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Abstract: The influence of petroleum hydrocarbons (PHCs) on the transport and transfor-
mation of heavy metals may limit bioremediation efficiency. The mechanisms by which
PHC degradation intermediates control heavy metal distribution in calcareous soils from
karst areas require further exploration. This study systematically investigated how compo-
sitional changes in diesel fuel during aging regulated the fate of Cd and Pb in calcareous
soils. The results demonstrated that the low-molecular-weight fractions of diesel fuel
(C10—Cy6) were preferentially degraded. This degradation process altered zeta potential,
cation exchange capacity (CEC), and pH, thereby promoting Cd stabilization through
electrostatic attraction and speciation transformation. Particularly, reducible Cd content
showed a strong positive correlation with Cy4 content (r = 0.88, p < 0.05). Furthermore, the
degradation of C;p—Cj¢ fractions caused Pb transformation from residual to bioavailable
fractions by stimulating microbial activity. Residual Pb content was positively correlated
with Cy9—Cy; fractions (v = 0.55, p < 0.05). Notably, dissolved organic matter (DOM) and
CaCOg3 content in calcareous soils enhanced Cd and Pb adsorption, thereby weakening the
interactions between these metals and C19—Cj; fractions. Consequently, multiple linear
regression (MLR) models relying exclusively on C;p—Cj¢ degradation parameters showed
poor fitting coefficients for Cd/Pb mobility. The present work provides scientific guidance
for heavy metal bioremediation in calcareous soils.

Keywords: co-contaminant; chemical forms; Pearson correlation analysis; DOM; aging
process; sterile soils

1. Introduction

Heavy metal contamination, originating from both natural accumulation and anthro-
pogenic emissions, has emerged as a critical global environmental issue. These metals,
particularly cadmium (Cd) and lead (Pb), pose severe threats to human health through
the food chain and dermal contact [1]. The demand for reusing land is driven globally
by increased urbanization, leading many policymakers to prioritize the remediation of
heavy-metal-contaminated soils. Specific microorganisms can be employed for mitigating
heavy metal toxicity through biosorption, biotransformation, and biomineralization pro-
cesses [2,3]. Such microbial-mediated remediation is widely recognized as a sustainable and
cost-effective approach. However, heavy metals tend to migrate away from their original
sources due to gravitational forces and rainfall infiltration. This dispersion reduces the tar-
geted delivery efficiency of nutrients and exogenous microorganisms in bioaugmentation
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or biostimulation. On the other hand, the toxicity of heavy metals significantly influences
the growth and metabolism of microbial communities [4,5]. To develop effective bioreme-
diation strategies, a comprehensive understanding of the transport and transformation of
heavy metals in soil is essential.

Previous studies have shown that the fate of heavy metals in soils is significantly
influenced by factors such as soil pH, ionic competition, and the physicochemical proper-
ties of the heavy metals [6,7]. Notably, heavy metals commonly co-occur with petroleum
hydrocarbons (PHCs) in soils as a result of wastewater irrigation, industrial processes,
and atmospheric deposition [8-11]. Previous studies have demonstrated that the pres-
ence of PHCs can decrease the bioavailability and toxicity of heavy metals by (1) altering
microbial membrane permeability, (2) interfering with molecular binding functions, and
(3) modulating enzyme catalytic activity [5,12]. Microbial communities consume PHCs
and subsequently decrease soil pH through CO, production [13,14]. During the natural
attenuation, PHCs can alter dissolved oxygen (DO), SO4%~, and HCO;~ in soil environ-
ments [14,15]. These changes may facilitate the transformation of heavy metals into stable
or bioavailable forms [16-18]. Furthermore, PHCs shield charges on soil surfaces, directly
altering the soil’s zeta potential [19]. Particularly, high concentrations of PHCs may form
cation—7t bonds with Pb [20]. These effects ultimately modify the transport behavior of
heavy metals in soil [7,21]. While previous studies have documented the general effects
of petroleum hydrocarbons (PHCs) on heavy metal fate, systematic investigation of how
degradation-induced PHC compositional changes affect this process is still lacking.

Due to the presences of PHCs, conventional remediation technologies (such as biore-
mediation) often struggle to achieve satisfactory removal of heavy metals, resulting in
the long-term persistence of both pollutants in soils [22]. Subsequently, PHCs degrade
into intermediates, which have altered molecular structures and exhibit different toxi-
city, bioavailability, and mobility compared to the parent compounds [5,23-25]. These
intermediates typically coexist with heavy metals, but their role in controlling the trans-
port and transformation of heavy metals remains unclear. Moreover, calcareous soils in
karst regions are characterized by high pH, high soil organic matter (SOM) content, and
abundant Ca®* [26]. These properties may promote the degradation of PHCs in soils [27].
Unfortunately, the effects of PHC degradation characteristics on heavy metal speciation in
these soils remain poorly understood.

Diesel fuel, with alkanes as its major constituents (70-85% [28]), represents a global
environmental challenge when spilled. In this study, diesel-fuel-contaminated soil was
selected as a representative scenario of PHC pollution, with a focus on its C1p—C3; alka-
nes (abbreviated as C;9p—C31). The aims were to (1) characterize how changes in the
composition of C19—Cjz; in diesel fuel during the aging process affect the transport and
transformation of Cd and Pb in calcareous soils; (2) evaluate the impact of soil properties
in calcareous soils; and (3) establish statistical relationships between Cd, Pb, and C19—C3;
concentrations. The results provide a clear understanding of heavy metal fate in PHC-
contaminated calcareous soils, guiding a scientific basis for developing bioremediation
strategies in karst environments.

2. Materials and Methods
2.1. Reagents

Diesel fuel (0#) (density: 0.84 g/mL) was obtained from a commercial market in
Nanning, China. Its composition by weight was 82.9% alkanes, 17.09% aromatic hydro-

carbons, and <0.035% sulfur. Cadmium chloride (CdCl,) and acetone were obtained from
Kermel-Chemical Co., Ltd. (Shanghai, China) and Damao-Chemical Co., Ltd. (Tianjin,
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China), respectively. N-hexadecane (Ci¢H3z4. Abbreviated as Cy4) was purchased from
Macklin-Biochemical Co., Ltd., Shanghai, China.
All regents were at least analytical grade.

2.2. Soil Incubation

Two types of calcareous soils in karst areas were selected in this study: black calcareous
soils (BKC) and brown calcareous soils (BWC). These soils were sourced from a depth of
0-20 cm below the ground surface in Fusui County, Guangxi Zhuang Autonomous Region,
China (22°56'43.6” N, 107°15’46.7" E). This sampling site is characterized by an extensive
karst landscape [29]. Importantly, BKC and BWC were confirmed to be free from pesticides,
nitrate pollution, and PHCs. These soils were first dried at 25 £ 1 °C for one week in
the laboratory, then sieved through a 2 mm sieve. The properties of BKC and BWC are
presented in Table S1.

Diesel fuel was selected as a representative PHC in soils. This study specifically
focused on its dominant alkane components (C19—C31) [28]. During long-term natural
attenuation of diesel fuel, n-hexadecane (C14Hs4, abbreviated as Cy4) persists in soil, even
post-remediation [30]. Therefore, C14 was employed as a model intermediate degradation
product to further examine the impact of residual diesel components on heavy metal
transformation. The physicochemical characteristics of diesel fuel and Cy4 are presented
in Table S2. Furthermore, as Cd is recognized as the most concerning heavy metal in
PHC-contaminated sites, it was chosen as the model heavy metal in this study [31].

To simulate co-polluted soils, both BKC and BWC were artificially spiked with
20 mg/kg Cd and 4500 mg/kg diesel fuel (or Cy¢), following the limits specified in the Soil
Environmental Quality Risk Control Standard for Soil Contamination of Development Land
in China [32]. Based on methods documented in prior research [33,34], the soil incubation
was conducted as follows: (1) Diesel fuel (or C14) and CdCl, were dissolved in a mixture
of acetone and Milli-Q water (1%, w/w) to prepare a stock solution. The solution was
then stirred continuously for 24 h using a magnetic stirrer to ensure homogeneous mixing.
(2) Next, 150 mL of the stock solution was added to 1.0 kg of BKC with continuous stirring,
resulting in final concentrations of 20 mg/kg of Cd and 4500 mg/kg of diesel fuel (or Cy4)
in the soil. The same procedure was repeated for BWC to ensure identical contamination
levels. (3) All contaminated soils were aged in the dark at 25 °C, with soil moisture content
maintained at 15 % (w/w) through weekly replenishment with Milli-Q water [35]. The
contaminated soils were aged for 30 and 90 days to capture alterations in diesel fractions.
In this work, soils contaminated for different durations were packed into separate columns.
(4) To reduce the influence of moisture content on the results, uncontaminated calcareous
soils were also maintained at 15 % (w/w) soil moisture.

The properties of soil samples were determined using the methodologies provided in
Text S1.

2.3. Column Setup

The study employed a polyethylene glycol terephthalate (PET) column with an inner
diameter of 6.0 cm and a length of 12.0 cm. These dimensions were specifically chosen
to emphasize vertical migration of contaminants while suppressing lateral diffusion ef-
fects. Furthermore, five 0.2 cm diameter drainage holes were uniformly installed at the
column base.

As shown in Figure 1, the column was packed in the following sequence: (1) A 74.0-pm
plastic mesh served as a soil particle retention barrier and was placed at the column base.
(2) Next, 285.0 £ 0.1 g of uncontaminated soil was filled from 10.0 cm to 0.4 cm below
the ground surface (0.0 cm). (3) After that, 30.0 £ 0.1 g of artificially contaminated soil
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(Section 2.2) was evenly distributed in a layer spanning —0.4 cm to 0.0 cm. (4) An additional
74.0 um plastic mesh was placed on the 0.0 cm surface to prevent soil splash. (5) Finally,
the packed column had a bulk density of 1.12 g/cm?.

2.0 mL/min
—

—

50 mL Pump

Surface layer (from —0.4 to 0.0 cm)

= —> Top layer (-2.0 cm|
Milli-Q water p layer ( )
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Figure 1. Schematic of the experimental setup.

Experimental groups are presented in Table 1. Each experimental group comprised
three parallel columns, with strict control of soil weight and layer thickness (Table S3).

Table 1. Experimental groups.

Pollutants in the . Aging Periods for
. Uncontaminated : s
Group Surface Soils of . . Contaminated Soils in
Soils (Filled from
Number the Column 10 em to —0.4 cm) the Surface Layer of the
(—0.4 cm~0.0 cm) ) Column (—0.4 cm~0.0 cm)
Col. 1 BKC 30 days
Col. 2 4500 mg/kg diesel 90 days
Col. 3 fuel + 20 mg/kg Cd 30 days
Col. 4 BWC 90 days
Col. 5 4500 mg/kg BKC 30 days
Col. 6 n-hexadecane 90 days
Col. 7 (abbreviated as Cq¢) BWC 30 days
Col. 8 +20mg/kg Cd 90 days

2.4. Leaching Experiments and Sample Analysis

The leaching parameters (including intensity, frequency, and duration) were set based
on the characteristics of extreme precipitation events in karst regions [36-38]. Specifically,
50 mL of Milli-Q water was injected into the packed column from the top to the bottom
using a pump at a flow velocity of 2 mL/min (Figure 1). This leaching process was
performed once a week and was conducted a total of three times.

After each leaching process, soil samples were collected from the top (2.0 cm), middle
(5.5 cm), and bottom (9.0 cm) layers below the ground surface (0.0 cm) (Figure 1). Leachate
was collected only after the 3rd leaching process. Subsequently, the fractions and con-
centrations of C19—Cz; and Cd in soil and leachate samples were analyzed following the
procedures detailed in the Supplementary Materials (Texts S2 and S3). Although Pb was
not added to the soils, its concentrations and chemical forms were quantified given its
natural prevalence in calcareous soils and as a co-contaminant in PHC-impacted soils [8,39].
The Pb measurement methods are described in Text S3.

2.5. Statistical Analysis

Analysis of variance (ANOVA), coupled with Duncan’s test (at the p < 0.05 level),
was performed to investigate significant differences in the levels of C19—C3;, Cd, and



Toxics 2025, 13, 496

50f19

Pb among the experimental groups. Principal component analysis (PCA) was used to
identify key fractions of C19—Cs; associated with the chemical forms of Cd and Pb in
calcareous soils, followed by Pearson correlation analysis to examine the relationships
between these variables. Furthermore, assuming linear relationships between variables
can provide a baseline for initial trend estimation. This assumption is further supported by
the potential linear adsorption—desorption behavior of contaminants under equilibrium
conditions, especially at low concentrations. Subsequently, multiple linear regression (MLR)
was applied to quantify Cd and Pb transport during C19—Cs; aging, with performance
verified by results.

ANOVA and MLR were performed using SPSS 22.0 software, while PCA and Pearson
correlation analysis were conducted with Origin 2021. Graphical representations of mean
values were created in Origin 2021.

3. Results and Discussion
3.1. The Distribution of Cd and Pb in Diesel-Fuel-Contaminated Soils

Based on previous studies [24,40], the C19—Cs; was categorized into (a) C19—Ci¢ as the
low-molecular-weight fraction, (b) C17—C5; as the medium-molecular-weight fraction, and
(c) Cop—Cj31 as the high-molecular-weight fraction. Their distribution was then analyzed.
As the aging period progressed from 30 to 90 days, Cy; —Cz; maintained higher residual
concentrations in the surface contaminated layer (—0.4 cm to 0.0 cm) of Col. 1-Col. 4
(Table S4), due to their lower bioavailability, volatility, and hydrophilicity [25,41].

During the leaching processes, the C19—Ci4, C17—Cp1, and Cp—Cs; fractions exhib-
ited layer-specific accumulation (Figure 2), driven by their distinct hydrophobicity and
mobility [25,42]. The distribution of these fractions in Col. 1 differed significantly from
those in Col. 2 (p < 0.05). However, leachate analysis showed similar C1p—C3; propor-
tions between the two columns (Figure 3a). Briefly, as aging increased to 90 days, BKC
showed a decrease in the C1y—Cq¢ and C17—Cy fractions but an increase in the Cy, —Cs;
fraction. This finding is consistent with previous conclusions reported for soils in non-karst
areas [24,43]. On the other hand, significant differences in C19—C3; content were observed
between Col. 3 and Col. 4 in both the soil layer and leachate (p < 0.05) (Figures 2 and 3a).
Specifically, extended aging led to decreased C19—Cj4 contents but increased C17—Cp; and
Cyp—Cj31 contents in BWC.

In both Col. 1 and Col. 2, Cd was predominantly present in reducible and residual
fractions (Figure 2), with exchangeable and oxidizable fractions below method detection
limits. Additionally, Cd concentrations in the leachate of all columns were below quantifi-
able limits. This fractionation pattern aligns with previous studies on soils in karst areas,
where reducible and residual fractions dominate [39,44,45]. A significant difference in Cd
distribution was observed between Col. 1 and Col. 2 (p < 0.05). Specifically, the aging
process decreased the mobility of Cd in BKC. Moreover, only the residual fraction of Cd
was detected in Col. 3 and Col. 4, suggesting different environmental behavior of Cd in
BWC compared to BKC.

With increasing leaching frequency, the proportion of potentially bioavailable Pb
(including exchangeable, reducible, and oxidizable fractions) increased in Col. 1 but
showed no significant change in Col. 2. However, the concentration of Pb in the leachate of
Col. 1 was similar to that in Col. 2 (Figure 3b). In this case, a significant difference in Pb
distribution was observed between the two columns (p < 0.05), which was attributed to the
aging process. Similarly, in Col. 3, the bioavailable Pb content gradually decreased during
leaching, whereas in Col. 4, the content remained high (46.06-66.27%). Nevertheless, Pb
concentrations in the leachate were comparable between Col. 3 and Col. 4 (Figure 3b).
These observations also indicate that longer aging duration significantly decreased the
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high bioavailable fraction of Pb in the soil. Moreover, BKC and BWC exhibited distinct Pb
transport and transformation.
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Figure 2. The distribution of C;9—Cgz;, Cd, and Pb in Col. 1-Col. 4 during the leaching processes.
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3.2. Effects of C19—Cg3z in Diesel Fuel

In this study, diesel fuel (with a higher proportion of Cp; —Cs;, Table S4) and Cd?*
were initially added to BKC. Accordingly, the PCA results for Col. 1 (Figure 4a) showed
that the loading value of reducible Cd closely aligned with that of C;; —C3j, indicating a
common origin or co-introduction [8,46]. The C19—Cjg fractions, characterized by high
bioavailability and water solubility, were preferentially degraded and transported from
the top to the bottom layer as the aging period increased from 30 to 90 days [24]. Mean-
while, the reducible fraction of Cd showed a decrease in content as the aging duration
increased, particularly in the top layer. In this case, PCA results determined that C;p—Ci¢
was the dominant factor controlling the transformation of reducible Cd in Col. 2 (Figure 4b).
Furthermore, an extended aging period decreased the zeta potential, increased the cation
exchange capacity (CEC), and reduced the pH in Col. 1 (Table 2), consistent with previ-
ous studies [14,19]. Soils amended with diesel fuel alone also exhibited similar trends in
zeta potential, CEC, and pH (Table S5). These findings suggest that changes in C19—C3;
composition during natural attenuation modify soil properties. Ultimately, these modifica-
tions enhanced the electrostatic adsorption and transformation of Cd [47-49]. Notably, the
degradation of diesel fuel may produce intermediates potentially containing Cd-binding
functional groups [50-53]. However, in this study, the alteration of C19—Cjs; fractions in
diesel fuel induced only minimal stretching of functional group intensity (including O-H,
C=C/C=0, Si-O, and C=C/C-H) (Figure 5), indicating that such degradation has limited
effects on the binding between Cd and soil particles. Consequently, the positive correlation
between C19—Cj4 and reducible Cd was statistically non-significant (coefficient (r) = 0.30,
p > 0.05) (Figure 4d).

Table 2. Zeta potential and CEC in soil samples from Col. 1 to Col. 4.

Col. 1 Col. 2 Col. 3 Col. 4 BKC BWC

Zeta potential (mV) —12.30 —17.22 —11.91 —15.13 —20.81 —13.58
CEC (cmol* /kg) 57.20 70.71 13.34 8.31 86.91 7.55
pH 8.10 8.00 5.81 6.00 8.10 5.35

The results are presented as average values (1 = 3).

Compared to Col. 3, Col. 4 showed decreased zeta potential, reduced CEC, and
increased pH (Tables 2 and S5), suggesting that aging-induced alterations in C19—Cs;
fractions of diesel fuel modified soil properties. Although these changes occurred, Cd
primarily remained in its residual fraction. Particularly, negligible functional group changes
after 90-day diesel coating (Figure 5) suggest that intermediate products of diesel fuel
have little effect on Cd-soil binding. In summary, C;9—Cs; aging slightly influenced
the transport and transformation of Cd in BWC. Instead, other characteristics of BWC
potentially governed the environmental behavior of Cd.

With decreasing C19—Cy4 content in Col. 1, the residual fraction of Pb transferred
into its bioavailable fractions. In this case, the loading value of C;p—Cy4 was closer to
that of residual Pb in Col. 1 (Figure 4a). As aging progressed to 90 days, the highly
bioavailable C19—Cj¢ fractions were preferentially degraded, resulting in C;—Cp and
Cy;—C31 becoming the dominant components in diesel fuel. Concurrently, bioavailable
Pb levels decreased significantly during this period. In this case, C17—Cp1 and Cp—Cs;
showed a significant negative correlation with bioavailable Pb in Col. 2 (p < 0.05. Figure 4c).
Similarly, as the aging duration increased to 90 days, higher proportions of C17;—Cy; and
Cyy—Cs; fractions were observed in BWC. Subsequently, the content of oxidizable Pb
showed positive correlations with C19—Cp; in Col. 3 (r = 0.51-0.57, p < 0.05) and with
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Cy17—Csz;1 in Col. 4 (r = 0.54-0.71, p < 0.05). The mechanisms underlying the interactions
between Pb and C19—Cj3; are as follows:

12 8
Cd(B)
o
N
o~ o 0
= g
o ]Pb(
]
e Cd(D)
—4 -2 0 2 4 6 8 -4 -2 0 2 4 6 8 10
PC1 (43.4%) PC1 (34.6%)

(a) (b)

1.00
1.00 CiyCiglCCrs - ® o o
Colslcac @ o © @ @ © @ 050 1076 e L b 0.80
Ci7Cy | 050 CCyy @ @ . . e O 0.60 Cy7-Cy; [-0.01 CiCyy ‘ e o . o - 0.60
Cy-Cy1 |-0.08 031 CnCy @ (] e @O o 0.40 Cy-Cyi | 0.06 076 CCyi @ @ . e O 0.40
cd®) [-021 005 008 ) @ o o @ (WP CdB)| 030 -007 033 ci3) @ - @ @ g2t
0.00 0.00
Pb(a) |-046 077 -010 041wy @) © @ |W Pb(A) |-0.31 —0.10 -0.25 035 PbA) @ @ - 020
Pb(B) |-0.57 ~0.78 0.05 0.18 083 po@) o @) ~0.40 Pb(B) | 0.07 ~0.66 -0.48 0.02 021 Poe) @ o ~0.40
. ~0.60 ~
Pb(©) [-037 012 036 ~0.06 029 0.09 PC) @ o0 Pb(C) [-0.10 031 023 ~0.36 ~0.36 ~0.66 PHC) @ e
B} o 0. ~0.80
DOM |-035 -029 0.14 0.71 044 051 040 ou (Bl poM |04 001 029 022 002 004 015 oo [l
(c) (d)
4
[ N O O . 41 Pb(D) — Co:Cis
CIU-Clﬁ
C,-C
24 Pb(D), ° 177421
- ~ C,- = 21 °
5 ) 4 & Pb(A) N0 2G|
E = So 33
S Pb(() = q
o L)
O 14 C
g2 i ° | . » ;\.72_ o ° e (C)
Pb(B) |
—4 Pb(B)
-4 T T r T v T r - T r r r
-6 —4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
PC1 (62.4%) PC1 (47.8%)
(e) (f)
PH(A) | Poir) G @900 oW wwm o @ o Y B
Pb(A o )
0.80 0.80
Pb(B) | 0.94  Pbo(B) Q Q 9O 9 O W P@) |04 e @ o o @ Q@ 0.60
0.40 0.40
PHC)| 0.61 059 Pb(C Q G @ Pb(C) | 032 034 PbO) @ 0
& k . o 0.20 & o o 0.20
CiCig| 042 041 057 CuCic (G 0 ° 000  CyCi| 014 —0.05 031 CpyCy o o Q9 0.00
~0.20 ~0.20
C7Cy | 028 037 051 0.50 CyCy Q Q 040 Ci7Cy| 0.02 001 054 075 CiCy 0 o .
CpCy| 036 037 032 084 055 CuCy Q 060 GGyl 003 021 071 069 089 CuCy o ~0.60
~0.80 ) ~0.80
DOM| 030 035 053 073 036 056 DOM DOM| 035 031 —050 0.4 009 —-0.04 DOM o0
~1.00 ot

(8) (h)

Figure 4. PCA and Pearson correlation analysis. (a,b) PCA for Col. 1 and Col. 2. (c¢,d) Pearson
correlation analysis for Col. 1 and Col. 2. (e,f) PCA for Col. 3 and Col. 4. (g,h) Pearson correlation
analysis for Col. 3 and Col. 4. The capital letters A, B, C, and D represent the exchangeable, reducible,
oxidizable, and residual fractions of Cd/Pb. PC1 and PC2 account for the dataset. The significance of
the correlations (*) is evaluated at the p < 0.05 level. DOM: dissolved organic matter.
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Col. 1 Col. 2 Col. 3 Col. 4 BKC——BWC

T T T
4000 3000 2000 1000

Wavenumber (cm™)

Figure 5. Fourier transform infrared spectroscopy (FTIR). The transmittance peaks at 3443, 1630, 1034,
and 540 cm 1 represent the stretching of O-H, C=C/C=0, Si-O, and C=C/C-H, respectively.

As shown in the Supplementary Material (Figure S1 and Text S4), Proteobacteria, Acti-
nobacteria, and Firmicutes were the dominant population in BKC and BWC. These phyla
possess the ability to transform heavy metal forms and degrade PHCs [5,53]. As shown in
Figure 6, significant differences in the content of reducible and oxidizable Pb were observed
between sterile and nonsterile BKC 4. Similar trends were found in BWC y). These find-
ings indicate that the microbial degradation of diesel fuel interfered with Pb transformation
in calcareous soils. Moreover, the effects of diesel degradation on Pb transformation varied
between BKC and BWC, primarily due to differences in initial Pb concentrations (Table S1).
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Figure 6. The (a) exchangeable, (b) reducible, and (c) oxidizable fractions of Pb in BKC(q.) and
BWC(q¢)- BKC(g¢): BKC with an initial content of 4500 mg/kg diesel fuel and 20 mg/kg Cd. BWCq):
BWC with an initial content of 4500 mg/kg diesel fuel and 20 mg/kg Cd.

A linear relationship between the variables was assumed in the present work as a
simple initial approach. The validity of this assumption was further evaluated based
on the results. Subsequently, based on the retention content of C1g—Cs;, MLR models
were developed to describe the transport of Cd and Pb (Table 3). In this case, components
demonstrating no significant interaction in the aforementioned analysis were excluded from
the records. As shown in Table 3, the R? value of the MLR models was lower in most cases.
The poor fitting of Cd transport was attributed to the binding of Cd to calcium carbonate
(CaCO3) in calcareous soils [54-56]. The poor fitting of Pb transport likely resulted from the
nonlinear kinetics of diesel fuel biodegradation. Furthermore, the dissolved organic matter
(DOM) content in BKC influenced the retention of reducible Cd, while the DOM content in
BWLC affected the concentrations of oxidizable Pb, C1p—Cj¢, and Cy—Cgz; (Figure 4). These
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DOM-mediated interactions likely reduced the fitting efficiency of these models [57-59].
Particularly, the modeling efficiency for Pb transport in BWC was less satisfactory compared
to BKC, likely due to the higher sensitivity of Pb to DOM in BWC (Table S1).

Table 3. MLR models for Cd and Pb transport in Col. 1-Col. 4.

Group Equation

Col. 1 YPb(A) = 5.879 — 0.014X¢,, c,, — 0.320Xc,,¢,, +0.007Xc,, ¢, (R = 0.53)
' YPb(B) =101.242 — 0.453X¢c,,—c,, — 3-844Xc,,_c, + 0.180Xc,, ¢, (R?2=0.71)

Col. 2 YCd(B) = —0.206 + 0.056 X¢,,— ¢, + 0.093X¢,¢,, —0.014Xc,, ¢, (R2 =0.31)

Yop(s) = 87.598 + 0.174Xc,, ¢y, — 2208Xc,, ey +0.016Xc, ¢y (R2 = 0.45)
Col. 3 YPb(C) =b5.771+ 0'231XC10—C16 + 0-215XC17—C21 — 0~023XC22—C31 (R2 = 054)
Col.4  Yppic) = 16868+ 0.025Xc, c,, — 0.461Xc,, ¢y, +0.026Xc,, (R = 0.64)

Yca), Yrb(a), Yeb(s), and Ypp(c) represent dependent variables. Xc, —c, Xc;,-c,, and Xc,,—c,, represent
independent variables.

3.3. Retention of Cd and Pb in C14-Contaminated Soils

In this study, Cq4 was selected as representative of residual diesel in soil after long-
term natural attenuation of diesel fuel. As the aging duration increased to 90 days, the
concentration of Cy¢ declined in the surface layer (—0.4 to 0.0 cm) of Col. 5-Col. 8 (Table S6),
with a concurrent increase in C19—Cj5 concentrations, indicating their potential role as
intermediate degradation products.

During leaching processes, C14 accumulated predominantly in the top layer of Col. 5,
while C19—Cj5 preferentially migrated to the bottom layer (Figure 7), attributed to their
higher mobility [25,42]. As the leaching process increased, the proportion of C19p—Cjys
in the bottom layer of Col. 5 decreased sharply from 86.8% to 41.2%, compared to a
smaller reduction from 35.88% to 23.49% in Col. 6. Consistently, Col. 5 released less
C10—C;ys into the leachate than Col. 6 (Figure 8a). The retention of C19—Cj4 was markedly
different between BKC and BWC. Higher levels of C;p—Cy5 accumulated in the middle
and bottom layers of Col. 7, showing a significant difference from Col. 5. Compared to
Col. 7, Col. 8 showed reduced C1p—Cj5 concentrations in both the soil layer and leachate
(Figures 7 and 8a). In summary, the 90-day aging process reduced the content of C19—Cjs,
consistent with reported patterns of PHC degradation during aging in soils from non-karst
areas [60-62].

In both Col. 5 and Col. 6, Cd was predominantly present in reducible and residual
fractions (Figure 7). The reducible fraction of Cd accumulated to high levels in the top layer
of Col. 5, peaking at 76.80% in the final leaching period. In contrast, Col. 6 exhibited a lower
range (12.27-15.60%) in each layer during the leaching process. In addition, no detectable
Cd was observed in leachate from either column. These results indicate that the 90-day
aging drove the transformation of reducible Cd into the residual fraction. Moreover, only
residual Cd was measured in both Col. 7 and Col. 8. This implies distinct transformation
efficiency of Cd in BWC compared to BKC.

During leaching periods, the proportion of potential bioavailable Pb increased sig-
nificantly in Col. 5, whereas Col. 6 showed a lower proportion. Particularly, both the
exchangeable Pb content in soil layers and the Pb concentrations in the leachate were
dramatically higher in Col. 5 than Col. 6 (p < 0.05, Figures 7 and 8b). Furthermore, Col. 7
contained 15.71-65.35% of bioavailable Pb, lower than the 56.92-95.14% range in Col. 8. In
summary, the aging duration and soil type influenced the transport and transformation of
Pb in soils.
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Figure 8. The content of (a) C;9—Cj¢ and (b) Pb in the leachate. The leachate was collected only
after the 3rd leaching process. The values shown are means =+ standard deviation (1 = 3). The
concentration of Cd in the leachates was below detection limits and, therefore, not recorded.

3.4. Effects of C14

The PCA results for Col. 5 (Figure 9a) explained 71.4% of the total variance in the first
two principal components (PC1 and PC2), indicating a satisfactory analysis [63]. In PC1 and
PC2, reducible Cd and Cy¢ exhibited similar loading values, with a small angle between
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them. Col. 6 also showed the similar PCA results (Figure 9b). These observations suggest
that Cd and Cy4 share common sources and exhibit similar behavior [64,65]. Furthermore,
the Pearson correlation analysis revealed a significant positive correlation between C¢ and
reducible Cd in Col. 5 (r = 0.88, p < 0.05) (Figure 9c). Our previous work demonstrated
the interaction between the reducible fraction of Cd and C;¢ using batch experiments [66].
Compared with Col. 5, Col. 6 showed decreased zeta potential, increased CEC, and elevated
pH (Table 4). Similar trends in these parameters were observed in BKC coated with Cy¢
alone (Table S7), suggesting that C¢ aging drives soil property modifications. Additionally,
the functional groups showed minimal peak shifts during Cy4 aging (Figure 10), suggesting
that this aging process only marginally affected the interaction between Cd and soils. It
is noteworthy that the humic fractions in DOM increased as the aging period increased
(Figure S2). This process may result in decreased Cj4 transport, enhanced C;4 degradation,
and increased Cd complexation [27,67-69], ultimately reducing interactions between Cd
and Cyg in Col. 6. Consequently, Col. 6 showed only a weak positive correlation between
these variables (r = 0.26, p > 0.05) (Figure 9d). Moreover, despite changes in zeta potential,
CEC, and pH in Col. 7 with extended aging to 90 days (Table 4), Cd primarily remained
in the residual fraction. This suggests that other physicochemical characteristics of BWC
potentially governed the environmental behavior of Cd, rather than Cy¢ aging.

Table 4. Zeta potential and CEC in soil samples from Col. 5 to Col. 8.

Col. 5 Col. 6 Col. 7 Col. 8 BKC BWC

Zeta potential (mV) —135 —15.8 —9.11 —14.55 —20.81 —13.58
CEC (cmol* /kg) 45.8 61.3 12.69 8.83 86.91 7.55
pH 791 8.00 5.70 6.00 8.10 5.35

The results are presented as average values (1 = 3).

During the aging period, the residual C;¢ became the dominant component in Col. 6,
accompanied by a decrease in the content of residual Pb. In this case, a significant negative
correlation was observed between bioavailable Pb content and the retention of C19—Cjs in
Col. 5, while this correlation decreased in Col. 6 (Figure 9¢,d). On the other hand, as Cy¢
became the dominant component in Col. 7, the retention of exchangeable Pb significantly
increased (r = 0.55, p < 0.05) (Figure 9g). In contrast, C;4 was negatively correlated with
reducible Pb in Col. 8 (r = —0.49, p < 0.05) (Figure 9h). The mechanisms underlying the
interactions between Pb and C19—Cj¢ are as follows: As described in Section 3.2, microbial
degradation of diesel fuel altered the chemical forms of Pb in the soils. Due to its simpler
molecular structure, Cy4 exhibited more efficient degradation among diesel components.
Therefore, C14 degradation potentially played a key role in governing Pb behavior in
BKC and BWC. On the other hand, as Ci¢ degradation progressively consumed DO in
the soil environment during aging [14], the resulting oxygen limitation modulated the
transformation efficiency of Pb from residual to bioavailable forms by altering microbial
activity or redox conditions [70]. Moreover, the different Pb forms and microorganisms
between BKC and BWC likely contributed to the distinct interactions observed between
C10—Cj6 and Pb (Table S1 and Figure S1).

In Table 5, components demonstrating no significant interaction in the aforementioned
analysis were excluded from the records. Low R? values were observed in the MLR models
for Cd and Pb transport in Col. 5-Col. 8 (Table 5). Specifically, the transport of reducible
Cd in Col. 6 was poorly fitted by MLR models, likely due to Cd-DOM complexation and
the degradation of C19—Cj¢ during 90-day aging [27,70,71]. Additionally, Pb transport
modeling was hindered by nonlinear kinetics of Ci¢ degradation. DOM content further
affected C19—Cjy4 and Pb retention (Figure 9), reducing model performance.
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Figure 9. PCA and Pearson correlation analysis. (a,b) PCA for Col. 5 and Col. 6. (¢,d) Pearson
correlation analysis for Col. 5 and Col. 6. (e,f) PCA for Col. 7 and Col. 8. (g,h) Pearson correlation
analysis for Col. 7 and Col. 8. The capital letters A, B, C, and D represent the exchangeable, reducible,
oxidizable, and residual fractions of Cd/Pb. PC1 and PC2 account for the dataset. The significance of
the correlations (*) is evaluated at the p < 0.05 level.
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Figure 10. FTIR. The transmittance peaks at 3441, 1634, 1404, 1034, and 540 cm! represent the
stretching of O-H, C=C/C=0, Si-O, C=C, and C=C/C-H, respectively.

Table 5. MLR models for Cd and Pb transport in Col. 5-Col. 8.

Group Equation
YCd(B) = 0.728 — 0.119X¢,,—c;5 + 0.219XC16(R2 =0.78)
Col. 5 YPb(A) = 3.002 — 0.186Xc,,—c,5 + 0.020)((;16(R2 =0.33)
YPb(B) = 67.838 — 1.921X¢,,—c,s + 0.039X¢,, (R% = 0.46)
Col. 6 Ypb(c) = 24319 +1.299Xc,,—cj5s — 0.081XC16(R2 =0.13)

Ypp(a) = 1.128 — 0.038Xc,,—c,; + 0.027X¢, (R* = 0.31)
Ypp(c) = 10.183 + 0.194X ¢, _c,; — 0.060Xc,, (R? = 0.34)
Col. 8 Ypp(p) = 74.810 — 1.489X ¢, _c,, — 0.165X¢, (R? = 0.28)

Yca), Yeb(a), Yrb(s), and Ypy(c) represent dependent variables. Xc, —c,; and Xc,, represent independent
variables selected based on the results of PCA and Pearson correlation analysis.

Col. 7

In summary, the degradation of low-molecular-weight PHC intermediates during
long-term aging led to two key transformations: (1) Cd shifted from the reducible to
the residual fraction, reducing its mobility, and (2) the residual fraction of Pb became
increasingly bioavailable in calcareous soils from karst regions. These findings have
important environmental and practical implications. Specifically, the strong immobilization
of Cd?* suggests limited long-range transport, indicating that microbial remediation should
be concentrated near the pollution source rather than across broader areas. In contrast,
the enhanced bioavailability of Pb raises concerns about toxicity-induced inhibition of
microbial activity, potentially limiting the effectiveness of bioremediation in calcareous
karst soils. Therefore, site-specific amendments—such as biochar, chelating agents, or pH
regulators—may be necessary to reduce Pb toxicity.

4. Conclusions

This study investigated the transport and transformation of Cd and Pb in two typical
calcareous soils from karst areas, focusing on the effects of diesel fuel degradation. Key
findings revealed that the low-molecular-weight fractions of diesel fuel (C;9—Cj) exhibited
a significant decline in calcareous soils during the 90-day aging period, attributable to their
high bioavailability. This degradation process altered the zeta potential, CEC, and pH of
calcareous soils, which subsequently enhanced Cd retention through electrostatic attraction
and drove Cd transformation from the reducible to the residual fraction. Concurrently,
the alteration of the C19—Cyq4 fraction in diesel fuel induced the transformation of Pb



Toxics 2025, 13, 496 15 of 19

from residual to bioavailable forms by stimulating microbial activity. To clarify the effects
of C1p—Cj6 and minimize interference from other diesel components, calcareous soils
contaminated solely with C1p—Cj4 were also examined. The degradation of Cj9—Cjig
fractions in these soils induced Cd stabilization and Pb activation, showing patterns similar
to those in diesel-contaminated calcareous soils. This consistency highlights the dominant
role of C1p—Cjyg in controlling metal behavior. Moreover, DOM and CaCOj3 content in
calcareous soils was found to significantly mediate Cd and Pb transformation, thereby
weakening the interactions between these metals and C;9—Cj; fractions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxics13060496/s1. Additional details of soil properties are
provided in the Supplementary Materials [72-80]. Text S1. Methodologies for determining soil
properties. Text S2. Methods for extraction and analysis of C10—C31 in the samples. Text S3.
Methodologies for extraction and analysis of Cd and Pb in the samples. Text S4. Analytical methods
for Cd and Pb speciation in sterilized contaminated soils. Table S1. The properties of BKC and
BEC. Table S2. The physicochemical characteristics of diesel fuel and n-hexadecane. Table S3. The
details of the packed column. Table S4. The proportion of C10—C31 in the surface contaminated
layer. Table S5. Zeta potential, CEC, and pH in Col. 1*-Col. 4*. Table S6. The proportion of C16 in
the surface contaminated layer. Table S7. Zeta potential, CEC, and pH in Col. 5*-Col. 8*. Figure S1.
The compositions at phyla level of microbial communities in BKC and BWC. Figure S2. The DOM
fractions of soil samples.
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