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A B S T R A C T

This study presents a novel approach for the valorization of agricultural waste by converting waste tea residues 
into a functional composite, biochar-loaded nano zero-valent iron (nZVI@BC), and applying it to produce a 
value-added and safe organic fertilizer via swine manure composting. The addition of nZVI@BC, particularly at 
50 g/kg (T5), dramatically enhanced the immobilization of copper (Cu), reducing its bioavailable fraction by 
43.14 % and effectively transforming it into stable forms. We identified that the release and consumption of 
available phosphorus (AP), mediated by the compost microbial community (e.g., Clostridia), was the dominant 
mechanism (89.3 % explanation), leading to the precipitation of stable copper-phosphate minerals. The resulting 
compost product not only exhibited significantly reduced environmental risks but also possessed optimal 
physicochemical properties (e.g., CEC, pH, EC) for agricultural application. This work demonstrates a sustainable 
strategy for the synergistic valorization of multiple agricultural wastes—tea residue and swine manure—into a 
high-value, safe soil amendment, contributing to the circular bio-economy in the agro-industrial sector.

1. Introduction

The sustainable management of livestock and agricultural waste is a 
critical challenge for the circular economy in the agro-industrial sector. 
In China, the livestock farming industry discharges billions of tons of 
manure annually, placing a heavy burden on the environment (Lu et al., 
2014; Wang et al., 2016). Composting is a widely adopted biochemical 
process for converting these nutrient-rich wastes into stable organic 
amendments, facilitating resource recycling and organic waste treat
ment (Jeong et al., 2017). However, the land application of compost, 
particularly from swine manure (SM), is often limited due to the pres
ence of heavy metals (HMs) such as copper (Cu).

Copper-containing additives (e.g., copper sulfate) are commonly 
used in livestock feeds to promote growth and prevent disease (Chen 
et al., 2019; Cui et al., 2021). It is worth noting that only a small 

proportion of HMs is absorbed by livestock, and most are excreted with 
manure (Li et al., 2015; Wei et al., 2018). The environmental risk and 
phytotoxicity of Cu depend more on its bioavailability and mobility than 
on its total concentration (Chen et al., 2022; Liang et al., 2017; Lu et al., 
2018). Therefore, strategies to reduce the bioavailability of HMs during 
composting are essential to produce safe, marketable organic fertilizers 
for agricultural use.

The composting process is accompanied by the speciation trans
formation of HMs, where the bioavailable fractions (exchangeable and 
reducible) are converted into stable forms (oxidizable and residual), 
thereby reducing their toxicity (Guo et al., 2019; Jindo et al., 2016). This 
transformation can be attributed to chelation with organic matter, 
precipitation of metal phosphates, or adsorption by microorganisms 
(Chen et al., 2020). The precipitation pathway is highly dependent on 
the availability of phosphorus (AP) and is a well-documented 
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passivation mechanism (Zheng et al., 2020; Wei et al., 2016). However, 
current strategies often focus on the external addition of phosphate 
materials, while the mobilization of the inherent and abundant phos
phorus pool within the compost itself to achieve metal immobilization 
remains a less explored yet promising approach. The addition of passi
vators is considered a reliable method to enhance this process (Ren et al., 
2018; Zheng et al., 2020). For instance, biochar (BC) amendment has 
been reported to reduce the bioavailability of Cu and other HMs in SM 
compost (Cui et al., 2020), while zero-valent iron (ZVI) can effectively 
promote the speciation transformation of Zn and Cu (Li et al., 2023). 
These findings highlight the potential of using cost-effective and func
tional amendments to improve compost quality and safety.

Recently, composites such as biochar-loaded nano zero-valent iron 
(nZVI@BC) have garnered attention for environmental remediation, 
leveraging the synergistic effects of both components (Dong et al., 2017; 
Wang et al., 2019; Xu et al., 2016). The biochar matrix enhances the 
dispersion and reactivity of nZVI while preventing oxidation, making it a 
promising material for HM immobilization. For example, nZVI@BC has 
shown excellent performance in stabilizing As and Cr in contaminated 
soils (Song et al., 2022; Su et al., 2016). However, its application as an 
additive during composting, particularly for Cu immobilization in SM 
composting, remains underexplored. Moreover, the potential of 
nZVI@BC derived from agricultural waste (e.g., tea residues) to produce 
value-added compost products for soil amendment has not been 
adequately addressed. Furthermore, a comprehensive understanding of 
the correlations and causal relationships between the microbial com
munities, key physicochemical factors (like AP), and the resulting Cu 
speciation transformation, which is critical for elucidating the under
lying mechanisms, is still lacking.

To address this research gap, we hypothesize that the addition of 
nZVI@BC, synthesized from agricultural waste, will significantly pro
mote the transformation of copper from bioavailable to stable fractions 
during swine manure composting by modulating the microbial- 
mediated release of inherent phosphorus and subsequent precipitation 
reactions, thereby producing a safer final product for land application. 
To test this hypothesis, the present study was designed with the 
following specific objectives: (1) To evaluate the influence of nZVI@BC 
amendment on key composting parameters (e.g., pH, AP, CEC) and the 
succession of the bacterial community throughout the process; (2) To 
monitor the speciation transformation of Cu and to characterize the 
changes in functional groups of the compost matrix using FTIR spec
troscopy, aiming to identify potential immobilization mechanisms; (3) 
To elucidate the driving mechanisms behind Cu passivation by 
employing multivariate statistical analyses (e.g., RDA, VPA, and SEMs) 
to decipher the intricate relationships between bacterial communities, 
critical physicochemical factors (particularly available phosphorus), 
and Cu fractions.

We anticipate that this study will provide a mechanistic under
standing of how nZVI@BC facilitates Cu immobilization. The findings 
are expected to offer a scientific basis for developing novel, value-added 
soil amendments from agricultural waste, contributing to sustainable 
organic waste management and safe crop production.

2. Materials and methods

2.1. Materials and chemicals

The raw materials used in the experiments were all agricultural by- 
products, with the aim of achieving resource recycling and reducing 
the agricultural environmental risks associated with composting. Swine 
manure (SM) was obtained from a local farm in Fuzhou City, Fujian 
Province, China, with a C:N ratio of 12.35. Natural wood chips were 
obtained from a local timber mill with a C:N ratio of 250.5. Waste tea 
leave, a common agricultural processing by-product, typically from 
pruning during the non-harvest season, were obtained from a tea plan
tation in Zhangzhou City, Fujian Province, China. The Cu standard 

solution was prepared according to the National Standard GB/T 
23349–2009 of the People’s Republic of China. All other reagents and 
chemicals used in the experiments were of analytical grade.

2.2. Synthesis of nZVI@BC

To prepare the BC, the SM was kept under an argon environment at a 
temperature of 600◦C for 2 h. The synthesis of nZVI@BC was conducted 
by accurately weighing 30 g of waste tea leaves and adding 500 ml of 
distilled water and heating at 80◦C for 1 h. After that, 1 g of biochar was 
added in an anaerobic environment with continuous stirring for 30 min, 
and a certain proportion of a 0.1 mol/L FeSO4⋅7 H2O solution was added 
under nitrogen protection with stirring for 30 min. This was then 
washed three times with anhydrous ethanol and then vacuum dried at 
60◦C for 12 h. The detailed synthesis method and characterization in
formation of nZVI@BC can be found in our previously published article 
(Yang et al., 2025).

2.3. Experiment design

After passing the SM through a 0.85 mm sieve, the C:N ratio was 
adjusted to 20 using wood chips, and the moisture content was adjusted 
to approximately 55 % using distilled water. The three experimental 
designs consisted of a blank test without the addition of nZVI@BC (T0), 
the addition of 20 g/kg of nZVI@BC (T2), and the addition of 50 g/kg of 
nZVI@BC (T5) (all addition rates of nZVI@BC were calculated based on 
the dry weight of the compost mixture. The determination of addition 
levels was primarily based on preliminary experimental validation, with 
reference to the study by Yang et al. 2025 regarding nZVI@BC dosage). 
The compost fermentation unit used for the experiment was a 2 L 
High-density polyethylene drum in a 55◦C constant temperature incu
bator. Three blasts and three aerations were performed each day. The 
sampling times for the determination of the physicochemical properties 
and the continuous extraction of HMs were set at the 1st, 5th, 10th, 15th, 
and 20th days of composting, and the compost samples were obtained 
using the multi-point sampling method. The sampling time for the 
high-throughput sequencing was at 9:00 a.m. on the 1st, 10th, and 20th 
days after the blast aeration, and the samples were placed in a freezer at 
–80◦C for storage.

2.4. Physicochemical property analysis

Fresh compost samples were added to sterilized ultrapure water at a 
ratio of 1:10 (w/v) and then shaken at 160 r/min for 2 h. The filtered 
suspension was used to determine the property (pH), oxida
tion–reduction potential (ORP), and electrical conductivity (EC). The 
amount of AP was found using the molybdenum antimony colorimetric 
method. The CEC was determined by weighing 3.5 g of a sample dried at 
105◦C for 24 h, and the method referred to the National Environmental 
Protection Standard of the People’s Republic of China (HJ 889–2017). 
After weighing a certain amount of the sample dried at 105◦C for 24 h, it 
was ground into a powder that weighed approximately 2.0 g, calcined in 
a muffle furnace at 550◦C for 3 h, and the CEC was finally determined 
using the subtraction method of volatile solids (VS) (Koyama et al., 
2020). Functional group changes were tested using FTIR (Thermo Fisher 
NICOLET IS10, USA) in the wavelength range of 4000–400 cm–1 at 1 and 
20 d of composting.

2.5. Analysis of the Cu fractions

The CU speciation analysis was performed using a modified Euro
pean Community Bureau of Reference (BCR) sequential extraction 
method, and the concentration was measured using an atomic absorp
tion light spectrophotometer (WFX–130B, China). The extracted Cu was 
classified into four fractions that included exchangeable (Exc), reducible 
(Red), oxidizable (Oxi), and residual (Res), of which the Cu in the 
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fraction of Exc and Red was the active fraction that can be easily utilized 
by organisms, while that in the fraction of Oxi and Res was the stable 
fraction that cannot be easily utilized by organisms.

2.6. DNA extraction and high-throughput sequencing

After sample collection, Genomic DNA was extracted from the 
collected samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio tek, 
Norcross, GA, USA) following the manufacturer’s instructions, and then 
subjected to high-throughput sequencing. Operational taxonomic unit 
(OTU) clustering was performed on the quality-controlled spliced se
quences according to 97 % similarity, and chimeras were excluded.

2.7. Statistical analysis

Three replicate groups were used in all experiments. The values were 
presented as means, and the error lines were calculated for the standard 
deviations. Excel 2016 was used for the data statistics, and Origin 2021 
was used for graphing. Venn, a principle component analysis (PCoA), 
and community bar charts were performed using R language (version 
3.3.1). The VPA was conducted using R language (version 3.3.1) in the 
vegan package (version 2.4.3), the RDA analysis was conducted using 
Canoco Ver. 5.0, and the structural equation models were conducted 
using IBM SPSS Amos Ver. 26.

A structural equation model (SEM) was constructed to test the hy
pothesized causal relationships derived from the redundancy analysis 
(RDA) and variance partitioning analysis (VPA) results, as well as 
established mechanisms from literature. The model included the bac
terial community, pH, available phosphorus (AP), and bioavailable Cu 
(sum of Exc-Cu and Red-Cu) as variables. The proposed paths (Bacter
ia→AP, AP→Bioavailable-Cu, etc.) were designed to test the specific 
hypothesis that the microbial community influences Cu speciation pri
marily through mediating AP release and subsequent precipitation, 
rather than through direct effects. The model was evaluated using 
maximum likelihood estimation, and its fit was assessed using standard 

indices (χ², RMSEA, CFI).

3. Results and discussion

3.1. Physicochemical characteristics of composting

The pH is one of the most critical physicochemical parameters in 
composting, as it influences microbial activity, enzyme function, and the 
speciation transformation of heavy metals. Generally, an increase in pH 
promotes the immobilization of cationic metals like Cu through mech
anisms such as precipitation and adsorption (Abollino et al., 2003; Wei 
et al., 2018). The initial pH of the composting mixtures ranged from 7.73 
to 7.84. As shown in Fig. 1(a), the pH values in all treatments increased 
throughout the 20-day process, with values in the nZVI@BC-amended 
groups (T2 and T5) being slightly lower than those in the control (T0). 
This observed increase in pH can be primarily attributed to two 
concomitant microbial processes: (i) the rapid microbial degradation of 
volatile organic acids produced during the initial acidic phase, and (ii) 
the extensive ammonification of nitrogenous organic compounds (e.g., 
proteins, amino acids), which releases ammonia (NH₃/NH₄⁺) and con
sumes protons (H⁺). The marginally lower pH in T2 and T5 could be 
related to the acidic nature of the nZVI@BC material itself or its influ
ence on specific microbial metabolic pathways affecting acid production 
and consumption. Upon compost maturation, the pH stabilized within 
an optimal range (8.62–8.76) for agricultural application.

Concurrently, the available phosphorus (AP) content exhibited a 
decreasing trend across all treatments (Fig. 1(b)), with the most signif
icant reduction observed in T5 (91.49 mg kg⁻¹). This decline in AP can 
be attributed to both microbial uptake for cellular growth and, more 
importantly, to precipitation reactions with metal cations (e.g., Al³⁺, 
Fe³⁺, Cu²⁺) under the prevailing alkaline conditions (Wei et al., 2016). 
The greater decrease in AP in the nZVI@BC treatments, particularly T5, 
suggests enhanced precipitation, potentially forming stable 
metal-phosphorus complexes. This enhanced precipitation in nZVI@BC 
treatments can be mechanistically explained by the unique properties of 

Fig. 1. ^#hemical parameters during composting. (a): pH; (b): available phosphorus (AP); (c): volatile solids (VS); (d): oxidation–reduction potential (ORP); (e): 
electrical conductivity (EC); and (f): the cation exchange capacity (CEC). Note: T0 (control); T2 (added 20 g/kg nZVI@BC); T5 (added 50 g/kg nZVI@BC).

W. Yang et al.                                                                                                                                                                                                                                   Industrial Crops & Products 236 (2025) 122036 

3 



the composite. Firstly, the nano zero-valent iron (nZVI) core undergoes 
gradual oxidation and corrosion during composting, releasing ferrous 
(Fe²⁺) and ferric (Fe³⁺) ions (Wang et al., 2019). These ions can directly 
react with phosphate anions to form highly insoluble iron-phosphate 
precipitates (e.g., Vivianite, Fe₃(PO₄)₂), thereby consuming AP (Xu 
et al., 2016). Secondly, the released iron ions can act as additional 
nucleation sites or co-precipitants, facilitating the formation of 
copper-phosphate minerals (e.g., Cu₃(PO₄)₂) by coprecipitation (Xu 
et al., 2016). Thirdly, the biochar (BC) component, with its high surface 
area and porosity, likely adsorbed and concentrated metal cations 
(including Cu²⁺ and the released Fe ions) and phosphate anions on its 
surface, effectively increasing their local concentration and promoting 
precipitation reactions (Wang et al., 2019; Xu et al., 2016). This syner
gistic effect between the nZVI and BC components of the amendment 
provided more pathways and opportunities for AP to be immobilized 
through precipitation. This is a critical mechanism for Cu immobiliza
tion, as the formation of insoluble copper phosphate minerals (e.g., 
Cu₃(PO₄)₂) directly transfers Cu from bioavailable fractions to the stable 
residual fraction.

Volatile solids (VS) are considered the most straightforward judg
ment of compost maturity, and VS decomposition produces humus that 
can easily complex with HM ions that can convert HMs to a stable 
fraction (Robledo-Mahón et al., 2019; Wei et al., 2016). Fig. 1(c). During 
the entire composting process, VS was degraded continuously, and the 
highest VS degradation was 24.86 % in T5.

As shown in Fig. 1(d), The observed decrease in oxidation-reduction 
potential (ORP) during the maturation phase (days 10–20) is indicative 
of a shift towards micro-aerobic or anaerobic conditions within the 
compost matrix. This shift is likely driven by sustained microbial 
respiration consuming available oxygen faster than it can be replen
ished, a common phenomenon in the later stages of composting as 
porosity decreases (Capuani et al., 2013). Under these conditions, mi
crobial communities increasingly utilize alternative electron acceptors 
(e.g., nitrate, Fe³⁺), which drives the ORP down. The moderated ORP 
decrease in nZVI@BC treatments, particularly T2, may be attributed to 
the biochar component improving bulk porosity and oxygen diffusion, 
thereby mitigating severe anaerobiosis (Wei et al., 2018).

EC is a measure of the amount of soluble salts that can be extracted 
from the compost material, and crop growth will be affected when the 
EC value is greater than 4.0 mS.cm–1 (Zhao et al., 2022; Zhou et al., 
2018). Fig. 1(e) shows that all three experimental groups showed a rapid 
increase from days 1–5. All three groups showed more stable EC values 
after 5–20 days of composting when the EC values basically stabilized at 
3.41–3.59 mS.cm–1 without exceeding the EC limit of 4.0 mS.cm–1.

CEC can reflect the maturity and nutrient retention capacity of 
compost, and it increases during the composting process. When the 
value reaches above 60.0 cmol.kg–1, the compost can be considered 
mature (Gavilanes-Terán et al., 2016). As shown in Fig. 1(f), the CEC 
values of T2 and T5 increased more rapidly during composting than 
those of T0, and they reached 63.21 and 62.19 cmol.kg–1 at 20 days of 
composting for T2 and T5, respectively.

3.2. FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy was employed to 
track the changes in functional groups and identify potential mecha
nisms for Cu immobilization. The spectra for treatment T5 on day 1 and 
day 20 are presented in Fig. 2. The notable attenuation of peaks at 
2930 cm⁻¹ (C-H stretching of aliphatic groups), 1650 cm⁻¹ (C––C 
stretching of aromatics), and 1040 cm⁻¹ (C-O stretching of poly
saccharides) indicates extensive degradation of organic matter by mi
croorganisms during composting, which is consistent with the observed 
reduction in volatile solids (VS) (Li et al., 2020; Lv et al., 2013; Wang 
et al., 2017). Critically, the decreased intensity of the distinct peaks at 
approximately 870 cm⁻¹ and 560 cm⁻¹ , which are characteristic of P-O 
bending and O-P-O stretching vibrations within phosphate (PO₄³⁻) 

groups, provides crucial spectroscopic evidence for the involvement of 
phosphorus in metal sequestration (Lonappan et al., 2018). This obser
vation, coupled with the significant decrease in available phosphorus 
(AP) content measured in Section 3.1, strongly suggests the precipitation 
of metal-phosphate minerals under the alkaline conditions of the mature 
compost.

We hypothesize that copper is immobilized through the formation of 
highly stable copper phosphate precipitates, such as Cu₃(PO₄)₂ (libe
thenite) or Cu-phosphate complexes. This mechanism is a well- 
documented pathway for heavy metal passivation in composting envi
ronments rich in phosphorus (Wei et al., 2016; Zheng et al., 2020). The 
precipitation reaction between released phosphate anions and Cu²⁺ ions 
effectively transfers copper from the bioavailable exchangeable and 
reducible fractions to the stable residual fraction, as confirmed by the 
sequential extraction results (Section 3.4). Therefore, the FTIR analysis 
not only reflects the humification process but also directly supports the 
proposed primary mechanism of Cu stabilization via phosphate precip
itation facilitated by nZVI@BC addition.

3.3. Changes in the microbial community during composting

The Venn diagram of Fig. 3(a) shows that after 20 days of com
posting, the three experimental groups still shared a large number of 
operational taxonomic units (OTUs) that reached 94, and the number of 
individual OTUs for T0, T2, and T5 was only 15, 16, and 21, respec
tively. The addition of nZVI@BC exhibited more individual OTUs, but 
the difference was not obvious. This may have been because the three 
composts had the same initial feedstock and similar final microenvi
ronments; thus, the community composition of the later composts ten
ded to be the same.

The PCoA analysis shown in Fig. 3(b) indicates that the composting 
time was the key factor that changed the bacterial OTU variability. In 
addition, the addition of nZVI@BC during the late stage of composting, 
especially on day 20, was an important reason for the partial variability 
in the bacterial OTUs.

Fig. 3(C) presents the analysis of compost bacteria at the genus level. 
The results show that the abundance of typically anaerobic genera, such 
as Clostridium, Terrisporobacter, and Caldicoprobacter, was influenced by 
the addition of nZVI@BC. While the biochar component is known to 
improve overall porosity and oxygen diffusion, the complex heteroge
neous nature of the compost matrix inevitably creates localized anaer
obic micro-niches. Notably, the abundance of Clostridia (class level) 
increased during the thermophilic phase (day 10), reaching a maximum 

Fig. 2. Fourier transform infrared (FTIR) adsorption spectra derived from T5 
on the day 1 and 20 compost samples.
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of 7.2 % in T5.
This observation is critical and can be explained by the unique 

physiology of certain Clostridia members. Many are known for their role 
in phosphorus metabolism. Under anaerobic conditions, they can solu
bilize inorganic phosphates to obtain energy, leading to the release of 
available phosphorus (AP) into the environment. Subsequently, under 
the prevailing aerobic conditions of the compost, these same organisms 
or others can excessively uptake phosphorus (Wei et al., 2016). This 
metabolic versatility makes them key players in phosphorus cycling. 
Therefore, the increased abundance of Clostridia in the nZVI@BC 

treatments, particularly T5, is not a contradiction but rather a functional 
indicator of enhanced microbial-mediated AP release. This process is 
essential for the subsequent precipitation of copper phosphate minerals, 
as supported by the decrease in AP content (Fig. 1b) and the FTIR 
analysis (Fig. 2). Similarly, the addition of nZVI@BC promoted the 
abundance of Tissierellaceae and Tepidimicrobium (peaking at 27.6 % in 
T5), which are associated with the degradation of complex polymers like 
cellulose and lignin, playing a critical role in humification and the for
mation of humic acids (HA) that can chelate Cu (Li et al., 2025).

Fig. 3. Changes in the bacterial communities during composting. (a): Venn diagram analysis based on the OTUs during composting; (b): Principal coordinate analysis 
(PCoA) based on the OTUs during composting; (c): Percentage of redistribution of the microbial components during composting based on the genus level.

Fig. 4. Dynamic changes in the Cu fractions during the composting process. (a): T0; (b): T2; and (c): T5.
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3.4. Cu distribution

The chemical fraction of HMs can intuitively reflect environmental 
hazards. According to the toxicity, mobility, and bioavailability of HMs 
found in this study, in terms of toxicity, mobility, and bioavailability, the 
Exc, Red, Oxi, and Res fractions showed decreasing activities and 
environmental hazards in that order. Fig. 4(a–c) shows that the Exc and 
Red fractions were transformed to the Oxi and Res fractions in all of the 
composting experimental groups throughout the composting process, 
indicating that Cu in all of the experimental groups was gradually 
transformed to the more stable fraction as the compost gradually 
matured. The addition of nZVI@BC significantly promoted the trans
formation of Cu from active to stable fractions, demonstrating a clear 
dose-dependent effect. After the 20-day composting period, the pro
portion of bioavailable Cu (Exc + Red) decreased from an initial value of 
58.05–26.20 % in the control group (T0), representing a reduction of 
31.85 %. The addition of nZVI@BC enhanced this immobilization pro
cess. In T2, the bioavailable fraction was corresponding to a decrease of 
40.0 % (p < 0.05 vs. T0). Most notably, treatment T5 exhibited the most 
effective performance, with the bioavailable Cu fraction diminishing 
from 56.09 % to 12.95 %, which was significantly lower than both T0 
and T2 (p < 0.01). This represents a total reduction of 43.14 % in the 
active pools of Cu, unequivocally confirming that a higher dosage of 
nZVI@BC leads to a more profound stabilization of Cu. The detailed 
concentration data for all Cu fractions, including three replicates, are 
provided in Table S1 (Supplementary Material).

3.5. Relationship between the Cu fractions and the physicochemical 
parameters

To investigate how the compost physicochemical properties affect 
the transformation of Cu speciation during composting, we analyzed the 
correlations between the four Cu fractions and the physicochemical 
properties, as well as the degree of explanation and contribution be
tween the correlations, using an RDA. As demonstrated in Fig. 5 and 
Table 1, the primary controlling factor for the transformation of Cu 
speciation was AP, with a high degree of explanation of 89.3 %. AP was 
followed by VS (2.2 %), pH (1.1 %), ORP (1.5 %), EC (1 %), and CEC 
(0.4 %) (Fig. 1). The ordination biplot demonstrated a positive corre
lation between AP and Exc-Cu and Red-Cu, and a negative correlation 
between AP and Oxi-Cu and Res-Cu (P < 0.05).

This strong yet seemingly counter-intuitive positive correlation 
suggests that the consumption of AP, rather than its mere presence, is 
the critical driver for Cu immobilization. The significant decrease in AP 
content observed in Section 3.1, particularly in the nZVI@BC treat
ments, is posited to be directly linked to the formation of insoluble 
copper phosphate precipitates (e.g., Cu₃(PO₄)₂) under the alkaline 
composting conditions. This mechanism is strongly corroborated by the 
attenuation of phosphate-related peaks in the FTIR spectra (Fig. 2) and is 
a well-documented pathway for heavy metal passivation (Zheng et al., 
2020; Wei et al., 2016).

3.6. AP and bacterial community controls on the Cu fractions

According to the RDA analysis, we know that AP was the most 
important physicochemical factor that controlled the Cu speciation 
changes. To further explore the link that existed between the bacterial 
genera and AP and how they jointly drove the changes in Cu speciation, 
we used a VPA to perform the analysis of the degree of contribution 
between AP and bacteria to the change in Cu speciation. We then 
established structural equation modeling (SEM) to validate the model of 
the interaction between the four components: Cu speciation, AP, pH, and 
bacterial communities. Fig. 6(a) shows that bacteria alone explained 
only 0.1 % of the Cu speciation changes, and AP explained 13.7 % of the 
Cu speciation changes. Critically, their interactive effect dominated, 
jointly explaining 74.8 % of the variance, with a residual explanation of 
11.4 %. The minimal pure effect of bacteria contrasted with the domi
nant interactive effect indicates that the microbial community in
fluences Cu speciation primarily through mediating the release and 
transformation of AP, rather than through direct actions such as bio
sorption. This finding aligns with the observed shifts in the bacterial 
community (Section 3.3), particularly the proliferation of Clostridia, 
which are known for their role in phosphorus solubilization and release 
under anaerobic micro-niches, thereby supplying phosphate ions for 
subsequent metal precipitation (Wei et al., 2016).

The SEM was constructed based on the hypotheses generated from 
our RDA/VPA and established microbial-metal interaction mechanisms 
(as detailed in Section 2.7). Fig. 6(b) shows the path relationship be
tween AP and bacteria on the changes in the Exc-Cu and Red-Cu, and the 
results showed that there was a significant positive correlation between 
bacteria and AP and a significant positive correlation between AP and 
Exc-Cu and Red-Cu. The results (Fig. 6b) showed significant positive 
path coefficients from bacteria to AP (β= 0.84, P < 0.001), from AP to 
bioavailable Cu (β= 0.89, P < 0.001), and from bacteria directly to 
bioavailable Cu (β= 0.66, P < 0.001). The model fit indices (χ²= 2.385, 
df = 2, P = 0.303; RMSEA < 0.001; CFI = 1.000) indicated a good fit to 
the data. The SEM thus provides robust statistical support for the hy
pothesized causal pathway: the bacterial community facilitated the 
release of AP, and the consumption of AP through precipitation re
actions was the primary mechanism driving the reduction of bioavail
able Cu. This model effectively integrates the physicochemical and 
microbial findings into a coherent mechanism for nZVI@BC-promoted 
Cu passivation.

Fig. 5. RDA ordination biplot between the Cu fractions and the physico
chemical parameters.

Table 1 
The degree of explanation and contribution of each physicochemical property to 
the speciation transformation of Cu.

Name Explains% Contribution% pseudo-F P

AP 89.3 93.5 109 0.002
VS 2.2 2.3 3.2 0.102
pH 1.1 1.1 1.6 0.194
ORP 1.5 1.6 2.6 0.124
EC 1 1.1 1.9 0.16
CEC 0.4 0.4 0.7 0.462
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4. Conclusion

This study demonstrates that biochar-loaded nano zero-valent iron 
(nZVI@BC), synthesized from agricultural waste tea residues, serves as a 
highly effective amendment for promoting copper (Cu) immobilization 
during swine manure composting. The addition of 50 g/kg nZVI@BC 
(T5) most significantly enhanced the transformation of Cu from 
bioavailable fractions to stable residues, achieving a remarkable 
43.14 % reduction in the active pools of Cu compared to the control. 
Multivariate analyses (RDA, VPA, and SEM) unequivocally identified 
available phosphorus (AP) as the paramount factor (89.3 % explanation) 
driving this process, with the microbial community (particularly Clos
tridia) acting primarily through mediating AP release rather than direct 
biosorption. Combined with FTIR evidence, we conclude that the pri
mary mechanism underlying Cu passivation is the precipitation of 
insoluble copper-phosphate minerals (e.g., Cu₃(PO₄)₂), facilitated by the 
synergistic effect of nZVI corrosion (releasing Fe ions) and the biochar’s 
superior adsorption capacity.

Critically, from an environmental risk perspective, the application of 
nZVI@BC not only enhances metal stabilization but also mitigates po
tential ecological hazards. The final compost product exhibited a sig
nificant decrease in the mobile and bioavailable Cu fractions, which are 
the primary concerns for soil health and crop safety. Furthermore, the 
physicochemical parameters of the matured compost (e.g., pH, EC, CEC) 
in all nZVI@BC treatments fell within optimal ranges for agricultural 
application, indicating that the amendment did not induce secondary 
salinity or phytotoxicity issues. The successful transformation of Cu into 
stable mineral phases significantly reduces its leaching potential and 
bioavailability, thereby minimizing the environmental risks associated 
with land application of swine manure compost.

Beyond the mechanistic insights, this work highlights a promising 
strategy for the value-added utilization of agricultural waste. By con
verting waste tea leaves into a functional composting amendment, this 
approach aligns perfectly with the principles of a circular bio-economy. 
The nZVI@BC-enhanced composting process transforms livestock 
manure, another abundant agricultural waste, into a safe and high-value 
organic fertilizer. This closed-loop strategy not only addresses the crit
ical challenge of heavy metal contamination but also produces a 
marketable soil amendment that can contribute to sustainable agricul
ture by improving soil fertility and reducing reliance on chemical fer
tilizers. Future research should focus on the long-term field-scale 
evaluation of this compost product to validate its efficacy and safety in 
real-world agricultural settings.
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