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Abstract
The rhizosphere is a critical factor controlling plant nutrient dynamics, which
in turn influence the rhizosphere soil environment. When soils are amended
with sewage sludge, the characteristics of nutrients and heavy metals in the
rhizosphere soil are altered. Currently, few studies have investigated the in-
fluence of plant roots on the availability and distribution of heavy metals in
the rhizosphere of sludge-amended soils. This study employed the root mat-
freezing thin section method to investigate the distribution of nutrients and
heavy metals in the rapeseed rhizosphere of sludge-amended soils, aiming to
elucidate the activation characteristics of heavy metals in the rhizosphere of
such soils. Following sludge application, DTPA-extractable Zn, Cd, Ni, Mn,
available phosphorus, available potassium, and ammonium nitrogen were signif-
icantly depleted in the rhizosphere soil, whereas DTPA-extractable Cu showed
no marked depletion or accumulation. When soils received high sludge appli-
cation rates, rhizosphere soil pH increased with increasing distance from the
root surface. Regardless of sludge treatment, exchangeable Cu in the rapeseed
rhizosphere soil was significantly reduced. In soils amended with 50% sludge,
carbonate-bound, Fe-Mn oxide-bound, organic-bound, and residual Cu and Zn
were substantially depleted in the rapeseed rhizosphere soil at 0-2 mm from the
root surface. Sludge application promoted rapeseed growth. The Cu and Zn
concentrations in rapeseed shoots did not change significantly with increasing
sludge application rate. In soils receiving less than 25% sludge, sludge applica-
tion did not enhance heavy metal availability and mobility. Except for Cu, the
depletion of DTPA-extractable Zn, Cd, and Ni in the rapeseed rhizosphere soil
indicates that heavy metal activation in sludge-amended soils is very limited.
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Abstract
The rhizosphere contains important factors controlling nutrient dynamics in this
zone and the mineral nutrition of plants. Nutrient dynamics also influence the
rhizosphere environment. When soil is amended with sewage sludge, the nutri-
ents and heavy metals in the rhizosphere change accordingly. However, little
attention has been given to the extent to which plant roots affect the availability
and distribution of heavy metals near roots in sludge-amended soils. The objec-
tives of the present study were to investigate the distribution of heavy metals
and nutrients in the rhizosphere of Brassica campestris grown in sludge-amended
soil, and to predict the availability of metals in sludge-amended soil. The distri-
bution of nutrients and heavy metals in the rhizosphere of sludge-amended soil
was investigated using the root mat and a frozen thin slicing technique to pro-
vide indications regarding the activation of heavy metals. DTPA-extractable
Zn, Cd, Ni, and Mn, available P and K, and ammonium nitrogen in the rhi-
zosphere were markedly depleted when soil was amended with sludge. There
was no conspicuous depletion or accumulation of DTPA-extractable Cu in the
rhizosphere when the soil was amended with sludge. The pH value in the rhi-
zosphere increased with distance from the roots when soil was amended with
larger amounts of sludge. The exchangeable fraction of Cu in the rhizosphere
was depleted whether or not the soil was treated with sludge. Carbonate, oxide,
organic, and residual fractions of Cu and Zn were depleted in the rhizosphere at
a distance of 0—2 mm from the roots when soil was amended with 50% sludge.
Application of sewage sludge had a positive effect on Brassica campestris growth.
With an increase in sludge amounts, the concentrations of Cu and Zn in above-
ground parts of Brassica campestris did not change. Soil amendments with less
than 25% sludge did not increase the availability or mobility of heavy metals.
The depletion in rhizospheric DTPA-extractable Zn, Cd, and Ni indicated that,
with the sole exception of Cu, release of metals from sludge-amended soil was
very limited.
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Introduction
The utilization of heavy metal-contaminated soils represents a major challenge
in current soil environmental research. Direct cultivation of crops on such soils
introduces heavy metals into the food chain, posing risks to human health.
Many scholars have investigated how to remediate and utilize heavy metal-
contaminated soils to produce safe agricultural products, achieving progress in
various aspects [1-3]. In China, municipal wastewater treatment plants generate
large quantities of sludge annually, much of which is landfilled or incinerated
as solid waste without effective utilization [4]. Using qualified sludge from mu-
nicipal wastewater treatment plants as a soil amendment to remediate heavy
metal-contaminated soils represents a pathway for sludge resource utilization,
simultaneously addressing the challenge of utilizing contaminated land.

Different heavy metal types exhibit substantially different chemical properties
in soils, and their chemical characteristics in the plant rhizosphere significantly
influence their bioavailability [5-6]. The rhizosphere refers to the soil portion
adjacent to plant roots, extending from the root surface to approximately sev-
eral millimeters away. Due to the influence of root life activities and exudates,
its chemical and biological properties differ markedly from bulk soil, forming
a micro-ecosystem that is both dependent on and relatively independent from
the soil ecosystem, with highly active chemical and biochemical processes [7].
Biological processes in the rhizosphere—including root absorption and secretion,
pollutant dilution and enrichment, and complexation changes—affect the mi-
gration and transformation of various substances and influence heavy metal
availability [8-10]. Nutrient dynamics in the rhizosphere also affect the soil en-
vironment [11]. When soils are amended with sludge, rhizosphere nutrient and
heavy metal characteristics change, yet few studies have examined these effects.

The objectives of this study were to investigate the distribution of different heavy
metals and nutrients in the rhizosphere of rapeseed (Brassica campestris) grown
in sludge-amended soil using a frozen thin-section technique, and to clarify the
activation of heavy metals in sludge-amended soils. Rapeseed, a cruciferous
oil crop with strong cold tolerance and certain salt and heavy metal resistance
[12], was selected as the experimental plant. Its stems and leaves serve as
excellent green fodder for livestock. By cultivating this oil crop on heavy metal-
contaminated soil, the seeds can be processed into biodiesel, and if the straw
meets relevant standards, it can be used as livestock feed. This research also
aimed to determine how different sludge application rates affect rapeseed uptake
of various heavy metals, providing practical guidance for soil remediation with
sludge and reference data for utilizing soils contaminated with specific heavy
metals.

The experimental soil was collected from the Dagu sewage irrigation area in
Tianjin, where untreated industrial and domestic wastewater was historically
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discharged into the Bohai Sea through rivers such as the Yongding New River
and Beijing Sewage River, creating decades-long sewage irrigation zones. This
practice introduced substantial heavy metals into the soil [13-14]. The soil
texture is heavy loam. The chemical properties of the selected soil and sludge
are presented in Table 1.

The dewatered anaerobic digestion sludge was collected from the Tianjin East
Suburb Wastewater Treatment Plant. According to relevant standards [15],
the selected sludge met national regulations for heavy metal content in sludge
application. The experimental design, based on previous work [16], involved
adding 10%, 25%, and 50% dried sludge to the experimental soil and mixing
thoroughly.

Materials and Methods
The experimental apparatus was designed and improved based on previous work
[16]. Rapeseed was first cultivated in a greenhouse to form root mats. The soil
beneath the root mats was quickly removed and frozen in liquid nitrogen, then
sectioned with a microtome to obtain thin soil slices at different distances from
the root surface. This frozen thin-section technique allows investigation of how
plant roots affect the distribution of various substances in the rhizosphere. The
soil samples obtained through this apparatus were completely air-dried before
analysis.

Heavy metals in the contaminated soil were fractionated using the Tessier
sequential extraction method [17] into different forms: exchangeable, carbonate-
bound, iron-manganese oxide-bound, organic-bound, and residual fractions.
Heavy metals in soil and plant tissues were measured using DTPA extraction
and ICP-MS [18]. Other soil chemical indicators were determined using
conventional methods [19-20]. Statistical analysis was performed using Excel
2003 and SPSS 18.0 for variance analysis and multiple comparisons (Duncan’s
new multiple range method).

Results
1. pH in Rhizosphere Soil

Soil acidity significantly affects heavy metal and nutrient availability [21], and
changes in rhizosphere pH influence root absorption rates of many cations [22].
When ammonium nitrogen serves as the nitrogen source for rapeseed, rhizo-
sphere pH decreases near the root surface. When nitrate nitrogen is the main
source, rhizosphere pH increases. In soils without sludge amendment, pH in
the rapeseed rhizosphere decreases with proximity to the root surface. However,
with increasing sludge application, rhizosphere pH increases with distance from
the root surface. This is likely due to increased ammonium nitrogen concen-
tration in sludge-amended soils. In soils treated with 25% or 50% sludge, am-
monium nitrogen concentration in the rhizosphere is much higher than nitrate
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nitrogen concentration. The experimental results indicate that after sludge
application, rhizosphere acidity increases relative to bulk soil with increasing
sludge amounts (Table 2).

2. Distribution of Available Nutrients in Rhizosphere

The distribution of available nutrients in the rhizosphere is influenced by soil
nutrient status, plant absorption, and soil physicochemical properties. In soils
without sludge amendment, concentrations of nitrate nitrogen, available phos-
phorus, and available potassium show no significant differences at various dis-
tances from the root surface. However, in sludge-amended soils, concentrations
of ammonium nitrogen, available phosphorus, and available potassium at 0-2
mm from the root surface are significantly lower than at 2-4 mm and 4-6 mm,
indicating continuous depletion by root absorption. The influx from bulk soil
cannot compensate for the absorption rate in the rhizosphere. In contrast, ni-
trate nitrogen shows significant accumulation in the rhizosphere regardless of
sludge amendment, suggesting its influx exceeds plant uptake. The differential
distribution patterns of ammonium and nitrate nitrogen indicate that rapeseed
preferentially absorbs ammonium over nitrate, and these substances continu-
ously diffuse toward the root surface in the rhizosphere (Table 3).

3. Heavy Metal Distribution in Rhizosphere

3.1 Distribution of DTPA-Extractable Heavy Metals The distribution
characteristics of bioavailable heavy metals at different distances from the root
surface are more important than total concentrations. DTPA extraction is an
effective method for assessing bioavailable heavy metals [23]. Sludge application
significantly increases concentrations of Mn, Cu, Zn, Ni, and Cd, likely due to
the effects of sludge organic matter. DTPA-extractable Cu does not show ob-
vious distance-dependent changes from the root surface, suggesting equilibrium
between root uptake and influx from bulk soil. In contrast, DTPA-extractable
Zn, Ni, and Cd show significant depletion near the root surface only when large
amounts of sludge are applied, with concentrations increasing with distance
from the root surface and sludge application rate. This indicates that in sludge-
amended soils, the mobility of Zn, Ni, and Cd is relatively high. The limited
mobility of Cu, Mn, Zn, Ni, and Cd in the rhizosphere reflects differential be-
havior among heavy metals in sludge-amended soils and suggests that rapeseed
uptake of these elements is less than their influx from bulk soil (Table 4).

3.2 Distribution Characteristics of Different Heavy Metal Fractions
The migration, phytotoxicity, and environmental impact of heavy metals de-
pend not only on total content but also on their chemical forms in soil [24]. Cu
and Zn are the primary heavy metals in the experimental soil, with relevant
national standards [20]. Different chemical forms exhibit varying bioavailability
and mobility [25]. The exchangeable fraction of Cu is depleted in the rhizo-
sphere regardless of sludge treatment. Carbonate-bound Cu shows significant
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depletion at 0-2 mm from the root surface in sludge-amended soils, indicating
that rapeseed can absorb carbonate-bound Cu after sludge amendment. Other
chemical forms of Cu show no significant differences between rhizosphere and
bulk soil without sludge. All Cu fractions increase with sludge amount, but only
carbonate-bound Cu shows significant depletion near roots at high sludge rates
(Table 5).

Similar to Cu, all Zn fractions increase significantly with sludge amount, though
not correlated with distance from the root surface. Carbonate-bound, iron-
manganese oxide-bound, organic-bound, and residual Zn are significantly de-
pleted at 0-2 mm from the root surface when soil is amended with 50% sludge.
The results demonstrate that at high sludge concentrations, rapeseed can absorb
not only exchangeable but also carbonate-bound, organic-bound, and residual
forms of Cu and Zn (Table 6).

4. Effects of Sludge Application on Rapeseed Growth and Heavy
Metal Uptake

Sludge application positively affects rapeseed growth, with root and total dry
weights increasing significantly with sludge amount. However, no further signif-
icant biomass increase occurs beyond 25% sludge application (Figure 1). The
concentrations of Cu, Zn, and Cd in aboveground parts do not increase signif-
icantly with sludge application, indicating limited translocation to shoots. Al-
though rapeseed absorbs carbonate-bound Cu and Zn in sludge-amended soils,
their concentrations in aboveground parts do not increase significantly compared
to non-amended soils, requiring further investigation (Table 7).

Discussion
The results show that increasing sludge amounts raise rhizosphere pH, likely
due to enhanced nitrification at the root surface and root exudates (though not
measured in this study). Comprehensive analysis reveals that sludge applica-
tion increases available nutrient concentrations in the rhizosphere, benefiting
rapeseed growth. Available phosphorus and potassium concentrations increase
with both distance from the root surface and sludge amount, showing positive
correlation with sludge application rate. Nutrient diffusion and mobility in the
rhizosphere depend on soil solution concentration, plant root activity, and soil
properties such as cation exchange capacity, organic matter content, and tex-
ture [26]. Although sludge increases available nutrient concentrations, depletion
occurs near roots due to intensive uptake [27].

Sludge amendment increases available heavy metal content in the rhizosphere,
possibly due to heavy metal activation by sludge organic matter [28-29]. DTPA-
extractable concentrations of Mn, Zn, Ni, and Cd increase significantly with
distance from the root surface and sludge application rate, while Cu and Mn
show less mobility. This reflects differential behavior among heavy metals and
indicates that rapeseed uptake varies by element. Importantly, heavy metal
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concentrations in aboveground parts show no significant differences across sludge
treatments, suggesting that rapeseed does not accumulate Cu, Zn, or Cd in
shoots. These findings indicate that rapeseed grown in sludge-amended soils can
be used for oil production and potentially as livestock feed, providing reference
data for utilizing soils contaminated with various heavy metals.

The results demonstrate that amending heavy metal-contaminated soils with ap-
proximately 25% sludge is optimal for rapeseed cultivation. Higher application
rates do not significantly promote growth but increase heavy metal content in
plant tissues, limiting product utilization. The data provide practical guidance
for sludge application rates in heavy metal-contaminated soils.

Conclusion
When soils are amended with large amounts of sludge, rhizosphere pH increases
with distance from the root surface. DTPA-extractable Zn, Ni, and Cd are
depleted in the rhizosphere, while Cu shows no significant depletion or accu-
mulation, indicating these heavy metals do not migrate extensively toward root
surfaces. Ammonium nitrogen, available phosphorus, and available potassium
are rapidly absorbed by roots. Carbonate-bound, iron-manganese oxide-bound,
organic-bound, and residual forms of Cu and Zn are significantly depleted at
0-2 mm from the root surface after sludge amendment. At high sludge applica-
tion rates, rapeseed can absorb not only exchangeable but also carbonate-bound
forms of Cu and Zn. Sludge application rates below 25% do not significantly
increase heavy metal mobility. This study examined only short-term effects;
long-term impacts of increasing sludge application require further investigation.
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