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Abstract

The application of sewage sludge to agricultural soils is increasingly recognized as a sustainable approach for waste disposal, nu-
trient recycling, and soil fertility improvement. However, sewage sludge may also introduce potentially toxic elements (PTEs),
particularly lead (Pb), into soil systems, where the associated environmental risk depends largely on chemical speciation rather than
total concentration alone. Lead in sewage sludge-amended soils poses a potential threat to food sustainability through crop uptake
and subsequent entry into the human food chain. This study investigated the effects of incubation time and soil moisture on Pb
fractionation in sewage sludge-amended soil under controlled experimental conditions. Sandy loam soil, amended with untreated
sewage sludge at rates of 10 and 15 g kg™' soil, was incubated for 16 weeks under two moisture conditions (50% and 70% sat-
uration percentage). Soil samples were collected after 2, 4, 8, and 16 weeks and subjected to sequential extraction to determine
exchangeable (F1), carbonate-bound (F2), Fe-Mn oxide-bound (F3), organic-bound (F4), and residual (F5) Pb fractions. Sewage
sludge application significantly increased total Pb concentration relative to the unamended control, with higher application rates
producing greater Pb accumulation. Across all treatments, Pb was predominantly associated with F5, followed by F3 and F4. With
increasing incubation time, Pb was progressively redistributed from more labile forms, particularly F1, into less bioavailable frac-
tions such as F3 and F4. Higher soil moisture (70%) accelerated the decline in exchangeable Pb (F1) and enhanced Pb stabilization
compared with 50% moisture, whereas F5 remained relatively constant throughout the incubation period. These results indicate that
both aging time and soil moisture regulate Pb transformation in sludge-amended soils. Maintaining high soil moisture levels may
promote the transformation of Pb into stable geochemical forms, thereby reducing its mobility and bioavailability and mitigating
potential environmental risks.
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lI. Introduction tial nutrients for soil amendment. As a pretreatment step

before land application, sewage sludge is typically stabi-
Sewage sludge is a by-product of municipal and indus- [ized through processes such as anaerobic digestion, com-
trial wastewater treatment processes and is widely recog-  posting, lime stabilization, or thermal drying to reduce
nized as a valuable source of organic matter and essen- pathogen content and improve its handling characteris-
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tics [1,2]. The application of sewage sludge in agriculture
has received widespread attention for its ability to recycle
nutrients, improve soil fertility, and serve as an environ-
mentally sustainable disposal method [3].

However, to prevent soil pollution and potential en-
vironmental risks, the land application of sludge is strictly
regulated, with clear restrictions on the concentration and
cumulative application of heavy metals [4,5].

Despite its agronomic benefits, sewage sludge often
contains a range of potentially toxic elements (PTEs), in-

capacity, while environmental factors such as soil mois-
ture status and redox conditions also play an important
role [9].

Owing to the strong adsorption capacity of oxide
minerals, the Fe-Mn oxide-bound state can fix substan-
tial amounts of Pb, while the organic matter-bound state
reflects Pb forming relatively stable complexes with or-
ganic ligands [9,11]. However, these associations are dy-
namic; for example, Pb bound to organic matter may be
released under oxidizing conditions due to decomposition

cluding cadmium (Cd), lead (Pb), nickel (Ni), and chromium processes [17]. Similarly, changes in soil moisture can

(Cr) [5,6]. Pb concentrations in sewage sludge vary widely
depending on the source, typically ranging from 50 to 300
mg kg~! in treated biosolids [7]. Compared with other
PTEs, Pb has attracted particular attention because of its
environmental persistence, strong adsorption capacity for
soil components, and tendency toward long-term accumu-
lation [8,9]. Unlike micronutrients such as Zn and Cu,
Pb has no known biological function and is highly toxic
even at relatively low concentrations, potentially causing
neurotoxicity and damage to vital organs in the human
body [10].

Long-term use of sewage sludge containing high
concentrations of Pb may lead to sustained Pb accumu-
lation in soil, with adverse effects on soil quality, crop
safety, and human health. Pb can be absorbed by plants
and accumulate in edible tissues, thereby entering the
food chain; this not only reduces the quality of agricul-
tural products but may also pose a serious threat to human
health and further affect food security and the sustainable
development of agriculture. The environmental risk posed
by Pb depends not only on its total content but is also
closely related to its chemical speciation, since this deter-
mines its mobility, bioavailability, and reactivity [11,12].
Aging processes play a crucial role in determining Pb be-
havior in soil systems: in the initial stage of sludge ap-
plication, Pb usually combines with easily decomposable
organic matter and exists in a more available form; how-
ever, over time, Pb gradually undergoes transformation
through processes such as adsorption, complexation, pre-
cipitation, and diffusion [13].

To better understand the transformation processes
of Pb in soil, researchers typically classify it into dis-
tinct operationally defined forms, including exchangeable,
carbonate-bound, Fe-Mn oxide-bound, organic matter-
bound, and residual forms [14]. Among these, exchange-
able Pb has high mobility and bioavailability, making it
easier for plants to absorb, whereas residual Pb is rela-
tively stable and usually difficult to release or utilize under
natural conditions [15,16]. The distribution of Pb among
these forms is influenced by soil physicochemical prop-
erties such as pH, ion composition, and cation exchange

affect redox conditions and thereby influence Pb redistri-
bution among fractions [18]. In contrast, residual Pb is
primarily incorporated into the mineral lattice, where it is
generally more stable over the short to medium term and
exhibits relatively low activity [19].

Given the increasing use of sewage sludge in agri-
culture and the environmental significance of Pb, under-
standing its transformation and redistribution in amended
soils under varying environmental conditions is essential.
This study was therefore designed to (i) evaluate total Pb
concentration and its fractionation in soil amended with
sewage sludge at different application rates over time, and
(i1) assess the influence of moisture levels on Pb trans-
formation and redistribution among different geochemical
fractions.

2. Materials and Methods

An incubation pot experiment was conducted in a growth
room at the Institute of Soil and Environmental Sciences
(ISES), University of Agriculture Faisalabad (UAF). The
experiment was designed to study the effects of incubation
time and moisture content on the chemical speciation of
Pb in sewage sludge-amended soil.

2.1. Collection and Preparation of Soil
and Sewage Sludge

Bulk soil was collected from the top fertile layer (20 cm)
of a farm area at UAF, air-dried, and passed through a 2-
mm sieve. After drying, 300 g capacity pots covered with
parafilm and fitted with 2-3 holes for proper gaseous ex-
change were each filled with 200 g of soil. Dried sewage
sludge, sieved through a 2-mm sieve, was collected from
the 1-9 Sector, Islamabad Wastewater Treatment Plant,
Pakistan. Detailed characteristics of the sewage sludge
are presented in Table 1.

2.2. Treatment Layout

The incubation experiment was laid out as a completely
randomized design with three replications of each treatment,
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conducted under controlled laboratory conditions. Soil
samples were incubated at a constant temperature of 25
4 2 °C. Soil moisture levels were maintained at the des-
ignated treatments (50% and 70% of saturation percent-
age) throughout the incubation period through periodic
weighing and replenishment of water losses with deion-
ized water. Samples were incubated in a well-ventilated
environment to avoid excessive humidity buildup. Treat-
ments were divided into two sets, corresponding to soil
saturation percentages (SP) of 50% and 70%. The con-
trols consisted of unamended soil at 50% and 70% SP,
while the second and third treatments in each set involved
50% and 70% SP with 10 and 15 g kg~' application of
sewage sludge, respectively. Moisture content was con-
trolled gravimetrically by weighing the pots at regular in-
tervals and replenishing water losses with deionized water
throughout the incubation period. To determine the ini-
tial distribution of Pb fractions across soil components and
provide a baseline for subsequent changes, homogenized
soil samples (10 g) were collected from each treatment at
the start of the experiment (Week 0). Additional samples
were collected after 2, 4, 8, and 16 weeks of incubation to
measure Pb concentration in different soil fractions using
sequential extraction.

2.3. Soil Analysis

Soil pH was measured using a portable pH meter (model
HM-12P) after calibration with buffer solutions of pH 4
and 9. Soil and sewage sludge EC were measured using
a Lovibond Model SensoDirect Con200 conductivity me-
ter, after obtaining the saturated paste extract via positive
pressure through a filter press. Soluble cations and anions
were determined using the methods described in the US
Salinity Laboratory Staff protocols (Table 2).

Table I: Properties of sewage sludge used in the experiment.

2.4. Metals Analysis

Lead concentrations were determined using an atomic ab-
sorption spectrophotometer (Thermo Electron AA, Solar-
Series, Waltham, USA) following acid digestion with
HNO;3 and HCI1 (USEPA Method 3050B). Quality assur-
ance and quality control procedures included calibration
with standard solutions, analysis of reagent blanks, tripli-
cate sample analyses, and periodic verification of instru-
ment performance during Pb determination, ensuring ana-
lytical accuracy and precision.

2.5. Sequential Extraction for Pb
Fractionation

Sequential Pb fractionation was performed according
to the Tessier protocol [20], with modifications, opera-
tionally separating Pb into five fractions: exchangeable,
carbonate-bound, Fe—Mn oxide-bound, organic-bound,
and residual (Table 3).

2.6. Extraction Recovery Assessment of
Pb

The completeness of the sequential extraction procedure
was evaluated by comparing the sum of Pb recovered
across fractions F1-F5 with the independently measured
total Pb concentration. Recovery (%) was calculated as:

F14+F2+F3+F4+F5

1
Total Pb x 100

Recovery(%) =

Recovery values were used to assess the complete-
ness of the sequential extraction procedure.

Parameter Unit Value
pH - 7.6
Organic matter % 32
EC1:10 (sewage sludge: water) dSm™! 3.7
Nitrogen % 0.95
Phosphorus % 0.24
Potassium % 0.27
Total Pb mg kg™ 88.71
Exchangeable Pb mg kg™ 4.65
Carbonate bound Pb mg kg™ 7.46
Fe and Mn oxide bound Pb mg kg~! 10.67
Organic bound Pb mg kg™! 22.76
Residual Pb mg kg™ 40.56
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Table 2: Properties of soil used for pot experiment.

Parameter

Textural class

Sand %

Silt %

Clay %

Saturation percentage (%)

pHs

ECe (dSm™ ")

TSS (mmolc L™

Ca** + Mg?* (mmolc L)
CO;3?~ (mmolc LY

HCO; ™ (mmolc L™")
ClI'(mmolc L™1)

SO4>~ (mmolc L")

Na* (mmolc L")

K" (mmolc L)

SAR (mmol L™")"?

Calcium carbonate %

Nitrogen %

Phosphorus (mg kg™ !)

CEC (cmolc kg™!)

OM %

Exchangeable Ca®* + Mg®" (cmolc kg™")
Exchangeable Na* (cmolc kg™")
Exchangeable K (cmolc kg™"
ESP %

Total Pb (mg kg™ ')
Exchangeable Pb (mg kg™!)
Carbonate bound Pb (mg kg™")
Fe—Mn oxide-bound Pb (mg kg™ ")
Organic bound Pb (mg kg™")
Residual Pb (mg kg™")

Value
Sandy loam
74.48

12.28

13.24
29.13

7.7

2.01

14.3

13.10

2.20
4.5
134
4.12
0.6
1.60
1.72
0.06
53
5.42
0.68
3.85
0.20
0.25
4.65
18.62
1.53
1.57
1.95
1.37
10.02

Note: EC: electrical conductivity; TSS: total soluble salts; SAR: sodium adsorption ratio; CEC: cation exchange capacity; OM: organic matter; ESP:

exchangeable sodium percentage.

Table 3: Sequential extraction procedure for Pb fractionation in soils.

Fraction Notation Extractant & Conditions
1 g soil + 8 mL 1 M MgCl, (pH 7), shaken for 1 h at RT, then centrifuged
Exchangeable Fl at 10,000 rpm for 30 min
v + . .
Carbonate-bound " Residue + 8 mL .1 M NaOAc (pH 5, adjusted with HOAc), shaken for 6 h
at RT, then centrifuged
A . co S
Fe_Mn oxide-bound B3 6R;mdue 20 mL 0.04 M NH,OH-HClI in 25% HOACc, heated at 96 °C for
Residue + 3 mL 0.02 M HNO; + 5 mL 30% H,O; (pH 2), heated at 85 °C
Organic-bound F4 for 2 h; the procedure was repeated, followed by the addition of 3 mL 3.2
M NH;OAc in 20% HNOj3 and shaking for 30 min
Residual FS Residue + 8 mL HNO3 + 2 mL HCI, heated near boiling for 45 min

2.7. Statistical Analyses

Experimental data were analyzed using a three-way analy-
sis of variance (ANOVA) to evaluate the effects of incuba-
tion time, sewage sludge application rate, moisture level,

and their interactions. Treatment means were compared
using the least significant difference (LSD) test at a sig-
nificance level of p < 0.05. All statistical analyses were
performed using Statistix version 8.1 software, and graph-
ical illustrations were prepared using OriginLab software.
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3. Results trol treatments decreased by approximately 47.44% and

At the start of the experiment, the exchangeable fraction
(F1) was 1.53, 2.17, and 2.34 mg kg~' at both moisture
levels (50% and 70%) in the unamended control and the
10 and 15 g sludge kg ™! soil treatments, respectively. Af-
ter 2 weeks of incubation, Pb concentration decreased by
approximately 16%, 24%, and 13% in T1, T2, and T3, re-
spectively, relative to Day 0 at 50% moisture. At 70%
moisture, decreases of 33%, 53%, and 43% were recorded
for T1, T2, and T3, respectively. After 16 weeks of incu-
bation, the F1 concentration decreased by 56.20% in the
control (T1) at 50% moisture and by 69.29% at 70% mois-
ture, relative to the initial concentration. With 10 g sludge
kg~! soil, F1 decreased by 77.88% at 50% moisture and
by 80.73% at 70% moisture relative to the initial Pb con-
centration. At the higher sewage sludge rate (15 g kg~!
soil), decreases of 73.50% and 79.05% were observed at
50% and 70% SP, respectively.

The carbonate-bound fraction of Pb (F2), in re-
sponse to sewage sludge application at different rates (10
and 15 g sludge kg ™! soil) under varying moisture regimes
(50% and 70% SP), is shown in Figure 1. At the start
of incubation, F2 concentrations (mg kg~') in T1, T2,
and T3 were 1.57, 2.33, and 2.27, respectively. In the
control treatment, F2 decreased by 35.95% and 38.18%
at 50% and 70% moisture, respectively, after 16 weeks
of incubation. In treatment T2 (10 g sludge kg~ soil),
F2 first decreased and then increased relative to the ini-
tial (Day 0) concentration; after 16 weeks, increases of
approximately 7.72% and 1.78% were observed at 50%
and 70% moisture, respectively. Similarly, in treatment
T3 (15 g sludge kg~! soil), increases of approximately
29.95% and 25.99% were observed at 50% and 70% mois-
ture, respectively, after 16 weeks of incubation. In the con-
trol treatment, F3 increased gradually over time at both
moisture levels, whereas sludge-amended treatments ex-
hibited a more variable trend. At 50% moisture, F3 con-
centrations were 3.72, 4.61, and 4.12 mg kg~! in T1, T2,
and T3, respectively, after 16 weeks of incubation; at 70%
moisture, the corresponding values were 3.76, 4.51, and
422 mgkg~!.

The organic-bound Pb fraction (F4) was 1.37 mg
kg~!in T1 and T4. In soil amended with sewage sludge at
10 g sludge kg~ soil at 50% SP (T2) and 70% SP (T5), F4
was 2.76 mg kg~!; at 15 g sludge kg~! soil (T3 and T6),
F4 was 2.98 mg kg~!. The F4 concentration increased at
both moisture levels across all treatments after 2 weeks
of incubation, reaching its maximum after 4 weeks. At
4 weeks, F4 was 1.26 and 1.31 mg kg~! in T1 and T4,
respectively; 3.32 and 3.92 mg kg~! in T2 and TS5, re-
spectively; and 4.18 and 4.22 mg kg~' in T3 and T6, re-
spectively. After 16 weeks of incubation, F4 in the con-

18.97% at 50% and 70% moisture, respectively, relative to
the initial (Day 0) concentration. In the sludge-amended
treatments, by contrast, F4 concentration increased by up
t0 6.15%, 14.76%,24.27%, and 21.47% in T2, T3, TS, and
T6, respectively. The residual Pb fraction (F5) was only
marginally affected by moisture level and time; after 16
weeks of incubation, F5 concentrations were 10.16, 9.69,
10.34, 10.1, 9.62, and 10.24 mg kg~! in T1, T2, T3, T4,
TS5, and T6 respectively.

Total Pb concentration in the unamended soil (T1
and T4) ranged between 18.32 and 18.59 mg kg=!. In
treatments amended with 10 g sludge per kg soil (T2 and
T5), Pb concentration ranged from 22.31 to 22.57 mg
kg~!, while treatments with 15 g sewage sludge per kg
soil showed higher total Pb content, ranging from 23.81
to 24.09 mg kg~'. Pb concentration in sludge-amended
soil was consistently higher than in the control soil and in-
creased with increasing sludge application rate (Table 4).

3.1. Changes in Percent Distribution of
Pb Fractions

The effect of sewage sludge application on the percentage
distribution of Pb among different chemical fractions af-
ter 16 weeks of incubation under two moisture regimes
(50% and 70% of water-holding capacity) is presented in
Figure 2. Distinct shifts in Pb partitioning were observed
depending on both sludge amendment rate and soil mois-
ture level.

The exchangeable fraction (F1) of Pb decreased
across all treatments, with a more pronounced reduction
under 70% moisture compared with 50%. Among the
sludge-amended soils, the decline was most substantial in
the treatment receiving 10 g sludge kg~! soil, suggesting
greater immobilization of Pb into less labile forms.

The carbonate-bound fraction (F2) decreased in the
control treatment, whereas it increased in the sludge-
amended treatments. The decrease in this fraction was
greater at 70% moisture than at 50%. The magnitude of
the increase in this fraction was greater at 50% moisture
with 15 g sludge per kg soil than at 70% moisture.

The Fe-Mn oxide-bound fraction (F3) increased
across all treatments, with the magnitude of the increase
greater in the control than in the sludge-amended treat-
ments. This suggests that, in the absence of organic inputs,
Pb tends to stabilize preferentially in Fe-Mn oxide forms.

The organic-bound Pb fraction (F4) decreased in
the control, with a greater magnitude of decrease under
50% moisture than under 70% moisture. In the sludge-
amended treatments, by contrast, this fraction increased,
with a greater magnitude of increase at 70% moisture than
at 50%.
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Figure I: Changes in the distribution of Pb among sequential extraction fractions (F1-F5) in sewage sludge—amended soil under 50%
and 70% moisture levels during the incubation period. Error bars represent standard error (£SE, n = 3). Different letters indicate
significant differences among treatments at p < 0.05. F1: exchangeable; F2: carbonate-bound; F3: Fe—Mn oxide-bound; F4: organic

matter-bound; F5: residual fraction.
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Figure 2: Percentage change in distribution of Pb fractions (F1-F5) in sewage sludge-amended soil at 50% and 70% moisture levels
after 16 weeks of incubation. Values are expressed as percentage change relative to the initial condition (Week 0) based on mean
values of three replicates. F1: Exchangeable fraction; F2: Carbonate-bound fraction; F3: Fe—Mn oxide-bound fraction; F4: Organic
matter-bound fraction; F5: Residual fraction.

Sustainable Food Connect Qadir et al.


https://scifiniti.com/
https://scifiniti.com/journals/sustainable-food-connect

2026, Vol. 2, Article ID. 2026.0014
https://doi.org/10.69709/SustainFoodConn.2026.133443 ® EJB(EI!I!:IRII(!\I ITI
Table 4: Effect of moisture, sewage sludge rate, and incubation time on total Pb concentration (mg kg™1).
Moisture  Sludge Rate ¢\ 01 Week 0 Week 2 Week 4 Week 8 Week 16
Level gkg 1)
18.43 £ 0.05 18.33 £ 0.05 18.55 £ 0.03 18.42 £+ 0.04 18.39 £ 0.02
50 0 Tl
Im mn k Imn Imn
22404+0.02 2231+£0.03 2245+0.05 22.514+0.03 2257 £0.02
50 10 T2 .. . .
ij j hi gh g
2397 +£0.04 23.81 £0.03 24.054+0.03 24.07+0.02 2392 £0.03
50 15 T3
cd f abc ab de
18.35 £ 0.05 18.43 £+ 0.05 18.59 £+ 0.05 18.41 + 0.03 18.32 £ 0.03
70 0 T4
Imn 1 k Imn n
2231 +£0.03 2238 4+0.05 22.554+0.04 2243+0.04 22.57£0.02
70 10 T5 . . .
J ij g hi g
23.84 £0.03 23.974+0.02 23.98+0.03 24.09+0.03 23.93 £0.05
70 15 T6
ef cd bed a de

Values are presented as mean =+ standard error (SE, n = 3). Different letters indicate significant differences among treatment combinations (moisture

X sludge rate x time) at p < 0.05.

The residual fraction (F5) showed only minor
changes overall. In control soils, a slight increase was ob-
served, particularly at 50% moisture, whereas in sludge-
amended treatments, a modest decline was recorded, par-
ticularly under 70% moisture.

Overall, after 16 weeks of incubation, Pb in sludge-
amended soils was progressively redistributed from F1
into the less labile carbonate-bound (F2), Fe—-Mn oxide-
bound (F3), and organic-bound F4 fractions. The residual
fraction (F5) remained relatively stable throughout the in-
cubation period, indicating that it was minimally affected
by soil moisture.

3.2. Extraction Recovery of Pb

The recovery of Pb, based on the sum of sequential extrac-
tion fractions (F1-F5) relative to total Pb concentration,
ranged from 88.14% to 90.72%, with an average recovery
of approximately 89.5%. This result indicates acceptable
completeness and good analytical reliability of the sequen-
tial extraction procedure.

4. Discussion

4.1. Redistribution of Pb Among
Geochemical Fractions

The sequential extraction results showed that, following
sewage sludge application, Pb in the soil gradually trans-
formed from a more available form to a more stable form
over time, with this trend broadly consistent under both
the 50% and 70% SP moisture conditions. However, un-
der higher moisture content, the process of Pb transforma-
tion and redistribution was more rapid, indicating that al-

though soil moisture does not alter the overall trend of Pb
aging, it significantly affects its transformation rate [21—
23].

The exchangeable fraction (F1) of Pb decreased sig-
nificantly with time under all treatments, reaching a de-
crease of 56—-80% after 16 weeks, with a greater decrease
under 70% SP than under 50% SP.

This indicates that higher soil moisture content may
be more conducive to the transformation of Pb from a la-
bile to a stable form, promoting its fixation in the soil [24].
This may occur because higher water content enhances the
wetting effect on the surface of soil particles, making it
easier for Pb ions to come into contact with adsorption
sites in the soil and become fixed. Although this study
did not monitor soil pH during the incubation period, pre-
vious studies suggest that a wetter environment may al-
ter soil pH and increase the negative charge on colloid
surfaces by affecting soil buffering capacity and related
biogeochemical processes, thereby further promoting Pb
adsorption [25]. However, this mechanism remains the-
oretical in the absence of direct measurements. A previ-
ous study [26] found that amendments enhancing surface
reactivity can generally reduce exchangeable Pb across
diverse systems, supporting the general pattern observed
here.

The carbonate-bound Pb fraction (F2) showed dif-
fering trends: it decreased in the control soil, whereas in
the sewage sludge-treated soils it showed an increasing
trend, particularly under the 15 g kg~' treatment, with an
increase of 26-30% after 16 weeks. This difference may
relate to organic matter and dissolved inorganic carbon
in the sewage sludge promoting the formation of Pb car-
bonate complexes. F2 exhibited a non-monotonic pattern
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of first decreasing and then increasing over time, which
contrasts with the irregular fluctuations observed in Pb-
spiked soil [27]. This difference may arise because mi-
crobial respiration in sewage sludge-treated soil continu-
ously produces carbonates, a process absent in the nitrate-
addition system. Similar patterns of F2 change have also
been reported in a previous study [28], attributed to dy-
namic changes in soil chemical properties under different
moisture conditions and the kinetic limitations of carbon-
ate precipitation.

The Fe-Mn oxide-bound fraction (F3) increased
progressively across all treatments, consistent with Pb's
known affinity for hydrous Fe and Mn oxides [29]. The
increase in F3 was more pronounced in the control soil
than in the sewage sludge treatments, indicating that occu-
pation of oxide surfaces by organic ligands competes with
Pb adsorption.

This competitive adsorption phenomenon involving
organic matter has been confirmed in multiple studies on
soil organic amendments [23,25].

The organic-bound Pb fraction (F4) showed a de-
creasing trend (18—47%) in some control soils, likely re-
lated to the mineralization and decomposition of native
soil organic matter; in some sewage sludge-treated soils,
F4 increased by 6—24% and reached its highest value af-
ter 4 weeks of incubation before stabilizing. This indi-
cates that initial complexation between Pb and active or-
ganic components occurs rapidly, whereas further trans-
formation toward more stable forms proceeds relatively
slowly. Under 70% SP conditions, F4 content was rel-
atively high, suggesting that the wetting effect of water
may be the main factor promoting the formation of metal-
organic complexes, potentially related to enhanced mi-
crobial activity under higher moisture conditions [30,31].
As oxidation-reduction potential was not measured in this
study, inferences regarding reducing conditions are based
primarily on the existing literature. The residual Pb frac-
tion (F5) showed little change throughout the incubation
period, consistent with its stable form fixed within mineral
structures over geological timescales [28,32].

4.2. Role of Soil Moisture in Pb
Transformation Kinetics

Soil moisture has a significant impact on Pb transforma-
tion rates, with faster Pb redistribution under 70% SP than
under 50% SP. This difference may relate to three aspects.
First, higher moisture content more fully wets soil micro-
pores, increasing contact between Pb ions and reactive
soil surfaces and enhancing their interaction with active
sites [33].

Second, under 70% SP conditions, higher soil mois-
ture content can support greater microbial activity and
promote organic matter decomposition, thereby enhanc-
ing Pb fixation through microbially produced organic lig-
ands [34]. In this study, the increase in F4 content under
the 70% SP treatment further suggests that organic matter-
mediated Pb fixation may dominate under this condition;
however, this process is not necessarily stable. During
later stages of crop growth or seasonal drying, if the soil
reverts to an aerobic environment, Pb originally bound to
organic matter may be released again. A previous study
has shown that, under oxidative conditions, mineralization
of organic matter can lead to the release of bound Pb back
into the soil environment [35,36]. This study also found
that F4 tended to stabilize after week 4, suggesting that
some Pb may have transformed into relatively stable or-
ganic complexes. However, since the ratio of labile to sta-
ble organic carbon was not analyzed in this study, further
research on this process is still needed.

Third, moisture influences the stability of Fe and Mn
oxides. Under high moisture conditions, a reducing envi-
ronment may gradually develop in the soil. Research on
paddy soils has shown that changes in redox conditions
can affect Cd solubility through the dissolution and repre-
cipitation of Fe oxides [37]; although the cited study fo-
cuses mainly on Cd, the redox mechanisms involved may
also help explain the behavioral changes of Pb in soil. The
observed increasing trend of F3 under 70% SP suggests
that the immobilization effect of Pb may outweigh the im-
pact of Fe-Mn oxide instability; however, this inference
still requires verification through direct measurement of
redox potential.

Although pH, Eh, and dissolved organic carbon
were not directly measured during the incubation period,
the results still provide important insights into the transfor-
mation behavior of Pb in sewage sludge-amended soil. Fu-
ture research combining continuous monitoring of these
parameters with further analysis of microbial activity and
organic carbon components would help to more clearly
elucidate the underlying mechanisms of Pb redistribution
and transformation.

5. Conclusions

This study demonstrated that Pb in sewage sludge-treated
soil gradually transformed from a labile to a more stable
geochemical form during short-term incubation, and that
soil moisture significantly affects this transformation pro-
cess and its rate. At higher water content (70% SP), Pb
transforms more rapidly into relatively stable forms such
as the carbonate-bound, Fe—Mn oxide-bound, and organic
matter-bound fractions, although the overall transforma-
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tion trend remains consistent with that observed at lower
water content (50% SP). This change may relate to en-
hanced soil surface interactions, increased microbial ac-
tivity, and the effects of redox changes on oxide stability;
however, direct measurements of pH, redox potential (Eh),
and dissolved organic carbon are still needed to more accu-
rately elucidate these mechanisms. From a practical stand-
point, in the early stage of sewage sludge application, rea-
sonable irrigation or short-term maintenance of high soil
moisture content may help reduce the bioavailability of
Pb, thereby lowering its accumulation risk in plants. This
is particularly important for ensuring food security, as re-
duced Pb availability in soil can limit crop uptake and thus
its entry into the food chain, reducing potential harm to
human health. However, as this study is based only on
short-term (16-week) incubation results, further research
is needed on the long-term stability of Pb under different
environmental conditions and the potential for its reacti-
vation. To improve the accuracy of environmental risk
assessment and promote the sustainable management of
sewage sludge, it is recommended that the different chem-
ical forms of Pb (speciation) be analyzed and monitored
alongside total metal concentrations.
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