments, distribution across different plant
tissues, and the potential to deposit metals in tissues [46].

Plants absorb metals like Fe, Mn, Cu, Zn, and Ni in small amounts, essential for their
physiological processes. Notably, Co can stimulate plant growth. In contrast, metals such as
Cd, Cr, and Pb have no known biological function and can be absorbed by plants, exhibiting
toxicity even at deficient concentrations [47]. This variability underscores the influence of
environmental and biological factors on aquatic plants” heavy metal uptake dynamics.

The Fe content in the analysed plants ranged from mg/kg, with an average concentra-
tion of 6178 mg/kg. Potamogeton acutifolius had the highest Fe content, while Potamogeton
nodosus Poin contained the lowest amount of this element. The Mn content in the studied
plants showed little variability, with an average concentration of 426 mg/kg. Potamogeton
acutifolius (493 mg/kg) from the Korpacz site contained the highest Mn content, followed by
Potamogeton natans L. (491 mg/kg) from the Wizna site. In contrast, the lowest Mn concen-
tration was found in Phragmites australis (259 mg/kg) at the Bondary site. Zn concentrations
ranged from 50 to 108 mg/kg, averaging 74 mg/kg. The highest Zn content was recorded
in Potamogeton nodosus Poin. (107.59 mg/kg). Moreover, Potamogeton natans L. (104 mg/kg)
at the Wizna site, followed by Nuphar [utea L. (103 mg/kg) at the R6zan site. Cu content
in plants ranged from 9.45 to 27.67 mg/kg, with Potamogeton nodosus Poin, showing the
highest concentrations. Plants demonstrated good bioaccumulation capacity for Cu, with
Phragmites australis (24.20 mg/kg) and Phalaris arundinacea L. (23.02 mg/kg) exhibiting high
values and an average Cu concentration of 17.47 mg/kg for the studied species. The aver-
age Ni concentration was 6.15 mg/kg. Potamogeton natans L. (11.35 mg/kg) contained the
highest amount of Ni, followed by Potamogeton nodosus Poin. (10.42 mg/kg). The lowest Ni
concentration was observed in Phalaris arundinacea L., only 1.30 mg/kg. Co concentrations
in macrophytes were less variable, with 77% values ranging from 1.86 to 6.51 mg/kg and
an average of 3.22 mg/kg. Among the studied species, the highest Co concentrations
were found in Potamogeton perfoliatus L. (6.51 mg/kg), Potamogeton acruifolius (5.12 mg/kg)
from the Korpacz site, and Potamogeton natans L. (4.52 mg/kg). The highest Cr concentra-
tions were recorded in Potamogeton nodosus Poin. (5.83 mg/kg) and Potamogeton natans
L. (4.18 mg/kg) at the Wizna site, with an average Cr concentration of 2.54 mg/kg. The
highest Pb concentrations were found in Phragmites australis (12.28 mg/kg) and Potamoge-
ton perfoliatus L. (11.99 mg/kg), with an average of 8.37 mg/kg. Plant Cd concentrations
averaged 0.22 mg/kg, ranging from 0.03 to 0.83 mg/kg. Among the studied species, Pota-
mogeton perfoliatus L. (0.86 mg/kg) and Potamogeton natans L. (0.44 mg/kg) had the highest
Cd concentrations. The study showed that Potamogeton natans L. (Ni 11.35, Cr 4.18, Zn 104,
Cd 0.44, Co 4.52 mg/kg) is one of the analysed plant species that can accumulate large
amounts of multiple trace elements. Of particular importance is the species Phragmites
australis, which has been used in biological sewage treatment plants for several decades
thanks to its high capacity to accumulate heavy metals such as Pb, Zn, and Cd. It is widely
used in phytoremediation systems, emphasising its importance in purifying the aquatic
environment [12,47].

The analysis of the research results identified the following sources of pollution in the
study area. Plants from sediments primarily absorb Fe and Mn and are generally present in
higher concentrations than other microelements [41]. Fe and Mn in sediments mainly origi-
nate from natural sources, such as the Earth’s crust [48]. However, in ecosystems subject to
anthropogenic pressure, such as the study area, the content of these elements may be influ-
enced by additional sources, such as emissions from transport (road dust) and industrial
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activities. Fe is essential for aquatic plants” metabolic processes and proper functioning.
Kabata-Pendias and Pendias [41] emphasise that Fe is characterised by low plant mobility,
which may affect its distribution in various tissues. Aquatic plants can directly absorb iron
through submerged leaves and stems, particularly in chelates (e.g., Fe-EDTA) or dissolved
Fe?* ions in water. This process is more efficient when iron is available in highly soluble
forms and at optimal concentrations. Moreover, aquatic plants can modify the chemical con-
ditions around their tissues by altering pH or releasing organic compounds to facilitate iron
uptake. Some species can also produce siderophores—iron-chelating compounds—that
enhance the solubility and bioavailability of iron in aquatic environments [9,46]. Maz-
mudar and Das [49] suggest that the high accumulation of Fe in aquatic plants is due to
the reduction of insoluble Fe(IIl) to the more soluble Fe(Il) in aquatic environments. The
availability of Fe in sediments and water can promote its transport to the aerial parts of
plants, particularly under conditions of increased bioavailability. One source of Fe pollution
in rivers is transportation, as noted by Bardelli et al. [50], who highlight that Fe is present
in road dust originating from the wear of vehicle brake pads.

Manganese is an essential micronutrient for aquatic plants, and its uptake occurs
through multiple pathways. Bottom sediment Mn?* ions, which are more bioavailable
under anaerobic conditions often found in sediments, can be absorbed by the roots of
rooted macrophytes, such as the common reed (Phragmites australis). In addition, Mn
can be directly absorbed from water through submerged leaves and stems, particularly
in the form of dissolved Mn?* ions. This mechanism is significant for submerged plants.
Mn is more accessible in water at low pH and under anaerobic conditions. Aquatic
plants also exhibit adaptive mechanisms to enhance Mn uptake [9]. For example, they
can reduce oxidised insoluble forms of Mn (Mn3* or Mn**) to the more soluble Mn2* by
releasing reductive enzymes or organic substances, such as organic acids. The availability
of Mn in aquatic environments depends on several factors, including redox conditions
in sediments and water (with Mn?* dominating in reducing conditions), water pH, and
organic substances capable of complexing Mn [51]. Both Fe and Mn in rivers are primarily
of natural origin. However, Mn pollution is also associated with anthropogenic activities
such as transportation (tire wear and dust resuspension). Karar et al. [52] link Mn in soil
and sediments to manganese cyclopentadienyl tricarbonyl (MMT). Zinc, being more mobile
than Mn, plays a key role in the enzymatic activities in aquatic plants. It is transported
from sediments and water in the form of Zn?* ions, which can lead to excessive uptake
by macrophytes, particularly in rivers near roads with high traffic density [53]. Zinc is
emitted through tire wear during vehicle use [54] and may also enter surface waters via
wastewater.

Copper in bottom sediments is mainly bound to organic matter and less mobile forms,
such as sulphates, sulphides, and carbonates, which limits its accumulation in aquatic
plants [55]. An analysis of copper content in macrophytes from the Narew River, which
flows through urban areas, indicates that one of the sources of this element is road dust
enriched in copper. Copper is also present in vehicle components, such as bearings, brake
pads, engine parts, and radiators. The roots of plants rooted in bottom sediments play
a significant role in copper uptake, mainly in the form of Cu?* ions (oxidised form) or
complex chelate compounds. Copper can be adsorbed from bottom sediments, especially
in places with higher concentrations of this element or where organic compounds are
present that increase its bioavailability. In anoxic conditions, such as deeper sediment
layers, copper may be available in sulphide complexes (e.g., CuS), but the bioavailability of
these forms is limited [51,56].
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Submerged leaves and shoots can take up copper directly from water as dissolved Cu?*
ions or as chelates, such as complexes with humic or fulvic acids. Copper uptake by leaves
and shoots is significant for plants floating on the water surface or wholly submerged,
where root activity is limited or absent. Aquatic plants can also influence local chemical
conditions to facilitate copper uptake; for example, by regulating the ambient pH, which
increases copper solubility, or by secreting organic substances, such as organic acids, which
improve the bioavailability of the element. Some plants accumulate copper in unique
structures, which helps to minimise its toxic effects [21,27].

The uptake of copper by aquatic plants depends on many environmental factors, such
as water pH because copper is more bioavailable in acidic environments, as well as the
presence of organic compounds, the concentration of copper in water and sediments, and
the redox potential, which affect the chemical form of Cu. These adaptive mechanisms
allow aquatic plants to effectively take up and manage copper resources, even under
variable environmental conditions [11,31].

Although Ni generally exhibits the lowest mobility and bioavailability among heavy
metals at neutral to alkaline pH [21], its mobility can increase significantly under more
acidic conditions [41]. Elevated Ni levels in aquatic plants from agricultural areas, including
Poland [41], may result from compound fertilisers and pesticides [57,58]. Chromium is a
widely distributed heavy metal in aquatic ecosystems, with emissions mainly stemming
from anthropogenic sources. Cr levels in the environment depend on the proximity to
pollution sources and meteorological factors, as it can travel considerable distances through
the air [59]. Hexavalent Cr poses the most significant environmental threat due to its
toxicity, while trivalent Cr is relatively less mobile [60-62]. Bhattacharya et al. [54] found
significant amounts of Cr in road dust, originating from tire wear, road markings, and
corrosion-resistant coatings on vehicles and barriers.

Lead (Pb) is relatively immobile in bottom sediments. Pb sources include trans-
portation, as despite the use of unleaded fuel, Pb is still present in the environment.
Rajaram et al. [63] indicate that Pb mainly enriches urban areas. In agricultural areas,
higher Pb concentrations may result from using pesticides, phosphate fertilisers, and com-
pound fertilisers [57,58]. Coal combustion can also contribute to increased Pb levels in
aquatic ecosystems.

These findings underscore the importance of aquatic plants as indicators of ecosystem
health and heavy metal pollution. Macrophytes, such as those studied in the Narew River,
play a crucial role in metal accumulation, enabling the assessment of the impacts of both
anthropogenic and natural pollutants on aquatic environments.

Cd, in contrast, exhibits high mobility [41] and is a dangerous metal. According
to Zhou et al. [64], Cd causes various physiological and biochemical changes in plants.
Sources of Cd include agriculture (pesticides, mineral and organic fertilisers, sewage sludge,
manure, lime [65]) and transportation. Cd is released in dust from tire wear [60] and diesel
engines [66]. The small particle size of Cd facilitates its long-distance transport.

Metals in natural aquatic ecosystems occur in low concentrations, depending on
catchment geology, but human activities can significantly increase their levels. Industrial
activities, fertilisation, industrial and municipal wastewater, mineral extraction, trans-
portation, rainwater, and atmospheric deposition contribute to this issue. Consequently,
this problem has become a focal point for research investigating the fate of metals in
aquatic environments.
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3.3. Identification of Pollution Sources Using Statistical Analyses

Cr, Cd, Cu, Zn, and Co concentrations in sediments are strongly correlated, with
correlation coefficients ranging from r = 0.61 to r = 0.97. According to Ke et al. [43],
Bhuyan et al. [44], and Ciazela et al. [45], consistent and robust correlations between metal
pairs (r = 0.71 to r = 0.92) suggest a common origin. However, Pb is only correlated with
Zn (r = 0.73). Most metals are correlated with Fe, with correlation strengths ranging from
r=0.63 tor = 0.83. Mn is correlated only with Cr (r = 0.68) and Fe (r = 0.75). Strong mutual
correlations among metals indicate the shared sources of origin [67]. The correlations with
Fe and Mn suggest the significant role of hydrated Fe and Mn oxides in binding metals in
the studied sediments.

The lack of strong correlations between some metals suggests that their concentrations
are not controlled by a single factor but by a combination of geochemical phases and
mixed associations [68,69]. According to Robertson et al. [70], correlations between specific
components can help identify their potential sources.

Two factors were identified in the Factor Analysis (FA) of metal concentrations in
sediments (Table 4), explaining 54% and 17% of the variance, respectively. The first factor
is strongly correlated with Cr (0.89), Zn (0.92), Cd (0.71), Pb (0.70), Fe (0.72), and Mn
(0.77). The second factor correlates with Ni (0.87) and Cu (0.86). Poorly treated industrial
and municipal wastewater and past transportation activities may have contributed to
the enrichment of these metals, with phosphate fertilisers being a potential source of Cd.
Hydrated Fe and Mn oxides play an active role in binding these metals in bottom sediments.
Elevated Mn levels could also be associated with applying organic fertilisers to arable soils
for horticultural and agricultural purposes [71].

Table 4. Classification of examined elements according to multivariate analysis (Factor Analysis—FA).

. Sediments Macrophytes
Variable Factor 1 Factor 2 Factor 1 P Factor 2
Ni —0.26 0.87 0.08 0.56
Cr 0.89 0.31 0.89 0.07
Zn 0.92 0.12 0.71 —0.22
Cd 0.71 0.65 0.88 0.28
Co 0.61 0.66 0.86 0.35
Cu 0.32 0.86 0.59 0.53
Pb 0.70 —-0.22 0.19 0.88
Fe 0.72 0.48 0.72 0.10
Mn 0.77 0.12 0.61 —0.68
Variance 54 17 47 2

Explained [%]

As for the second factor and the associated loadings, these metals (Ni and Cu) likely
originate from anthropogenic sources. In this context, plant protection products from
agricultural areas could be the primary cause of Cu enrichment in bottom sediments.

The dynamics of factor value changes are presented in Figures 2 and 3, illustrating
the variations of the identified factors across the studied locations. This tool is handy
for representing the linear variability of detected factors correlated with specific metals.
Notable locations for Factor 1 include the Bondary site, situated directly downstream of
the Siemian6éwka Reservoir, which is presumed to be a source of metals. The Ztotoria site
is located downstream of the confluence of the Suprasl River with the Narew. The Suprasl
River carries pollutants from Biatystok, which explains the significant difference in factor
values between the Suraz and Ztotoria sites.
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Another notable location is Lomza, the largest city along the Narew River. Lomza
hosts a municipal wastewater treatment plant. Based on FAs and factor values, specific sites
were identified as having the most significant contributions to the enrichment of bottom
sediments with metals associated with Factor 1. Factor 2 accounts for only approximately
17% of the variability and has a minor influence compared to Factor 1.

The highest factor values representing the second factor, correlated with Cu and
Ni, were recorded at the Bondary and Rézan sites. Bondary is a location influenced by
the Siemianowka Reservoir, whose impact was also noted in the discussion of the first
factor. This area is surrounded by agricultural fields and traversed by a railway line. The
Roézan site is in a region dominated by grasslands where intensive agricultural practices
are conducted. Approximately 1 km from the Narew River near Rozan, the National
Radioactive Waste Repository is located, which may further contribute to the observed
metal concentrations.
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Figure 2. Factor scores in points—bottom sediments.
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Figure 3. Factor scores in points—macrophytes.

Table 4 presents the FA results for metal concentrations in macrophytes. The number
of factors and the distribution of factor loadings are similar to those obtained for bottom
sediments. Factor 1 is correlated with Cr, Zn, Cd, Co, and Fe, explaining 46% of the
variability, while Factor 2 is correlated with Pb, explaining 21%. A significant difference in
description between sediments and macrophytes occurred for Factor 2. Factor 2 correlates
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Binding distance

with Pb, whose origin is likely associated with vehicular and railway traffic. A large portion
of Pb is transported through the air, and macrophytes absorb the dry deposition of Pb
via their leaves and stems. Aquatic plants selectively take up trace elements from their
surrounding environment through their root system or leaves [72-74].

During the correlation analysis of metals in macrophytes, no correlations were ob-
served between Pb, Ni, and Mn with other metals, confirmed by FA. This suggests that
the origins of these elements differ. The factor value distribution for Factor 1 showed two
maxima: Korpacz and Wizna. This may result from different migration pathways of metals
to plants compared to sediments. In the case of the factor value distribution for Factor 2,
a notable decrease in values was observed from the first point at Bondary, bordering the
Siemiandwka Reservoir, to the Ztotoria point. Factor 2 is associated with Pb.

An objective Ward’s cluster analysis was performed separately for sediments and
plants. For sediments (Figure 4), the cluster analysis revealed two points where the bottom
sediments had similar metal concentrations. The plant cluster analysis (Figure 5) also
showed two groups of points with similar metal concentrations. The similarity of the point
groupings for sediments and plants suggests a comparable response of sediments and
macrophytes to metal source influences within the Narew River.
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Figure 4. Hierarchical dendrograms for heavy metals in sediments obtained by Ward’s hierarchical
clustering method.
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Figure 5. Hierarchical dendrograms for heavy metals in macrophytes were obtained by Ward’s
hierarchical clustering method.

4. Conclusions

The content of analysed heavy metals in bottom sediments and macrophytes of the
Narew River is influenced by the watershed topography, hydrological conditions, and
anthropogenic impacts. The average concentrations of heavy metals in bottom sediments
decreased in the following order: Fe > Mn > Zn > Cu > Pb > Cr > Ni > Co > Cd. Analyses
revealed that Ni, Cr, Co, Fe, and Mn concentrations remain at natural levels, whereas
Zn, Cd, Cu, and Pb exhibit anthropogenic enrichment. The geochemical index indicated
that most studied sediments belong to class 0 (uncontaminated). An exception was the
Bondary sampling point, classified as class 2 (strongly contaminated), primarily due to
high Cd concentrations.

The content of heavy metals in aquatic plants growing along the banks of the Narew
River varied depending on the plant species and location. All examined species exhibited
Mn and Cu levels below phytotoxic thresholds. In contrast, higher levels were recorded for
Cd, Nji, Co, Pb, Cr, and Fe, indicating the diverse bioaccumulation capacities of different
species. Mn and Cd in sediments and macrophytes demonstrated similar variability ranges,
with low Mn variability indicating its natural origin and high Cd variability confirming its
anthropogenic sources.

Correlation analysis showed that metals such as Cr, Cd, Cu, Zn, and Co are mutu-
ally correlated, suggesting their co-occurrence in the environment and shared sources of
contamination. In contrast, Pb exhibited a distinct origin in macrophytes, emphasising its
toxicity and a different distribution mechanism. The binding of metals in sediments by Fe
and Mn compounds was confirmed by correlation coefficients (r = 0.63-0.83), underscoring
their significant role in metal retention in the aquatic environment.
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Ward’s cluster analysis allowed for dividing sampling points into two characteristic
groups for both bottom sediments and macrophytes, reflecting similar responses of these
two environmental components to pollution sources. This study confirms that assessing
the aquatic environment using both bottom sediments and macrophytes is more compre-
hensive and enables a more accurate estimation of pollution levels and identification of
contamination sources. Monitoring heavy metals in bottom sediments and macrophytes
is crucial for evaluating the overall condition of aquatic ecosystems. Integrating both
approaches facilitates a better understanding of accumulation mechanisms, identification
of anthropogenic pollution sources, and determination of environmental metal distribution
patterns. The findings support the need for continued monitoring and the implementation
of protective measures to preserve the high ecological value of the Narew River.
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Abstract: The quality of sediments in the mixing zone of river freshwater and marine saline water
as an important geochemical barrier for potentially toxic elements (PTEs) remains poorly under-
stood. This study aims to analyze the current pollution with PTEs and associated ecological risks
in sediments of the Don River delta and the surrounding area of the Taganrog Bay of the Sea of
Azov (Russia). The PTE content was determined in fifty-four collected samples using the WDXRF
and assessed using geochemical and ecotoxicological indicators. The source of Cr, Mn, Ni and Pb is
mainly river runoff, and Cu, Zn and Cd are from a variety of anthropogenic sources. As shown by
the assessment of the geoaccumulation index (Igeo), single pollution index (PI) and contamination
factor (CF), these elements are the priority pollutants. According to these estimates, high and very
high contamination of sediments in the estuarine zone of the Don River with Cd and Pb was detected
in 72-94% and 2-57% of samples, respectively. However, environmental risks are determined almost
exclusively by the level of Cd. Total contamination as assessed by the Nemerow pollution index
(NPI), modified degree of contamination (mC,;) and metal pollution index (MPI) is of concern in
83-98% of the samples studied. The most heavily polluted sediments are in the vicinity of residential
areas of the Taganrog Bay. Despite the lower average pollution levels of deltaic sediments, freshwater
biota are exposed to higher potential toxic risks of adverse effects by PTE, particularly from Ni and
Pb. Thus, the complex hydrological regime and uneven anthropogenic impact predetermine the
geochemical state of the sediments of the estuarine zone of the Don River.

Keywords: heavy metals; trace elements; PTEs; surface sediments; sediment pollution; sediment
contamination; pollution level; ecological risk; risk assessment; Southern Russia

1. Introduction

Over the past decades, there has been growing interest among researchers in studying
the state of sediments of river-to-marine transition zones of large rivers based on the content
of priority pollutants. The aquatic environments of large river deltas and estuarine zones
significantly moderate the continual geochemical cycles, as well as control the transport of
dissolved and suspended matter from vast watersheds to seas and oceans [1-5]. Despite
the high importance of fluvial-marine systems for sustainable development and pollution
mitigation at both the regional and global levels, a comprehensive analysis of their current
status is quite difficult to achieve [6]. The following situation is predetermined by the
dynamic nature of delta and coastal landscapes, as well as constant transformation due to
the natural and anthropogenic changes in natural environments [6-8].
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River freshwater infilling, waves and tides, coastal abrasion and storms in the sea—
river transition zone, as well as erosional processes in watersheds, strongly affect the
morphology and geochemistry of large river deltas and estuarine areas [9-12]. The above
processes have a significant impact on aquatic and floodplain ecosystems, paddy soils
and, most dramatically, sedimentation rate and chemical composition of riverbeds and
nearshore sediments [13-18]. The latter is of particular interest since the geochemistry of
estuarine sediments is important both for the assessment of historic erosion and pollution
within a catchment [19] and for determining the contribution of specific sources and
activities [12,20,21]. Another issue related to this component of the aquatic environment
is the potential ability of sediments accumulated within delta channels, as well as coastal
and near-shore zones of the marine part of the system, to become a source of secondary
pollution [22]. The large amounts of pollutants, accumulated within the sediments of large
river deltas in highly industrialized and populated regions of the world, can be subjected
to remobilization due to strong storms [23], tsunamis [24,25] or other catastrophic natural
or anthropogenically induced events [26], that could occur either upstream or at sea.

Analysis of the levels and potential environmental risks of most common pollutants
in river delta sediments and adjacent marine areas is important for the sustainable manage-
ment of these landscapes. Many recent studies focus on emerging pollutants, particularly
polycyclic aromatic hydrocarbons [27-29], polychlorinated biphenyls [30,31], microplas-
tics [32-34], etc. due to their high toxicity [35]. At the same time «traditional» pollutants
such as potentially toxic elements (PTEs) can be of high concern and significantly contribute
to the total pollution; additionally, their accumulation period duration can be very long,
and may correspond to the preindustrial and early industrial periods [19,36].

The assessment of sediment pollution by PTEs and the associated potential risks of
their negative impact on aquatic ecosystems involves several fundamental approaches.
The first approach consists of directly assessing contamination as an excess level of PTE
due to anthropogenic activity relative to the natural abundance of chemical elements in
sediments, or the geochemical background [1,17,20,37,38]. The global background, in
particular the content of elements in the upper continental crust (UCC) [17,36,39], sedi-
mentary rocks, soils, the regional geochemical background corresponding to threshold or
baseline values in pristine sediments formed under similar conditions [17,40,41], or the
preindustrial reference value, are used as the normal concentration of PTEs. Sediment
contamination with an individual PTE is determined by calculating various indicators, in
particular the enrichment factor (EF), single pollution index (PI), geoaccumulation index
(Igeo), contamination factor (CF), etc., characterizing the excess of their contents over the
background, including the use of fractional or elemental normalization. Overall pollution
is defined as a sum, arithmetic mean, geometric mean, or other metric assessed on a given
scale [1,37,38]. This approach does not take into account the toxicity of PTEs and their fate
in landscapes, but this drawback is overcome by assessing potential ecological risks using
the Hakanson scheme [42]. Direct negative effects of pollutants from sediments on aquatic
biota are assessed by biotesting, but this method is expensive and time-consuming. As
an alternative, current levels of PTEs in sediments are compared using sediment quality
guidelines (SQGs) [2], which are empirically derived from sediment chemistry, toxicity,
bioaccumulation, and community structure data [35,43]. SQGs are those levels of pollutants
at which, if exceeded, significant negative biological effects occur.

Recent geochemical studies of the ecosystems of the transition zone of the Don River—
Taganrog Bay system demonstrate high levels of anthropogenic PTE in floodplain and
coastal soils [44-47], vegetation [47-49], waters and suspended matter [50-54], marine bot-
tom sediments [55-57] and freshwater sediments [31,58]. At the same time, an assessment
of the quality of surface and bottom sediments of the coast of the Taganrog Bay and the
Don Delta in terms of the level of PTEs and possible risks to the environment has not
been carried out previously. In this context, this work aims to contribute to the study of
geochemistry and the quality of sediments along the fluvial to marine transition zone of
the Don River. To this end, physicochemical sediment parameters, levels and sources of
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PTE and related pollution status, and ecological and ecotoxicological risks were analyzed
and compared in sediments of the Don River delta and adjacent coast of the Taganrog Bay.

2. Materials and Methods
2.1. Study Area

Taganrog Bay is the largest in the shallow shelf inland Sea of Azov, located in Eastern
Europe (Figure 1A). The part of the bay that juts out onto the shore contains the mouth of
the largest river flowing into the Sea of Azov—the Don [4]. The modern geomorphology
and sediments of the Azov region were formed in the Holocene during the last transgres-
sion of the Black Sea under conditions of uneven sea level rise with downward tectonic
movements [59]. The region has a humid continental climate (Dfa according to the Képpen
classification) with cold winters and dry, hot summers. North and north-eastern winds
prevail during cold seasons and west to south-western during the warm season [60].
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Figure 1. Location of sampling sites for surface and bottom sediments within the Sea of Azov
basin (A), along the coast of the Taganrog Bay (B) and the Don River delta (C).

The study covers the Don River estuary area, including the Don River delta (Figure 1C)
and the coast of the estuary from the marine edge of the delta to the marine boundary of
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the estuary area on the southern coast of the Taganrog Bay and from the edge of the delta
to the mouth of the Mius River on the northern coast of the bay (Figure 1B).

The Taganrog Bay has an area of 5600 km? and an average depth of 4.9 m. The shores of
the Taganrog Bay are composed mainly of loess-like loams and Scythian clays, which, due
to abrasion, are the source of material for the formation of marine sediments. Depending on
the prevailing geological processes, abrasion, abrasion-landslide and accumulative shores
are formed [61]. The average annual sedimentation rate is 700 g m~2 per year [56]. The
Taganrog Bay basin belongs to the Black Sea steppe province, where the zonal vegetation
is represented by forb—fescue—feather grass steppes reaching the supralittoral. The sandy
areas of the coast are deserts with a mosaic combination of halophyte communities, and
meadows, aquatic coastal and floodplain vegetation develop in the river mouths [59]. The
salinity of the waters of the bay varies from 0 to 14%. [62]. The salinity gradient of the
surface layer of water in the Taganrog Bay is on average 0.5-7%o. from the edge of the Don
delta to the open part in the south [63].

The modern delta of the Don River occupies the coastal part of the flat alluvial
delta plain from the branch of the main channel of the Don River, the Mertvy Donets
River, to the sea edge of the land delta and occupies an area of 538 km? [64]. The delta
floodplain is represented by low-lying islands (0.2-1 m a.s.l.) composed of medium- and
fine-grained sands, separated by numerous branches and channels. The Don Delta has a
wave-dominated regime and is subject to strong sea surges and erosion of the sea edge
due to the construction of the Tsimlyansk Reservoir in 1953 (309 km from the mouth) [16].
Average annual water runoff and fluvial sediment delivery of the Don River are estimated
at 20.6 km? and 0.19 Mt per year, respectively [16,60]. The Don Delta is characterized by
fluctuations in water salinity depending on wind-driven phenomena [29]. Under normal
conditions, fresh waters predominate (0.6-0.95%); with strong westerly winds, water
salinity can reach 5-6%o [63]. The delta combines protected, natural, rural and urban
landscapes. Most of the territory is subject to continuous overgrowth by monodominant
communities of southern reed Phragmites australis Cav. Cattail groups of Typha australis
Schum. and Thonn. and Typha laxmannii Lepech. are common on the marine edge of the
delta [48,49].

Anthropogenic activity is a key factor in the deterioration of the quality of ecosystems
in the transit estuarine zone of the Don River. High urbanization leads to the entry
of pollutants into the waters of the Lower Don and Taganrog Bay with poorly treated
wastewater and storm water from the cities of Volgodonsk, Novocherkassk, Aksay, Rostov-
on-Don, Bataysk, Azov, Taganrog, Yeysk, etc. [31]. Industrial production is concentrated in
the cities, including ferrous metallurgy, mechanical engineering and the chemical industry,
the emissions of which contain hazardous substances [55]. Port infrastructure and maritime
transportation are also an important source of water and sediment pollution [45,46,57].
The coastal areas of Taganrog Bay are occupied by agricultural lands, where erosion and
surface runoff lead to the entry of fertilizers, pesticides, and manure runoff into marine
ecosystems [59].

2.2. Sediment Sampling and Preparation

The sampling campaign was conducted from May to July 2023. Surface and bottom
sediments in the Don River delta were collected in the floodplain on the river banks at a
distance of 2-3 m from the water’s edge (DB; n = 7) and in the channels of the Don River
and its large tributaries (DS; n = 18), respectively. Surface and bottom sediments on the
coast of Taganrog Bay were collected from beaches in the surf zone (TB; n = 20) and within
the underwater coastal slope (TS; n = 9), respectively (Figure 1B,C, Table Al). Surface
sediments were collected to a depth of 0-20 cm from five surface subsamples using a hand
auger set (Eijkelkamp Agrisearch Equipment BV, Giesbeek, The Netherlands). Bottom
sediments (approximately 10-15 cm thick) were collected using Van Veen modified grab
sampler (Ocean-0.025, Remstroymash, Murmansk, Russia) with a surface area of 0.025 m?2
in triplicate from each sampling site. All samples were placed in clean polyethylene bag
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using a stainless-steel spatula. Collected samples were stored at 4 °C prior to further
analysis. In the laboratory, the samples were dried in an oven at a temperature < 60 °C to
prevent organic matter and chemical element loss, and were mixed, ground and passed
through a 1 mm sieve [65].

2.3. Analytical Methods

Measurements of pH and electrical conductivity (EC) of the sediments were made in
situ using a portable multimeter (WTW, Xylem Analytics, Weilheim, Germany).

Physicochemical properties were determined in all sediment samples: total organic
carbon (TOC) by the modified Tyurin method [66], the CaCO3 content by Kudrin’s complex-
ometric method, with the destruction of calcium carbonate with a 0.02 mol/L HCI solution
and subsequent titration of excess acid with alkali [65], and sum of exchangeable cations
Ca?* and Mg?* in a 1 N KCI extract determined by the Shaimukhametov method [67].
The fine clay fraction of sediments (<1 um) was obtained using the sedimentation method
proposed by Gorbunov [68].

The total concentrations of Al, Cr, Mn, Ni, Cu, Zn, Cd and Pb were determined
using wavelength dispersive X-ray fluorescence (WDXRF) (Spectroscan MAX-GV, Spectron
NPO Ltd., Saint Petersburg, Russia). Prior to WDXRF analysis, air-dried bulk samples
were pulverized manually with an agate mortar and pressed into a tablet on a boric acid
substrate. Quantitative analysis of chemical elements was carried out using Spektr-Kvant
software 4 (Spectron NPO Ltd., Saint Petersburg, Russia). Detection limits were 10 mg/kg
for Cr, Mn, Ni and Pb, 5 mg/kg for Cu and Zn, and 0.1 mg/kg for Cd. All laboratory
tests were performed in triplicate. For quality assurance and quality control (QA/QC), the
duplicates, reagent blanks, internal standards, and certified reference material GSS 3485-86
(Vinogradov Institute of Geochemistry SB RAS, Irkutsk, Russia) were used. Accuracy and
precision corresponded to the standards of the certified method [69]. All the geochemical
data obtained in this study are available in Table A2.

2.4. Pollution and Ecological Risk Assessment
2.4.1. Enrichment Factor

The enrichment factor (EF) is used as a means of assessing the possible origin of
elements in soils [2,45], marine and river sediments [20,21,37,38,40,70-73], and suspended
matter [37], and is calculated using Equation (1):

EF = (Ci/CAl)Sample/(Ci/CAl)Background’ @

where C; and Cy; are the contents of a given element and Al respectively. The background
values were referenced to upper continental crust (UCC) [39] (Table A3). EF values > 10 in-
dicate anthropogenic origins of PTEs in sediments [21]. According to EF values, enrichment
can be divided into seven classes (Table A4).

2.4.2. Geoaccumulation Index

The geoaccumulation index (Igeo), introduced by Miiller [74], is widely used to assess river
and marine sediment pollution by individual inorganic pollutants [1,20,37,38,40,41,43,71,72].
Igeo is a measure of the level of contamination of sediments by pollutants relative to the
standard, which is the geochemical background in clay rocks, taking into account the
elimination of natural fluctuations in background levels [74] and is calculated according
to (2):

Igeo = log,(C;/1.5Cy), )

where Cj, is the regional geochemical background. The average PTE content in unculti-
vated Haplic Chernozems of the Northern Azov region were used as background data [48]
(Table A3). Seven pollution classes are distinguished according to Igeo (Table A4).
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2.4.3. Single Pollution Index and Nemerow Pollution Index

The single pollution index (PI) is the ratio of the concentration of an element in
sediments to the natural background. The calculation of PI is the basic method for assessing
the pollution of soils and sediments by individual elements and is used to calculate many
complex indicators, in particular the Nemerow pollution index (NPI) [41,45,70,75]. The
NPI takes into account the combined effect of the most hazardous pollutant along with the
average total contamination. Both indices are calculated as follows (3) and (4):

PI =C;/Cp, 3)

NPI = \/ (PR + PL) /2, )

where Plyye and Plyygy are the average and maximum P values for a range of PTEs under
consideration, respectively. The PI and NPI define one of five classes of individual and
total sediment pollution (Table A4).

2.4.4. Contamination Factor and Modified Degree of Contamination

The contamination factor (CF) was presented by Hakansson [42] as a measure of the
level of pollution of sediments, determined by comparing pollutant contents in modern
surface sediments with pre-industrial levels in deeper sediment layers. The calculation is
expressed as follows (5):

CF=Ci/Co, (&)

where Cy is the ‘pre-industrial” background. The average contents of PTEs in the 25-45 cm
layer of bottom sediment columns of the Taganrog Bay were used as the pristine reference
levels [50]. Since there are no data on total Zn and Cd content in the columns, its concentra-
tions in the bottom sediments of the Taganrog Bay from 1993 were used [57] (Table A3).
Four classes of pollution are distinguished according to the CF (Table A4).

Total pollution was estimated by Hakanson as the sum of CF for 8 substances and
expressed as the degree of contamination (C;) [42]. Although this assessment scheme was
proposed for assessing the condition of lake sediments, it has now been successfully applied
to marine and river sediments as well [20,37,38,41,72]. To take into account the overall
contamination of sediments regardless of the number of substances assessed, Abrahim [71]
proposed the modified degree of contamination (1mC;) corresponding to the arithmetic
mean CF of all substances analyzed (6):

mCy = (Y1, CFi)/n, ©)

where ‘i’ denotes the ith element and ‘n’ represents the number of elements analyzed. The
classification of CF and mCj is presented in Table A4.

2.4.5. Metal Pollution Index

The metal pollution index (MPI) is an alternative to mC; for assessing polyelement
pollution of both abiotic environments [38,40,72] and living organisms [76]. The MPI is the
geometric mean of the CF values of all analyzed metals (7):

1
MPI = (H?:l CFZ-) " = {/(CFi x CFy x ... x CFy), @)

where ‘i’ denotes the ith element and ‘n’ represents the number of elements analyzed.
Three pollution classes are distinguished according to MPI (Table A4).

2.4.6. Potential Ecological Risk Factor and Risk Index

Since PTEs have different abundances in the environment, sedimentation capacities,
depending on the physicochemical conditions, and toxicities for aquatic biota, and the
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potential threat of PTEs for aquatic ecosystems also varies. To take these prerequisites into
account, the adverse effect of individual PTEs was assessed by calculating the potential
ecological risk factor (Er) and their total negative impact using the potential ecological risk
index (RI) developed by Hakanson [42], according to:

Er = Ti’i X CFZ‘, (8)

RI=Y" Er, ©)

where CF; is the Contamination Factor and Tr; is the toxic response factor for a given
element (Table A3). Table A4 shows the classification of Er and RI.

2.5. Sediment Quality Assessment

The potential adverse impacts on benthos of pollutants from sediments have been
assessed indirectly using SQGs. This approach is widely used to identify priority sediment
pollutants and regions of concern [2,41,43,72].

In this work, the apparent effect threshold (AET) scheme and the US National Oceanic
and Atmospheric Administration (NOAA) scheme were used as SQGs. The AET scheme
includes the threshold effect level (TEL), which corresponds to the limit value at which the
likelihood of adverse effects occurring is negligible, and probable effect level (PEL), which
indicates the toxicity of the sediment and a high likelihood of adverse biological effects
occurring. The NOAA scheme includes the effect range low (ERL), where adverse environ-
mental effects are rare, and the effect range median (ERM), where adverse environmental
effects are frequent. Concentrations > ERL and < ERM show irregular environmental
responses [2,43]. The number of TEL/ERL and TEL/ERM exceedances indicates potential
sediment toxicity. The SQGs are established for river and marine sediments depending on
the sensitivity of aquatic organisms to pollution (Table A3).

The mean ERM quantity (MERMQ) scheme was used to estimate the overall adverse
environmental effects of PTEs on aquatic sediments. The MERMQ method requires normal-
izing the concentration of each chemical element to its ERM value, summing the resulting
coefficients, and dividing by the number of PTEs under study (10) and (11):

ERMQ = C;/ERM,;, (10)

MERMQ = (21’7:1 ERMQl-) /n, (11)

where ERM is the effect median range for a given element (Table A3) and #n is the number
of elements analyzed. MERMQ ranges (Table A4) have been related to the probability of
toxicity (76%, 49%, 21% and 9%, respectively) in amphipod assemblages.

However, since the MERMQ) is not applicable for assessing the potential for adverse
effects at relatively low concentrations of PTEs [40], the toxic risk index (TRI) proposed
by Zhang et al. [2] was used. The integrated TRI for all analyzed PTEs was obtained by
summing up the individual TRIs, calculated as follows:

TRI; = \/ ([C,-/TEL}2 + [Ci/PEL]Z) /2, (12)

TRI=Y " TRI (13)
where TEL is the threshold effect level and PEL is the probable effect level (Table A3). The

obtained values are classified into five toxic risk classes (Table A4).

2.6. Data Analysis and Visualization

Statistical analysis was carried out using STATISTICA 12 (StatSoft, Tulsa, OK, USA).
The normality of the data was checked by the Kolmogorov—Smirnov and Lilliefors tests.
Differences in sediment characteristics were assessed using one-way analysis of variance
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(ANOVA) followed by Scheffe’s post hoc test for normally distributed parameters that
passed Levene’s test, and Kruskal-Wallis ANOVA followed by multiple comparisons of
mean ranks for all groups. Principal component analysis (PCA) was used to identify
significant multi-element associations and the influence of the main physicochemical
parameters of sediments on their geochemistry. Only components with eigenvalues > 1
according to the Kaiser criterion were considered.

Data visualization was conducted using Grapher 17 (Golden Software, Golden, CO,
USA). Violin plots and ballon plots were generated with ggpubr R in the SRplot [77]. Maps
illustrating the spatial distribution of the complex pollution and risk indices were created
in Surfer 15 (Golden Software, Golden, CO, USA). Data interpolation was conducted using
the inverse weighted distance (IWD) method with a power of 2. The basemaps were from
Rosreestr and the satellite images were from Bing Maps.

3. Results and Discussion
3.1. Physicochemical Properties of Sediments

The main physicochemical properties of sediments of the study area that create condi-
tions for the accumulation of PTEs were determined (Figure 2, Table A1). The distribution
of pH and fine clay is close to normal, while EC and CaCOj3; have a pronounced right-
skewed distribution, and the distribution of TOC and Y (Ca?* + Mg?*) is multimodal. The
pH values ranged between 6.5 and 9.5 (mean 7.4 £ 0.5). Most of the sediments (93%) were
neutral or slightly alkaline, and only a few samples had pH values greater than 8, indicating
moderate to strong alkalinity. Beach and shoreline sediments had higher pH on average
(7.6 and 7.4, respectively) compared to delta sediments (p < 0.005). Riverbed and channel
sediments within the delta were characterized by the greatest pH variability (Figure 2A).
EC values ranged from 113 to 7680 puS/cm (mean 1523.5 £ 1504.9 uS/cm). A third of the
samples were not saline, the majority were characterized by moderate salinity. On average,
higher EC was noted in the bottom sediments of both the sea coast (2646.2 uS/cm) and the
delta (1777.3 uS/cm). The content of CaCOj3 was from 0.4 to 27.2% (mean 6.1 + 4.9%). Most
samples were weakly to moderately carbonate, but coastal sediments had higher average
CaCOs3 content (Figure 2B). TOC values were 0.1-0.5% (mean 1.5 £ 1.4%). Significantly
lower TOC levels (p < 0.0005) were observed in beach sediments (0,4%), while higher
TOC levels were recorded in stream sediments (2.8%). The sediments of the study area
contain a fine clay fraction (<1 um) between 1 and 36.3% (mean 13 + 8.6%) (Figure 2C).
The proportion of fine clay statistically significantly (p < 0.005) increases in shore sediments
of the bay (18.3%) and in streamways (17.3%) in the delta. The distribution pattern of
exchangeable cations is similar (Figure 2D). The content of Y (Ca® + Mg*z) varies from 2.2
to 46.3 cmol/kg (mean 21.0 & 12.6 cmol/kg).
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Figure 2. Variations in pH and electrical conductivity (EC) (A), total organic carbon (TOC) and
CaCOj3 content (B), as well as content of fine clay (C) and exchangeable cations (D), expressed
as mean values + standard deviations, in beach and shore sediments of the Taganrog Bay (TB
and TS, respectively) and in riverbank and stream sediments from the Don River delta (DB and
DS, respectively).
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Differences in the physicochemical properties of various types of sediments are due to
hydrodynamic processes in the estuarine zone of the study region. Fine particles carried by
river waters, which have the greatest sorption capacity, and organic matter with an affinity
for the clay fraction are deposited in the channel facies of delta sediments [12,18,36]. Beach
sand sediments on the coast of the bay are formed by the wave surf flow and gradually
pass into coastal facies beyond the coastline, where the wave effect is less destructive [6,11],
and the proportion of fine fractions is correspondingly higher.

3.2. Geochemistry of Sediments

The levels of PTE in the sediments of the study area are illustrated in Figure 3. The
results showed that the distributions of Cr and Mn correspond to normal, but Cu, Zn and
Cd are positively shifted, and Ni and Pb have a multimodal distribution in the sediments
of the studied transition zone. The average content of PTEs in sediments of the study
area decreases in the following order (in mg/kg): Mn (1272) > Cr (85.6) > Zn (85.5) > Ni
(84.5) > Pb (76.3) > Cu (25.4) > Cd (2.1). Manganese, Cu, Zn and Cd reached the highest
concentrations of 3516, 194, 481 and 8.5 mg/kg, respectively, in the beach sediments of
the bay. The highest Pb contents (170 mg/kg) were recorded in the stream sediments
of the delta, while the maximum contents of Cr (141 mg/kg) and Ni (151 mg/kg) were
observed in the riverbank sediments. At the same time, the minimum contents of Mn
(101 mg/kg) and Pb (18.2 mg/kg) were recorded sediments of the Don River delta, while
the minimum concentrations of the remaining PTEs are characteristic of beach sediments
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Figure 3. Violin plots showing PTE content in beach and shore sediments of the Taganrog Bay (TB
and TS, respectively) and in riverbank and stream sediments from the Don River delta (DB and DS,
respectively). Different letters indicate significant differences (p < 0.05) resulting from the multiple
comparisons of p-values.

Hydrological regime and landscape conditions form the features of sedimentation in
different environments [10,13,64,70]. Sediment characteristics such as pH, redox potential,
texture and TOC influence the bioavailability of metals [2,26,36,38]. Thus, the sediments
of riverbeds and channels of the Don River delta and shore sediments of the coast of the
Taganrog Bay are characterized by a comparatively higher salinity, content of organic
matter and exchangeable carbonates and heavier textures (Figure 2), which contribute
to the absorption and accumulation of PTEs [44,78]. The levels of Cr, Mn, Ni and Zn in
riverbed sediments are 1.1-1.7 times higher than in other types of sediments in the study
area, and the average Pb content is up to 2.7 times higher (Figure 3).
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The contents of Mn, Cd, Ni and Pb in the sediments of the estuarine zone of the Don
River are 1.5-2 times higher than in the soils of the Lower Don floodplain and the coast
of the Taganrog Bay, while the levels of Cr, Zn and Cu, on the contrary, are 1.1-1.7 times
lower [45,46]. At the same time, a dilution effect is observed in the marine bottom sediments
of the Taganrog Bay, which is manifested in a decrease of 2-5 times in the average contents
of Mn, Ni, Pb and Cu compared to coastal sediments [55]. Thus, soils act as sources of
elements of the first group, which are then intensively accumulated by coastal sediments.

The PTE levels in the Don River estuarine sediments are comparable to other sea—river
transition zones in the world. In modern sediments of the Yellow River Delta, China, the
Cu and Zn contents are 28.5 and 77.8 mg/kg, respectively [6], which is comparable to the
Don River Delta. In sediments of the Ogun River Estuary, Nigeria, the average contents
of Ni, Cd and Pb (22.2, 0.7 and 20.4 mg/kg, respectively) are 3—4 times lower than in the
Don Estuary [5], which is due to lower urbanization and industrialization of the region.
Lee et al. found lower levels of all PTEs in the 0-20 cm sediment layer of the Nakdong
River Estuary, South Korea [15], than in the sediments of the study region. The coast of
South Andaman Island, India, is characterized by higher average contents of Cr and Cu
(390 and 48 mg/kg, respectively), comparable Ni and Zn (108 and 70 mg/kg, respectively),
and lower levels of Mn and Pb (538 and 19 mg/kg, respectively) in sediments compared to
the coast of Taganrog Bay [21]. The enrichment in Cr and Cu is probably due to the volcanic
origin of the island’s sediments. On the Mediterranean coast near Alexandria, Egypt, the
average Zn content (160.4 mg/kg) is twice as high as in the Taganrog Bay, while the levels
of other PTEs are 2-5 times lower. Mostafa et al. attribute Zn input to untreated municipal
wastewater and oil refinery effluents, as well as transport emissions [17]. Thus, differences
in the geochemistry of sea-river transition zone sediments are due to both natural and
anthropogenic factors.

3.3. Potential Sources of PTEs

Environmental factors determine differences in the geochemistry of sediments along
the fluvial-to-marine transition zone of the Don River. Factor 1 versus Factor 2 of PCA,
using sediment characteristics and PTE concentrations, explains most of the data variability
(61.2%). The distribution areas of different types of sediments of the study area overlap
in the PCA space (Figure 4A). Seashore and floodplain sediments gravitate toward the
centroid of the PCA space. At the same time, the stream sediments of the delta mainly
occupy the space of positive values of Factor 1 and negative values of Factor 2; additionally,
the coastal sediments of the bay are concentrated in the space of positive values of Factor
2. High and moderate positive correlations with Factor 1 are demonstrated by Cr (0.566),
Mn (0.735), Ni (0.818), Pb (0.79). These PTEs are associated with TOC, fine clay, and
exchangeable cations, which have moderate correlations with Factor 1 (0.658, 0.624 and
0.661, respectively). The remaining metals, namely Cu, Zn and Cd, are positively correlated
with Factor 2 (0.637, 0.526 and 0.811, respectively). It is also worth noting that no significant
correlations were found between pH, EC and carbonate content with any of the identified
factors (Figure 4B).

The PCA results showed that Cr, Mn, Ni and Pb may originate from a common source
and their behavior in sediments is controlled by the same conditions, whereas Cu, Zn and
Cd may originate from a different source [2]. The accumulation of the Cr—-Mn-Ni-Pb asso-
ciation in sediments is facilitated by an increase in the organic matter content and a heavier
texture, most pronounced in the delta stream sediments as shown above (Figures 2 and 3).
The flow of the Don River, which drains agriculturally developed plowed watersheds in its
lower reaches [45,46], makes a significant contribution to the input of PTEs of this group
into the sediments of the estuarine zone of the Don River [31,50,54]. Beach sediments of
Taganrog Bay act as a geochemical barrier for Cu, Zn and Cd coming from surrounding
terrestrial landscapes [45,59]. The origin of the Cu—-Zn-Cd association in sediments is
most likely associated local anthropogenic sources in the coastal area of the study region,
along which urban and rural settlements are located [45]. Potential sources of PTEs include
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municipal and industrial wastewater, and transport and industrial emissions [56,57]. The
significant contribution of anthropogenic sources for Cu, Zn and Cd in marine and deltaic
sediments is also noted by other researchers [1,36,38].

A C D
TB1- o o o o ¥E;.
. TB2- -
6 Class: TB ; TB3- @ TB3-
. : TB4- -
5 | Class: TS 5 a4z TBa-
» Class: DB : L ot oS 8 TBG-
—~ 4 {° Class:DS LI S s 5 @ Tes-
: TB9- -
g 3 | g TB10 o o @ @ TB10 o
2 TB11 o) 0 o) o o) TB11
L B 6 & o ¢ e
. TB13 =
(2 TB14- © 9 o @ TB1a-
T T TB15 o 15-
= —— == TB16 o) TB16-
S B T g TB17 G 8 o TB17-
D 0 -wee--—-s B T, oSy TB18 o ° EF TB18-
© ¢ ce®g /g o TB19 o ® o o TB19-
£ 4 O Ta ¢+ ), =
- ~ ' L] e _— 1 o o o
S Sy F i TS2 o o o o o TS2- O
. R T — TS3-  © o) o) o ° TS3 o)
2
T ' ! TS4- o o o o o Q 40 TS4- €]
TS5 o o (o) o o TS5 ©
-4 -3 -2 -1 0 1 2 3 4 TS6 o O ) o o O 20 TS6-
TS7- O e} [0) o o TS7-
i Factor 1 (36.75%) e o o o6 o 9 Tee-
DB1- O @ o} o o ek DB1-
Cd DB2- o o 60 DB2
DB3- (% @) 0 O DB3-
DB4- © ] o o 40 DB4-
DB5- O o) o ) DB5
=5 DB6- o ° o o 20 DB6
$ 0.5 B o 9 8 ¢ 3 Bs1-
) - & 5
= DS2- © o o o o DS2- O
< DS3- O 0 o) o o DS3- O
N DS4- O o o o o DS4- O
o . = 2 8§ 8§ o o o
A o o o DS6-
o) Mn DS7 o e) o o o DS7- QO
3 - ng- o 8 8 o o DS8- O
. - 0 ) o DS9-
T Variables Execat DS10-  © o) o) o o o3i0. O
DS ¢ 6 o o o Bary. O
H o o 1
— Active P’\ljal psia- o g 3 o o DS13 §
- o o o DS14
—> Suppl Cr DS15-  © o} 0 o o DS15
-0.5 DS16 o o 0 o o DS16
DS17- © 0 @) o o DS17
05 0 05 1 DS18- o ¢} o o o DS18 @
¢ S e 4 &

Factor 1 (36.75%)

Figure 4. Biplots of the first two PCAs illustrating the sample points (A) and main physicochemical
parameters and PTEs (B), as well as bubble plots of enrichment factors (EF) of PTE (C,D) in beach
and shore sediments of the Taganrog Bay (TB and TS, respectively) and in riverbank and stream
sediments from the Don River delta (DB and DS, respectively). Confidence ellipses (« = 0.05) of the
positions of group centroids are superimposed by dashed lines.

The contribution of anthropogenic sources to the accumulation of PTEs by sediments
in the study area was assessed based on the EF values, which represent the excess of PTE
contents in sediments over the UCC, normalized to the reference element. Extremely high
enrichment was noted in beach sediments of the Taganrog Bay (Figure 4C,D). EF values up
to 50 were found for Cu (29), Mn (37) and Cr (40); EF was > 50 for Ni (56), Zn (63), Pb (149)
and Cd (453). Values 1 < EF < 3 were found for Cr (2.2), Zn (2.3) and Cu (2.6); 5 < EF < 10
for Mn (5.6) and Ni (6.1); 10 < EF < 25 for Pb (13) and 25 < EF < 50 for Cd (48) in shore
sediments. The maximum EF values of riverbank and streamway sediments increase in
the series Cu (3.7 and 1.8), Zn (6.1 and 3.5), Cr (10.2 and 3.8), Mn (10.3 and 5.6), Ni (18 and
5.1), Pb (36 and 17), Cd (167 and 56). In general, beach and floodplain sediments are more
enriched in metals compared to bottom marine and river sediments of the study area.

All sediment samples from the studied region are extremely highly enriched in Cd
(Figure 4D), with the proportion of extreme samples in above-water marine and river

sediments reaching 75% and 57%, respectively. Several studies show that high Cd enrich-

ment in marine sediments is typical for urbanized regions [5,17,21]. Also, bottom marine
and river sediments are highly enriched in Pb (56% and 57%, respectively). Cd and Pb
are definitely of anthropogenic origin [21], with average EF values in different types of
sediments being 31-154 and 10-22, respectively. Enrichment of beach sediments of the
Taganrog Bay from high to extreme was noted in 20-30% of samples by Cr, Mn, Ni, Cu and
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Zn, in 50% of samples by Pb. High enrichment of Cr, Mn, Ni (14-29% of samples) and high
to extreme enrichment of Pb (72% of samples) are observed in floodplain sediments.

3.4. PTE Contamination of Sediments and Associated Ecological Risks

The maximum Igeo values for Cr did not exceed 0 in the sediments of the study area
(Figure 5A). The highest Igeo, up to 4.8, was achieved for Cd in the beach sediments of
the Taganrog Bay. Also in this area, Igeo maxima were noted for Mn (1.7), Cu (1.5) and Zn
(2.2). The highest Igeo for Ni (1.5) and Pb (2.1) were recorded in the shore sediments of
the bay and the stream sediments of the delta, respectively. Among all the elements, Cd
turned out to be the most dangerous: contamination of the sediments of the study area (%
of samples) varied from weak (6%) and moderate (22% and 48%) to high (17%) and very
high (7%) (Figure 5E). Pollution according to Igeo for Mn, Ni and Cu reached a moderate
level in 1.9-35% of samples, for Zn and Pb moderate and considerable (from moderate to
high according to Miiller [74]) in 3.7% and 50% of samples, respectively.

Higher pollution estimates are obtained by PI values (Figure 5B) than from Igeo, since
PI does not allow for the natural variability of elements to be taken into account [74]. The
elements form the following series by decreasing maximum PI values: Cd (43) > Zn (6.8)
> Pb (6.6) > Mn (4.9)> Ni = Cu (4.3) > Cr (1.5). Relatively higher PI values are noted for
marine sediments compared to river sediments. High and very high sediment pollution by
PI was obtained in 1.9-9.3% of samples for Mn, Cu and Zn, in 35% of samples for Ni, 50% of
samples for Pb and 94% of samples for Cd (Figure 5F). The sediments of the estuarine zone
of the Don River are more contaminated with Cr, Mn, Ni and Cu than the soils of the Lower
Don floodplain and the coast of the Taganrog Bay [45]. Thus, marine and deltaic sediments
of the estuarine zone of the Don River act as the final depot of elements in cascade coastal
ecosystems [50].

The total pollution of sediments with PTE relative to the regional geochemical back-
ground was estimated by the NPI (Figure 6A). In the sediments of the study area, the NPI
values varied within a range of 1.8-31, with an average of 7.8. The average NPI values in
the beach and shore sediments of the Taganrog Bay were 9.7 and 6.0, and in the floodplain
and channel sediments of the Don Delta they were 6.4 and 7.3, respectively. Pollution
hotspots have been identified along the northern coast of Taganrog Bay. The majority of
samples in the study area were assessed as highly contaminated (87%), while moderately
and slightly contaminated accounted for 11% and 2%, respectively.

The elements in decreasing order of maximum CF values form the following series:
Cd (36) > Zn (13) > Mn (10) > Pb (9.5) > Cu (6.5) > Ni (6.1) > Cr (3.4). The maximum
CFs in beach sediments of the Taganrog Bay were recorded for Mn, Cu, Zn and Cd, in
floodplain sediments for Cr and Ni and in delta beds for Pb (Figure 5C). River stream
sediments were characterized by higher average CF values of all elements, except Cu and
Cd, compared to other sediment types. Modern levels of Cr and Zn in sediments of the
bottom estuarine zone exceed pre-industrial levels by two times, while Mn, Ni, Pb exceed
them by three—four times and Cd by nine times. This fact indicates the anthropogenic
nature of these changes [15,71]. The results obtained are consistent with the results of
studies of the bottom sediments of the Azov Sea and Taganrog Bay, where an increase in
the content of PTE has been noted over the past 30 years [50,51,57], which is a consequence
of economic development, urbanization and industrialization of the Azov basin. According
to the CF, the pollution varied from low to considerable for Cr, from low to very high for
Mn, Ni, Cu and Zn and from moderate to very high for Cd and Pb (Figure 5G). It should
be noted that the proportions of highly contaminated Cd and Pb samples were 67% and
33%, respectively.
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Figure 6. Spatial distribution of the Nemerow pollution index (NPI) (A), modified pollution degree
(mCy) (B), metal pollution index (MPI) (C), potential ecological risk index (RI) (D), mean effect range
median quantity (MERMQ) (E) and integrated toxic risk index (TRI) (F) in sediments of the study area,
as well as classification of samples by total PTE pollution (A-C) and ecological risk classes (D-F).

Relative to the pre-industrial level, the overall pollution was assessed using mC,; and
MPI. The mC, values varied within 1-8 (mean 3.6), and MPI ranged within 0.8-4.7 (mean
2.7). According to both mC; and MPI, only 3.7% of sediment samples from the study
area are classified as unpolluted (Figure 6B,C). The mC; analysis allowed us to obtain a
more detailed assessment of the overall pollution level. Thus, the shares of slightly and
moderately polluted sediments were 13.0% and 44.4%, respectively, while those of highly
and very highly polluted sediments were 37.0% and 1.9%, respectively. An increased level
of overall pollution with metals was noted in sediments of the Don River delta (Figure 6B).

Analysis of potential ecological risks of individual elements showed that Er values
for Cr, Mn, Ni, Cu and Zn did not exceed 40; Er for Pb reached 47 in only one sample
(Figure 5D). Accordingly, most of the studied PTEs pose a low individual potential ecologi-
cal risk and make a minimal contribution to the overall risk (Figure 5H). Er values for Cd
varied within 59-1068, with an average value of 21.2, reaching a maximum in the beach
sediments of the bay. In general, Cd levels in two thirds of the samples of different types in
the study area pose a high and very high potential ecological risk. Similar assessments of
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the ecological risk of all elements except Cd were obtained for the soils of the Lower Don
and the coast of the Taganrog Bay [46].

RI values varied significantly from 76 to 1114 in the sediments of the study area. An
extremely high overall risk was noted in the coastal sediments of the Taganrog Bay near
residential areas (Figure 6D). The total pollution of sediments of the study area by PTE
presents a low ecological risk in 20.4% of samples, moderate and considerable risk in 37.0%
and 33.3% of samples, respectively, and high risk in 9.3% of samples.

According to individual pollution indices of Igeo, PI and CF, the priority pollutants of
sediments in the study area were Cd, Pb and Zn. Moreover, high levels of these elements
also pose the greatest ecological risk (Figure 5). The leading role of Cd in sediment
contamination and contribution to ecological risk has also been noted near the mouths of
the Guarda River and Ita Channel, Brazil [38], in the wetlands of the Yellow River delta,
China [2], along the coast of East Java, Indonesia [72], and on the Egyptian Mediterranean
Sea coast [22].

3.5. Ecotoxicology of Sediments

The sediment samples from Taganrog Bay do not exceed the ERMs for Cr, Cu, Cd and
Pb (Table 1). Most of the Cr, Cu and Pb contents are also below the ERL values, while Cd
is mainly in the range from ERL to ERM. Although most Zn values are below the ERL, in
individual samples the contents exceed the ERM. Only Cr does not exceed the PEL in all
sediments on the coast of the bay. Most of the sediment samples are below the TEL for Cu
and Zn, and in the range from TEL to PEL for Cd and Pb. Ni deserves priority attention,
the levels of which in most samples exceeded the ERM and PEL. Thus, Cr and Cu pose a
relatively low ecotoxic risk in the sediments of the Taganrog Bay, while Zn, Cd and Pb pose
a moderate risk, and Ni poses a high risk. The importance of Ni as a pollutant of particular
interest has also been noted in coastal marine sediments of the Mediterranean Sea [22]. The
sediment samples from the Don River delta do not exceed the ERM/PEL for Cu and Zn; in
most samples, their levels are below the ERL/TEL (Table 1). Thus, these elements pose a
minimal risk of adverse effects. The contents of Cr and Cd in most samples are below the
ERM, but above the TEL, indicating moderate risks. The main high-risk sources are Ni and
Pb, the levels of which in most delta sediment samples exceed the ERM/PEL. These results
are consistent with previous studies showing that the bottom sediments of the Lower Don
were moderately contaminated with Ni [31].

Table 1. Relative percentage of samples amongst ranges of Sediment Quality Guidelines.

Effects Range Effects Level
Area Elements
<ERL ERL-ERM >ERM <TEL TEL-PEL >PEL
Cr 62.1 379 0 17.2 82.8 0
Ni 3.4 27.6 69 0 31 69
Tagantog Bay Cu 79.3 20.7 0 51.7 44.8 34
Zn 89.7 34 6.9 86.2 6.9 6.9
Cd 379 62.1 0 10.3 724 17.2
Pb 55.2 44.8 0 17.2 724 10.3
Cr 20 80 0 4 24 72
Ni 4 12 84 0 12 88
Don River Cu 100 0 0 96 4 0
Delta Zn 80 20 0 84 16 0
Cd 100 0 0 4 92 4
Pb 16 36 48 16 16 68

In descending order of maximum ERMQ values, the elements formed the following
series: Ni (3) > Pb (1.5) > Zn (1.2) > Cr (1.0) > Cd (0.9) > Cu (0.7). ERMQ analysis showed
that, on average, the risks of most elements, except Cu and Cd, were higher in the Don
River Delta sediments compared to the Taganrog Bay coast (Figure 7A). According to

53



Water 2024, 16, 3200

ERMQ, Cr, Cu, Zn and Cd demonstrated low to significant risks, while the proportions of
samples with moderate and significant risks were 96%, 17%, 82% and 100%, respectively.
High risk of Ni and Pb was found in 50% and 1.9% of sediment samples in the study area
(Figure 7B). MERMQ values ranged from 0.14 to 1.02, with an average of 0.5. Moderate
weighted average risk was characteristic of 55.6% of marine and river sediment samples
from the estuarine region of the Don River, mainly in its delta (Figure 6E).
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Figure 7. Variability of effect range median quantity (ERMQ) (A) and toxic risk indices (TRI) (C) in
sediments of the study area presented as a box (mean + 95% CI) and whisker (minimum-maximum)
plot, as well as the percentage of distribution of individual ecological risks (B,D).

In all sediment samples, the TRI values were less than five for Cr, Zn and Pb (Figure 7C).
The maximum TRI values for Ni, Cu and Cd were 7.2, 7.4 and 9, respectively. According to
the TRI, a low risk of potential impact of these elements was found in 35%, 2% and 7% of
the samples, respectively (Figure 7D). The values of the total toxic risk varied within the
range of 3.3-19.1, with an average of 10.8. The total risk was classified from negligible and
low to moderate and considerable (9.3%, 31.5%, 46.3% and 13%, respectively). In two thirds
of the samples, it was above the acceptable low level. In general, the area of increased total
toxic risks of sediment pollution by PTEs was observed in the Don River Delta (Figure 6F).

4. Conclusions

In the present study, we investigated the geochemistry, controlling factors, possible
sources, pollution hazards and potential ecological and ecotoxicological risks of exposure
to seven toxic elements (i.e., Cr, Mn, Ni, Cu, Zn, Cd and Pb) in sediments of the Don River
estuarine region.

The average PTE content showed a decreasing order of Mn > Cr > Zn > Ni > Pb
> Cu > Cd and was consistent with PTE levels in sediments of highly urbanized and
industrialized river-sea transition zones. The results showed that the hydrological regime,
landscape-geochemical conditions and anthropogenic impact determine the intensity of
PTE accumulation by sediments of the study area. In particular, stream sediments of the
Don River delta are characterized by higher levels of Cr, Mn, Ni, Zn and Pb on average
than other types of sediments.

The origin of all the studied PTE is due to human activity, as shown by the PCA and
EF. At the same time, it should be emphasized that Cr, Mn, Ni and Pb enter mainly with
river runoff, and their behavior is controlled by the texture of sediments and the content of
organic matter, while Cu, Zn and Cd are associated with local anthropogenic sources.

Based on the results of the analysis of Igeo, PI and CF, it was revealed that the priority
pollutants of the sediments of the Don Delta and the coast of the Taganrog Bay are Cd and
Pb. These elements make the greatest contribution to pollution and increased ecological
risks. An increased level of total pollution of sediments in the Don River delta and along the
coast of the Taganrog Bay, identified using the NPI, MPI and mC,, was found locally near
residential areas. A holistic approach to assessing the state of sediments in the study area
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included an analysis of ecotoxicological risks of potential impact of inorganic pollutants. It
has been established that although the average level of PTE pollution of sediments in the
Don River delta is lower than that of the surrounding coast, it poses a more significant risk
of negative effects on freshwater organisms.

The study has a number of limitations, primarily due to the need for a detailed exam-
ination of the mechanisms of geochemical transformation and migration of elements in
accessible forms between the biota and abiotic components of aquatic landscapes. Nev-
ertheless, the preliminary results of the comprehensive assessment of sediment pollution,
potential ecological and ecotoxicological risks of PTEs may be useful for improving environ-
mental monitoring of the transit zone of the Don River-Sea of Azov system and achieving
sustainable development goals.
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Appendix A

Table Al. Location and physicochemical properties of sediment samples from the study area.

EC TOC CaCO; I yca?+ + Mg2t)
Area Site Coordinates pH Clay

uS/cm Y% cmol/kg

TB1  N47°08'43.26" E38°29'02.69" 8.0 895 0.5 13 221 27.8

TB2  N46°52/48.04" E38°30/0047" 7.5 184 1.1 57 110 17.3

TB3  N47°06/54.36" E38°34/08.69" 7.8 417 0.1 5.5 15 3.1

TB4  N47°08'37.10" E38°35'37.10" 8.1 142 0.5 14 133 21.8

TB5  N47°09'53.32" E38°44'34.04" 72 336 0.3 6.1 47 6.1

TB6  N46°53/02.08" E38°45/3499" 7.8 113 02 127 164 2.8

TB7  N46°53/41.78" E38°47'29.00" 7.4 173 0.3 6.1 46 55

TBS  N47°11702.98" E38°52/17.58" 75 237 02 1.8 29 42

TB9  N46°57/45.83" E38°54'31.32" 7.7 167 0.1 23 29 7.9

TB10  N47°16/03.117 E39°01/04.04" 7.8 318 0.7 41 205 26.0

Ta%fg"g Beach g1y Na47o1633.64" E39°032070" 73 668 0.4 29 6.1 7.1
const TB12  N47°01/43.39" E39°06/33.84 8.4 116 0.1 50 240 415
TB13  N47°01/36.91" E39°06'5443" 7.6 354 0.6 22 6.7 10.9

TB14  N47°17/11.18" E39°09'50.18" 7.0 856 0.3 11.0 110 19.6

TB15  N47°16/56.50" E39°12/03.67" 7.1 805 1.4 9.1 7.0 155

TB16  N46°4101217 E37°44'11.15" 7.6 3880 0.1 11.2 15 45

TB17  N46°39/32.98" E37°47'05.68" 79 3248 04 123 11 41

TB18  N46°45/32.40" E38°23/5478" 73 3080 02 272 1.0 27

TB19  N46°45/02.84" E38°24'1649" 74 2884 04 142 34 55

TB20  N46°39/08.10" E38°26/03.44" 7.8 2312 02 9.3 13 31
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Table A1. Cont.

EC  TOC CaCO; I yCa?t 4+ Mg2t)
Area Site Coordinates pH Clay

uS/cm Y% cmol/kg

TS1  N47°07'02.50” E38°33/15.05" 7.5 1258 0.4 3.8 15.1 22.1

TS2  N47°07'13.66" E38°33'45.47" 7.2 2750 1.3 17.1 14.4 17.8

TS3  N47°06'51.84" E38°34'24.85" 7.9 1740 1.5 7.1 19.3 26.6

TS4  N46°5908.77" E38°54'06.95" 7.2 1193 0.9 5.2 9.2 21.8

Shore TS5 N47°02'46.79" E39°02/02.87" 7.3 888 1.1 5.2 8.0 19.7

TS6  N47°16'57.43" E39°12/06.77" 7.1 1166 1.5 7.2 89 22.6

TS7  N46°52/01.81” E38°29'22.45" 7.6 5700 1.6 95 36.3 124

TS8  N46°52/48.83" E38°3003.46" 7.7 1441 0.3 6.0 25.2 315

TS9  N46°54'14.80” E38°31'23.52" 6.9 7680 43 2.0 283 44.0

DBl  N47°16'22.77" E39°16/29.42" 7.3 650 0.6 7.0 4.7 95

DB2  N47°12/17.93" [E39°20'17.59" 7.4 1381 0.7 25 13.2 19.7

DB3  N47°09'43.85" [E39°20/48.05" 7.1 321 0.4 0.5 2.0 33

Riverbank DB4  N47°08'40.88" E39°27/53.71" 7.0 876 1.7 22 14.2 28.4

DB5  N47°07'18.26" E39°28/5545" 7.2 487 0.3 0.4 35 22

DB6  N47°11'30.59” E39°36/42.52" 7.2 206 0.5 1.0 5.6 8.1

DB7  N47°1110.72" E39°37/46.02" 7.1 1356 2.0 42 17.1 28.7

DSl  N47°12/11.34” E39°13'46.96" 6.5 3100 3.5 41 13.6 20.6

DS2  N47°07'27.73" E39°14'31.20" 7.5 1527 1.7 8.1 20.2 31.1

DS3  N47°07/04.91” E39°15'08.06” 7.0 1298 0.9 1.9 13.0 27.8

DS4  N47°13/12.007 E39°15'44.35" 7.2 145 0.4 0.4 5.8 44

Don DS5  N47°08/33.36" E39°16/4040" 7.3 1467 14 4.0 20.2 29.4
E‘evlf; DS6  N47°16'08.15” E39°16/45.01” 7.5 1882 2.8 6.3 14.6 27.8
DS7  N47°10'33.78" E39°17'32.39" 7.4 2570 3.8 5.3 315 46.3

DS8  N47°10'12.14” E39°17'44.66" 7.0 2170 24 3.1 23.0 32.1

DS9  N47°06/02.77" E39°17'4542" 6.6 2590 24 8.0 13.4 27.2

Stream o0 N47°1327597 E39°18'44.82" 75 1110 2.8 79 173 29.1

DS11  N47°07'04.87" E39°19'27.80" 7.2 234 24 2.7 14.1 26.1

DS12  N47°12/14.80” E39°20'17.16" 7.0 1456 22 39 15.3 27.3

DS13  N47°15'14.94” E39°20'30.70" 7.3 1357 44 8.3 15.1 26.0

DS14  N47°14’10.86" E39°21'4151" 7.0 1431 45 5.5 13.8 26.6

DS15  N47°15/39.17" E39°23/36.78" 7.1 1130 42 6.8 29.5 43.6

DS16  N47°15'45.97" E39°23/3858" 7.0 2010 43 16.9 18.2 38.4

DS17  N47°14/00.89” E39°24/08.57" 7.2 1324 2.0 2.6 14.6 28.1

DS18  N47°15'14.72" E39°24/21.85" 9.5 5190 5.0 3.0 18.9 36.0

Table A2. Concentration of PTEs (mg/kg) in sediment samples from the study area.

Site Al Cr Mn Ni Cu Zn Cd Pb
TB1 56,074 109.6 871.2 1025 19.9 435 0.7 33.1
TB2 14,812 66.2 1761.6 81.9 18.3 25.9 2.7 59.1
TB3 3174 85.9 1123.9 102.3 322 164.2 0.6 98.5
TB4 35,972 40.9 1327.4 38.0 194.0 472 7.6 39.9
TB5 2116 95.3 194.6 263 26 315 1.1 33.8
TB6 52,371 743 1826.0 88.7 73.7 481.4 35 59.2
TB7 16,399 77.5 1127.0 92.2 68.9 51.7 1.6 55.3
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Table A2. Cont.

Site Al Cr Mn Ni Cu Zn Cd Pb
TB8 20,116 62.4 417.6 19.1 9.4 53.3 55 349
TB9 7406 37.1 353.6 77.3 35.0 88.7 0.6 36.8
TB10 51,313 101.0 826.3 116.7 27.0 57.7 0.8 39.4
TB11 11,638 37.5 573.3 239 9.2 344 0.5 25.3
TB12 51,842 62.7 827.1 73.2 20.4 40.2 2.6 33.7
TB13 13,225 128.3 1731.9 74.8 19.7 127.4 6.5 329
TB14 38,088 62.3 801.1 74.1 16.5 461.9 8.5 38.7
TB15 40,204 58.1 3515.9 72.3 16.9 68.1 43 53.2
TB16 3703 81.2 881.1 27.8 14.0 13.1 0.8 249
TB17 3703 108.3 11714 26.4 7.3 8.8 14 21.2
TB18 21,160 74.2 1107.6 53.0 10.3 13.0 0.7 36.9
TB19 23,276 31.9 401.2 38.1 4.8 19.5 1.7 32.2
TB20 9522 21.3 1347.7 28.3 10.0 10.5 1.6 29.4
TS1 51,842 73.2 967.7 129.1 19.2 39.8 14 97.5
TS2 44,436 67.9 869.1 26.4 18.2 57.4 1.0 111.9
TS3 50,784 105.3 1447.3 130.9 22.4 49.6 14 127.8
TS4 42,320 84.9 833.3 52.6 15.7 53.2 0.8 944
TS5 39,675 69.0 857.5 52.8 13.8 43.3 1.1 29.7
TS6 41,791 53.4 2220.0 70.2 18.5 64.2 2.2 76.2
TS7 41,262 100.3 1626.4 145.3 36.9 64.6 2.0 113.6
TS8 57,132 87.0 1425.3 92.7 27.6 109.0 2.6 109.3
TS9 58,190 109.8 1469.8 150.8 39.7 96.3 2.0 121.6
DB1 10,051 69.1 986.5 33.9 10.0 31.2 1.6 41.3
DB2 45,494 136.0 1303.9 115.9 16.3 35.9 2.0 31.1
DB3 9522 110.1 667.1 63.2 12.3 47.4 0.9 32.0
DB4 48,139 94.5 945.3 68.6 45.7 75.6 0.6 92.7
DB5 11,638 97.2 529.6 117.6 10.9 53.7 2.1 86.2
DB6 16,399 27.6 101.0 28.0 5.4 31.1 0.6 334
DB7 41,262 140.8 1936.1 151.3 25.7 127.0 41 125.4
DS1 46,023 104.3 957.9 126.8 17.2 86.6 1.6 118.2
DS2 47,610 85.7 1124.0 69.0 21.6 84.8 1.9 117.3
DS3 24,863 105.5 587.6 43.7 9.5 394 1.0 18.2
Ds4 46,552 118.9 738.0 33.0 25.1 100.6 1.6 49.8
DS5 47,610 91.4 1508.2 128.4 21.6 108.4 1.9 117.0
DS6 42,320 77.0 2245.2 124.8 17.1 83.4 1.6 127.9
DS7 55,545 117.2 1734.1 60.1 324 126.6 2.3 127.6
DS8 49,197 106.1 1591.1 132.5 24.2 103.8 1.9 108.4
DS9 49,197 127.8 1869.9 134.0 28.6 110.5 2.0 170.4
DS10 49,197 79.9 1830.2 126.9 19.6 87.7 1.9 122.9
DS11 37,559 102.2 1217.0 88.6 18.6 70.0 1.7 105.2
DS12 48,139 61.4 1597.3 128.9 21.3 77.1 1.8 94.1
DS13 51,842 98.4 1739.3 134.5 27.1 120.9 2.5 107.1
DS14 51,842 100.1 2423.3 144.3 274 109.9 2.1 125.1
DS15 59,777 119.1 1533.6 142.2 344 145.7 2.6 125.3
DS16 52,371 98.7 2178.7 87.3 32.7 150.5 3.2 128.9
DS17 43,907 80.7 1907.0 126.7 185 85.3 1.9 86.6
DS18 52,900 107.9 1520.0 66.7 29.0 107.0 1.8 126.7
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Table A3. Parameters used to assess sediment pollution and ecological risk of PTEs.

Parameter Unit Cr Mn Ni Cu Zn Cd Pb Reference
Geochemical ucCcC 92 774 47 28 67 0.09 17 [39]
backeround Cp mg kg ! 95 720 35 45 71 0.2 26 [78]
5 Co 41 347 25 30 374 024 18 [50,57]
Toxic response factor Tr unitless 2 1 5 5 1 30 5 [38,42]
TELf 373 - 18 35.7 123 0.596 35 [79,80]

ERLf 80 - 30 70 120 5 35 [79]
PELf 90 - 36 197 315 3.53 91.3 [79,80]

Sediment quality ERMj mgkgl 145 - 50 390 270 9 110 [79]
guidelines * TEL, 52.3 - 159 187 124 068 3024  [35:0]
ERLg 81.8 - 20.9 34 150 1.2 46.7 [80,81]
PEL; 160 - 42.8 108 271 4.21 112 [35,80]
ERM; 370 - 51.6 270 410 9.6 218 [80,81]

Note(s): * The subscripts f and s denote the effect levels for freshwater and marine sediments, respectively.

Table A4. Criteria for classifying metal sediment enrichment, pollution and ecological risks.

Class
fndex Negligible W]aj.r ning Low Moderate Considerable High V.ery Extreme Reference
imit High

Enrichment  EF <1 - 1-3 3-5 5-10 10-25 25-50 >50 [40]
Igeo * <0 (0) - 0-1 (1) 1-2 (2) 2-3 (3) 3-4 (4) 4-5 (5) >5 (6) [74]
PI <1 - 1-2 2-3 - 3-5 >5 - [70]
. NPI <0.7 0.7-1 1-2 2-3 - >3 - - [75]
Pollution  ~p - - <1 1-3 36 - >6 - [42]
mCy <15 - 1.5-2 2-4 - 4-8 8-16 16-32 [71]
MPI <1 1 - - >1 - - - [76]
Er - - <40 40-80 80-160 160-320 >320 - [42]
Ecological RI - - <150 150-300  300-600 - >600 - [42]
Risk ERMQ - - <0.1 0.1-0.5 0.5-1.5 >1.5 - - [43]
MERMQ - - <0.1 0.1-0.5 0.5-1.5 >1.5 - - [43]
TRI <5 - 5-10 10-15 15-20 - >20 - 2]

Note(s): * Igeo classes according to Miiller [74] are indicated in brackets.
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Abstract: Mineral image segmentation based on computer vision is vital to realize automatic mineral
analysis. However, current image segmentation methods still cannot effectively solve the problem
of sandstone grains that are adjoined and concealed by leaching processes, and the segmentation
performance of small and irregular grains still needs to be improved. This investigation explores and
designs a Mask R-CNN-based sandstone image segmentation model, including a hybrid attention
mechanism, loss function construction, and receptive field enlargement. Simultaneously, we propose
a high-quality sandstone dataset with abundant labels named SMISD to facilitate comprehensive
training of the model. The experimental results show that the proposed segmentation model has
excellent segmentation performance, effectively solving adhesion and overlap between adjacent
grains without affecting the classification accuracy. The model has comparable performance to other
models on the COCO dataset, and performs better on SMISD than others.

Keywords: mineral image analysis; sandstone grain segmentation; deep learning; Mask R-CNN

1. Introduction

Most mineral identification and textural characterization in coarse-grained clastic sed-
iments (such as sandstones) necessitate the use of microscopy assessment, which involves
interpretation and the gathering of counting statistics using a light microscope [1-6]. The
analysis of sandstone images is a vital part of geological exploration research, as rocks
are rich in hydrocarbon resources [7]. Sedimentary petrology is a specialized field that
demands significant expertise to interpret and classify porosity, minerals, matrix materials,
and mineral cements, along with their associated subclasses. A range of objective lenses,
optical techniques, and light sources are employed to identify and quantify components.
Certain components in sandstone can be small, dark, or opaque, posing challenges for
interpretation even to an experienced petrologist. In such cases, methods beyond light
microscopy, such as scanning electron microscopy or bulk measurement techniques like
X-ray diffraction, are often utilized to assist in mineral identification [8]. Traditionally,
the analysis of sandstone thin sections is primarily conducted by professionals, which is
labor-intensive, expensive, and subjective.

At present, classic mineral image segmentation technology primarily relies on the
low-level visual information of image pixels and is mainly categorized into three types:
(1) the threshold-based mineral image segmentation algorithm, which compares each pixel
in the input images with a preset threshold value to segment the target areas [9-12]; (2) the
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region-based mineral image segmentation algorithm that divides the original image into
different pixel regions, separating the target areas from the background [13-15]; and (3) the
specific theory-based mineral image segmentation algorithm that employs more targeted
computational methods such as cluster analysis to separate mineral grain images [16].
Although these classic mineral image segmentation methods have improved the efficiency
of sandstone analysis, they cannot effectively address the issue of adhesion and overlap
between adjacent grains, and their segmentation performance for small and irregular grains
is relatively poor. Additionally, the classic image segmentation algorithm requires manual
tuning for different types of mineral grains, which lowers the efficiency of mineral image
segmentation and increases the time consumption.

Owing to the booming development of deep learning and the exceptional feature
extraction capabilities of CNNs (convolutional neural networks), deep learning-based ap-
proaches have been increasingly employed in mineral image segmentation. These methods,
diverging from traditional ones, adhere to an end-to-end paradigm and significantly sur-
pass conventional methods in accuracy and efficiency. Furthermore, they are data-driven
methods (i.e., the larger the dataset or the more refined the data analysis, the higher the
achievable accuracy), allowing for enhanced performance with continuous data expansion.
Some studies have explored and applied it in mineral image segmentation tasks. An RDU
(R: residual connection; DU: DUNet) ore image segmentation model was proposed to
estimate the grain size of ore fragments in conveyor belts, which can adjust the receptive
field adaptively according to the size and shape of different ore fragments and achieve
accurate segmentation [17]. Deep learning-based methods for mineral image segmentation
also excel in segmenting adherent, overlapping, and multi-scale mineral grains, effectively
addressing the typical challenges encountered in previous approaches [18]. However, exist-
ing image segmentation methods mainly focus on semantic segmentation, which cannot
meet the requirements to compute specified morphological data in the mineral analysis,
such as circularity, particle size, and contact relationship. Furthermore, these models are
mostly designed for scenarios with clean image backgrounds, whereas in sandstone analy-
sis scenarios, the image backgrounds are complex and filled with indistinguishable fillers,
which makes it a challenge to segment grains out [19].

In order to solve the above problems and further improve the application prospects of
automatic sandstone analysis, we propose a high-accuracy instance segmentation model
based on Mask R-CNN [20] by introducing a hybrid attention mechanism to better adapt
to the complex shapes of sandstone particles. Secondly, we design a shape-aware training
loss function for the improved model and conduct an ablation experiment to confirm its
advantages. Additionally, original convolution is replaced with dilated convolution for
the purpose of obtaining more global information. Finally, this experiment establishes a
dataset of sandstone instance segmentation with 40,122 grain labels.

2. Methodology

Section 2 mainly introduces various methods and ideas involved in the improved
model of the sandstone image segmentation system. In the model-building stage, backbone
selection, module setting, and loss function design are the main considered aspects to
improve the segmentation model performance and solve edge blurring and incomplete
segmentation in the segmentation process.

2.1. Mask R-CNN

The deep learning-based Mask R-CNN network segmentation method has superior
performance and can achieve good results in the sandstone microscopic image segmen-
tation task [21]. We customize and optimize the Mask R-CNN network to form a task
specified model, based on the distribution characteristics of sandstone grains in sandstone
microscopic images.

The Mask R-CNN network is divided into three steps: object localization, object
category calculation, and segmentation mask prediction. The process of the Mask R-CNN
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network is as follows: the image passes through the ResNet backbone network, and
different levels of feature maps are obtained using the feature pyramid. This facilitates the
model in extracting features at different levels. It then enters the region proposal network
to generate candidate areas where grains might be present. On the one hand, a classifier
determines whether pixels belong to sandstone grains or the background. On the other
hand, a box regressor corrects the boundaries of the sandstone grains. The combination
of these two steps forms the candidate target areas. Finally, through a fully convolutional
neural network, accurate segmentation results are achieved, completely extracting the
sandstone grains. The processing procedure is shown in Figure 1.

» Box regressor+

RPN

l B Classifier «

ROIAlign E
)/ -

Feature Map

Figure 1. Original Mask R-CNN sandstone image segmentation processing flowchart.

2.2. SE-Net

Squeeze-and-Excitation Network (SE-Net [22]) introduces the concept of channel
attention. By modeling and assigning weights to feature channels, it forms the parameters
that can be learned and updated and continuously increases the weights of useful feature
channels to optimize the generalization capability of the model. In this paper, SE-Net is
added to the backbone recognition network to improve the spatial information processing
capability of the model and therefore achieve better results for sandstone grains at different
scales. The specific structure of SE-Net is shown in Figure 2.

I | |
Sq()lxlxcz IX1IX ¢,
x ~
Fe (., 0) ¢ X \ "
w - w w
(o €2 C2

Figure 2. SE-Net structure diagram.

The first operation is Fi; conversion, which converts the input x with a feature channel
number C; by a series of general transformations such as convolution to obtain a feature
with a feature channel number C;. The Fy; operation is shown in Equation (1).

Ftr XU, Xe RH><W><C1’ Ue RHXWXCZ (1)
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The Squeeze operation is shown in Equation (2), where the two-dimensional feature
channels are mapped by compression to obtain a real number, which is connected to
form a one-dimensional vector to obtain the global distribution and construct the global
receptive field of the model. The dimension number of the vector equals the number of
input feature channels.

1
Hx W

1

M=
1=

ze = Fag () = uc(i) @)
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=
=
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Next is the Excitation operation. The parameter w is used to generate the weights
for each feature channel. Multiply Wy (which dimension is C/r x C) and z to reduce the
computational complexity by scale operation. The dimension of the feature map of W1z is
still 1 x 1 x C/r; it is then passed through the ReLU layer and multiplied with W, (which
dimension is C x C/r) to obtain the feature map dimension 1 x 1 x C. Finally, the Sigmoid
is derived to generate the weights (s) of the feature maps (at a total of C). The parameter s
incorporates the feature map information of each feature channel and is part of the neural
network, which can be learned and optimized.

s = Fex(z,W) = 0(g(z, W)) = 0(W25(W;2)) 3)

Finally, the weights calculated by the model are weighted onto the original feature
map by the previous channels through the scale operation, as shown:

),(VC = Fscale (uC/ SC) = Sclc 4)

2.3. Coordinate Attention and Spatial Attention

The channel attention mechanism models global information through channels, al-
lowing the model to effectively extract sandstone grains. When extracting, the location
information of the sandstone is directly related to the accuracy of the boundary fit. In this
paper, a CA + SP hybrid attention mechanism is proposed to optimize the model by com-
bining the coordinate attention mechanism [23] and the spatial attention mechanism [24].

Coordinate attention takes a similar operation to channel attention in both horizontal
and vertical directions to obtain relatively independent feature maps in both directions,
effectively preserving one-dimensional location information and establishing spatial long-
range dependence in one dimension. This mechanism is very sensitive to coordinate
information and can effectively pinpoint spatial coordinate information. Similar to the
channel attention mechanism, the coordinate attention mechanism first performs coordinate
position encoding and then generates coordinate attention. A coordinate attention module
can be seen as a computational unit used to augment feature representation capabilities.
It can take any intermediate tensor X = [x1, Xy, ..., xc] € R“*H*W as input and produces
an output Y = [yl,y2, .. .,yC] of the same size with enhanced representational power.
The horizontal and vertical directions are treated separately and computed using pooling
kernels of dimensions (H, 1) and (1, W), giving the following outputs for the vertical and
horizontal channels.

h 1 . 1 .
Ah) = ¥ xehi)zl(w) =5 ¥ xeliw) ©)

0<i<W 0<j<W

The two feature maps generated by the previous module are cascaded and then
transformed using a shared 1 x 1 convolution to perform the transformation F;, expressed
as in Equation (5); the generated f € R*/™(H*W) j5 the intermediate feature map during
the computation, where r denotes the down-sampled ratio, which is used to control the
size of the module, like the SE module.

f=o(F([22"])) ©6)
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C C
Next, f is cut into two direction-independent tensors, ' e R7*H v ¢ R7*W, and
then using the two 1 x 1 convolutions F;, and F,,, we transform two tensors to the same

number of channels as the input and output, as in the following equation:

= o(Fa ())& = o Fa () ”

The two are then expanded as attention weights, and final output of the CA module is

Ve(i,j) = xe(ij) x 88(1) * 8 () ®)

The spatial attention mechanism can simulate the function of the human eye and
extract the parts of interest to the model, which generates a mask for the space, and draws
out one way, which undergoes similar operations as described above to form the spatial
attention mechanism, effectively extracting its relative spatial information.

2.4. Dilated Convolution

The up-sampling process of bilinear interpolation has large errors, leading to prob-
lems such as distortion when generating sandstone grain contours, and this paper achieves
refinement of sandstone contours by introducing dilated convolution. The dilated convolu-
tion [25] has the following main functions:

1.  Expanding the Mask R-CNN network receptive fields more efficiently while taking
into account image resolution;

2. Changing the size of the convolution kernel and the perceptual field of the model by
adjusting the expansion rate (r) to obtain multi-scale global semantic information.

The dilated convolution is shown in Figure 3. Only non-zero elements play a role in
the calculation, and the dilated convolution fills the ordinary convolution with zeros to
increase the size of the receptive field, as shown in Equation (9).

Figure 3. Dilated convolution diagram.

K=k+ (k—1)(r—1) )

Kis the size of the expanded convolution kernel, k is the size of the original convolution
kernel, and r represents the expansion rate. As shown in the figure, whenk=5and r=2,
compared with the ordinary 5 x 5 convolution on the left, the dilated convolution expands
the convolution kernel to 11 x 11, and the range of the sensory field is greatly improved.

3. Methods and Materials
3.1. Experimental Methods
3.1.1. Hybrid Attention Mechanism

In this paper, the SE module is embedded in the backbone network ResNet and its
processing flow is shown in Figure 4. In contrast to the SE-Net structure mentioned earlier,
Squeeze takes global average pooling and Excitation takes two full connection layers for
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computation. To maintain the ResNet structure, it is also necessary to ensure that the
input and output dimensions are the same: the feature dimension is first reduced to 1/4 of
the input, and then the dimension is recovered after ReLU activation. This operation not
only complies more with the specification of the Excitation operation but also reduces the
computational costs by reducing the dimensionality. The neural network architecture with
two fully connected layers allows for better modeling of correlations between channels.
Finally, analogous to the SE-Net model, the scale operation is set to weight the weights by
channel onto the corresponding original feature maps to form the SE-ResNet model.

X
cXhxw
Global pooling
+ cX1x1
FC
c
v —Xlxl
FC !
v cx1x1
Sigmoid
Scale cXhxw
X

Figure 4. SE-ResNet module architecture diagram.

Additionally, a CA + SP-ResNet backbone network is proposed to optimize the model
by combining the coordinate attention mechanism and the spatial attention mechanism in
a re-weighted way, which is shown in Figure 5.

Input
Residual
CXHXW
X —>
Cx Hx1 ‘XAvgpool | |YAvgpool |C><1><W ‘ S Avg pool
\
‘ Concat + Conv2d |C/r x1x (W +H) Conv2d
] \
| BatchNorm + Non — linear |C/r>< 1x (W +H) BN+N-1
! l |
| Conv2d | | Conv2d |C X1xXW ‘ Conva2d |
l ]
| sigmoid | | Sigmoid |cx1xw Sigmotd
CxXHxW
Re — weight
CXHXW

Figure 5. Coordinate attention + spatial attention ResNet module architecture diagram.

After the spatial attention mechanism, the output section of the module should also
multiply the coordinate attention output above by the effect of spatial attention and modify
the final output to Equation (10).
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y(id) = y(i.j) x ge(i) (10)
Finally, the output of SE-ResNet and CA + SP-ResNet also uses the similar re-weighted
method to obtain the final result.

3.1.2. Loss Function

Sandstone grains are often dense and complex in shape. To reduce segmentation
error, an accurate sandstone grain boundary is of great importance. In fact, it is necessary
to compare the real grain area with the predictions to ensure that their boundaries and
contours fit perfectly. Thus, we use DiceLoss [26] to calculate the segmentation error,
which is used to calculate the Dice (the graphical similarity between the true and predicted
segmentation results of the sandstone grains). Let the true result of segmentation be | T|
and the predicted result be |P |, and then | TNP | be the dot product of the binary plot of
the predicted segmentation result and the true segmentation result. The elements in | T|
and | P| directly take the summation. The similarity coefficient Dice and segmentation
error DiceLoss are as follows:

. PNT| 2 % gtmask N predmask
Dice(P,T) = = 11
ice(P,T) (IP+T|)/2 gtmask + predmask (1)
DiceLoss(P,T) =1—2 POT| (12)

[P[+[T]

To avoid the denominator of the equation being zero and to reduce over-fitting,
smoothing is added to the numerator and denominator at the same time:

|P N T| + smooth
|P| + |T| 4+ smooth

DiceLoss(P,T) =1—-2 (13)

Since cross-entropy is only a form of proxy, we directly adopt DiceLoss as the loss
function. The real target of the segmentation is to maximize the overlap between the pre-
dicted results and the true segmentation results, i.e., the Dice coefficient, thus minimizing
DiceLoss. Also, the prediction of segmentation network accuracy performance often needs
to be tested with IoU, which is very similar to DiceLoss; this operation allows the perfor-
mance metric to be trained and optimized directly as a component of the loss function. Due
to the non-convexity of the DiceLoss function, there can be problems such as gradient ex-
plosion, which typically leads to problems such as more unstable training and difficulty in
converging the training. Through several experiments, this paper uses Log-Cosh DiceLoss,
based on the Log-Cosh function, to smooth the DiceLoss. The Cosh function as well as the
Log-Cosh DiceLoss equation, i.e., Ljcqce, are shown in Equations (14) and (15).

X —X
Cosh x = % (14)
Lic_dce = log(cosh(DiceLoss)) (15)

By changing the segmentation loss from L,k to Lic_qce, We obtain a more refined sim-
ulation of sandstone microscopic image boundaries, effectively improving the segmentation
effect and contour refinement for irregular sandstone grains.

3.2. Material Preparation

Physical thin sections were acquired in a standard manner, in which blue epoxy (vari-
able hue) was impregnated into the sandstone (a strictly coarse-grained clastic sediment),
an approximately 30 um thick thin section on a glass slide was prepared, and a mechanical
polish was applied to the surface. Immediately prior to imaging, mineral oil and a cover
slip were applied to the thin section. Generally, few label sets for petrology disciplines
exist and their generation is extremely time-consuming. The images, used for labeling,
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were acquired on several different optical microscopes using objective lenses with 5x or
10x magnification.

The dataset SMISD has 288 typical labeled, single-polarized sandstone grain images
with a cumulative total of 40,122 sandstone grains. An approach was taken to expand the
dataset by rotating the images counterclockwise by different degrees, as shown in Figure 6,
to a total of 1121 images with a total of 153,466 grains.

Figure 6. Image enhancement methods for sandstone microscopic image segmentation dataset.

In order to obtain better generalization ability, in this paper, 85% of them are divided
into a training set and the remaining 15% are divided into a test set.

4. Results
4.1. Experiments and Analysis

To test the performance of the improved Mask R-CNN model based on the above
theory for sandstone microscopic image segmentation, several experiments were conducted
based on the traditional Mask R-CNN network and the improved Mask R-CNN network,
and the experimental environment is shown in Table 1.

Table 1. Table of experimental environment.

Software/Hardware Configuration
Operating system Ubuntu 20.04
Memory 32 GB
CPU Intel(R) Core(TM) i9-10920X CPU @ 3.50 GHz
GPU NVIDIA GeForce RTX 3090
Related software Python3.8/Torch1.8.0/cudall.l

The basic parameters of the Mask R-CNN network were adjusted to obtain the best
experimental results, and the hyper-parameters were set as follows: the model threshold
was set to 0.5, the MINI_MASK was set to (28,28) (to facilitate the detection of fine grains),
ResNet50 was used for the skeleton network (to increase the model processing speed),
and the maximum number of grains present in a single image was set to 1000 (taking into
account the dense distribution of grains in some sandstone micro-graphs).

4.2. Performance Metric

For the sandstone microscopic image segmentation task, the IoU is fixed and the
average precision rate and average recall rate are taken as evaluation metrics.

4.2.1. Accuracy and Recall Rate, AP

To introduce the performance metric of sandstone microscopic image segmentation
models (i.e., the generalization ability), the following four concepts are introduced: TP and
FP, respectively, refer to the number of correct and incorrect determinations for all samples
judged to be sandstone grains. TN and FN, respectively, refer to the number of correct and
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incorrect determinations for samples judged to be non-sandstone grains. Accuracy is the
probability that all samples predicted to be sandstone grains are indeed sandstone grains,
and it addresses the accuracy of the prediction results for a specific sample and sets the
accuracy rate as P, given by the following equation:

TP

P=——=
TP + FP

(16)

The recall rate is the probability that the model correctly predicts a sample that is
indeed sandstone grains and it focuses on the prediction of the specific sample. If we set
the recall as R, the equation is as follows:

TP

R=T7iN

(17)

Accuracy and recall rate are interactive, with both being high when the model gen-
eralization is strong. The two are usually negatively correlated. If the X-axis is the recall
rate and the Y-axis is the precision rate, the PR curve is obtained by tracing the points. The
average accuracy (AP) is the PR curve integrated from 0 to 1. The calculation formula is

as follows: )
AP = / P(r)dr (18)
0
The calculation is simplified by smoothing, which is calculated as follows:
1 .
AP = . Y. smooth(i) (19)
i=0,0.1,...,1.0

4.2.2.IoU

IoU [27] represents the overlap ratio between the generated and real image segmenta-
tion regions. The calculation of IoU is shown in Equation (20), where C is the real image
segmentation area and G is the segmentation area generated by the model. A diagram of
IoU is shown in Figure 7. The left side of the image is the intersection of the two and the
right side is the merging of the two.

_ Area(C) N Area(G)

I =
ou Area(c) U Area(G)

(20)

(a) Area(C) n Area(G) (b) Area(c) U Area(G)
Figure 7. Schematic diagram of the IoU.

The following six metrics for characterizing the performance of image segmentation
can be obtained based on the above concepts, separately shown in Table 2.
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Table 2. Image segmentation performance indicators.

Average Precision (AP)

AP AP When IoU = 0.50:0.05:0.95
APs AP When IoU = 0.50
AP75 AP When IoU = 0.75
AP Across Scales
APs AP When the grain is small: pixel area < 322
APy AP When the grain is medium: 322 < pixel area < 962
AP AP When the grain is large: pixel area > 967

AP5p means that the model is judged to be correct when the IoU of the predicted and
real grain area is greater than 0.5; then, the classification AP of the model is calculated.
APy5 needs a higher IoU threshold; thus, the segmentation needs to be more refined.

AP, i.e., AP:IoU = 0.50:0.05:0.95:, means, respectively, setting the correct determination
IoU t0 0.5, 0.55, 0.6, 0.65,0.7, 0.75, 0.8, 0.85, 0.9, or 0.95 and then averaging it after calculating
the AP value to obtain the final AP.

At the same time, the test results are classified according to the area occupied by the
pixels. AP Across Scales means that the detection targets are classified according to area
into three categories—small, medium, and large—and then the predictive ability of the
model is judged.

The accuracy rate of the model was calculated separately by several indicators such as
IoU accuracy and target size to obtain the final image segmentation performance metrics,
as shown in Table 2.

Compared to the conventional model, the improved model identified significantly
more grains, segmented grain contours were significantly finer, and AP values were
improved by about 5%.

The effectiveness of the hybrid attention mechanism, its shape awareness, and its
dilated convolution are shown in Tables 3-5, respectively.

Table 3. The effectiveness of the attention mechanism.

SMISD (%)

Backbone
APg AP\ AP,
ResNet 15.4 37.4 41.2
+SE 18.9 38.1 42.3
+X attention 19.3 38.9 41.9
+Y attention 19.2 38.7 42.0
+CA 20.3 39.5 43.1
+CA + SP 20.8 39.7 43.2

Table 4. The effectiveness of the shape-aware loss function.

SMISD (%)
Loss Function
AP APs APy5
Lnask 33.2 38.6 29.1
Lgice 36.3 41.3 37.3
Table 5. The effectiveness of dilated convolution.
SMISD (%)
Type

AP AP5 APy
Original convolution 33.2 38.6 29.1
Dilated convolution 37.9 43.2 34.2
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4.2.3. Results and Visualization

The sandstone micrographic images used to visualize the effectiveness our model
are shown in Figure 8. The results of segmentation when directly using the original Mask
R-CNN network are shown in Figure 9; the contour fitting was poor for sandstone grains
of varying sizes and shapes. The network can only fit about 10% when grains are small.

ss-polarized

4 O

(b) Large grain, cro

g =

(c) Small grain, plain light (d) Small grain, cross-polarized

Figure 8. Images used to visualize the effectiveness.

(a) Large grains

Figure 9. Processing results of original Mask R-CNN network.
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After the above modification, new segmented images are shown in Figure 10. Ob-
viously, the model can identify about 80% of the grains regardless of their size, and the
contours fit more closely. The mis-segmentation and under-segmentation are greatly
reduced, and the generalization ability of the model is greatly improved.

(a) Large grains
Figure 10. Processing results of the improved Mask R-CNN network in this paper.

Comparison of the Results of the Improved Mask R-CNN Network in Fitting Irregular
Sandstone Grain Images

For the irregular, narrow sandstone grains, the new model is far superior to the original
model in segmentation integrity as well as fit, which is shown in Figure 11.

“
P TN

Figure 11. Comparison of the results of the original and improved Mask R-CNN in fitting irregular

sandstone grain images.

Experiments on the Performance of the Improved Segmentation Network

The performance of the proposed image segmentation network is predicted by testing
238 sandstone images in the test set. Experiments were conducted using Mask R-CNN,
HTC, PointRend, the latest Refine Mask, and the improved image segmentation algorithm
(labeled Hybrid + Loss in the table), based on the publicly available COCO image segmen-
tation dataset [28] and the sandstone microscopic dataset in this paper. For the best results,
the recognition backbone networks all adopted ResNet101.

As shown in Table 6, our algorithm achieved the best results out of all the algorithms
in the sandstone microscopic image segmentation task, based on SMISD. Compared to
the conventional Mask R-CNN network, the improvement is 4.3%, 5.2%, and 6.9% for
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each of the three grain types (large, medium, and small), which is slightly better than the
state-of-the-art Refine Mask network. Hybrid + Loss gained significant improvement in
AP values for all sizes of grains, which indicates that the image segmentation algorithm
tailored to the sandstone microscopic image segmentation task can effectively identify and
extract sandstone grains, and can better fit the contours to achieve fine segmentation of
sandstone grains.

Table 6. Performance comparison of segmentation algorithms.

Dataset COCO (%) SMISD (%)
Algorithm AP APg APy AP AP APg APy AP
Mask R-CNN 39.6 27.2 49.0 57.7 32.3 15.4 37.4 412
HTC 412 27.2 51.9 61.5 33.9 15.6 38.9 44.0
PointRend 41.1 27.8 52.0 62.0 35.1 16.3 39.9 45.7
RefineMask 418 28.6 53.1 62.8 36.7 18.0 41.1 47.3
Hybrid + Loss 41.7 28.9 52.7 62.5 37.9 19.7 426 48.1

5. Discussion

Channel attention can enhance the network’s ability to extract image information.
Coordinate attention can improve the model’s ability to locate boundaries. Spatial attention
can enhance the model’s receptive capability and optimize the model’s generalization
ability, that is, its performance on images that have not been used for training. By intro-
ducing the hybrid attention mechanism, the model proposed in this paper surpasses other
models on SMISD. With the goal of the task—to make the boundaries of grain segmentation
results more precise—as the performance evaluation index, a shape-aware loss function
can improve the model’s segmentation effect on grain contours, especially irregular grains.
Therefore, the model adopts Log-Cosh DiceLoss as the model’s loss function. Finally, the di-
lated convolution can expand the receptive field and segment by combining more regional
information surrounding the grains, which makes model perform better. Additionally, the
dataset with rich labeled grains helps the model fully learn the segment rules, which is
vital for data-driven methods.

6. Conclusions

Intelligent analysis of images of thin sandstone sections is of high research and applica-
tion value, but the search for automatic segmentation and recognition is challenging because
of the variety and complexity of sandstone images. This paper designed a high-accuracy
sandstone segmentation model by mixing several attention mechanisms and applying
appropriate loss functions and dilated convolution. The segmented particle images can be
classified using other methods to obtain their mineralogical categories. The research on the
automatic analysis of thin sandstone sections has made some progress in this paper, but it
is difficult to identify filler, especially heterogeneous groups and cementation, and there is
still much room for improvement in recognition accuracy.
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Abstract: We used stable water isotopes (5'80 and 5°H) to identify the fractions of glacier meltwater
and summer precipitation in the runoff in the Taldura River in the Altai mountains. The mean
isotopic characteristics of glacier ice, snow, summer precipitation and river water were obtained.
Using isotopic separation of hydrographs, we determined that glacier feeding completely prevails
throughout the Taldura River in the middle of the ablation season. In general, the fraction of glacier
meltwater in the Taldura River’s runoff in the ablation season varies from 80% to 95% depending on
local weather conditions.

Keywords: stable isotopes; glacier meltwater; glacier rivers; hydrograph separation

1. Introduction

The main purpose of this study is the estimation of the glacier meltwater fraction in
runoff in the Taldura river basin using stable isotope data. This research was carried out on
the South-Chuya ridge. The hydrological knowledge of this ridge is extremely insufficient.
Currently, most of the gauge stations in the entire Altai Mountains are closed. Closest
to the ridge is the Kucherla station on the Kucherla River, located 107 km northwest of
the Katunsky ridge in completely different conditions: higher maximal elevation of the
ridge, larger amount of precipitation and larger glaciation area. In the Altai region, glacier-
originated rivers have a great impact on the economic activities of the local population;
therefore, an estimate of the contribution of modern glaciation and other water sources to
the runoff is necessary to assess possible changes in the water balance under the conditions
of changing climate and deglaciation.

Water stable isotopes (1*0 and 2H) are currently widely used in upland hydrology.
These isotopes in general are used as tracers to identify and estimate water sources. This
kind of research is widespread in mainly glaciated mountain territories, especially in the
Himalayas [1]. However, such studies have not been carried out practically for the Russian
Altai. The complex isotope hydrological studies closest to Altai were carried out on the
territory of China at the Urumgi river basin [2], on the Tibetan Plateau [3—6] and in moun-
tainous areas of southwestern China [7]. Isotope studies in Altai are primarily associated
with the deep-core drilling of glaciers on the Belukhas plateau [8] and at the Tsambagarav
massif in Northwestern Mongolia [9]. For the Altai Mountains and its foothills, isotope
analysis of precipitation was performed and compared with model data [10-12].

Earlier, we performed isotope studies at the Tavan-Bogdo-Ola, Tsambagarav and
Mongun-Taiga mountain ranges [13,14]. In 2022, the first isotope samples were taken in
the Taldura river basin [15].

The Taldura drainage basin belongs to the upper reaches of the unified Ob-Irtysh
river system. The isotopic composition of the Ob River in the city of Barnaul was recently
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investigated [16], but at the same time, isotope data are insufficient in the high mountainous
parts of the Ob river basin.

2. Materials and Methods
2.1. Study Area

Isotope hydrological studies were carried out in July-August 2023 in the Taldura River
catchment area located in the upper reaches of the Chuya river basin, which is part of the
Ob’ river basin. The Taldura river originates from the glaciers on the South-Chuya ridge.
This ridge is located in the Central Altai and extends from west to east for 120 km. The
highest elevation is 3967 m. The South-Chuya ridge is characterized by a large number of
glaciers: the total glaciation area is the second largest in the Russian Altai (Figure 1).
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Figure 1. Map of the study area. 1—Lower gauging station. 2—Upper gauging station. 3—Additional
gauging station on the tributary.

As a result of climate change, which according to [17] in the territory of the Russian
Federation began in the late 1970s, the glaciers of the South-Chuya ridge are shrinking. At
the moment, the glaciation area of the South-Chuya Ridge continues to decrease. The total
area of glaciers is estimated as 118 km2. Around 70 glaciers with a total area of 39.8 km? are
located in the Taldura river basin. The equilibrium line elevation is 3000-3100 m [18]. The
Taldura River originates from the Bolshaya Taldura glacier. The river valley is located on
the northern macroslope of the South-Chuya ridge (Figure 1). According to the Catalogue
of Glaciers of Russia [19], the Bolshaya Taldura glacier system had an area of 20.46 km?
with a maximum length of 4760 m, a vertical range of 1240 m and an average height of the
firn line of 3120 m in 2017.
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In this part of Altai, the annual precipitation amount is 400-600 mm. On the windward
slopes, it can reach 800-1000 mm. From April to October, 70-85% of the annual precipitation
falls. Its monthly maximum is usually observed in June—July [20].

The area of the studied part of the Taldura river basin is 347.8 km? (Figure 1). The total
glaciation of this part of the basin was estimated at 11.4%.

2.2. Methods

Sample collection was carried out in the middle of the ablation season, from July to
August. Most of the samples were taken at the 3 temporary gauging stations (Figure 1).
The lower Taldura gauging station was established at an altitude of 1936 m. The upper
Taldura gauging station was established at an altitude of 2420 m at a distance of 1600 m
from the edge of the Bolshaya Taldura glacier. The observation period at the upper station
was 28 days, at the lower one was 18 days. On the right tributary of the Taldura River, at an
altitude of 2760 m, the additional gauging station was established. The observation period
was 24 days.

At each gauge, the water level was measured 4 times a day and the discharge was also
measured periodically. The stage—discharge relation was calculated and for each value of
water level, the discharge value was obtained.

At all gauging stations, meteorological observations were also carried out. The air
temperature was recorded using the EClerk-M-RHT automatic recorder [21]. The amount
of precipitation was determined using a portable rain gauge.

Total dissolved solids (TDS) in water samples was measured by a HANNA HI 98311
Dist5 conductivity meter [22].

Isotope samples at the gauging stations were taken in 50 mL test tubes twice a day: at
08:00 and 20:00. In cases of intense precipitation or high melting, an additional sample was
taken, usually at 16:00. Samples of glacier ice, snow, precipitation and different streams
were also taken. Glacier ice was collected from the surface of glaciers into plastic bags, then
melted at the surrounding temperature and poured into test tubes. The samples from the
streams were taken directly into the test tubes. Precipitation was usually sampled twice a
day (08:00 and 20:00) from a portable rain gauge.

The relative isotopic composition is indicated by the 8 SMOW (standard mean ocean
water) and is accepted as the zero standard [23].

5180 = ([(**O/"O)sampte — (**0/1°0)SMOW]/(**0/®O)gpow) x 10° 1)

5"H = ([*H/H)sample — CH/H)SMOW]/(*H/H)smow) x 10 @)

The analysis of isotopic characteristics was carried out at the Laboratory for Climate
and Environmental Change in the Arctic and Antarctic Research Institute (St. Petersburg,
Russia) by Cavity Ring-Down Spectroscopy (CRDS) using Picarro L2130-i and Picarro
L2140-I analyzers [24]. Distilled tap water from St. Petersburg was used as a laboratory
standard, and it had the following characteristics: —9.66 %o in §'0 and —74.1 %o in 6*H
relative to the IAEA “V-SMOW2” standard. The measurement precision was 0.04 %o for
5180 and 0.4 %. for 82H, which is sufficient for this kind of research.

Using stable isotopes as tracers, it is possible to divide the hydrograph into compo-
nents. The use of stable isotopes in glaciology and hydrology is based on natural differences
in the isotopic composition of the water from different sources, e.g., glacier meltwater,
groundwater and precipitation. Using only §'80 values, only two-component separation
can be carried out using the isotope balance formula, which generally has the following
form:

R8O, f; + R1BO,f, =RBO (3)

with R180;—isotopic content of the first component; f;—fraction of the first component;
R!80,—isotopic content of the second component; f,—fraction of the second component;
R!80—resulting isotopic composition [25].
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3. Results
3.1. Isotopic Composition of Precipitation
Precipitation samples were taken at different altitudinal levels: at each gauging station

and additionally from the surface of the corrie glacier near gauge no. 3 at an elevation of
3000 m. The isotopic composition of the precipitation at every sampling point is shown

in Figure 2.
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Figure 2. Isotopic composition of the summer precipitation of 2023 at different altitudinal levels.

The local meteoric water line (LMWL) was plotted from the event-based precipitation
samples for each elevation separately. The slope of these lines is lower than that of the
GMWL, which is common for Inner Asia summer precipitation [13,14,26,27]. The LMWL
of the samples from the glacier surface (Figure 2, 3000 m) is close to the GMWL. The
weighted-average 580 of the samples ranges from —8.3%o to —10.4%o.

The weighted-average 580 values of 80 were compared with the modeled values
from the online calculator OIPC (The Online Isotopes in Precipitation Calculator), which
allows the monthly or annual isotopic composition to be calculated using geographical
coordinates and elevation (Table 1). This calculator is based on the interpolation of IsoMAP
data based on GNIP (Global Network of Isotopes in Precipitation) weather stations [28-30].

Table 1. Comparison of weighted-average §'80 of precipitation in July-August 2023 and OIPC model
data (Bowen et al., 2005, Bowen, 2017) [28,29].

Weighted-Average §'80, % 680 in July by OIPC, %o

Gauge 1, 1920 m —10.4 —8.3
Gauge 2, 2420 m —8.3 —8.8
Gauge 3, 2760 m —-9.8 -9.2
Glacier near the gauge 3, 3000 m -9.3 —-9.6

The modeled monthly §'80 values are rather close to obtained 5'30, except at the
lowest sampling point. The isotopic composition of precipitation (Figure 2, Table 1) also
shows a lack of altitude effect (decrease in §'0 with increasing altitude) in July 2023. Since
the altitude effect was absent or weakly expressed in the precipitation, differences in the
isotopic composition of precipitation at different altitudinal levels can be ignored in the
process of hydrograph separations during summer 2023.

3.2. Isotopic Composition of Ice and Snow

Ice samples were taken from the ablation zone of the surface of the Bolshaya Taldura
glacier at relatively regular intervals. This technique has been used before and has proven
itself fit for determining the average isotopic composition of ice [31]. (Seasonal snow
was collected from two snow pits in snow fields on the surface of the glacier tongue. In
total, 45 ice and 17 snow samples were collected.) The sampling points and the isotopic
composition of the ice and snow are shown in Figure 3.
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Figure 3. Sampling points on the surface of the Bolshaya Taldura glacier and §'80 box plots for the
glacier ice and snow.

The mean and range of §'80 in glacier ice indicate the formation of ice from precip-
itation of the transitional seasons (autumn-spring). In the seasonal snow on the glacier
surface, lower values of 5130 are presented, so we can indicate this snow as winter snow
from 2022-2023. The meteoric lines in the ice and snow are close to each other and close to
the GMWL: §2H = 7.82 x $'80 + 13.29 in ice and §?H = 7.78 x 5'80 + 9.38 in snow. These
meteoric lines are almost very close to the meteoric line (62H = 7.8 x 5180 + 7.7) obtained
from 524 samples of firn core on the Belukha plateau in 2002 [8]. A summary of the ice and
snow characteristics is shown in Table 2.

Table 2. Characteristics of the ice and snow from Bolshaya Taldura glacier.

Type Number of Samples Range of 680, %o Mean 6§80, %o TDS, ppm Meteoric Water Line
Ice 45 —26.67-—12.31 —18.27 +0.77 25408 82H = 7.82 x 8180 + 13.29
Snow 17 —18.52-—28.34 —22.62 +1.30 84 +54 52H =7.78 x 6180 +9.38

The ice is characterized by very low values of total dissolved solids (TDS). In the snow,
the mean TDS is 8.4 ppm; this value is also quite low. The high confidence interval is
explained by the smaller number of snow samples taken.
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3.3. Isotopic Composition of Water

For every observation day at each gauging station, the mean §'80 was calculated.
Figure 4 shows that the variability in 'O at the lower hydrological post is less than that
at the upper one, while the courses of the §'%0 values at the two gauges for the total
period coincide. Precipitation at the lower post practically has no effect on the isotopic
composition of the water.
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Figure 4. Changes in 8'®0 and meteorological parameters at gauging stations. 1—8'%0;

2—temperature; 3—precipitation.

The increase in §'80 at each gauge is associated with precipitation. At the same time,
the highest value of 5'80 at the upper gauging station was recorded on 29.07, when a large
amount of precipitation occurred at the period of low air temperature and, consequently,
minimal melting. In general, there was a tendency for an increase in §'80 at the upper
gauging station after 21.06.

At the lower gauging station, the situation is uncommon: the §'80 values in general
are lower than at the upper one, which indicates a greater fraction of glacier meltwater to
the runoff, despite the distance of 34 km from the edge of the Bolshaya Taldura glacier. But
a separate sample taken at the lower post on 06.08 showed that there was a tendency for
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8180 to increase, as well as at the upper post. There is also minimal variability in 5'80 at
the lower gauge during the observation period.

At the gauging station on the tributary, the range of 5'80 is greater and the mean 5'30
is higher, which indicates a greater influence of precipitation on the runoff in the small
tributary. As the other two gauges, there is trend of an increase in !0 over time and the
peaks of 5'80 after precipitation events are pronounced.

Samples were also taken from different tributaries of both glacial and non-glacial
origin. The water characteristics obtained from the gauges and tributaries are shown
in Table 3.

Table 3. Average characteristics of water samples by group.

Type of the Samples Mean Discharge, m3/s Mean 6§80, %o Mean TDS, ppm
Gauge 1, lower Taldura 25.0 —17.77 419
Gauge 2, upper Taldura 10.95 —17.30 3.3

Gauge 3, tributary 1.08 —17.05 7.8
Glacier-originated tributaries - —17.58 18.4
Non-glacier-originated tributaries - —15.77 36.3

The obtained mean value and the range of !0 (from —18.79 to —16.57 %) of water
from glacier originated tributaries are very close to the isotopic composition of water at the
gauging stations on the Taldura River. It can be suggested that these values are typical for
the glacier rivers of the ridge in the middle of the ablation season.

The mean 5'80 value in the streams of non-glacial origin is —15.77%o (from —17.11 to
—14.55%o). The relatively low isotopic composition indicates the contribution of snowmelt
water to their feeding.

In the upper reach of the Taldura River (gauge 2), the TDS changes slightly during the
observation period (within 2—4 ppm). At the lower reach of the Taldura river (gauge 1), the
TDS was 10 times higher because of enrichment from the dissolved mineral compounds.
On the right tributary of the Taldura River, the TDS remains almost unchanged throughout
the observation period (7-8 ppm).

The TDS in the glacier-originated tributaries is lower than the mineralization of non-
glacial originated tributaries but higher than the water conductivity at gauges 2 and 3,
because of the filtration through moraine.

3.4. Isotopic Separation

The isotopic composition of the water on the gauges of the Taldura River reflects a
mixture of water from different sources (Figure 5). The positions of the gauges on this
diagram show the dominance of meltwater in river feeding.

According to the isotope balance equation, Equation (3), a two-component separation
of hydrographs was performed. Several assumptions have been made to facilitate the
separation. Only glacier meltwater and precipitation were considered components because
it is possible to separate only two components using only 5'80 as a tracer. It was also
assumed that there is no separate groundwater reservoir in the studied basin, which differs
in isotopic composition from summer precipitation and meltwater. This fact is confirmed
by the absence of significant springs forming large tributaries in the Taldura river basin.

The average value 5'80 of the glacial ice of the Bolshaya Taldura glacier was taken as
the isotopic composition of meltwater. Precipitation was considered the second component,
since the trends in the isotopic composition of water at all gauging stations showed that
precipitation affects changes in the isotopic composition of river water. The isotopic
composition of precipitation was taken as the weighted-average value of 'O for the day
before sampling, and the daily course of the isotopic composition of water showed that
the run-up time did not exceed 24 h. If no precipitation occurred, the separation was
performed using the isotopic composition of the last precipitation event. The results of
isotopic separation at the Taldura River gauging stations are shown in Figure 6.
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Figure 6. Separated hydrographs of the Taldura River: 1—meltwater of glaciers; 2—precipitation.

At the upper hydrological gauging station, the fraction of precipitation in runoff varied
from 4 to 22% and averaged 9%. The average daily discharge formed from atmospheric
precipitation varied from 0.18 to 3.19 m3/s. The maximum fraction of precipitation was
observed on 29-30 July after a large amount of precipitation, with a decrease in temperature
and, as a result of the low temperature, a decrease in melting.

At the lower gauging station, over a shorter observation period (until 23.07), the
fraction of precipitation varied from 2 to 9%, with an average precipitation fraction of

5%. The average daily discharge formed from precipitation varied from 0.64 to 2.70 m>/s.

During this period the discharges formed by precipitation in the upper gauging station were
0.18-1.88 m>/s. This fact may indicate that the isotopic separation results are correct. The
maximum precipitation fraction in the runoff was observed on 21-23 July after precipitation
in the upper part of the basin. It was also found that on 06.08 (based on an additional
sample, not included in Figure 5), the fraction of precipitation increased to 17%.
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The tributary (gauge 3) is characterized by an order of magnitude lower discharge. It
was found that the fraction of precipitation varied from 5 to 32% (on average 15%), which
is greater than on the Taldura River, but it is still mostly insignificant.

4. Discussion

First, it is necessary to sum up the obtained data on the isotopic composition of
precipitation. The altitude effect of changes in the isotopic composition of precipitation
is not pronounced: a decrease in the values of !0 with an increase in altitude is not
observed. The absence of an altitude effect can be explained by precipitation from a single
condensation level when the air mass does not rise up along the valley or slopes. The
reverse altitude effect (minimal §'80 at the lower gauge) may be associated with various
sources of moisture and the turbulent mixing of air masses on orographic barriers [32].

A comparison of precipitation 5§80 with OIPC data showed a close agreement. There-
fore, the data from this online calculator may be used for further large-scale isotope
hydrological studies.

The isotopic composition of the ice from Bolshaya Taldura can be used in further
isotopic separation research in the upper Chuya basin as the isotopic composition of
meltwater. The obtained mean 80 value is close to the isotopic composition of ice in the
Eastern Altai [14]. In the Western Altai, glacier ice must be enriched with stable isotopes
according to the greater fraction of summer snow in glacier feeding. This is confirmed by
ice drilling results on the Belukha plateau [8].

Changes in the water §'80 at each gauge reflect the influence of precipitation and
changes in melting intensity. The low variability in 'O in the lower gauge is explained by
averaging the isotopic characteristics of all the water in the basins studied. Small tributaries
are more affected by precipitation and temperature changes. This is reflected in the greater
variability in water §80.

It is interesting that the fraction of glacier feeding in the Taldura River increases with
distance from the Bolshaya Taldura glacier. The decrease in the precipitation fraction
in the Taldura River from the upper part of the basin to the lower part is explained by
the influence of glacier-originated tributaries with a natural decrease in precipitation in
the lower part of the basin. The waters of the tributaries, as mentioned above, have an
average value of 580 —17.61%.. Some of them are characterized by the dominance of
glacier meltwater with low §'80 values in water, e.g., the mean §'0 from three samples
in the Dzelo River (see Figure 1) is —18.17 %o. In addition, the amount of precipitation in
the lower part of the catchment area is naturally decreasing. Thus, glacial feeding prevails
completely in the runoff in the Taldura River throughout its entire length and in the runoff
in its main tributaries.

Judging by the low values of 5'80 at the start of the observation period at all gaug-
ing stations (Figure 4), we can suggest that snow meltwater, which is characterized by
the lowest §'80 (Table 2), contributed to the feeding of rivers. The hydrograph can be
divided into three components (glacier meltwater, snow meltwater and precipitation) using
two tracers. TDS is usually used as the second one, but in this case the values of the TDS of
the ice, snow and precipitation were too close to each other. It is also possible to perform
three-component separation using excess deuterium [1]. But for a correct three-component
separation, we need more data on the isotopic composition of snow from the glaciers and
snowfields over the entire catchment area. In any case, the low values of !0 in the lower
reaches of the Taldura River can also be explained by an increase in the fraction of snow
meltwater.

It is also interesting to investigate the interannual variability in the isotopic composi-
tion. Some samples were taken from the Taldura River a year before this research, in 2022.
In 2022 and 2023, sampling was carried out in approximately one part of the ablation season
(mainly in July), while various meteorological conditions were observed, which makes it
possible to assess the variability in the contribution of glacier runoff to the feeding of the
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Taldura River. A comparison of isotopic characteristics and meteorological conditions for
the example of the upper gauging station is shown in Table 4.

Table 4. Comparison of data from 2022 and 2023 for the upper gauging station at the Taldura River.

Year 2022 2023
Observation period 11.07-29.07 11.07-29.07
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Mean 580, %o (upper gauge) —16.22 —17.30
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Precipitation, mm 38 33

In 2022, the colder conditions with more precipitation, as a result of which the fraction
of glacier runoff in the Taldura River’s feeding was lower, were reflected in the isotopic
composition. At the same time, for the precipitation in the Taldura River, the fraction in
2022 generally did not exceed 20%. Thus, even under different conditions in the middle of
the ablation season, glacier meltwater completely prevails in Taldura River feeding.

5. Conclusions

Based on the results of a complex of field work and laboratory measurements, it
was determined that glacier feeding completely prevails throughout the Taldura River
in the middle of the ablation season. At the same time, there is even a slight increase
in the fraction of glacier meltwater in the lower part of the basin, far from the Bolshaya
Taldura glacier. The meltwater fraction at the mouth of the Taldura River can reach 95%.
Near the source of the Taldura River, the meltwater fraction in general is around 80-95%.
The second most important source of water is summer precipitation, but its contribution,
depending on the conditions, usually does not exceed 10-20%. Thus, further degradation
of the South-Chuya ridge’s glaciation will inevitably affect the runoff in the Taldura River
and the water balance of the upper Chuya basin as a whole. Now, the role of glacier runoff
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reduction in their area, the intensity of their melting will decrease, since the edges of the
glaciers will be higher. Consequently, in the near future, glacier runoff may even increase,
but with continued degradation of glaciation, it will inevitably decrease, which will lead to
a significant decrease in runoff in the Taldura River.
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Abstract: Citric acid has been identified as an environmentally sustainable organic acid capable of
leaching up to ~30% of easily accessible REEs from underclay material. An analysis of the leaching
profiles was performed to discern the reaction rates, extraction efficiencies, and potential leaching
mechanisms of REEs and cations of interest from ion-adsorbed underclays. The initial leaching stage
follows a slow intraparticle diffusion mechanism followed by a second stage controlled by a mixed
diffusion regime. The leaching profiles of Ca and P were similar to those of REEs, suggesting that
REEs are most likely derived from mineral surfaces such as hydroxyapatite or crandallite rather
than predominately from underclays. Fitting to a modified diffusion control model found diffusion-
controlled leaching to be the primary mechanism whereas non-diffusive mechanisms made up about
22% of the extracted REEs. Gangue cations associated with underclays had less non-diffusive leaching
than REE species, indicating that their leaching kinetics may be dominated by diffusion from within
the material or potentially from product layer formation. Fitting to Boyd plots further indicated
that REEs were leached following intraparticle diffusion control. These results have important
implications for the development of more efficient and sustainable methods for extracting REEs or
critical minerals from alternative feedstocks.

Keywords: rare earth elements; citric acid; leaching kinetics; ion-adsorbed underclay; modified
diffusion control model

1. Introduction

Rare earth elements (REEs, including the 14 naturally occurring lanthanide elements
plus yttrium and scandium) are used in a variety of advanced technology applications
such as magnets, catalysts, and other electronic devices. REEs are especially useful for the
fabrication of renewable energy technologies and are therefore essential for advancement
towards carbon neutrality and sustainable energy [1]. However, the U.S. does not produce
enough domestic REEs to support renewable energy generation, let alone enough for all
other domestic applications [2]. To satisfy demand, the United States imports approximately
80% of its rare earth compounds and metals from China [3], but the growing need for REE
resources highlights the need to find and utilize new domestic sources.

The U.S. controls just 1% of primary REE reserves globally. In fact, REEs extracted
from REE-bearing clay deposits are estimated to account for ~35% of China’s total REE
production despite making up just a small fraction of REE reserves and containing just
0.05-0.2 wt.% rare earth oxides (REOs) [4,5]. This is because the lower amounts of available
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REE:s are offset by their ease of extraction and processing from ion-adsorbed clays (IACs) [6].
IACs are a potential alternative source of REEs and can be found in mineral deposits
adjacent to coal seams and within coal utilization byproducts. The negatively charged
surfaces of clays attract positively charged REE cations with the ratio of complexation
depending on the pH [7]. Due to their weak ionic interactions, these surface-bound REEs
are much easier to procure than the REOs embedded within carbonate and phosphate
minerals. Other sources of REEs are carbonatite (source of light REEs), bastnasite deposits,
and phosphate-bearing minerals like monazite and xenotime that contain the largest
amounts of REOs [5].

Extraction of REEs from carbonate and phosphate minerals often requires the use of
aggressive, corrosive mineral acids to dissolve the ore, but these methods require waste
management and have numerous environmental concerns for usage [6]. On the other
hand, the primary method of REE extraction from IACs utilizes electrolyte solutions such
as ammonium sulfate to leach ion-exchangeable REEs bound to the clay surface with
80%—-90% extraction efficiencies at moderate temperatures [8]. Chemically, the monovalent
ammonium cations exchange with REE cations bound to the surface of IACs in order to
release them into the leachate solution. However, even this method risks introducing toxic
ammonium and sulfate ions into ground waters during in situ leaching processes [9]. A
more environmentally friendly process is to use low molecular weight organic acids capable
of complexing directly with REE cations while avoiding both ammonium and sulfate. Citric
acid has been previously identified as an effective organic acid to suppress REE adsorption
to soils by complexing to the REEs in solution [10]. The chelating properties of the citrate
are the result of negatively charged oxygen atoms of the carboxylic groups which complex
to REE cations. This increases the solubility of the metals, thereby enabling extraction while
offering environmental benefits over mineral acids [11,12]. This process works similarly
to glycine lixiviants which have been shown to selectively recover copper from copper
smelting slag under basic pH conditions [13].

Yang et al. (2020) characterized various Appalachian underclays and found that the
REE-bearing phases consisted of apatite, monazite, xenotime, rhabdophane, and churchite
embedded within the clay matrix that were clastic or detrital in origin with alteration prod-
ucts such as crandallite limited to a few feedstocks [14]. Benchtop leaching experiments
performed by Montross et al. (2020) successfully leached up to ~30% of exchangeable
total REEs (TREEs) from unconventional underclay sediments using a 0.1 M citric acid
solution [15]. The current study models the kinetics of data acquired from upscaled experi-
ments performed by Yang et al. (2022) for which the operating conditions were obtained in
previous benchtop studies to determine the highest REE extraction efficiencies using citrate-
based solutions [16]. However, the REE extraction efficiencies of the upscaled experiments
were significantly lower than those of the benchtop leaching experiments performed by
Montross et al. (2020) and inspired the current study to determine the kinetics and potential
leaching mechanisms in the upscaled experiments. The probable cause for this discrepancy
in extraction efficiencies is likely due to the different feedstock compositions and experi-
mental parameters that differ between the benchtop and large-scale experiments. One such
concern is the impact of capillary forces which are harder to overcome in upscaled experi-
ments due to restrictions in mixing at large scale. Recent studies aimed at overcoming low
extraction efficiencies in acid leaching experiments showed that coupling chemical leaching
with metallurgical techniques such as disintegration liberates REE-bearing minerals in
clay materials and improves their contact with the solution [17]. Factors influencing the
extraction efficiencies between benchtop and upscaled experiments may be better revealed
with a deeper understanding of the leaching kinetics and mechanisms.

To better understand these lower extraction efficiencies in the upscaled embodiments,
the kinetic profiles can provide insight into the rate determining mechanisms that control
the REE leaching process. Examination of the rate determining mechanisms throughout the
leaching process is useful for optimizing REE leachability. Once the leaching mechanisms of
REEs and relevant cations are determined, correlations to specific phases can be postulated
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and experimental parameters can be adjusted to selectively leach REE-rich phases over
those primarily consisting of unwanted gangue elements such as Al Si, and Fe. Therefore,
REE-rich phases can be selectively targeted for extraction if they exhibit leaching behaviors
that can be distinguished from other phases primarily containing other critical minerals
(CMs) or gangue elements. This study aims to fit REE and other major cation (e.g., Al, Ca, Fe,
P, 5i, Co, Ni, Cu) concentration data to commonly used kinetic models to determine whether
the rate limiting mechanism is a diffusion or chemically controlled process. Depending on
the mechanism, the resulting kinetic parameters can be defined to describe the leaching
behavior of different phases.

2. Materials and Methods
2.1. Sample Preparation and Analysis

The experimental data used in this study were derived from Yang et al. (2022) [16]. In
summary, bulk underclay samples obtained from the Middle Kittanning coal formation
(MKT) in West Virginia were crushed and sieved to produce underclay fractions with an
average particle size (diameter) of 1.858 mm (r = 0.0929 cm). To simulate batch leaching,
8.0 kg MKT underclay material was placed in a 55 gal mixing barrel equipped with an
axial flow impeller to ensure complete vertical mixing. The mixing barrel was filled with
0.1 M citric acid lixiviant containing both citric acid (HOC(COOH)(CH,COOH);) and
sodium citrate dihydrate (HOC(COONa)(CH,COONa),e2H,0) for a final water-to-rock
ratio of 10:1 at pH 2.8 over the course of 18 days at ambient conditions. At the conclusion
of the experiment, the solids were rinsed with tap water, collected, and dried. The REE
and major cation concentrations in the leachate were collected at several time points and
those datasets were used for the modeling described in the next sections; detailed bulk
geochemistry is noted in Bauer et al. (2022) and Yang et al. (2022) [16,18].

2.2. Kinetic Modeling Methods

Due to the complexity of the heterogenous underclay material, we took multiple
approaches to determine the rate limiting mechanism of the leaching process. The rate
controlling mechanism was determined by first fitting extraction data to non-linear kinetic
equations for geometric contraction models commonly used to describe the extraction
of REEs from mineral sources [19-21]. Table 1 describes several models including the
shrinking core model (SCM), Jander equation (JE), and Ginstling-Brounshtein model
(GBM). In each of the geometric contraction models, X represents the mass fraction of the
species leached from the IAC sample as determined by the initial mass of the species within
the ore (M;) and the mass leached at time t (M;). M; was determined by measuring the
concentration of REEs and other cations extracted into the leachate, multiplying by the
liquid volume, and dividing by the original mass of solid loaded into the reactor. Regression
analysis and data fitting to the selected models were performed using GraphPad Prism 9
software and the goodness of fit was evaluated using the R-squared values.

The leaching of REEs from IACs occurs via the following general steps for adsorption
processes: (1) diffusion of lixiviant molecules through the liquid film layer, (2) diffusion of
lixiviant through the particle or product layer, (3) adsorption of the lixiviant to the particle
surface, (4) surface reaction between the metal and lixiviant to form product, (5) desorption
of the product from the particle surface, (6) diffusion of the product from within the particle
or through the product layer, and (7) diffusion of product back through the liquid boundary
layer. It is also possible for REEs to directly react with lixiviant at the outer surface of
the particle without diffusion through the particle or product layer, thus omitting steps
2 and 6. In the SCM, metals embedded within solid particles react with lixiviant to form
a product layer on the particle surface through which diffusion occurs (Figure 1) [22]. In
a well-mixed system, the rate limiting mechanism is controlled by film diffusion (steps 1
and 7), product layer diffusion (steps 2 and 6), or the chemical reaction (step 4) [23]. Each
type of mechanism corresponds to an equation that produces a straight line when plotted
versus time (Table 1). The model that gives the best fit line represents the rate limiting step.
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Table 1. Select geometric contraction models fit to MKT leaching data to describe the extraction
process of cationic species. The shrinking core model (SCM) is used to determine the physical
phenomenon responsible for limiting the rate of species extraction from the ore. SCM is composed of
three parts: liquid film diffusion, chemical reaction, and product layer diffusion. The Jander equation
(JE) and Ginstling-Brounshtein model (GBM) both describe leaching processes which are diffusion
limited. Each equation results in the rate constant (k) to describe the kinetics of the reaction.

Geometric Contraction Model Equation
Shrinking Core Model
Liquid Film Diffusion Control X = % = kt
Product Layer Diffusion Control 1-3(1- ) +2(1- X) =kt
Chemical Reaction Control 1—(1— )% =
Jander Equation [1 —(1-X) 1}2 — kt
Ginstling-Brounshtein Model 1— %X —(1- X)% — kt
e,

Product Layer
Diffusion Control

Reaction Time

Chemical Reaction
Control

Figure 1. Depiction of the shrinking core model in which the unreacted core is converted to a product
layer. The rate limiting mechanism may follow film diffusion control, product layer diffusion control,

or chemical reaction control at the particle surface.

After determining that the leaching mechanism was potentially a diffusion-limited
process, the data were then fit to JE and the GBM to validate this claim [24,25]. JE is the
simplest one-dimensional diffusion control model for a spherical particle. It is a valid
approximation of diffusion behavior at low conversions because it assumes the reacting
particles maintain a constant volume and interfacial area so that two- and three-dimensional
diffusions are treated as one-dimensional [26]. The GBM, on the other hand, can apply
to systems where the solid maintains a relatively constant volume, but where interfacial
reaction area changes over time. Like the SCM, the overall volume of the particle remains
the same because the resulting product layer replaces the reacted volume. The GBM is
similar to the product layer diffusion equation where kt is multiplied by a factor of 3.

To overcome potential underestimations in mass of the leached species, the rate
limiting mechanism was determined by evaluating the leaching process in terms of the
heterogeneous sorption between REEs and citrate rather than the mass leached from the
underclay. To do this, the leachate data were fitted to a modified diffusion control model
(MDCM) based on the intraparticle diffusion model introduced by Crank (1975), which
describes the sorption process in terms of Fick’s law for non-stationary spherical particles
in a homogeneous solvent (Equation (1)) [27]. The Crank model uses the fraction of species
leached into the solution (F), which is determined by measuring the concentration of the
species in the leachate at time ¢ (q;) and at equilibrium (g.), to determine the diffusion rate
constant (B). Once B is determined, the apparent intraparticle diffusion coefficient (D) is
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calculated (Equation (2)). For this study, MDCM was applied to estimate g, as well as the
amount of REE leaching by non-diffusive behavior (qo) by fitting the measured g; versus
time (Equation (3)) [28]. For both models, n represents the number of iterations used to
obtain the best fit line. In this case, summation from n = 1 to n = 6 yielded the best fit, with
all R-squared values greater than 0.99.

_qr _ 6 v 1 g
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a1 (1) I ©
e

The kinetic models in eqns. 1 and 3 are used to describe diffusion-controlled processes,
but they do not distinguish between the types of diffusion which limit the rate of reaction.
To determine the type of diffusion control, Boyd plots were used to determine if the rate
is limited by intraparticle or film diffusion [29,30]. This was carried out by plotting the
Bt term vs. t; where Bt is calculated by one of two equations depending on whether F
is >0.85 or <0.85 (Equations (4)—(6)) [31,32]. If the results of the Boyd plot pass through
the origin, the mechanism is considered to be intraparticle diffusion controlled, otherwise
film diffusion is the dominant mechanism. For this study, y-intercept values < 10.11 are
considered to pass through the origin.

F=1- %e‘Bt (4)

Bt = —1n(722) —In(1— F(t)); F(t) > 0.85 (5)
TT2F(t) ?

Bt = <\F— -3 ) ; F(t) <085 (6)

After the rate limiting mechanism is determined, an empirical kinetic model can
be applied to calculate the rate constant and rate of change. The two kinetic equations
chosen to fit to the leaching data are the Weber-Morris intraparticle diffusion model (IPD)
(Equation (7)) and the general power law equation (Equation (8)), both of which are used
to describe sorption kinetics [33,34]. To fit these models, only data for the first 96 hr were
used to capture the leaching kinetics prior to reaching an equilibrium state. IPD provides
a good representation of Fickian diffusion, but it is based on the geometry of a plate [35].
Therefore, it is likely not an appropriate model considering the spherical geometry of the
particles. Instead, the power law can be applied as an empirical model to provide a more
accurate fit to the particulate dataset. Similar to IPD, the power law is a hyperbolic function
but with a variable exponent that describes the release rate of the species into solution
(Equation (8)). When n < 1, the rate of release decreases over time whereas n > 1 signifies
an increase in release rate. Additionally, a value of n = 1 means that the rate is constant
over the course of the experiment and yields a straight-line slope. The farther 7 is from
1 signifies a faster decrease (1 < 1) or faster increase (1 > 1). Small changes in rate occur at
values near 1. In both models, k represents the rate constant for each respective model and
C is a constant that quantifies the amount of deviation from the model.

gt =kVt+C ?)

qe = kt" ®)
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3. Results and Discussion
3.1. Extraction Efficiencies

Montross et al. (2020) demonstrated extraction efficiencies of 30% total REE underclay
using 0.1 M citric acid-sodium citrate buffer solution amended with 0.5 M NaCl at pH 5.8.
In comparison, the leaching of REEs by 0.1 M citric acid—sodium citrate in scaled-up
experiments only reached a TREE extraction efficiency of 11% over 18 days as reported in
Table 2. There are several factors that may contribute to the lower extraction efficiencies
achieved in these samples, including the pH, concentration of exchangeable cations, and
the leaching method. Citric acid is a polyprotic organic acid with pKa values of 3.13, 4.76,
and 6.40 [36]. At high pH values, citric acid becomes deprotonated and exists mainly as
anionic Cit> [37]. Lower pH values are expected to result in increased extraction efficiencies
because the acidic protons exchange with REEs. The fact that this was not the case in the
scaled-up experiments suggests that pH was not the dominant factor affecting the leaching
process when gangue elements are not quickly dissolved by the acid to release REEs into
the solution. Because citric acid chelates with charged species at the surface of IACs, it is
possible that these sources make up a smaller fraction of feedstock material, resulting in
overall lower amounts of extractable REEs.

Table 2. REE and cation leaching efficiencies (wt.%) after 430 hr using 0.1 M citric acid—citrate leaching
solution as modified from Yang et al. (2022) [16].

REE Wt. % Major Cations Wt. %
Sc 7.15 Mg 4.03
Y 18.9 K 0.578
La 1.06 Ca 31.0
Ce 3.08 Al 0.275
Pr 5.18 Si 0.146
Nd 8.56 P 26.0
Sm 23.9 Mn 3.26
Eu 34.1 Fe 2.83
Gd 36.6 Zn 242
Tb 34.2
Dy 27.0 8] 8.61
Ho 20.0 Th 25.0
Er 15.2
Tm 114 Cr 0.387
Yb 9.64 Co 28.5
Lu 8.71 Ni 15.3

TREE 10.8 Cu 13.9

The feedstock material has a large impact on the overall leaching efficiency. Multi-
modal characterization of these underclays determined the presence of REE-phosphates
(e.g., monazite and xenotime or their hydrated forms of rhabdophane and churchite),
apatitic phases, and degradation products such as crandallite embedded within the un-
derclays [14]. Citric acid is an effective organic ligand in REE complexation of phosphate
minerals [38] and increases the solubility of P [39]. Apatite, for example, is dissolved
by ionic detachment of calcium and orthophosphate ions from the mineral surface. The
high extraction efficiencies of Ca and P suggest a significant amount of the phosphate and
apatitic phases are solubilized by the citric acid lixiviant (Table 2). Other elements like Al
and Si are abundant within underclays and can be indicative of the dissolution of IACs in a
citric acid environment [40]. As shown in Table 2, less than 1% of Al and Si available in the
underclay samples is extracted into the leachate over 18 days. If the releases of Al and Si
are indicative of the extent of IAC dissolution, low Al and Si extraction efficiencies suggest
little breakdown of IAC phases, especially compared to phases primarily containing Ca
and P. Therefore, the REEs released from IAC phases are more likely to come from the
easily accessible surface-bound REEs rather than REEs embedded within the underclay
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matrix. The dissolution of P and Ca, on the other hand, suggests REEs may be released
from within phosphate and apatitic phases to a greater extent than from within IACs.

The distribution of gangue elements in the leachate solution suggests there is a greater
breakdown of phosphate and apatitic phases compared to IACs. This is supported by the
distribution of REEs extracted into the leachate which shows greater extraction efficiencies
for middle REEs (MREEs) including Sm, Eu, and Gd. The strong MREE enrichment of
the leachate solution suggests that calcium- and phosphate-bearing minerals could be a
significant source of the REE extracted from these samples. Citric acid has been shown to
primarily extract MREEs from apatite phases, further adding evidence for this claim [38].
Meanwhile, Y and the heavy REEs (HREEs) Tb, Dy, Ho, Er, Tm, Yb, and Lu are more likely
to be leached from the surfaces of the clay matrix or mineral surfaces [14]. The amounts
of HREEs extracted into the leachate are much lower than those of MREEs, suggesting
that a smaller portion of the REEs are from IAC sources. Based on the particularly low
extraction efficiencies of Al and Si, very little IAC may be dissolved which may limit the
amount of REEs that can be released from this material, especially when compared to
phosphate-bearing minerals. Several critical minerals (e.g., Co, Ni, and Cu) also show
higher extraction efficiencies than most of the other cations present in the leachate. In
particular, 28.5% of Co is extracted by the end of the experiment, on par with the efficiencies
obtained for Ca, P, and MREEs (Table 2). The extraction efficiencies of these CMs are much
higher than that of Fe and Mn but lower than that of Zn, all of which come from the same
d-block elements. This suggests that the elemental group may not be the dominant factor
contributing to extractability. Instead, the feedstock source may play a larger role in the
rate of REE extraction and ultimately the leaching efficiency.

3.2. Leaching Profiles

The dissolution and precipitation of metals in solution typically follows one of several
kinetic profiles based on the time-dependent leaching behavior [41,42]. As seen in Figure 2,
the TREE leaching profile shows two distinct kinetic regimes—an initial leaching phase
followed by a second slower phase until equilibrium is reached. The presence of two
stages reveals a shift in leaching rate due to changes in the rate limiting mechanism or
exhaustion of the species from a specific source. Given the presence of IAC phases in the
MKT underclay samples [14], the initial increase in concentration may be dominated by
the leaching of ion-exchangeable REEs from the easily accessible IAC surfaces. Once these
sources of REEs are exhausted, the mechanism may transition to a diffusion-controlled
process from within less accessible REEs associated with the clay and mineral phases.
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Figure 2. Kinetic profile of TREEs leached by 0.1 M citric acid at ambient temperature and pressure
shows two distinct kinetic regimes.

Cations such as Ca and P share similar kinetic behavior to REEs, indicating that
they follow a similar leaching mechanism or are leached from a similar source material
(Figure 3a). As mentioned previously, Ca and P are major cations in phosphate-bearing
minerals such as apatite. Their release into solution at such extraction efficiencies suggests a
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dissolution of the apatite minerals which may cause the exposure and subsequent leaching
of the embedded REEs. However, this is not the case for other gangue elements like Al,
Si, and Fe whose concentrations continue to rise over the course of the 18-day experiment
(Figure 3b). These elements exhibit a different overall leaching mechanism and more closely
follow a hyperbolic fashion. The absence of a plateau indicates that the reaction kinetics for
these gangue elements have not reached equilibrium by the conclusion of the mixing barrel
experiments. This suggests that much slower leaching rates occur in gangue elements when
compared to TREEs. The leaching profiles of critical minerals is represented in Figure 3¢ by
the elements Co, Ni, and Cu. Like the TREE profile (Figure 3a), CM concentration in the
leachate reaches an equilibrium within the timeframe of the experiments. The steepness in
the leaching profiles of CM suggests that the majority of the leachable species are extracted
within the 18-day experiment. This is in contrast to the leaching profile of Fe (Figure 3b),
despite all being transition metals. The difference in leaching profile between Fe and other
CMs may be influenced by the accessibility of the element within the feedstock material.

1000 20
(=]
R P~ T 3 PO
L 1500 é’ 2 800 _..--8 245 paETet o A
= B
o ia g 3
g 0] S = A [ -0
L1000 § 3 600 o2 =10 ¥ oot
T & I A © e
P 0] 400 DB _____ S o S
s & g 1g”,amT o 5 s
a S 200/ ééo-" (&)
F o o 0 -@- Al -3- Fe -A- Si -@- Co -3 Ni -A- Cu
L L LN B R | ot+-—r—r—rr—r— 7T
200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Time (hr) Time (hr) Time (hr)
(a) (b) (c)

Figure 3. Leaching profiles of (a) TREEs, Ca, and P, (b) gangue elements Al, Fe, and Si, and (c) critical
minerals Co, Ni, Cu.

3.3. Rate Determining Mechanism

Each of the equations summarized in Table 2 is based on the fractional conversion (X)
of the solid which is the reacted mass divided by the initial mass of the reactant (X = M/M;).
Xis typically calculated by weighing the solid before and after the reaction to determine the
total mass that is released from the solid particles. The concentration data retrieved from
the mixing barrel experiments correspond to the amount of solubilized REEs leached into
the solution from the solid particles. Applying the SCM, JE, and GBM to the mixing barrel
data, all displayed good fits with JE having the best fit for the first 4 days (stage 1) and SCM
film diffusion fitting days 4-18 (stage 2) best (Figure 4). However, many fits were nearly
as good, causing ambiguity over which equation represents the rate limiting mechanism.
For instance, both film diffusion and product layer diffusion are nearly identical in fit
during the second stage of the process, indicating that diffusion may have mixed control
mechanisms in this regime.

3.4. Modified Diffusion-Controlled Mechanism

While the geometrical contraction models provide good fits to the MKT data, the
masses used to fit these models do not account for the total mass of the particle that is
released from the underclay through complexation with the lixiviant. Rather, MDCM
(Equation (3)) is a better fit to the leachate data (R? = 0.997) and fits the entire dataset non-
linearly rather than fitting two linear equations to the different kinetic regimes. The good fit
of the TREE concentration data to MCDM validates that the main source of REEs from these
samples undergoes diffusion control as the rate limiting mechanism (Figure 5). The fit also
reveals very slow diffusion with an apparent diffusion coefficient of 2.86 x 10~% cm? 571,
which was calculated from Equation (2). For comparison, the diffusion coefficient of REEs
out of mineral phases at 600-800 °C is about 2 x 107% cm? s~! [43]. The coefficients for
the gangue elements show relative rates of diffusion with underclay-associated cations
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having the slowest rates of diffusion, such as Al and Si having diffusion coefficients of
428 x 10719 cm? s~ and 2.57 x 1071% cm? s~ !, respectively (Table 3). Meanwhile, cations
associated with phosphate-bearing minerals have coefficients an order of magnitude higher
than those associated with clays. This suggests that the dissolution of apatite material
occurs to a higher degree than in clay minerals at pH 2.8.
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Figure 4. TREE concentration data fits to (a) Jander equation (JE) and Ginstling-Brounshtein model
(GBM) and (b) film diffusion, product layer diffusion (PL), and chemical reaction (CR) control models.
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Figure 5. TREE leaching data fitted to the modified diffusion control model (MDCM) (Equation (3)).

In addition to the diffusion coefficients and rate constants, the MDCM is useful for
estimating the equilibrium concentration of REEs in the leachate (qe) as well as the con-
centration of species leached from the underclay by non-diffusion-controlled mechanisms
(qo). Table 3 reveals that a measurable portion of REEs is leached into the solution by
non-diffusive means. This amount of REEs is represented by qp as a percentage of qe, which
for TREEs is 22.2%. This means that over 20% of the TREEs leached into solution come
from non-diffusion-limited mechanisms, such as chemical reaction or surface adsorption
controls. The greater presence of HREEs that are leached by non-diffusive mechanisms is
expected since HREESs tend to leach from the surfaces of IAC and mineral phases. Interest-
ingly, this was also the percentage of ion-exchangeable REEs measured by leaching with
ammonium sulfate by Montross et al. (2020) compared to the total amount of REEs leached
by citric acid (10 ng/g ion-exchangeable REEs using (NH4),SO4 and 45 ug/g total REEs
using citrate) [16]. These results validate the MDCM as a method for elucidating the rate
controlling mechanisms to measure REE leachate from underclay feedstocks using weak
organic acid.
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Table 3. Parameters from the modified diffusion control model (MDCM) for individual and total
REEs and relevant cations. The correlated output parameters include qe, qo, B, and ty, while D, and
% non-diffusive were calculated from these values.

Je qo B to De Non-Diffusive
REE (ngg™ (ug g™ (hr=7) (hr) R-Squared (cm?s™1) (%)
Sc 1.79 252 x 1071 5.70 x 1073 5.60 0.996 1.38 x 1079 14.1
Y 10.5 2.98 1.20 x 1072 3.86 0.998 291 x 1077 28.2
La 424 x 1071 0 1.08 x 1072 0 0.996 2.61 x 1077 0
Ce 2.57 1.55 x 1071 112 x 1072 0.965 0.995 2.72 x 1079 6.01
Pr 524 x 101 5.76 x 1072 1.12 x 1072 1.96 0.996 2.72 x 1079 11.0
Nd 3.48 441 x 107! 1.16 x 1072 2.07 0.996 2.81 x 1077 12.7
Sm 2.17 457 x 107! 1.14 x 1072 3.38 0.996 2.78 x 1077 21.0
Eu 6.79 x 1071 7.96 x 1072 1.47 x 1072 1.14 0.994 358 x 1077 11.7
Gd 4.42 9.84 x 101 123 x 1072 3.12 0.997 298 x 1077 223
Tb 6.48 x 101 1.79 x 1071 1.10 x 1072 4.49 0.997 2.67 x 1077 27.6
Dy 2.78 7.74 x 1071 1.14 x 1072 4.20 0.997 2.77 x 1077 27.8
Ho 3.96 x 1071 9.12 x 1072 1.35 x 1072 2.65 0.997 3.29 x 1077 23.0
Er 8.00 x 1071 247 x 1071 1.16 x 1072 452 0.997 2.81 x 1077 30.8
Tm 8.10 x 1072 242 x 1072 9.98 x 102 495 0.998 242 x 1077 29.9
Yb 401 x 10! 9.58 x 102 1.13 x 1072 3.09 0.997 2.74 x 1077 23.9
Lu 519 x 1072 1.48 x 1072 1.10 x 1072 423 0.996 2.68 x 1077 28.4
TREE 30.0 6.65 1.18 x 1072 3.23 0.997 2.86 x 1077 22
Major e 0 B to De Non-Diffusive
Cations (pgqg_l) ( pgqg_l) (hr—1) (hr) R-Squared 51 %)
Mg 227 105 3.97 x 1073 15.4 0.985 9.64 x 10710 46.2
K 143 80.0 1.09 x 102 5.78 0.974 2.64 x 1077 56.0
Ca 1640 591 1.16 x 1072 3.69 0.998 2.81 x 1077 36.0
Al 483 17.6 1.76 x 1073 3.95 0.996 428 x 10710 3.63
Si 716 104 1.06 x 1073 38.3 0.997 257 x 10710 14.5
P 486 224 1.78 x 1072 0.302 0.994 432 x 107 4.61
Mn 5.74 2.08 3.60 x 1073 14.0 0.992 8.74 x 1010 36.2
Fe 1170 39.1 1.72 x 1073 6.11 0.998 417 x 10710 3.34
Zn 31.3 6.79 6.21 x 1073 5.50 0.995 151 x 1072 21.7
U 5.15 x 1071 1.05 x 1071 1.07 x 1072 2.22 0.998 261 x 1077 20.4
Th 4.25 341 x 1071 1.20 x 1072 1.08 0.999 292 x 1077 8.01
Ti 3.79 0 9.73 x 10~* 7.86 0.994 2.36 x 10710 0
Cr 1.64 0 331 x 1074 57.4 0.994 8.04 x 10~ 1 0
Co 12.6 6.90 9.84 x 1073 7.92 0.998 239 x 1077 54.8
Ni 16.7 7.62 1.16 x 1072 5.05 0.995 2.81 x 1077 455
Cu 15.1 6.37 2.36 x 1072 2.81 0.995 573 x 1077 421

A comparison of major cations shows that Ca, which is typically associated with
mineral phases, has 36.0% of its extractable content leached by non-diffusive mechanisms
(Table 3). Meanwhile, P only has 4.61% of its leached content attributed to non-diffusive
means. This discrepancy could arise because apatite tends to dissolve by the ionic detach-
ment of Ca cations. Meanwhile, low molecular weight organic acids like citrate complex
with the P on the material [39]. This could expose more surfaces where Ca is available to be
leached, resulting in higher extraction efficiencies than P. Underclay-associated elements Al
and Si also show contrasting results to one another (Table 3). Only 3.63% of Al is leached
by non-diffusive means which is expected since it is embedded in the underclay matrix.
Si, however, leaches 14.5% of its content by the non-diffusive controls. Much of the Al
and Si in the mixing barrel samples are expected to come from underclay sources such as
illite [14]. The structure of illite consists of two layers of silica tetrahedrons surrounding a
single layer of alumina octahedrons [40]. Hence, the Si from the outer layers of silica may
be more easily leached without undergoing diffusion through the underclay matrix. Since
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very small percentages of both Si and Al are leached from within solid particles, this leads
to more Si being leached into the solution from the outer surfaces of the IAC.

Ni, Co, and Cu were also leached into the solution by non-diffusive means within the
first 2-10 hr of the leaching process (Table 3). The fact that over 40% of these species (over
50% for Co) are leached by non-diffusive means indicates that they are easily leachable
from the feedstock material. This could be beneficial for leaching these species in short time
frames. However, the overall low extraction efficiencies presented in Table 1 reach a plateau
earlier than the other cations measured. This suggests that while much of these CMs are
leached from the mineral quickly, a significant portion is extracted by non-diffusive means
and small percentage of the overall CM content available in the original sample is leached
by diffusion from within the clay particles.

3.5. Determination of the Diffusion-Controlled Mechanism

The MDCM (Equation (3)) describes when a process is diffusion controlled but it
does not distinguish the types of diffusion that may be occurring in the system. Therefore,
Boyd plots were used to distinguish the extraction process as film or intraparticle diffusion
controlled. The results of the Boyd plot show the TREE data pass through the origin
(Vint = 0.0502), indicating that the leaching mechanism is controlled by intraparticle diffu-
sion (Figure 6a). Most other cations also exhibited intraparticle diffusion as the rate limiting
step, including Al, Si, and P. The Boyd plot for Ca, however, did not pass through the origin
which suggests that film diffusion is the rate limiting mechanism for Ca (Figure 6b). During
the first 96 hr (prior to equilibrium), the resulting line does not pass through the origin
(Vint = 0.163). This observation signifies that film diffusion plays a large role in the Ca
leaching mechanism over the entire course of the experiments rather than intraparticle dif-
fusion. As mentioned previously, Ca ions embedded in the surface of the apatite minerals
readily chelate with citric acid and leach into the solution. Therefore, they are likely more
accessible for extraction from the surface of the clay particles. Other species share a similar
trend with Ca and are dominated by film diffusion. These elements include the cations Mg,
Mn, K, Ni, Co, and Cu (Table 4). These elements also show >30% of their content leached
by non-diffusive means (Table 3), further indicating that a surface-controlled process such
as film diffusion most likely controls the leaching rate of these species.

Table 4. Y-intercept values obtained from Boyd plots. Values < 0.1 signify species in which
diffusion is dominated by intraparticle diffusion. Otherwise, it undergoes a film diffusion-controlled

mechanism.
REE Y-Int R-Squared Major Y-Int R-Squared
Cations

Sc 6.58 x 1073 0.984 Mg 1.74 x 1071 0.938
Y 8.77 x 1072 0.992 K 341 x 1071 0.927
La —2.84 x 102 0.981 Ca 1.63 x 1071 0.992
Ce —1.04 x 102 0.985 Al 8.80 x 1073 0.996
Pr 9.72 x 1074 0.987 Si —5.65x 103 0.975
Nd 515 x 1073 0.985 P —245 x 1072 0.982
Sm 3.50 x 1072 0.990 Mn 1.01 x 1071 0.968
Eu 1.86 x 1072 0.981 Fe 256 x 1073 0.995
Gd 497 x 1072 0.992 Zn 4.00 x 102 0.988
Tb 6.45 x 1072 0.987
Dy 7.31 x 102 0.992 U 6.14 x 102 0.991
Ho 599 x 102 0.992 Th 1.16 x 1072 0.995
Er 8.37 x 1072 0.986 Ti 423 x 1074 0.966
Tm 9.01 x 102 0.987 Cr —152%x 1073 0.955
Yb 6.54 x 1072 0.994 Co 2.77 x 1071 0.961
Lu 847 x 1072 0.982 Ni 251 x 1071 0.968

TREE 5.02 x 1072 0.992 Cu 1.81 x 107! 0.967
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Figure 6. Boyd plots of the (a) TREE and (b) Ca cation leaching process.

3.6. Reaction Kinetics

Now that it is established that the rate limiting mechanism of the REE leaching
process is intraparticle diffusion controlled, the rate can be described by a kinetic equation
corresponding to intraparticle diffusion. Plotting the TREE concentration data to the generic
power law model provided a better fit than the IPD model with R-squared values of 0.996
and 0.976, respectively (Figure 7). The n value of the power law is 0.305 which is farther
away from the value of 1 than the 0.5 exponent used in IPD. This signifies that the rate of
REE extraction decreases faster than what is modeled by the IPD equation. Consistent with
this claim, the power law parameters of REE and the major cations tabulated in Table 5
show that the elements with the slowest rate of decrease have the highest values for n
(but less than 1). The kinetic rate constant also provides a measure of how fast the process
occurs with higher values meaning that the element is leached into solution at a faster
rate. However, these values cannot be compared to one another because the units differ
depending on the value of # for the element of interest. Underclay-associated elements
such as Al and Si have higher values of n and therefore diffuse from the clay or minerals
with a slower rate of decrease than REEs. This is consistent with the fact that the leachate
concentrations of these elements do not reach equilibrium during the course of the mixing
barrel experiments.

30 30
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Figure 7. TREE concentration data fitted to (a) the Weber—Morris intraparticle diffusion model (IPD)
and (b) the power law model.
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Table 5. Power law model parameters for individual and total REEs and major cations influenced by
intraparticle diffusion behavior (excludes species controlled by film diffusion).

k Major k

REE (ugg 1hm) n R-Squared Cations (ugg 1hm) n R-Squared
Sc 213 x 1071 0.385 0.990 Al 39.3 0.345 0.989
Y 2.58 0.280 0.996 Si 235 0.527 0.991
La 538 x 1072 0.405 0.997 P 93.2 0.345 0.997
Ce 3.88 x 1071 0.372 0.996 Fe 75.5 0.393 0.986
Pr 8.54 x 102 0.357 0.997 Zn 5.62 0.305 0.993
Nd 6.10 x 101 0.347 0.996
Sm 435 x 1071 0.319 0.996 U 1.18 x 1071 0.282 0.997
Eu 1.37 x 1071 0.326 0.991 Th 7.15 x 101 0.352 0.998
Gd 9.61 x 101 0.304 0.996
Tb 1.43 x 1071 0.299 0.993 Ti 1.62 x 1071 0.413 0.970
Dy 6.43 x 1071 0.290 0.995 Cr 718 x 1073 0.762 0.980
Ho 944 x 1072 0.289 0.997
Er 1.96 x 107! 0.279 0.993
Tm 1.92 x 1072 0.278 0.995
Yb 9.34 x 1072 0.284 0.998
Lu 1.24 x 1072 0.282 0.992

TREE 6.43 0.305 0.996

4. Conclusions

The Jander equation, shrinking core, and Ginstling—Brounshtein kinetic models were
examined to determine the kinetic profiles and type of leaching behavior of REEs and
other major cations using experimental data for a Middle Kittanning underclay that was
subjected to a citric acid solution. However, none of these models accurately describes
the full set of experimental leachate concentration data as it is necessary to break the full
reaction time down into two distinct kinetic regimes. A modified diffusion-controlled
adsorption kinetics model, which also accounts for a relatively small fraction of species
with kinetics governed by non-diffusion-controlled mechanisms, was shown to best fit the
full set of experimental leachate concentration data. An initial rapid leaching of surface
REEs is followed by a slow intraparticle diffusion mechanism. The leaching profiles of
REEs and gangue cations are comparable to Ca and P with similar kinetic profiles and
rate parameters. A greater percentage of MREEs were extracted from the solid particles
than HREEs or LREEs, further suggesting REEs are primarily leached from the phosphate-
bearing phases rather than the underclay material itself. Critical minerals (e.g., Co, Ni, and
Cu) follow a similar trend as REEs at a faster initial leaching rate. Other cations associated
with the underclay materials such as Al and Si exhibited much slower kinetics and did
not reach equilibrium in the experimental time frame. This is likely due to the underclay
material being primarily composed of a phyllosilicate matrix which is insoluble and may
not undergo the same leaching mechanisms.

The primary leaching mechanism over the 18-day experiment was determined to be
diffusion controlled. Using the modified diffusion-control model, the apparent diffusion
coefficient was calculated to be 2.86 x 10~ cm? s~! for TREEs. This was on par with the
diffusion parameters of Ca and P but an order of magnitude greater than that of Al and
Si. This strongly suggests that REEs are predominately leached from the same phases as
Ca and P and most likely come from mineral surfaces (e.g., hydroxyapatite or crandallite)
rather than diffusion from the clay matrix. In addition, the diffusion coefficients of CMs are
on the same order of magnitude as those of REEs. The MDCM model indicated that up
to 22% of the TREEs leached into solution occurred by non-diffusive mechanisms, which
represents the amount of REEs leached directly from the particle surfaces in the initial
hours of the leaching process. This number is similar to the ion-adsorbed REEs measured
by Montross et al. (2020) using ammonium sulfate, signifying this may be the main source
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of the non-diffusive REEs. It is important to note that it is not clear if these surface-reacted
REEs come from ion-adsorbed phases or subsequent mineral dissolution as new surfaces
are exposed.

Boyd plots were employed to determine the leaching mechanism of REEs after estab-
lishing the kinetic mechanism as diffusion controlled. Those results indicated that the REEs
were leached primarily as intraparticle diffusion rather than film control. However, Ca
and the CMs Ni, Co, and Cu also appear to follow film diffusion control mechanisms even
though the Boyd plots indicate that the kinetic mechanism for recovery of these species
is primarily controlled by film diffusion. A proposed mechanism is that Ca, P, and easily
accessible REE species are first leached from the particle surface of apatitic phases within
the first several hours of the extraction. Once these species are leached, the mechanism for
the REEs and P shifts to intraparticle diffusion control for the remainder of the reaction
time. This behavior suggests that the majority of REEs which are extracted into the leachate
come from within the particle, either from specific REE-bearing minerals or within the
underclay matrix.

The gangue cations (Al and Si) have less non-diffusive leaching than REE species. It is
likely that these elements are dominated by diffusion with strong ionization energy based
on the low extraction efficiencies and slow kinetics. Further investigation is needed to
confirm whether the diffusion limits observed are a result of inherent intraparticle diffusion,
product layer formation, or both. Based on our models, it is likely a combination of both,
but additional imaging techniques are necessary to verify this hypothesis. We recognize
there is additional work to be carried out to examine the precipitation of rare earth oxalates
similar to the preliminary findings in Yang et al. (2022) as well as their influence on REE
trace element extraction [16].

The modeling results from this study coupled with the experimental findings from
previous benchtop and upscaled experiments show the importance of experimental design
parameters on the leaching kinetics and overall extraction efficiencies of REEs and major
cations from underclay materials. Taken as a whole, these findings are necessary for the
development of technoeconimic analysis to evaluate the economic performance of citric
acid leaching of REEs under various conditions and inform strategies for domestic and
international recovery of REEs and CMs to implement sustainable efforts to make use of
underutilized coal waste streams and adjacent IAC deposits.
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Abstract: A new fast, sensitive, and environmentally friendly analytical method has been devel-
oped for the simultaneous determination of Ba, Be, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn in
wastewater samples using inductively coupled plasma optical emission spectroscopy (ICP OES).
A preconcentration step using a magnetic dispersive solid-phase extraction (MDSPE) technique
with a new magnetic sorbent was performed. The new sorbent material was a carbon containing
magnetic cobalt and nitrogen groups. This material was synthetized using controlled pyrolysis of
a zeolitic imidazolate framework (i.e., ZIF-67). In order to optimize the experimental parameters
that affect the MDSPE procedure, a multivariate optimization strategy, using Plackett-Burman
and circumscribed central composite designs (CCD), was used. The method has been evaluated
employing optimized experimental conditions (i.e., sample weight, 10 g; sample pH, 7.6; amount
of sorbent, 10 mg; dispersive agent, vortex; complexing agent concentration, 0.5%; ionic concentra-
tion, 0%; eluent, HCI; eluent concentration, 0.5 M; eluent volume, 300 uL; elution time, 3 min and
extraction time, 3 min) using external calibration. Limits of detection (LODs) in a range from 0.073
to1.3 ug L~ ! were obtained, and the repeatability was evaluated at two different levels, resulting
in relative standard deviations below 8% for both levels (n = 5). An increase in the sensitivity
was observed due to the high enrichment factors (i.e., 3.2 to 13) obtained compared with direct
ICP OES analysis. The method was also validated through carrying out recovery studies that
employed a real wastewater sample and through the analysis of a certified reference material
(ERM®-CA713). The recovery values obtained with the real wastewater were between 94 and 108%
and between 90 and 109% for the analysis of ERM®-CA713, showing negligible matrix effects.

Keywords: magnetic dispersive solid-phase extraction (MDSPE); magnetic activated carbon; trace
metal analysis; multivariate optimization; wastewater samples; inductively coupled plasma optical
emission spectrometry (ICP OES)

1. Introduction

An important effect of industrial processes and human activities is the pollution
of several ecosystems [1-3]. In this regard, heavy metals pollution has risen in recent
years and has become an ongoing issue for environmental organizations, being one of
the most serious ecological concerns at present [4,5]. These pollutants may enter the
human body through air, water, food, or absorption through the skin [6]. It is well known
that exposure to certain heavy metals has been linked to a number of disorders that are
harmful to human health since, some of them are not metabolized and can accumulate

Separations 2023, 10, 563. https:/ /doi.org/10.3390/separations10110563 105 https:/ /www.mdpi.com/journal/separations



Separations 2023, 10, 563

in soft tissues [7,8]. According to the World Health Organization (WHO), long-term
exposure to environmental pollution, such as air, soil, and water pollution, causes
around 25% of the illnesses that humans face today [9]. Therefore, the determination of
these toxic metal ions in water and aquatic ecosystems is of great importance, as these
contaminants are detrimental to the environment and have serious impacts on human
health [10].

Various analytical techniques such as inductively coupled plasma optical emis-
sion spectrometry (ICP OES) [11-13], inductively coupled plasma mass spectrometry
(ICP-MS) [14-16], electrothermal atomic absorption spectrometry (ETAAS) [17-19], flame
atomic absorption spectrometry (FAAS) [20-22], and atomic fluorescence spectrometry
(AFS) [23,24] have been applied for the determination of trace amounts of heavy metal ions
in water and biological samples. Because of its superior sensitivity, broad dynamic linear
range, reduced detection limits, excellent accuracy, and simultaneous multi-elemental
analysis capacity, ICP OES is one of the most popular analytical techniques for elemental
analysis [11,25]. Despite these benefits, trace metals concentration in real samples is ex-
tremely low and the complexity of matrices in real samples may substantially interfere with
the determination of analytes [26,27]. Therefore, to solve such problems, it is necessary to
develop simple, selective, reliable, efficient, and eco-friendly sample pretreatment meth-
ods for the extraction of trace amounts of heavy metals in environmental and biological
samples before ICP OES determination [28]. Under these conditions, a separation and
enrichment step such as liquid-liquid extraction (LLE) [29-31], coprecipitation [32-34],
filtration [35], ion exchange [36-38], cloud point extraction (CPE) [39,40], or solid-phase
extraction (SPE) [41-44] have been used prior to its determination.

Among the above-mentioned separation and preconcentration techniques, solid-phase
extraction (SPE) is one of the most widely used sample pretreatment techniques [45]. SPE
has some advantages over other sample pretreatment techniques due to its simplicity,
reduced extraction time, greater enrichment factors, cheaper cost, and the reduction in the
consumption of organic solvents [46,47]. The fundamental concept of SPE is the transfer
of analytes from the liquid phase to the solid phase’s adsorption sites where they remain
during the extraction process [48]. Then, both phases are separated by centrifugation or
simply recovered by flotation [49,50]. After adsorption, the analytes retained in the solid
sorbent can be eluted [51], thermally desorbed [52], or directly determined using a suitable
analytical technique [53]. SPE has been extensively employed for the preconcentration of
metals in polluted waters [54].

Despite all these advantages, there is growing interest in developing ecological
analytical methods based on the Green Analytical Chemistry principles [55]. The Green
Analytical Chemistry principles and the processes which are adhered to them aim to
replace harmful chemicals, reduce waste in laboratories, and, as a result, miniaturize
traditional analytical procedures. Furthermore, in recent years, interest in the sample
preparation step has increased in relation to the principles of Green Analytical Chemistry.
For that reason, the continuous search for innovative sample preparation methods has led
to the creation of new procedures such as solid-phase microextraction (SPME) [56] and
dispersive solid-phase extraction (DSPE) [57]. In DSPE, the solid sorbent is dispersed
in the solution. This strategy encourages quick interaction of the analytes with the
sorbent, minimizing the consumption of sorbent and leading to a faster extraction
process in comparison with traditional SPE [58]. New advances in sample preparation
that employ DSPE try to reduce the consumption of sorbents by using smaller amounts
(i.e., microgram); this tendency has led to the development of dispersive micro-solid-
phase extraction (DuSPE) [59].

Magnetic materials have recently been reported to be used as sorbents in several
papers [6,60,61]. Magnetic dispersive solid-phase extraction (MDSPE) is gaining popularity
because it decreases sample preparation time and allows for easier sorbent manipulation [62,63].
In MDSPE, the magnetic sorbent material is dispersed into the liquid phase; after the
extraction, it is simply removed from the sample solution using a magnet [64], avoid-
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ing time-consuming filtration or centrifugation steps to carry out the phase separa-
tion [61,65,66]. The sorbents decorated with magnetic solids simultaneously combine
the exceptional sorbent capability and the easy sorbent handling, reducing analysis
time, sorbent amounts, and the consumption of solvents [67,68]. Finally, analytes can be
desorbed employing an eluent solvent or heating for further analysis [69].

One of the most important MDSPE-related research areas at present is the quest
for novel magnetic sorbent materials with high selectivity and strong adsorption
capacity that are chemically and thermally stable, inexpensive, and environmentally
benign [14,70].

Different magnetic sorbents have been used in magnetic dispersive solid-phase extrac-
tion, such as inorganic oxides, porous polymers, molecularly imprinted polymers (MIP),
biosorbents, or carbon nanomaterials [71,72]. In addition, magnetic composites based on
zeolitic materials have been described for the extraction and preconcentration of organic
compounds and metals from different samples, including water, environment, food, and
biological samples [6,73-75].

The aim of this work is to develop a new analytical method for the determination of
trace metals (i.e., Ba, Be, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn) in wastewater samples
through MDSPE using a new magnetic material developed specifically for this application.
This material is carbon, containing magnetic cobalt and nitrogen groups. These groups can
serve as anchoring centers for the metals and have been prepared using controlled pyrolysis
of a zeolitic imidazolate framework (ZIF). These materials are composed of tetrahedrally
coordinated transition metal ions (e.g., Fe, Co, Cu, Zn) that are connected by imidazolate
linkers; this is further carbonized in order to obtain Co-doped magnetic carbon. More
information about the employed material can be found in the bibliography [76]. To the best
of our knowledge, the new magnetic material has not been employed for the determination
of trace metals before.

2. Materials and Methods
2.1. Instrumentation

All the measurements were carried out using an Agilent 720 inductively coupled
plasma optical emission spectrometer (Agilent Technologies, Melbourne, Australia). The
operating conditions employed using the ICP OES are shown in Table S1. The instru-
mental parameters were optimized, accomplishing the maximum signal intensity for the
set of emission lines evaluated. In addition, the sample uptake rate (i.e., 100 pL min—1!)
was the minimum liquid flow required in order to measure all emission lines analyzed.
A pH meter Basic 20 (Crison Instrument, Barcelona, Spain) provided with a combined
glass electrode was used for the pH measurements. In order to disperse the extractant
into the sample, a Vortex Reax Top (Heidolph Instruments, Schwabach, Germany) was
used. A neodymium magnet (1.32-1.37 T) was used to bring about the phase separation
(Supermagnete, Gottmadingen, Germany). NemrodW statistical software (NemrodW®
v.2007/2010, LPRAI, Marseille, France) and Statgraphics® Centurion (Statpoint Tech-
nologies, Warreton, VA, USA) were employed to construct the experimental designs and
evaluate the optimization results and the desirability function. NemrodW was used to
evaluate the screening and the central circumscribed design of the developed method
and Statgraphics® Centurion was employed to construct the desirability function to
obtain a common experimental condition for all the analytes evaluated.

Characterization of the porosity of the samples was performed using N, adsorption—
desorption isotherms as well as CO; adsorption isotherms [77]. Before measurement,
samples were outgassed at 150 °C during 4 h (Autosorb degasser, Quantachrome, Boyn-
ton Beach, FL, USA). The nitrogen adsorption—desorption isotherms were measured
at —196 °C (Autosorb-6, Quantachrome). The Brunauer-Emmett-Teller (BET) equa-
tion was utilized for the estimation of the surface area, which was determined from
the N, adsorption branch. The number of points used to apply the BET equation was
higher than five, and the BET constant was always positive. The Dubinin—-Radushkevich
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method was utilized to obtain the micropore volume (Vjcro) and determine whether
any diffusional restrictions in the adsorption took place. Pore volume has been obtained
at P/Py = 0.95. All data treatment related to sorbent characterization was carried out
using the software Quadrawin (Quantachrome). The same device was used for the
CO; adsorption isotherms at 0 °C. No diffusional restrictions were observed. Powder
X-ray diffraction was utilized for the identification of crystallographic phases using a
D8-Advanced diffractometer with a Goébel mirror and a Kristalloflex K 760-80F X-ray
generation system, fitted with a Cu cathode and a Ni filter (Bruker, Billerica, MA, USA).
Spectra were registered between 5° and 80° with an angular step of 0.05° and a three
second step time. X-ray photoelectron spectroscopy (XPS) analysis was carried out
in a VG-Microtech Multilab device with a MgKalpha (Hv:1253.6 eV) radiation source,
pass energy of 50 eV, and background pressure of 5-10~7 Pa (VG-Microtech, Uckfield,
UK). The spectra were carefully deconvoluted and the peak areas estimated through
integration of each peak, prior subtraction of a Shirley background, and fitting the ex-
perimental peaks to a 30/70 proportion of a combination of Lorentzian/Gaussian lines.
Field emission scanning electron microscopy (FESEM model Merlin VP Compact, Zeiss,
Jena, Germany) with energy-dispersive X-ray spectroscopy (EDS, model Quantax 400,
Bruker) in both backscattered electron (BSE) and secondary electron (SE) modes were
employed to study the morphology of the samples. Raman spectroscopy characterization
was carried out in an NRS-5100 device from Jasco (Tokyo, Japan) using a 633 nm He
laser. Magnetic susceptibility measurements were carried out at 300 K in a magnetic field
ranging from —30 to 30 kOe using a MPMS XL (SQUID) magnetometer from Quantum
Design (San Diego, CA, USA). Finally, the zeta potential was measured using a Colloid
Metrix Stabino II instrument (Meerbusch, Germany).

2.2. Samples and Reagents

Standard reference solutions of Hg and Be used for ICP OES calibration and for addi-
tion and recovery experiments were purchased from High Purity Standard (Charleston,
SC, USA) with a concentration of 1000 mg L~ L. Standard reference solutions of Ba, Cd, Cr,
Cu, Fe, Mn, Nji, Pb, and Zn were obtained from Merck IV solution of 1000 mg L~ ! (Merck,
Darmstadt, Germany). Working solutions of analytes were prepared using appropriate dilu-
tion of the commercial standard reference solutions. To prepare the buffer solutions during
the optimization and measurement process, H3PO, 85% purity (Scharlau, Barcelona, Spain)
and KH,PO, and K,HPO4 pro-analysis (Merck) were employed. Sodium diethyldithiocar-
bamate (DDTC, 99%, Merck) was used as a complexing agent. HCI 30% purity (Merck) and
HNO3 65% purity (Scharlau) were employed as eluent phases during the measurement
and optimization process. During the optimization process, NaCl pro-analysis (Scharlau)
was used to adjust the ionic strength of the samples. All the experiments were prepared
using ultrapure water with resistivity higher than 18.0 M() cm obtained using a PURELAB
flex 3 purification system (Elga LabWater, High Wycombe, UK). Reagents employed during
the synthesis of ZIF-67 were provided by Merck in analytical grade and were used without
further purification.

The standard reference material employed in this work was ERM®-CA713 wastew-
ater (Joint Research Center, European Commission, Geel, Belgium). A real water sample
used was obtained from a wastewater treatment plant (Aguas Municipalizadas de Al-
icante E.M., Spain). Sample was collected in amber glass containers and then stored
in the dark at 4 °C. To perform the analysis, the sample supernatant was collected and
measured (i.e., dissolved metals) after decantation during 24 h without any sample
digestion or filtration step.

2.3. Synthesis of the Magnetic Sorbent

The synthetic procedure followed the classical ZIF-67 synthesis [78,79], in which
144 mmol of 2-Methylimidazole were dissolved in 50 mL of deionized water. This
solution was blended with a 25 mL deionized water solution in which 12 mmol of cobalt
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acetate were previously dissolved. The mixture was stirred vigorously for 5 min and
kept at room temperature for 72 h. ZIF-67 was recovered by centrifugation at 12,000
rpm and washed three times with methanol. Then, the powder was dried at 60 °C for
24 h in a conventional oven. Lastly, the ZIF was put in a tubular furnace under a 100
mL min~! N, dynamic atmosphere, heated up at 5 °C min~!, and carbonized at 900
°C for 2 h. The carbon material was then washed with HCI following the procedure of
Villalgordo-Hernandez et al. [76] (i.e., ZIF67C_900_l meaning activated carbon obtained
by carbonization at 900 °C and washed once with HCI). Previously, a screening study
of different magnetic carbons was conducted, finding that this material was the most
suitable for this specific application.

2.4. MDSPE Procedure

For the magnetic microextraction process, the first step was to adjust the pH of the
sample or standards at 7.6 using the necessary amount of KH,PO, and KoHPO,. Subse-
quently, DDTC was added as a complexing agent until its concentration was 0.5%. Once the
sample (or standard) was prepared, it was transferred (i.e., 10 g) to a glass centrifugation
tube and 10 mg of the magnetic solid extractant (ZIF67C_900_l) was introduced in the tube
that contains the sample or standard. Then, the mixture was shaken using the vortex for
3 min to extract the analytes. After shaking, the supernatant (i.e., sample) was removed
and the sorbent was washed 3 times with 1 mL of ultrapure water and the wash water was
removed. Afterwards, 300 uL. of HC1 0.5 M was added to the sorbent in order to elute the
analytes. The elution process was carried out using the vortex for 3 min. Finally, the eluate
was removed from the solution containing the sorbent and measured directly with the ICP
OES. During the extraction, washing, and elution process, the neodymium magnet was
used to ease the separation step between the solid and liquid phases. The entire MDSPE
process is shown in Figure 1.

ZIF67¢c_900_|
(sorbent) 10 mg 3x 1mL H,0 300 pL HCI 0.5M
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Figure 1. Cont.
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Figure 1. Schematic representation of MDSPE for preconcentration of trace metals using the optimized
experimental conditions (i.e., (i) sample weight, 10 g; (ii) sample pH, 7.6; (iii) amount of sorbent, 10 mg;
(iv) dispersion mode, vortex; (v) complexing agent concentration, 0.5%; (vi) ionic concentration, 0%;
(vii) eluent, HCI; (viii) eluent concentration, 0.5 M; (ix) eluent volume, 300 uL; (x) extraction time,

3 min; (xi) elution time, 3 min).

3. Result and Discussion
3.1. Characterization of ZIF67C_900_1

As presented in Figure S1, three diffraction peaks appear at 44.2°, 51.5°, and 75.9° in
the XRD pattern, which could be indexed to Co(0) (JCPDS card No. 15-0806). Moreover,
the peak found at 25.85° could be assigned to the (002) plane of graphite (JCPDS card No.
89-8487). In all cases, well-defined peaks can be observed, which indicate that both carbon
and cobalt are crystalline, but there are crystallite sizes of less than 100 nm, since the peaks
are very broad.

The N, adsorption isotherm (Figure S2) of the original carbon and the washed one are
very similar; in both cases, they show a very wide distribution of porosity, which is easily
deduced from the wide shoulder that shows the adsorption. Although the specific surface
area is not very high in either case (400 and 480 m? g~ !), the washed sample has an area
that is 20% higher. It should also be noted that it presents a certain hysteresis (desorption
branch above the adsorption branch); this indicates that we have ink-bottle-type pores that
have been generated by acid washing the carbon due to the extraction of the unbound
cobalt particles [76].

The secondary electron micrograph (Figure 2) shows the cobalt-doped carbon crys-
tallites. The microstructure reminds us of the original ZIF, where there has simply been
a contraction of the particles without losing their original cubo-octahedral shape [80]. In
addition, it is possible to observe from the secondary electron micrograph that the particle
size of the ZIF is 1 um.

The XPS spectra shown in Figure S3 are very revealing. Firstly, we will analyze Co.
The XPS spectrum shows the 2p1/2 transition where a peak associated with Co(0) and
a peak at higher energy associated with Co(Il) can be clearly seen. The presence of the
satellites is unequivocal that we have Co(Il) and not Co(Ill). A fact to highlight is that
the presence of Co(0), which is what we have seen by other techniques, indicates that we
only have a small nanometric layer of cobalt oxide. Regarding the nitrogen spectrum, we
observe the 1s transition, where three peaks can be seen that we can associate with three N
positions in the graphene sheet, as indicated in the figure.
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Figure 2. Secondary electron micrograph of ZIF67C_900_l.

The Raman spectrum shows four easily identifiable bands [81] as shown in Figure S4.
First of all, highlight the two bands called G and 2D, which indicate that the carbon is
not turbostratic but rather graphitic, as the intensity of the G band is much higher than
that of the carbon. The 2D band indicates that there are stacks of more than 10 layers.
The presence of the D band, also called the defects, is indicative that the graphene sheets
have a considerable number of defects, and that there are areas where the carbon is not
perfectly ordered.

Figure S5 shows the magnetic susceptibility of the studied ZIF67C_900_l material at
300 K in a magnetic field that ranges from —30 to 30 kOe. At the magnetization curve it is
possible to observe a sigmoid shape that passes approximately through the origin having
an extremely narrow hysteresis loop. In addition, the coercivity field (Hc) and residual
magnetization (MR) values are significantly small while saturation magnetization (Ms) is
relatively high, the values are 200 KOe, 3.91 emu g~ !, and 15.34 emu g~ !, respectively,
showing a ferromagnetic behavior [82].

To investigate the surface charges of the ZIF67C_900_1 in the same matrix sample
performed the MDSPE procedure, their zeta potentials were measured at different sample
pH. The zeta potential of ZIF67C_900_1 as function of the sample pH of the suspension is
given in Figure S6. In the suspension with an initial pH of 4.0 the zeta potential was 20.3 mV.
As can be seen it continuously decreases when the pH is increased up to a pH value of 7.0,
where the zeta potential is stabilized; the isoelectric point of the magnetic material is 5.0.
Therefore, the surface of the magnetic material is positively charged at pH values below the
isoelectric point and negatively charged above this point. The negative charge surface of the
magnetic sorbent is of great importance, since it affects the extraction process of positively
charged metals. For that reason, the optimum pH value was 7.6 (Section 3.2) where the
charge was negative (i.e., the material was deprotonated), increasing the interactions with
metals and, thus, increasing the extraction efficiency.

3.2. MDSPE Multivariate Optimization

Since MDSPE is affected by many experimental variables, it is necessary to optimize
the entire extraction process. Many experiments would have been necessary to optimize all
experimental variables if they had been done through univariate optimization, increasing
the consumption of sample, reagents, energy and time. To overcome this fact, multivariate
optimization has recently emerged as an alternative to univariate optimization, since the
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number of experiments was significantly reduced. For that reason, a multivariate optimiza-
tion design has been employed in order to obtain the optimal experimental conditions,
considering the simultaneous determination of all analytes. The optimization process was
carried out using a Plackett-Burman design as a screening approach to distinguish be-
tween significant and non-significant factors, followed by a central composite design (CCD)
in order to obtain the optimal values of the significant factors. To perform the MDSPE
optimization experiments a standard of 500 pg L~! containing the elements was used.
Then, the analytical signals obtained measuring with ICP OES were individually used
as response function for optimization. In this way, individual optimum conditions were
obtained for each analyte. In order to obtain a global optimum condition for all the analytes,
a desirability function was employed to extract all the analytes with the best conditions.

3.2.1. Screening Study

The eleven factors that affect the MDSPE were selected based on previous experi-
ence and experiments carried out by our research group. The factors evaluated in the
Plackett-Burman design were the following: (i) sample weight, (ii) sample pH, (iii) amount
of sorbent, (iv) dispersion mode, (v) complexing agent concentration, (vi) ionic concentra-
tion, (vii) eluent, (viii) eluent concentration, (ix) eluent volume, (x) extraction time, and
(xi) elution time. The positive and negative levels of each factor are shown in Table S2. A
matrix of twelve experiments was constructed and randomly performed in order to obtain
the analytical signals.

Once the obtained signals were used in the Plackett-Burman design, Pareto charts
were constructed, showing the significant and non-significant factors (Figure S7). The
length of each bar in these Pareto charts is related to the relative importance of that factor
in the MDSPE approach. Furthermore, the bars to the right show a positive effect in the
response, when the value of the factor is increased from the lower to the upper level. On
the other hand, the bars to the left indicate a negative effect. Additionally, the bars that
surpass reference vertical lines (dashed lines) are 95% likely to be significant [83].

Regarding the results in Figure S7, it can be seen that only the eluent (i.e., HCI), the
dispersion mode (i.e., vortex), the sample pH, and the eluent volume significantly affect the
metal extraction procedure for the majority of the analytes that were evaluated. In addition,
MDSPE is favored with the positive effects of the sample weight (10 g), the amount of
sorbent (10 mg), and the extraction and elution time (3 min). On the other hand, it is
favored with the negative effect of the complexing agent concentration (0.5%), the ionic
concentration (0%), and the eluent concentration (0.5 M). Among the four factors that
significantly affect the MDSPE, two of them are binary (i.e., dispersion mode and eluent)
and the others are continuous (i.e., sample pH and eluent volume). Therefore, the binary
and the non-significant factors have been directly fixed at the most favorable levels for the
central composite design.

3.2.2. Central Composite Design (CCD)

Once the significant parameters affecting the MDSPE were determined, a central
composite design (CCD) was formulated to obtain the optimum sample pH and eluent
volume for each element. In this design, there were five levels (Table S3). The response
surfaces obtained are shown in Figure S8 and the optimum conditions for each element are
shown in Table S4.

3.2.3. Desirability Function

Due to the different results obtained in the sample for the optimum pH and eluent
volume for each element, it is necessary to find the same optimum conditions for all the
analytes evaluated. For that reason, the desirability function was employed to obtain a
common set of optimum extraction conditions to facilitate the experimental procedure.
Figure 3 shows the optimum values of sample pH and eluent volume for all the elements by
applying the desirability function. In the graphics obtained using this function, the closest
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result to a value of 1 is the best fit for all the elements. Therefore, once the desirability
function was applied, the obtained optimized conditions for simultaneous extraction of
all evaluated metals were the ones shown in Table S5. It was possible to observe that
the optimum pH value obtained (i.e., 7.6) was above the isoelectric point (i.e., pH = 5),
as predicted in Section 3.1. This was due to the fact that, above the isoelectric point, the
material was negatively charged; this affects the extraction process by increasing the affinity
for metals (i.e., positively charged).
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Figure 3. Graphics with obtained optimum results of sample pH and eluent volume applying
the desirability function. Experimental fixed conditions: (i) sample weight, 10 g; (ii) amount of
sorbent, 10 mg; (iii) dispersion mode, vortex; (iv) complexing agent concentration, 0.5%; (v) ionic
concentration, 0%; (vi) eluent, HCI; (vii) eluent concentration, 0.5 M; (viii) extraction time, 3 min;
(ix) elution time, 3 min.

3.3. Sorbent Reutilization Study

The possibility of reusing the sorbent was also studied. To that end, five consecutive
extractions were carried out in triplicate, employing the same MDSPE procedure; then,
the magnetic sorbent was washed three times with 1 mL of ultrapure water. Finally, the
magnetic composite was dried at 130 °C for 1 h after each extraction process in order to
eliminate the excess water. The experiments were performed using a standard of 5 pg L1
As shown in Figure 4, the signal intensity decreases after each extraction, which may be
due to the corrosive nature of the acid used in the elution process and the washing out
of the functional groups. In addition, the phase separation using the magnet took longer
time after each extraction. For these reasons, the material cannot be used more than once.
Nonetheless, the synthesis of ZIF67C_900_1 is very simple and inexpensive. Thus, the
disadvantage of not being able to reuse the material is not a limiting factor in carrying out
the developed method. In addition, new synthesis routes are currently being investigated
in our laboratory to provide a reusable material with the same extraction efficiency.
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Figure 4. Study of sorbent reusability using the same sorbent in five consecutive extractions of
5 ug L~! standard solution. The sorbent was washed three times with 1 mL of ultrapure water and
heated at 130° for 1 h; it was dried between each extraction. The error bars were evaluated through
the standard deviation of three replicates. Experimental conditions used: (i) sample weight, 10 g;
(ii) sample pH, 7.6; (iii) amount of sorbent, 10 mg; (iv) dispersion mode, vortex; (v) complexing agent
concentration, 0.5%; (vi) ionic concentration, 0%; (vii) eluent, HCI; (viii) eluent concentration, 0.5 M;
(ix) eluent volume, 300 uL; (x) extraction time, 3 min; (xi) elution time, 3 min.

3.4. Method Validation

All the analytical figures of merit of the proposed method (Table 1) were assessed
under optimum conditions, as shown in Table S5. For the purposes of comparison, the
proposed method (i.e., MDSPE-ICP OES) was contrasted with the direct ICP OES analysis
(i.e., without the MDSPE procedure). In the case of the proposed method, the calibration
curves showed coefficients of determination (Rz) that ranged from 0.993 to 0.9996 (i.e.,
N =7), demonstrating good linearity. In the direct ICP OES analysis, good linearities
were also obtained (i.e., 0.98-0.9994). Five independent measurements of samples spiked
at 25 and 300 pg L~! of each target element were used to assess the repeatability of
the proposed method. The obtained relative standard deviations were between 4 and
8%. The sensitivity was also evaluated for both methods and compared through the
enrichment factor. Sensitivities ranged between 0.39 and 877 cps ug ! L in the direct ICP
OES analysis. A significant increase in the sensitivity was observed in the proposed method,
obtaining values that ranged from 3.03 to 7103 cps ug ! L. Finally, in order to compare
the sensitivity values, the enrichment factor was calculated using the ratio between the
obtained sensitivities with and without the MDSPE procedure; the results of enrichment
factors were between 3.2 and 13. These values of the enrichment factor enhanced the
significant increase in the sensitivity of the applied extraction method.

114



Separations 2023, 10, 563

“UIW ¢ “Our} uonnya (IX) ‘U ¢ “owm uonoenxa (X) I 0¢ ‘@umoa juana (XI) A §°( ‘U0 eIIU2dUu0d
juand (1A) ‘[DH “Yuan(d (I1A) fo,() “UOT}LIIUIDUOD JIUOT (IA) 04,G"() “UoTjenuadu0d juade Surxapduiod (a) xa3104 ‘@powr uorsiadsip (A1) Sur (] JUaqIos jo junoure
(1) ‘9°£ ‘Hd ordures (1) 13 01 yySom o[duues (1) :pasn suonIpuod fRURWLIAXY |, *dmpadord FISAN OUp IMOPIM pue Yim odors oy usemiaq oner :(J) 1030e5
BRI 4 (S = U) ASY Y} YSNOIy} S[9AS] 0M} Je Pajen[eas poyaw ay jo Ajfiqereaday ¢ *(4 = N) UOBRIASP pIepue)s T 9AINd uoneiqied a3 jo adofg

L€ L0 o 9 8 91 F 6 8660 0051 LS8ETTUZ
6L 8¢ Il L 8 €0°0 F €0°€ 96660 0056 €6€°02 ad
99 8¢ 'l L L 91'0 F €78 8660 0055 $09'T€T IN
Te LEO 110 9 9 € F 601 L66°0 00550 019257 UN
u €50 €10 9 L 80 F g€€ 660 00550 /88°F81 SH
'L ¥ €1 e 8 8T F 999 L66°0 0055 H07'8€T o4
8L Pe0 01’0 9 9 STF 68 8660 00550 S6€L2E 1D
bF $H'0 BP0 9 L 0T F 208 8660 00550 914297 1D
o1 170 o ¥ 9 €F¥8 €660 00550 6€7 1T PD
9 v20 €£0°0 9 L 11 F 8€95 £66°0 00550 €I
€1 620 ¢80°0 e S €6 F €014 16660 00550 0755 ed

3 3
A1 (18001 (18 aot G-15o0e (15 <2 91 <do ﬁ% 2l (11 8m) o8uex Suppiop () aury vorssTuy
q (%asy) Liqeyeadoy - ) v AIARISUSS

p SO dDI-HISAN
- LT 180 - 9T F0ST 2660 0001-0SZ LS8ETTUZ
- 0z 1z - H0'0 F 6€°0 86°0 0001-05Z €6£°02 ad
- €€ 66 - L0 FHTL 86°0 0001-0SZ $09'TET IN
- LT 80 - 9T F €F¢ 9660 0001052 019257 UN
- L 'S - 90'0 F 98°C 16660 0001-05Z /88181 SH
- €€ 86 - TOF 16 8660 0001-0SZ H0T'8ET 2d
- 6¢ Al - YOFOIL 8660 0001-0SZ G6€°L2E 1D
- vF €1 - 610 F LETT 16660 0001-052 914497 D
- 0°¢ Sl - TOFES 8660 0001-0SZ 6€7 1T PD
- €1 6€0 - 8T F L/8 8660 0001052 €I
- 88 9T - L1 F €5 8660 0001-0SZ €0F'SS e

d44 (;-13M) 001 (-13M ao1 (%as¥) Liniqereadoy |8l sdb) Mq%titm:mm 2| 3n) mwcmwwm:&uog (voru) dur] worssog

SHO dOI12911d

‘sodures 193eMm Jo sisAeue ay) 103 padorasap ‘popawt SHO JDI-AJISAIN U Pue SO JD] 192ITpP 10 J1ISW JO sarn3[y [edonAeuy I a[qeL

115



Separations 2023, 10, 563

Limits of detection (LODs) and limits of quantification (LOQs) were calculated ac-
cording to the guidelines established by Eurachem [84], from the value of the standard
deviation of 10 measurements of the blank signal. This value is divided by the sensitivity
(i.e., slope of the calibration line) and multiplied by factor k. The k value established by
the IUPAC is 3 for the limit of detection and 10 for the limit of quantification. As can be
seen, the LOD values were found to be between 0.073 and 0.22 ug L~ for all the analytes
except for Fe, Ni, and Pb, with a LODs of 1.3, 1.1 and 1.1 pg L1, respectively. The limits
of detection obtained in direct ICP OES analysis ranged from 0.39 to 21 ug L~!. In other
words, the LOD values obtained performing the MDSPE procedure were 14 times lower on
average in comparison with those obtained through direct ICP OES analysis. In addition,
the LOD values obtained with the developed method are on average 17 times lower than
those established in the official method of the Environmental Protection Agency (EPA)
(i.e., method 200.7). Finally, a certified reference material (ERM-CA713) was analyzed
using the optimal conditions of the developed method in order to evaluate the method
validation. The certified reference material analysis obtained recovery values between
90 and 109%; these results demonstrate the reliability of the method which was developed
for the analysis of trace metals in wastewater samples. Table 2 shows the results of the
certified reference material analysis.

Table 2. Results of certified reference material analysis ?.

Analyte Cd Cr Cu Fe Hg Mn Ni Pb
Ce(tgli‘if’)a&ue 5094020 209413  101+7 445427 1844011 9544  503+14 497 +17
F?Lfgniff)hje 48404 216413 9448 424433 166+014 90+2 55+ 3 50 4+ 4
Recovery (%) 95+ 8 103+ 6 93 + 8 95 47 90 + 8 95 42 109 + 5 100 + 7

¢ Experimental conditions used: (i) sample weight, 10 g; (ii) sample pH, 7.6; (iii) amount of sorbent, 10 mg;
(iv) dispersion mode, vortex; (v) complexing agent concentration, 0.5%; (vi) ionic concentration, 0%; (vii) eluent,
HCI; (viii) eluent concentration, 0.5 M; (ix) eluent volume, 300 puL; (x) extraction time, 3 min; (xi) elution time,
3 min. ? Certified value & expanded uncertainty. ¢ Found value + expanded uncertainty (coverage factor of 2).

3.5. Method Applicability

Real wastewater sample was analyzed and recovery studies were carried out to assess
the applicability of the proposed method. Real sample was spiked at two different levels
(i.e., 5.05 and 25.4 ug L~!) and analyzed in triplicate. All the measurements of the real
sample were performed under optimal conditions. As can be seen in Table 3, the results
show recovery values ranging between 94 and 108%, with standard deviations from 2 to 8%
demonstrating that the developed method is valid for applications in performing analyses
of real wastewater samples.

116



Separations 2023, 10, 563

‘sosayjuaTed UT UMOUS ST UOHEIASD PIEpUR)S F (%) A19A003Y "UOHEIASP PIEpUR)S F oN[EA PUNO o "UIW ¢ ‘OWH UOHN[d
(1x) ‘urw ¢ “own} uondeIXd (X) 1 OOE ‘Dun[oA JuLN(d (XI) ‘JA §°( “UOHBIFUIIUOD Juan(d (1I1A) [[DH “Iusn[d (I1A) {9/,() “‘UOTFRIFUIIUOD JTUOI (TA) {9, G*() “UOTIRIFUSDUOD
juade urxordwod (A) Xa310A ‘@powr uotsadsip (A1) Buwr 0T “Juaqros jo yunowe (111) ‘9°z ‘Hd apdures (1) 13 01 ySrom arduues (1) :pasn suonTpuod [eIUWILIAAXT ,

(¥ F 86) # F 201) (T F 201) (€ Fc6) (zF oo1) (€ F ¢om) (9 F zo1) (¢ F 101) ¥ F ¥6) (€ F¥6) (S F zo1) yez
SOFVET €IFTLL LOFTL SO0FSI9C VPIFO0L LOFSS8 61F96. FIFCHE 80FO0Fc 60F0FC TTIFTC
(9T 86) FFeon  FFeon (ST ¥6) (€ F ¥6) F T 86) (9 F <6) (8 F s0m) Amoﬂam@ (9OF101)  (FFo0D) 0 q(G—18M)
COFFEIT  CTOFTS TOF TS TOFCL TOFT9 TOF9L €OF¥FSS F0FQCIE T 706 TOFTS TOFTS anfea
<00 punog
71 F 7801 001> 001> 200 F 1¥'¢C T /71 CTF979 O01F9¢S S0F¥80e 001> 001> 001> -
g -1
uz qd IN U H EE | nd n PD g eq Sri) an[eA PIppPY
Ahreuy

' 9dures [eax payids uo Apnys A1940091 JO SNSY *€ d[qEL

117



Separations 2023, 10, 563

3.6. Comparison with Other Methods

A comparison between this work and previously described procedures that combined
different SPE techniques and spectrochemical detection methods for the determination
of trace metals in water and environmental samples is shown in Table S6. As can be
seen, the developed method has the shortest extraction time (i.e., 3 min) and the lowest
sorbent and sample amounts (i.e., 10 mg and 10 g, respectively) compared with previous
studies. This is a great advantage according to the second (i.e., minimal sample size and
minimal number of samples are goals), fifth (i.e., automated and miniaturized methods
should be selected), and ninth (i.e., the use of energy should be minimized) principles
of Green Analytical Chemistry (GAC) [85]. In addition, the developed method in this
work has been evaluated for use with a higher number of analytes compared with the
rest of the experimental studies; this is in accordance with the eighth principle of GAC
(i.e., multi-analyte or multi-parameter methods are preferred versus methods using one
analyte at a time). In some cases, the differences are outstanding: for example, in the
method developed by Dogru et al. [1], a duration of at least 85 min was needed in order to
prepare the column and perform the solid-phase extraction. In addition, the sorbent amount
required in the proposed method was found to be between 2 and 25 times lower than other
methods presented in the literature (Table S6), reducing the consumption of reagents and
the cost of the MDSPE procedure. On the other hand, this work provides LOD values
(i.e., 0.073-0.22 pg L~1) that are lower or comparable with previous ICP OES-based studies;
except for Fe, Ni, and Pb, where the limits of detection were 1.3, 1.1, and 1.1 pg L1,
respectively.

4. Conclusions

The developed MDSPE-ICP OES method has been successfully applied for the pre-
concentration, separation, and determination of trace metals (i.e., Ba, Be, Cd, Cr, Cu, Fe,
Hg, Mn, Ni, Pb, and Zn) in wastewater samples. The proposed sorbent is a new carbon
material that contains magnetic cobalt; it was prepared using controlled pyrolysis of a
ZIF-67. This magnetic material combines the excellent extraction properties of zeolites with
the simple handling of the magnetic sorbent in the presence of an external magnetic field.
Using this method, high enrichment factors (i.e., between 3.2 and 13) and lower limits of
detection and quantification have been obtained compared with those obtained by direct
ICP OES analysis. The limits of detection obtained in the developed method range from
0.073 to 1.1 pg L~1; these values are, on average, 17 times lower than the values estab-
lished in the official method of the Environmental Protection Agency (i.e., method 200.7).
In addition, the MDSPE-ICP OES has been validated through the analysis of a certified
reference material; this analysis obtained recovery values ranging from 90 to 109% of the
certified value. Furthermore, the applicability of the method was evaluated using recovery
experiments at two different spiking levels (i.e., recovery values from 94 to 108%) in a real
wastewater sample. The magnetic nature of the sorbent material enables the separation
through the application of an external magnetic field; this permits the centrifugation step
to be avoided and reduces the consumption of energy and time used in the analysis. In
addition, the proposed method has been developed for a high number of elements, and the
sample and sorbent amounts required have been reduced compared with previous studies;
these difference meet the requirements outlined by the GAC principles and ensure that
this method is an ecofriendly option. Moreover, the synthesis of the magnetic sorbent is
inexpensive, and can be disposed of after a single use. For all these reasons, the developed
method is a fast, reliable, multi-elemental, and ecofriendly alternative to conventional
SPE methods for use in the analysis of trace metals in wastewater samples. Furthermore,
taking into account all the extraction properties and the low synthesis cost, the developed
magnetic material and the new analytical method could comprise a potential option to
perform the extraction of analytes in industrial wastewater treatment in comparison with
current materials.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations10110563/s1, Figure S1: XRD pattern of ZIF67c_900_l; Figure S2:
N2 adsorption isotherm of the original carbon (i.e., ZIF67c_900) and the washed material ZIF67c_900_1;
Figure S3: XPS spectra of cobalt and nitrogen in ZIF67c_900_l; Figure S4: Raman spectrum of
ZIF67¢_900_1; Figure S5: Magnetization curve of ZIF67c_900_l: (a) representation of the magnetization
curve (i.e., X axis from —25,000 to 25,000 Oe); (b) amplified representation of the magnetization curve
(i.e., X axis from —2000 to 2000 Oe); Figure S6: Zeta potential of ZIF67c_900_1/DDTC complex as
function of the pH value; Figure S7: Pareto charts obtained in the screening study of the factors
affecting the MDSPE. Orange means significant effect while blue means non-significant effect on
MDSPE; Figure S8: Response surface from CCD for each analyte evaluated; Table S1: Operational
parameters employed in Agilent 720 ICP OES; Table S2: Considered experimental factors and
levels in the Plackett-Burman design; Table S3: Considered experimental levels in CCD design;
Table S4: Optimum sample pH and eluent volume for each determined element; Table S5: Optimum
experimental conditions for MDSPE; Table S6: Comparison of analytical figures of merit of the
proposed method and other published methods.
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Abstract: The Yarlung Zangbo River (YZR) is the longest plateau river in China and has famous
tributaries, the Lhasa River and the Nianchu River. A total of 75 water samples were collected from
the Yarlung Zangbo River Basin (YZRB) in this study to investigate the dissolved concentration,
spatial distribution, and source of trace elements (Fe, V, Be, Ti, Mo, Se, Cd, Zn, Cu, Ni, Co, Mn, Cr, Ba,
Tl, Pb, Hg, As, and Sb). The results indicate that only Cr and Tl contaminate water, while the other
trace elements were in an unpolluted state. In addition, correlation analysis showed that there was a
highly significant positive correlation between the concentrations of As, Sb, and Mo; there was also
a highly significant positive correlation between the concentrations of Fe, Mn, Ti, Pb, Ni, Co, and
Ba. The results of Positive Matrix Factorization (PMF) showed that there were four sources of trace
elements in the YZRB, including the resuspension and dissolution of sediments (16.283%), agricultural
source (11.436%), lithological source (47.418%), and soil-forming rocks (6.374%). Cluster analysis
combined with PMF normalized contribution analysis, which showed that the trace elements found
in the YZR’s mainstream were predominantly influenced by the surrounding rocks composition.
Meanwhile, both the discharge of mining wastewater and sediments were marked in the Lhasa
River. Additionally, agricultural activities were the chief contributors to the trace elements in the
Nianchu River. Furthermore, the entire basin was subjected to the influence of soil-forming rocks.
This study comprehensively analyzed and evaluated the physicochemical properties of water, the
spatial distribution, and the pollution degree, and performed source analysis of trace elements in
the YZRB. This research provides a foundational reference for further investigation of the spatial
distribution and origins of trace elements in the rivers of the Qinghai-Tibet Plateau (QTP).

Keywords: Yarlung Zangbo River; trace elements; spatial distribution; pollution degree; source analysis

1. Introduction

The Qinghai-Tibet Plateau (QTP), with its status as the “Asia water tower”, is
the main water source and ecological barrier in Asia. Being both the most crucial and
fragile reservoir of water resources, the inherent significance of this water tower is
undeniable and has been widely acknowledged in numerous authoritative studies [1,2].
Generally, the QTP was considered to be the most limited primitive area of human
influence, where most of the rivers in Tibet were considered uncontaminated [3]. Nowa-
days, with the intensification of human activity (such as tourism, mining operations,
urban sewage discharge, and arable land), the potential risks caused by trace elements
to local ecosystems have gradually become prominent [4].

Heavy metal pollution in the QTP has appeared in different environmental media,
especially in some rivers [5]. Although the rivers in the QTP can usually be regarded
as primitive rivers, due to the increasing impact of human activity, the concentration of
some toxic elements (i.e., Cd and Pb) is higher than the World Health Organization’s
drinking water guidelines, which poses a risk to human livelihoods in the local and
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surrounding areas. Wang et al. stated that some trace elements, such as Cu (13.92
nug/L), As (41.60 ug/L), and Pb (26.69 nug/L) in the lake of Yamdrok-tso Basin were
characterized by high dissolved concentration values [6]. Zhang et al. revealed that the
significant enrichment of As in Singe Zangbo River water (up to 104 ug/L) was sourced
from hot springs and evaporite [7].

Trace elements enter the water through mining wastewater [8], the chemical in-
dustry [9], pesticides and fertilizers [10], atmospheric deposition [11], and soil weath-
ering [12]. They are important factors affecting the safety evaluation of the water’s
ecological environment. Therefore, Fe, V, Be, Ti, Mo, Se, Cd, Zn, Cu, Ni, Co, Mn, Cr, Ba,
Tl, Pb, Hg, As, and Sb were used as water quality monitoring indicators to assess the
Environmental Quality Standards for Surface Water (GB3838-2002) [13]. To comprehen-
sively understand the impact of trace elements on water quality and health risks, it is
usually necessary to classify the sources of trace elements and use a pollution index and
health risk index to describe the degree of heavy metal pollution and health hazards.
Therefore, studying the water quality status and health risks of the Tibet Plateau is of
crucial significance when revealing the potential threats to water security and protecting
water resources. The research results of trace elements in the water of the study basin
are not comprehensive enough. Therefore, this paper analyzes the spatial distribution
characteristics and source analysis of trace elements in different reaches of the Yarlung
Zangbo River Basin (YZRB).

The purpose of this study is (1) to reveal the concentration and spatial distribution
characteristics of trace elements in the water of the YZRB and its two tributaries; (2)
to evaluate the pollution characteristics of trace elements in the watershed; (3) to trace
its possible sources and analyze its proportion using the Positive Matrix Factorization
(PMF). This comprehensive study thoroughly analyzes and assesses the physicochemical
properties, trace element pollution characteristics, spatial distribution patterns, and
source apportionment within the YZRB. It unveils the current water environmental
quality of the YZRB and serves as a valuable reference for investigating the concentration,
distribution characteristics, and sources of various trace elements in rivers across the
Tibetan Plateau.

2. Materials and Methods
2.1. Study Area

The study area (28°40'44" N~29°51'38" N, 88°51'50" E~92°45'34" E) of YZRB is
located in the southern part of the Tibet Plateau in China, including the middle of the
YZRB and the two tributaries (Lhasa River and Nianchu River), a well-known base for
self-evident food production. As shown in Figure 1, a tributary of the Lhasa River is
located in the capital city of Tibet (Lhasa), exposed to copper mining and distributions
of geothermal resources [14]. The most common pollutants entering the river are Cu and
As. In contrast, the other tributary (Nianchu River) is densely populated with facility
agriculture [15], indicating that the main source of pollution is agricultural non-point
source pollution. Overall, the YZRB exhibits ancient karst geological characteristics [16].
From September to October 2021, water samples (n = 75) were collected and presented
as Y1-20 (YZR’s mainstream), L1-14 (Lhasa River), and N1-41 (Nianchu River). The
average altitude of the sampling points reached 3762 m. The basin is also rich in species
diversity and is affected by unique high-altitude cold climatic conditions, making it one
of the most vulnerable areas in Asia.
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Figure 1. Study area and the geographical location of sampling sites.

2.2. Sample Collection and Analysis

According to the terrain and on-site environment, the spacing between each sampling
site is about 2.5-10 km. Specifically, some important sampling sites (Y19, N6) are set
after tributary flows into the mainstream and are also fully mixed. By comparison, the
control section sampling sites (N7, L4) are set before tributary flows into the mainstream.
The collection of water samples is conducted as follows: prior to sampling, the sampling
apparatus, containers, and container lids were acid-washed with 10% (v/v) high-quality
pure nitric acid. Water samples were collected in 500 mL acid-cleaned brown polyethylene
bottles, 10 cm below the water surface. After multi-parameter analysis of the water sample
on site, the collected sample was filtered through acid-cleaned Millipore filters (25 mm
diameter, 0.45 pm mixed cellulose esters membrane). Approximately 15 mL filtered water
samples were transferred into polyethylene bottles (pre-acid-washed with 10%, v/v, high-
quality pure nitric acid) and stored in boxes with ice. After collection, the water samples
were transported to the laboratory for trace elements analysis. To determine the field
parameters, a portable dissolved oxygen meter (HANNA, HI98193, Rhode Island, Italy)
and a portable multi-parameter measuring instrument (Thermo, Eutech PCS Testr 35,
Massachusetts, USA) were used to measure the dissolved oxygen (DO), temperature (T),
electrical conductivity (EC), pH, total dissolved solids (TDS), and salinity (SAL) in water.
In this study, the concentrations of Fe, V, Be, Ti, Mo, Se, Cd, Zn, Cu, Ni, Co, Mn, Cr, Ba,
T1, Pb, and Sb were detected using an inductively coupled plasma mass spectrometer
(ICP-MS, PerkinElmer, NexION1000, Waltham, MA, USA). The concentrations of As and
Hg were detected via an atomic fluorescence spectrometer (AFS, Beijing Titan, AFS-830,
Beijing, China).

2.3. Evaluation of the Contamination

The Nemerow integrated pollution index method is a commonly used and repre-
sentative method for the evaluation of trace elements in water [17]. It is divided into a
single-factor pollution index (P;) and a multi-factor-integrated pollution index (P;). The
evaluation of P; can only reflect the pollution status of a single element, while P,, consid-
ers the influence of extreme values or prominent maximum values of multiple elements.
Multiple trace elements often coexist in water, and the Nemerow-integrated pollution
index method can reflect the status of trace element pollution in water and the different
contributions various trace elements form in composite pollution. It also screens the main
pollutants, which is also one of the common methods for the evaluation of trace element
pollution in water.

P =Ci/S; 1)
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2

Here, C; is the measured concentration of trace element i; S; is the corresponding
standard reference concentration, using the standard reference values of the Chinese
standard GB3838-2002 [13]. Max (P;) is the maximum value of the trace element single-
factor pollution index, and ave (P;) is the average value of the single-factor pollution index
of trace elements. The classification of the potential contamination level of trace elements is
presented in Table 1 [18].

2 2
Pn:\/max(P,») + ave(P;) @)

Table 1. Classification of the potential contamination level of trace elements.

p; Pollution Grading p, Pollution Grading
P; <1 no pollution P, <0.7 clean level
1<P<2 low pollution 0.7<P, <1 precaution level
2<P<3 moderate pollution 1<P, <2 light pollution level
3<P <5 strong pollution 2<P, <3 moderate level
P;>5 very strong pollution P,>3 heavy pollution leve

2.4. Source Apportionment

PMF is a method for the quantitative analysis of pollution sources using sample
composition [19]; it decomposes the pollutant concentration matrix X into a source factor
contribution matrix G, factor distribution matrix F, and residual matrix E, which are then
calculated as follows:

Xij=Y "  GyFj+E; 3)

Here, X is the measurement matrix of the jth trace element in the i sample; G is the
contribution matrix of the kth source factor of the i sample; Fy; is the distribution matrix of
the jth trace element in the kth source factor; and Ej; is the residual value of the jth trace
element in the i sample. The cumulative residual Q-value can be minimized for factor
contribution and distribution using the PMF model.

2
Xij — by GicFyg

i @

Q= 27:1 Z;ﬂ:l

Here, PMF is required to import uncertainty data before it is run. If the trace element
concentration does not exceed the species-specific method detection limit (MDL value),
then the value of uncertainty (U,,) is equal to 5/6 MDL; otherwise, the uncertainty U, is
calculated using Equation (6):

If X;j <MDL Uy =5/6 x MDL (5)

Uy = \/ (Error Fraction x concentration)? + (0.5 x MDL)? (6)

Here, X;; is the measurement matrix of the jth trace element in i samples, and the error
fraction is the relative standard deviation of trace element concentrations.

2.5. Statistical Analysis

The sampling layout was carried out using statistics and ArcGIS 10.7, and the Kriging
interpolation method revealed variability and spatial and temporal distribution character-
istics of the trace elements. The Nemerow-integrated pollution index was used to analyze
the contamination degree of the trace elements. PMF was used to discuss the correlation,
source number, and contribution rate of trace elements in the YZRB and its two tributaries.
PMF source apportionment was conducted using the matrix factorization model of EPA
PMEF 5.0. IBM SPSS Statistics 25 and Origin Pro 2021 software were used for systematic
cluster analysis.
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3. Results and Discussion
3.1. Physical and Chemical Parameters

Conventional physicochemical parameters characterize the basic water environment
characteristics of YZRB. The conventional physicochemical parameters of water mainly
include DO, T, EC, pH, TDS, and SAL. The average pH value of the basin was ranked as
Nianchu River (8.92) > Lhasa River (8.42) > YZR’s mainstream (7.32). Due to the fact that
sampling was conducted during the warm season, the water temperature and DO values in
the basin were relatively high at 14.7 °C and 4.61 mg/L, respectively. In addition, EC (mean
443 uS/cm), SAL (mean 214 mg/L), and TDS (mean 313 mg/L) in the YZRB were higher
than the average value of the world river [20], which is consistent with the strong erosion
of the plateau basin and the lithological composition of carbonate rocks. In addition, EC,
TDS, and SAL showed a significant positive correlation (p < 0.01).

3.2. Evaluation of the Contamination

For comparison, the average concentrations of trace elements in the YZRB reported
in the literature [3,21-26] were listed, as shown in Table 2. The trace elements (average
concentration) measured in this work were found not to be significantly different from
those reported in the literature, and the concentration levels were observed to be at almost
the same level. Moreover, the reliability of the original data was tested using a standard
solution, and it was found that the accuracy of the elements was between 74.5% (V) and
107% (Pb), indicating that the determination method is accurate and reliable.

Based on the concentration levels detected using trace elements, the single-factor
(P;) and multi-factor-integrated pollution index (P;) of trace elements were evaluated.
Among all the surveyed elements, elements with a P; value less than one exhibited no
pollution; therefore, these elements are not discussed. As shown in Figure 2a, only five
trace elements (Cr, Cu, Fe, T, and Ti) have a maximum P; value greater than one, indicating
low pollution. Overall, the evaluation results of the P; value indicate that YZRB was
on a clean level; however, some sampling sites (2-7) showed outliers. Similar to the P,
value presented in Figure 2b, the elements of Cr and Tl had P, values greater than 0.7,
while the order of pollution degree was T1 (1.03) > Cr (0.86). Cr belongs to the precaution
level; T1 belongs to the light pollution level. Specifically, the distribution of sampling
sites with P, values higher than 0.7 were N10, N13, N25, and N26 for Cr, N21 and N31
for T, respectively. The results indicate the presence of Cr and Tl contamination in the
Nianchu River Basin, which could be associated with the region’s agriculture and geological
composition [27,28]. Compared with the evaluation results of the water quality pollution
status for each monitoring region of the YZRB using P;, P, comprehensively considered
the more seriously polluted indicators, which reflected the degree of water pollution, and
also considered the average value of P;, supplementing the shortcomings of P;. Therefore,
P, is more comprehensive than P; for water quality evaluation.
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Figure 2. Pollution index of trace elements in the YZRB: (a) Single-factor index (P;); (b) multi-factor-
integrated pollution index (P;;).

3.3. Spatial Distribution

To present the spatial distribution characteristics of each trace element more clearly,
the geographic information system (GIS) method [29,30] was used to perform spatial
interpolation analysis on the 16 trace elements, and the spatial distribution graph is shown
in Figure 3. Se, Hg, and V were not shown due to weak variability. As, Ba, Mo, and
Sb were mainly distributed in Duilongqu (right tributary of the Lhasa River); Zn and
Cu were mainly distributed in the Lhasa River; Fe, Mn, Ti, Co, Cr, Tl, and Be were
mainly distributed in the Nianchu River Basin. The spatial distribution of Zn and Cu was
consistent with the distribution of mines. The distribution of mining areas was mainly
concentrated in Duilongdeqing County and Mozhugongka County in Lhasa City [31]. The
spatial distribution of As was consistent with the distribution of geothermal resources in
the Lhasa River Basin [32,33]. Due to the input of geothermal water, the concentration
of As in the Lhasa River Basin was high [34,35]. The trace elements of Mn, Fe, Ti, Pb,
and Co were speculated to be weathering of soils input around the river [21]. Cr and
Ti were mainly distributed in the Nianchu River Basin, possibly owing to agricultural
activities [36,37]. Spatial distribution provides more intuitive assistance when analyzing
the source of elements.

S Geothermal stations

o

N
Ba Gk ?G:nihemrlnnions p A
3 b

As(mg/L) Ba(mg/L)
ww High : 0.028 - ww High : 0.092 .4 ww High : 0.0013 = wm High : 0.00022|
0306 120 0306 120 0306 120
B o 00m n B ov00m n B o000 n B v 000
N N N
C 0 Geothermal stations A C r Geothermal stations A Fe o Geothermal stations A

-
J 4 W

#

3
Co(mg/L) Y.l Cr(mg/L) Y.l CumgiL) Yl Fe(mg/L)
ww High : 0.00135| .4 ww High : 0.055 - wm High : 0.028 - ww High: 0.7

ona ona ona
B o o0 km B o000 km B o ooms km B o oous
. N N

Ni_ ., Geothrmal s A Pb ., Geotherml staions A

RO i

-y S Mngmeg) f&‘ Mo(mg/L) fm S NimgLy

# # Pb(mg/L)
- o High': 0.0329 - o High : 0.0042 - o High : 0.0099 o High : 0.0011
03060 120 03060 120 03060 120 03060 120
km B o000 — B o oom km B oo km B o oaoont
. N N
Ti Geothermal stations Zn Geothermal stations
T &

E = T e
Sb(mg/L) A oy o Timg/L) # oy Ti(mg/L) Zn(mg/L)
o High : 0.0035 - o High: 0.15 - o High : 0.0002 - o High : 0.029
03060 120 03060 120 03060 120
B o 00 —— ki B o000 —— ki B o o000 ——km B oo

Figure 3. Spatial distribution of trace elements.
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3.4. Source Apportionment
3.4.1. Correlation Analysis

Analyzing correlations between trace elements can provide a better understanding
of their affinity, and a strong affinity between them indicates that these sources are likely
to be the same [38,39]. Due to the concentrations of V and Hg being below the detection
limits (0.005 and 0.0004 mg/L, correspondingly), the correlation between Hg, V, and other
elements was not discussed. As presented in Figure 4a, there were significant correlations
among As, Sb, and Mo (p < 0.01); Fe, Mn, Ti, Pb, Ni, Co, and Ba (p < 0.01), implying their
affinity. Pearson correlation analysis can assist PMF in traceability. Although correlation
analysis can demonstrate the affinity between elements, it cannot reveal source contribu-
tions. Therefore, it is necessary to use the PMF model for source contribution analysis.
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Figure 4. The sources of trace elements were analyzed via PMF: (a) Pearson correlation coefficient;
(b) factor analysis and contribution rate; (c) the normalized contributions.

3.4.2. Source Analysis of PMF Model

Through PMF model analysis, four contribution factors were found in the YZRB.
Clearly, Figure 4b delineates the contribution concentration and contribution ratio of
various trace elements as factors. Generally, a high contribution concentration that simul-
taneously meets a high contribution ratio can be identified as the dominant contribution
factor [40,41].

Factor 1 (F1) was mainly loaded on Cu, Ni, Co, Zn, and Ba. Based on spatial distri-
bution, there are copper mines distributed upstream of the Lhasa River [42,43]; therefore,
the source of Cu and Zn is the mining wastewater discharge. Also, Ni, Co, and Ba are
released into the aquatic environment as a result of the resuspension and dissolution of
river sediments [44—46]. Therefore, F1 can be attributed to the source of mining wastewater
and sediments (16.283%). Factor 2 was dominated by Cr, Sb, and Ti. Previous studies
have shown that the concentration of Cr in fertilizers and pesticides is generally high
(11.5-94.6 mg/kg) [47]. Based on the previous spatial distribution results, Cr had high
concentrations in the Shigatse greenhouse area. In addition, certain agricultural activities
also use titanium-containing compounds [48,49]. Therefore, F2 can be attributed to the
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source of agricultural activities (11.436%). Factor 3 was dominated by Fe, As, Mn, and
Mo. Interestingly, both As and Mo elements exhibited a high value of distribution in the
Duilongqu Basin, where geothermal resources are widely distributed. Considering that
YZRB is an ancient karst region, with huge potential for Fe and Mn deposits [16,50-52], F3
could be identified as a lithological source and geothermal wastewater (47.418%). Factor 4
(F4) was mainly loaded on Hg, Se, V, and Zn. As mentioned above, the spatial distribu-
tion for Se, Hg, and V showed weak variability, with detection concentrations appearing
relatively low. Thus, F4 was predominantly characterized by Zn. Zn mainly exhibits a
high-value distribution in the Lhasa River Basin, and this overall regional variation was not
significant when manifested by the weathering of soils [53]. Therefore, F4 was primarily
from soil-forming rocks (6.374%).

Figure 4c presents the normalized contribution source analysis in each watershed. The
results show that the trace elements found in the YZRB were predominantly influenced
by the surrounding rock composition (F3 and F4). Meanwhile, the Lhasa River water
environment marked both the discharge of mining/geothermal wastewater (F1 and F3).
Additionally, agricultural activities (F2) were the chief contributors to trace elements in the
Nianchu River.

3.4.3. Cluster Analysis

To visualize the origins of trace elements at each sampling point, cluster analysis was
conducted [54]. The diagrams of clustering analysis yielded for the sampling sites are
shown in Figure 5.
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Figure 5. Cluster analysis of sampling sites in the YZRB: (a) YZR’s mainstream; (b) Lhasa
River; (c) Nianchu River; (d) clustering heat map of the whole sampling sites in the YZRB. C repre-
sents the concentration of trace elements (unit: mg/L).

In Figure 5a, the sampling sites in the YZR’s mainstream can be divided into three
categories. There are seventeen sampling sites (Y1-7, Y7-15, and Y17-19), two sampling
sites (Y8 and Y16), and one sampling site (Y20) in these three categories, respectively. The
sampling sites with the highest proportion were all least affected by human activities. The
sampling sites of Y8 and Y16 were located near the highway and were greatly affected by
traffic sources. At sampling point Y20, a substantial sediment deposit accumulated on the
riverbed, leading to the re-release of Fe from the sediment. Therefore, the main source of
the YZR’s mainstream is the surrounding rock composition.
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In Figure 5b, the sampling sites in the Lhasa River can be divided into three categories.
There are six sampling sites (L1, L3, L4, L6, L8, and L10) in the first category. These sampling
sites are located downstream of Lhasa city and are affected by the input of production and
domestic sewage. There are six sampling points (L2, L9, and L11-14) in the second category.
Significantly, sampling sites from L11 to L14 were located downstream of the mining area
(Mozhugongka County). Mining wastewater input was the most important source. The
third type includes two sampling sites (L5 and L7), both of which were downstream of
Duilongqu, where geothermal resources were widely distributed. Therefore, geothermal
wastewater from Yangbajing produced a significant effect [55]. In conclusion, the main
source of the Lhasa River was the discharge of mining and geothermal wastewater.

In Figure 5¢, the sampling sites of Nianchu River are divided into three categories.
There are 33 sampling sites in the first category, N1-6, N8-20, N22-25, N27-29, N31-33,
and N36-39. Most of these sites are surrounded by greenhouses. Based on the pollution
assessment results, the P; values of Cr at these sites are significantly high. Thus, the main
sources of pollution at these sampling sites are agricultural activities.

In Figure 5d, a clustering heat map of sampling points in the whole YZRB is shown.
It can be seen from the color that the concentration of Fe is higher than that of other
trace elements in the whole basin, which is consistent with the factor distribution and
contribution rate plot of PMF.

4. Conclusions

In conclusion, this study investigated the concentration levels, spatial distribution,
and sources of 19 trace elements in the YZRB. Through the evaluation of the Nemerow
pollution index, the YZRB was considered to be in an unpolluted state with limited human
impact. Due to their high P; values, five trace elements (Cr, Cu, Fe, Tl, and Ti) need
to be continuously studied in future research. The spatial distribution of Cu and Zn is
consistent with the distribution of mines, while the spatial distribution of As is consistent
with the distribution of geothermal resources. Cr is mainly distributed in the Nianchu
River Basin, and Fe is uniformly distributed throughout the basin. The use of PMF to
analyze trace element sources, conduct correlation analysis, and perform cluster analysis
is an innovative way to assist with its traceability. Cluster analysis combined with PMF
source analysis showed that the trace elements found in the YZRB were predominantly
influenced by the lithological composition of host rocks, with the Lhasa River showing the
discharge of mining and geothermal wastewater and the Nianchu River being affected by
agricultural activities. Furthermore, the entire basin was subjected to the influence of soil-
forming rocks. This study comprehensively examines trace element spatial characteristics
in the YZRB, utilizing surface, line, and point perspectives. It employs Kriging for surface
analysis to study trace element distribution. Shifting to a line approach, it conducts a
comparative analysis of contributions from four sources in three river sections, using
normalized contribution for precise source tracing. Finally, at the point level, cluster
analysis is employed to understand factors behind trace element concentration outliers at
various sampling points. This study seamlessly transitions from a surface to line and point
perspective and is expected to provide a foundational reference for further research on the
spatial distribution and sources of trace elements in rivers on the QTP.
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