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The use of microbial loaded biochar in soil remediation is becoming popular worldwide. In the current 
research, a maize straw biochar (MB) and Trichoderma harzianum loaded biochar (MBT) were used 
at various rates in Cd–Cu dual polluted soil, to see their effect on Cd–Cu removal and to explore 
vigorous changes of metals bio-accessibility. Throughout the 90 days of remediation experiment, the 
dynamic impacts on the soil’s physiochemical characteristics were noted. According to the current 
study’s findings, applying 5% MBT to the soil early in the incubation period significantly raised its 
pH, which eventually dropped to a neutral-alkaline level. The application of MBT promoted residual 
bound Cu–Cd fraction and decreased carbonate and exchangeable bound fraction in the treated soil. 
The exchangeable portion of Cd highly decreased by 15.33% in the MBT5 amendments. Similarly, the 
DTPA extractable Cu and Cd concentration (i.e., DTPA-Cu, DTPA-Cd) in the amended soil gradually 
decreased with time. After 90 days, the DTPA-Cd contents lowered from 45 mg kg− 1 in CT to 25.3 mg 
kg− 1 in MBT5 whereas the DTPA-Cu concentration was 62.3 mg kg− 1 in MBT5, respectively. The Cd bio-
accessibility of gastric juice was reduced in all treatments including 68.1% of MBT5. Gastrointestinal 
fractions at the various treatments were recorded to be 73% (MB1), 71.1% (MBT1), 67.4% (MB5), and 
63.5% (MBT5). In comparison, an obvious reduction in Cu bio-accessibility was perceived in all four 
amendments, viz. MB1 (72.5%), MBT1 (69.6%), MB5 (65.1%), and MB5 (61.4%) in gastric solution. The 
addition of MBT also enhanced soil enzymatic activity particularly urease and catalase, in the later 
phase of the experiment, showing the retrieval function of soil for the post-stabilization of metal. 
The present study confirmed that MBT effectively reduces Cd and Cu bio-accessibility and mobility, 
supporting long term soil stabilization. It also restores soil enzymatic activity, making it a sustainable 
and ecofriendly approach for heavy metal remediation.
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Contamination of soil, especially with heavy metals (HMs), is a concerning worldwide ecological issue1. The 
ecosystem and human health are significantly impacted by heavy metals2. Because of the heavy metals’ high 
toxicity, long-lasting impacts, irreversible nature of contamination, and storage in the food chain, their presence 
in soil poses serious issues. According to risk assessment, HMs pose a high risk of cancer. The list of HMs 
includes Cd, Al, Pb, Cu, Br, and Ar. Higher concentrations of these metal ions and their water-soluble nature 
make them dangerous to living organisms including humans, animals, and plants3. Various metal-contaminated 
localities have been recognized in various countries, across the globe. In the USA, around 100,000 polluted 
localities have been recognized4. In the European Union nations, about 250,000 locations have been reported to 
be contaminated and need remediation, urgently5. In a random survey, the Chinese Ministry of Environment 
Protection reported 16.2% of locations in China as contaminated while 11.3% of sites were registered as minor 

1Department of Plant Sciences, Faculty of Biological Sciences, Quaid-i-Azam University, Islamabad 45320, Pakistan. 
2National Center of Excellence in Physical Chemistry, University of Peshawar, 25120 KPK, Pakistan. 3School of 
Environment and Natural Sciences, University of Bangor, Deiniol Road, Bangor LL57 2UR, UK. 4Department of 
Zoology, College of Science, King Saud university, 11451 Riyadh, Saudi Arabia. email: munis@qau.edu.pk

OPEN

Scientific Reports |        (2025) 15:28099 1| https://doi.org/10.1038/s41598-025-13759-w

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-13759-w&domain=pdf&date_stamp=2025-8-1


contaminated. It has been reported that inorganic pollutants account for most of the pollution (82.8%) (MEP, 
2014).

Several methods have been utilized for the removal of heavy metals in contaminated soil. Phytoremediation, 
soil washing, and stabilization are among the extensively utilized techniques6. Soil metal remediation has typically 
made use of biochar, a high-carbon mass employed in the thermal transformation of biomass in anaerobic 
environment. Biochar has a porous shape, a larger surface area, and several functional groups7. Biochar can 
adsorb harmful metals and decrease their mobility, liability, and therefore harmfulness in soil8. Numerous 
researchers have examined the main technique for immobilizing the HMs in contaminated soil with the help 
of various forms of biochar9. Biochar primarily removes heavy metals from the environment by precipitation, 
reduction, cation exchange, complexation, and surface contact. Additionally, the addition of charcoal to the soil 
may alter its pH, texture, CEC, and soil organic matter, all of which could increase the soil’s potential to store 
metals10.

The heavy metals immobilization in polluted soil with biochar treatments is mostly dependent on the 
attributes of the biochar, such as the kind of feedstock, temperature during pyrolysis, and duration of heating. 
Various researchers have documented the grass-based biochar (e.g., maize straw, rice husk, and wheat husk 
biochar) as more nominal than wood straw biochar in declining Cd leakage potential and accumulation in 
plant cells11. It has been documented that biochar prepared at lower temperatures is more effective for metal 
immobilization in comparison to biochar prepared at high temperatures12. Furthermore, the control of HMs 
in the polluted soil is also affected by a few other factors, including the amount of biochar present, the mixing 
depth, soil characteristics, climate, and soil microbial diversity13.

The most effective and recently developed method for the restoration of contaminated soil is thought to 
be the loading of biochar by beneficial microbial communities (bacteria, fungi, etc.) and its application in 
bioremediation14. Several microbe species with robust metal adsorption and tolerance capability have been 
identified and added to the polluted soil as microbial agents to immobilize HMs in the contaminated soil. 
Typically, synthetic macromolecules and composite materials are used as carrier substances to immobilize 
microbial cells15. As of right now, biochar is the most effective carrier of microorganisms that promote growth16. 
Various authentic studies prove that the possible relations strategies between soil native microorganisms and 
biochar reported by many scientists, comprising (i) biochar provides accommodation for microbes; (ii) biochar 
works as a nutrient source for microorganisms; (iii) biochar can alter soil basic properties, soil microbial 
population, and enzyme activity of soil; (iv) biochar increase the conversion and degradation of pollutants with 
the help of sorption, free radicals, as well as electron transport17. Although several studies have examined the 
individual roles of biochar and soil microorganisms, but their combined effects and mechanism is still not well 
understood. In general, the investigation of metal speciation which is inadequate in the systematic analysis of 
metal availability depending on various receptors at different scales is required to assess the stability potential of 
HMs in soil. The whole process of biochar and microbes working together to recover heavy metals from polluted 
soil needs to be explained.

Several researchers have reported that, filamentous fungi can be handled easily, and used widely18. Different 
strains of Trichoderma genus have an extensive functional behavior required in soil remediation, such as 
effective soil colonization, greater biodegradation potential, and ability to establish symbiotic relation with 
plant18. Trichoderma can eradicate and concentrate different metals, like Cd, Pb, Cu, Zn, and Ni19. Similarly, 
biosorption, the fraternization of metals to the surface of cell, has also been pronounced concerning Trichoderma 
genus in case of both Cd and Cu metals20. Additionally, different researchers have proved that Trichoderma 
rises the absorption of Cd21, which leads to decrease of Cd uptake by plants and animals, and in contaminated 
soil, T. harzianum contested effectually with soil minerals to accrue Cd22. It is hypothesized that the use of 
MBT to Cd–Cu dual-polluted soil will effectively reduce the bio-accessibility and mobility of cadmium and 
copper by transforming them into more stable residual fractions, thereby minimizing their environmental risk. 
Additionally, it is expected that MBT will improve soil physicochemical properties, such as pH, and enhance soil 
enzymatic activities, contributing to the restoration of soil health and promoting long-term stabilization through 
a sustainable and eco-friendly remediation approach.

The objectives of the current study was to evaluate the effectiveness of MBT in remediating Cu and Cd 
contaminated soils. Specifically, the study sought to explore the impact of MBT, applied at different rates, on the 
removal and stabilization of these HMs in a dual-contaminated soil system. The objectives included investigating 
the changes in metal bio-accessibility and mobility, assessing the temporal variations in soil physicochemical 
attributes like pH, and analyzing the transformation of HMs into more stabilized forms, particularly the shift 
from exchangeable and carbonate-bound fractions to residual fractions. The study also aimed to determine the 
effectiveness of MBT in reducing DTPA-extractable and gastric/gastrointestinal bio-accessible fractions of Cd 
and Cu, which are critical indicators of metal availability and risk. Additionally, it evaluated the enhancement of 
soil enzymatic activities, notably urease and catalase, as indicators of soil biological recovery and functionality 
during and after the remediation process. Through a 90-day incubation experiment, the study ultimately aimed to 
establish MBT loaded biochar as a sustainable, eco-friendly, and efficient strategy for the long-term stabilization 
of HMs in contaminated soils, contributing to environmental safety and improved soil health.

Materials and methods
Production of biochar
As previously stated, the maize straw biochar (MB) was utilized for biochar synthesis due to its high creation and 
exceptional potential in the immobilization of metals18. The Ref.23 procedure was followed in the preparation of 
biochar. For five hours, maize straw was subjected to a gradual pyrolysis process in a vacuum furnace without 
oxygen at 600 °C. The fundamental features of the MB were noted (Table 1). The prepared biochar was crushed 
and run through a 0.30 mm pore-size sieve before being used.
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Preparation of biochar-loaded Trichoderma Harzianum
For the preparation of T. harzianum loaded biochar, T. harzianum was cultured on potato dextrose agar media 
and blended with autoclaved seeds of Sorghum, for 10 days. The T. harzianum was mixed with Sorgham seeds 
because it provides nutrients to the fungus prior to the attachment with biochar’s surface. Later on, fungus-
coated sorghum seeds were amalgamated with synthesized biochar in a 1:1 ratio (w/w). The mixture was placed 
for 7 days in an air tight close container at 4 °C in the dark, with 10% moisture, to maintain fungal viability and 
prevent contamination before their further use. The sorghum seeds were separated from the biochar after 7 days 
of incubation and the prepared MBT was observed via scanning electron microscope (SEM) (JEOLJSM, 25910). 
The pure biochar was also monitored through SEM.

Soil incubation testing
The samples of the soil were collected from the local farmland in Islamabad (33.6996° N, 73.0362° E). 
Measurements were made of the elemental composition (C, K, P, and Na), pH, soil texture, electrical conductivity 
(EC), organic materials, cation exchange capacity (CEC), and other fundamental soil parameters (RK, 1999). To 
get rid of various contaminants including nuggets and organic remnants, the soil was shed-dried and sieved. 
Subsequently, the Cu (NO3)2 and Cd (NO3)2 solutions were carefully mixed with the soil and allowed to sit at 
25 °C for two weeks (14 days), so that the applied metal dispersed uniformly throughout the soil. The amounts 
of Cd and Cu in the treated soil were calculated 60 mg kg− 1 and 258 mg kg− 1, correspondingly.

The 90-day incubation trial was performed at 25 °C in a thermostatic chamber. The Cd and Cu-modified soils 
were given the designations MB1, MB5, MBT1, and MBT5, respectively, after being treated with MB and MBT 
at 1% and 5% concentrations. The soil was kept at 35% humidity for the duration of the incubation period. The 
soil samples were shed-dried and sieved through the sieve for further evaluation following the 90-day incubation 
period.

Heavy metal extraction from soil using the Tessier sequential approach
Fluctuations in Cd and Cu speciation and redistribution in contaminated soil samples were examined using 
the “Tessier sequential extraction method”24. Five varied components nominated through this method were 
exchangeable (EX), carbonate bound (CB), matter bound (OM), Fe–Mn oxide bound (OX), and residual fraction 
(RS). Using 1.0 mol L− 1 MgCl2, 1.0 mol L− 1 NaOAc (pH 5), 0.04 mol L− 1 NH2OH·HCl, and 0.04 mol L− 1 HNO3 
(in 30% H2O2), respectively, the first four of them were isolated. By using a combination of HNO3-HF-HClO4 to 
digest the leftover material, the fifth fraction was obtained.

Phyto-availability test of heavy metals
Diethylenetriamine Penta acetic acid (DTPA) extraction of soil heavy metals is recognized as the readily 
assimilated fraction for plant consumption25. In polluted soils, DTPA extraction assessment is also used to 
identify bioavailability, ecotoxicity, and heavy metal concentrations26. As a result, the effects of MB and MBT 
amendments on the phyto-availability of Cu and Cd were assessed using the DTPA extraction procedure. The 
extract suspension containing 0.005 mol L− 1 DTPA, 0.1 mol L− 1 triethanolamine (pH 7.3), and 0.01 mol L− 1 
CaCl2 was combined with soil samples at a 1:2 (m/v) solid-to-water ratio. The solutions were centrifuged, filtered 
through 0.45 μm polyethersulfone filter paper, and spun on a shaker at 25 °C for two hours at 180 rpm. Using 
an atomic absorption spectrophotometer, the amounts of Cu and Cd in the filtrates of the aforesaid sequential 
extraction were determined.

HMs bioavailability in soil
The analysis of Cd and Cu intake by the human body through oral intake was conducted using the Unified 
Bio-Accessibility Method (UBM)27. According to Zhong and Jiang (2017), gastric juice often contains a larger 
amount of Cd and Cu that is bio-accessible than intestinal juice. Briefly stated each 2 g amended soil sample was 
assorted using 45 mL of an artificial stomach solution that was made using a modified UBM technique28. The 
solution’s pH was raised to 1.1.

Chracteristics Biochar Soil

Ash concentration (%) 11.50% –

pH 9.30 7.6

Texture – Silty clay

Organic matter (g kg− 1) 98.41 5.8

Total C (g kg− 1) 57.8 –

Total N (g kg− 1) 8.46 0.57

Total P (g kg− 1) 1.40 0.113

Total K (g kg− 1) 11.8 6.37

Total Na (g kg− 1) – 0.09

CEC (cmol kg− 1) 10.72 5.41

Electrical conductivity (dS/m) – 0.261

Table 1.  Selected characteristics of the MB and soil.
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For the assessment of Cd and Cu in the intestine of humans, the intestinal juice was prepared according 
to the U.S. Pharmacopeia procedure. Briefly, the intestinal solution was synthesized from the gastric solution 
through the addition of pancreatin and neutralization with solid sodium hydrogen carbonate to gain pH 7. Then 
2 g of soil from every treatment was blended with the simulated intestinal solution (45 mL) and the mixture was 
agitated slowly for 60 min at 37 °C. After that, the suspensions were centrifuged, passed through a filter, and 
kept at 4 °C. Cu and Cd contents in the filtrates of the gastric and intestine phases were quantified through an 
atomic absorption spectrophotometer. The ratio of the content of Cu and Cd in the simulated extract to their 
total concentration in the contaminated soil was used to display the bio-accessibility.

Study of soil enzymatic activity
The catalase (CAT) activity was evaluated according to the29 standard methodology. Briefly said, 40 mL of 
distilled water, 5 mL of 0.3% H2O2, and 2 g of dirt were combined. After 20 min of stirring at 25 °C, 5 mL (1.5 
mL) of H2SO4 were added to the mixture. 0.1 M KMnO4 was used to titrate the suspensions. The Guan (1986) 
methodology was used in measuring the urease potential. 5 g of moist soil was incubated in 20 ml of borate 
buffer at 37 °C for 2 h to measure the urease activity. 50 mL of a 1 M KCl solution was combined and shaken for 
30 min following incubation. The mixture’s absorbance was calculated using a UV-visible spectrophotometer at 
690 nm.

Data analysis
Three duplicates of the entire trial were conducted. The means and standard deviations of the results were 
displayed. The statistical software SPSS Statistics 19.0 was employed for the analyses. ANOVA was used to 
quantify the effects of different interventions on the components under consideration.

Results and discussion
Description of T. harzianum loaded biochar
Scanning electron microscopy of MB confirmed cracked and porous surface appearance (Fig. 1A), which may 
assist the growth and dissemination of the T. harzianum. The T. harzianum (Fig. 1B) stuck well to the surface of 
biochar and the majority of hyphae colonized or dispersed on the biochar’s surface, though, it is equitable that 
some hyphae pass in via the holes in the biochar’s surface (Fig. 1C). Biochar contains highly activated carbon and 
has a large surface area. Biochar has a diverse pore structure, including micropores, mesopores, and macropores. 
This surface diversity increases its efficacy to adsorb a wide range of molecules and substances, in comparison 
to char and other porous materials. Based on its morphological features, the rough surface of biochar makes it 
suitable for the attachment of microbial strain, which aligns with the previous study30,31. These investigations 
concluded that the existence of polycyclic aromatic hydrocarbons and a significant number of minerals might 
impede the attachment of microbe’s biochar’s surface.

Fluctuations in soil pH
Application of both MB and MBT raised the pH of treated soil at the initial phases of incubation (day 7), 
particularly with a dosage rate of 5%. During 90-day incubation, the soil pH changed in all treatments (Fig. 2). 
Less variation in the pH of all the amendments was perceived with the increasing incubation time. Both MB and 
MBT changed the soil pH at 1% and 5% concentrations. After the addition of 1% MB1 and MBT1, the pH was 
changed from 7.2 (control soil pH) to 7.8 and 8.0, respectively. After the addition of 5% MB5 and MBT5 biochar, 
the pH values in the treated soil samples increased to 8.3 and 8.7, respectively. These investigations have shown 
that the breakdown of alkaline materials (like carbonate) in the biochar was the base of the quick rise in soil pH32. 
Later on, as alkaline materials are depleted, the pH of the soil drops. In particular, after 42 days of incubation, 
the soil pH was alarmingly lower with the MBT5 treatment. In the current study, the pH decreased more during 
MBT treatments than MB treatments. The microbial activity of T. harzianum, which generates organic acids 

Fig. 1.  SEM illustrations of MB (A), T. harzianum (B), and MBT (C).
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during metabolism, is responsible for the greater reduction in pH in MBT treatments in comparison to MB. 
These findings suggest that higher concentrations of MBT can effectively enhance soil properties. Nevertheless, 
following the MBT treatment, the soil’s pH in this experiment was in the neutral-alkaline range. The interesting 
story of MBT’s pH buffering abilities calls for more investigation into the speciation and liability of Cu and Cd 
in contaminated soil, particularly in a soil of acidic nature. These results are exactly aligned with the work of 
previous researchers3.

Cd fractionation in a treated soil
Cd proportion in contaminated soil were interrupted by the addition of biochar treatments (Fig.  3A). 
Exchangeable Cd (59.10%) was the predominant Cd fraction at 0 days in the control sample (untreated soil), 
followed by carbonate bound Cd (27.2%), residual bound Cd (8.10%), Fe–Mn oxide Cd (4.80%), and organic 
matter bound Cd (> 1.0%). The fraction of exchangeable Cd in treated soil reduces to different values and 
transforms into additional components after 90 days of incubation. The Fe–Mn oxide portions of Cd augmented 
by 1.90% and 2.11%, respectively, in the MB1 and MBT1 amendment compared to the CT sample, while the 
residual binding Cd improved by 1.1% and 1.9%, individually. The exchangeable portion of Cd decreased by 
6.73% and 15.33% in the MB5 and MBT5 amendments, respectively; in the meantime, the Fe–Mn oxide Cd 
portion increased by 5.23% and 9.30%, respectively, and the residual bound Cd increased by 2.0% and 6.31%, 
respectively. The increase in the Fe–Mn oxide Cd fraction after MBT and MB may be due to the availability 
of Fe and Mn oxides on the biochar surface and in soil. These oxides provide strong adsorption sites that can 
immobilize Cd by forming stable complexes, thus shifting Cd from more mobile forms to less bioavailable Fe–
Mn oxide–bound fractions. Additionally, microbial activity may stimulate redox reactions that favor Cd binding 
to these oxides.

The greatest quantity of organic matter-bound fraction of Cd was found in MB5 (0.65%) and MBT5 (0.75%), 
with very slight variations in the organic matter binding fraction seen in all treatments. In all amendments, 
no discernible variations in the carbonates bound Cd percentage were found. The incorporation of biochar 
was found to significantly alter the heavy metal speciation in the soil. In this investigation, the amount of Cd 
exchangeable content decreased gradually as the dosage rate of biochar increased. Previous studies also stated 
that the exchangeable fraction of Cd is the primary proportion of the total Cd content in the soil33. In our 
findings, no reduction was detected in the carbonate bound fraction which can be attributed to the higher 
pH of biochar additions because the change in pH has been reported to promote carbonate precipitation like 
CdCO3

34. The present investigation revealed an increase in both the Fe–Mn bound fraction and the residual 
bound fraction. Applying biochar to the soil has been shown by some earlier researchers to significantly reduce 
the reducible Cd concentration and increase the oxidizable and residual Cd concentration.

Fig. 2.  Fluctuations in soil pH after the addition of maize biochar (MB) and fungus-loaded biochar (MBT). 
CT shows the control sample; MB1, MB5, MBT1, and MBT5 indicate the soil samples treated with 1% MB, 5% 
MB, 1% MBT, and 5% MBT, respectively.
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Cu fractionation in a treated soil
Cu proportion in polluted soil were interrupted by the addition of biochar treatments (Fig. 3B). In contrast 
to cadmium, copper was predominantly found in the carbonate-bound Cu (50.70%) ratio in the control 
sample (CT, 0 days), with residual Cu (27.33%), Fe–Mn oxide Cu (16.50%), organic matter Cu (3.30%), and 
exchangeable Cu (2.44%) coming in second and third, respectively. On the 90th day of the experiment, the 
exchangeable Cu fraction decreased up to 2.0% in MB1, 1.96 in MBT1, 1.70% in MB5, and 1.20% in MBT5. In 
comparison to the CT amendment, the carbonate-bound Cu portions of MB5 and MBT5 amendments were 
notably decreased to 38.80% and 34.64%, respectively. The residual Cu fraction was increased by 7. 47%, 9.37%, 
13.63%, and 19.65% in MB1, MBT1, MB5, and MBT5 respectively. In this study, the Fe–Mn oxide Cu portion 
was reduced which may be changed to organic matter Cu portion within 90 days of incubation, as it increased 
in all treatments (MB1, MBT1, MB5, and MBT5). Many researchers indicated that the use of biochar increases 
the fraction of organically bound Cu35. The biochar surface comprises multiple oxygen-containing functional 
groups that may result in enhanced oxidizable fractions to create organic-bound Cu by interacting with Cu36. 
According to37, biochar can increase the organic matter-bound Cu ratio. The soil organic matter Cu fraction was 
not increased correspondingly, even if the current data showed improved organic bound fraction with biochar 
treatments. In the current work, the carbonate-bound Cu fraction was enhanced to become the residual bound 
Cu fractions, which are the most stubborn. The component that is most readily available is indicated by the 
carbonate and exchangeable bound content, whereas the resistant component is identified by the Fe-Mn oxide, 
residual fractions, and organic matter bound. Both the recalcitrant and liable proportions can be employed to 
estimate the efficacy of in-situ stabilization38.

In the current work, we find out that both bioavailable Cd and Cu contents of the MB5 amendment were 
considerably lesser than the MB1 amendment (Fig.  3A,B). Furthermore, MBT may effectively reduce the 
bioavailable Cu and Cd in the contaminated soil compared to MB treatment, increasing the immobility of Cu 
and Cd, especially at a 5% application rate. Cu and Cd might be changed from bioavailable portions to less 
bioavailable ones by both MB and MBT. Nonetheless, there are differences in the fraction dissemination of Cd 
and Cu in the modified soils. Particularly, the soil exchangeable Cu fraction is lesser than that of Cd, whereas 
the soil organic matter bond Cu portion is distinctly greater than that of Cd. Cu higher sorption potential and 
affinity sequence for organic materials (such humic acid and biochar) as well as soil inorganic matter may be 
the source of this39. Therefore, applying biochar to the soil can reduce the environmental harm posed by heavy 
metals by condensing them into a more stable state.

Phyto-availability of Cu and Cd
DTPA extractable Cd and Cu concentration (i.e., DTPA-Cu, DTPA-Cd) in the amended soil gradually decreased 
with an increase in incubation duration (Fig. 4A,B). After 90 days, the DTPA-Cd contents lowered from 45 mg 
kg− 1 in CT to 38 mg kg− 1 in MB1, 36 mg kg− 1 in MBT1, 31.1 mg kg− 1 in MB5 and 25.3 mg kg− 1 in MBT5. 
In comparison to control, the declination in DTPA-Cu concentration was observed in all treatments. Though, 

Fig. 3.  Cd fractionation (A) and Cu fractionation (B) in the contaminated soil.
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different results have been reported in some other studies40. Some other workers have also perceived an escalation 
in the phyto-availability of Cu41. This increase might be because of an amplified proportion of dissolved organic 
matter present in biochar. Dissolved organic matter produced from biochar has various hydroxyl and carboxylate 
functional groups that can interact with Cu cations and elevate their mobility and bioavailability42. Biochar has 
been reported to produce a minimum amount of dissolved organic matter43. In comparison to the individual 
MB amendment, the MBT amendment with an equal dose rate had a lesser concentration of DTPA-Cu and 
DTPA-Cd. In specific, on the 90th day, the DTPA-Cd contents were 23.2 and 16.7 mg kg− 1 in MBT1 and MBT5; 
whereas the DTPA-Cu concentration was 104.2 and 62.3  mg kg− 1 in MBT1 and MBT5, respectively. These 
findings showed that MBT creates a momentous impact in declining the phyto-availability of Cu and Cd in soil, 
particularly at a treatment dose of 5%. The significant reduces the phyto-availability of Cu and Cd because the 
higher application rate provides more surface area, functional groups, and microbial biomass. This enhances 
metal adsorption, microbial immobilization processes, and transformation of metals into less bioavailable 
forms, which is less effective at the lower 1% dose.

Bio-accessibility of Cd and Cu
In this study, a unified bio-accessibility test was successfully implemented to see bio-accessible Cu and Cd 
proportions from the contaminated soil. This test is cost-effective and quick, while other animal studies are 
costly, difficult in management and care, and time-consuming. It is always desirable to shift from in vivo studies 
approaches to in vitro approaches44; though, a consistently reproducible extraction protocol for several soils 
is still needed. Additionally, this procedure will be easily applied by various research laboratories. Artificial 
biofluids have been applied in different physiological tests, for the expectation of drug uptake, nutritional 
analysis45, and metal solubility of orthodontic applications46. Gastrointestinal fractions at the various treatments 
were recorded to be 73% (MB1), 71.1% (MBT1), 67.4% (MB5), and 63.5% (MBT5) (Fig. 5A). In comparison, 
an obvious reduction in Cu bio-accessibility was perceived in all four amendments, viz. MB1 (72.5%), MBT1 
(69.6%), MB5 (65.1%), and FB5 (61.4%) in the intestinal juice for all four amendments, including MB1 (66.4%), 
MBT1 (60.1%).

MB5 (58%), and MBT5 (54.4%) (Fig. 5B). Different studies have reported the potential of biochar to decrease 
metal bioavailability, even at small doses47. Though the majority of researchers used acidic soils48, some studies 
have assessed the effect of three types of biochar on the oral bioavailability of Cd, Zn, and Pb in basic soil (pH 
7.6). The addition of acid biochar (pH 3.2) had no impact on the bioavailability of Cd in two different basic soils 
(pH 7.91 and 8.5), though, the neutral biochar was proficient in declining the bioavailability of Cd49.

Compared to stomach fractions, the intestinal juice in amended soil had significantly lower levels of Cd 
and Cu bioavailability (Fig. 5C,D), which is consistent with another research that have been published50. This 
might be caused due to the high pH and the use of organic substances in the intestinal juice, such as pancreatin 
and bile extract. A portion of the solubilized Cd may precipitate as a result of the pH change (from 1.5 to 7.0 in 
the intestinal phase)51. Additional research has demonstrated that Cd may form insoluble complexes with the 
phytate found in human diets52.

Effect of biochar treatment on CAT and urease activity
Considerable fluctuations in the activities of soil urease and CAT were noted during the incubation period. 
The biological activity of soil microorganisms may be negatively impacted by heavy metal contamination53. 
The biological activities of soil are primarily examined to determine how soil treatment affects soil enzymes, 
particularly urease and catalase activities, which function as sensitive bioindicators to heavy metals54. Some 

Fig. 4.  Fluctuations in DTPA-Cu (A) and DTPA-Cd (B) in a treated soil.
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studies described that biochar affects soil enzymatic activities in contaminated soil adversely, which may be due 
to biochar properties and soil ecology55.

At the start of the incubation period, all amendments’ urease and catalase activities progressively dropped 
before rising after the trial. Due to their inhibitory effects, the large amounts of Cd (60 mg kg− 1) and Cu (258 mg 
kg− 1) in the contaminated soil may have caused the initial phase of the drop-in enzyme activity. A similar pattern 
for urease assay in sediment contaminated with Cd after applying biochar55. Remarkably, within the first 2 weeks 
of treatment, soil treated with MBT5 exhibited the highest catalase activity among all amendments (Fig. 6A). 
Fungal survival in the porous structure of biochar is most likely the cause of this56. Catalase activity was roughly 
the same in all modifications.

A significant portion of soil nitrogen conversion is carried out by urease. In our investigation, the addition 
of biochar decreased the amount of soil urease activity for the first forty-two days of incubation. This activity 
then increased and peaked on the ninetieth day (Fig. 6B). Previous research57 has also shown a similar trend of 
outcomes following the application of high doses of biochar, most likely due to the detrimental effects of biochar 
on soil microbes. The application of MBT initially caused a decline in the activity of soil urease, but after 42 
days of incubation, this activity increased. These results showed a quick and greater self-restoring ability of soil 
activities in polluted soil. Former studies have also proposed the effect of HMs on soil enzymatic activities58, 
which ultimately reveals the capability of polluted soil to self-purify59. MBT-treated. According to60, polluted 
soil can self-purify. Previous research has also suggested that heavy metals have an impact on soil enzymatic 
activity61.

Mechanisms and effects
According to the results of the current work, the soil treated with MBT and MB showed a drop in the bioavailable 
parts of Cd and Cu. Out of all these different amendments, the MBT5 application produced the best activity for 
stabilizing heavy metals and restoring the soil. The main technique for rendering heavy metals in contaminated 
soil immobile was elucidated in the current work. Due to the biochar surface’s ability to serve as a growth-
enhancing microbe carrier. Different microbes were introduced into the contaminated soil to stabilize the heavy 
metals in the contaminated soil. Trichoderma harzianum grows on the biochar surface by colonizing its porous 
structure, which offers shelter. The surface also retains moisture and nutrients, creating a favorable environment 
that supports fungal hyphal growth. These results are align with the work of previous researchers62,63.

Metal immobility in a fungus-loaded biochar has been shown to be controlled by a number of processes, 
including precipitation, complexion, ion exchange, bio-sorption, bioaccumulation and mass transfer of metals. 
The oxygen-containing functional groups in biochar help in the ion exchange. The functional groups in biochar, 
such as –OH, –COOH, –C O–, and –C N, offer HMs binding sites to form complexes, which raise the metals’ 

Fig. 5.  Bio-accessibility of Cd (A) and Cu (B) in the stomach phase, and Cd (C) and Cu (D) in the intestinal 
phase after 90 days of incubation.
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specific adsorption.When T. harzianum is present, a range of extracellular polymeric substances (EPS) is 
released, including polysaccharides, aromatic amino acids, and cationic and anionic functional groups (NH3 
+, COO−, HPO4−, etc.). These interactions cause different physical and chemical reactions between the metals 
and the biochar surface, creating a strong. Additionally, hyphae growth increases surface area, which is another 
important element that might directly induce considerable retention of metals64–66. Insoluble precipitates may 
be formed when the mineral components in biochar precipitate with metals67,68. According to studies done so 
far, utilizing biochar alone does not result in the same level of heavy metal immobilization as when employing 
fungus69,70. The long-term stability of fungal loadedd biochar depends on soil conditions such as moisture, pH, 
nutrient availability and temperature.

Biosorption avoids the endosmosis of heavy metal into cells. The cell surface of fungi is having negative 
charge because of the existence of different biomolecules such as polysaccharides, phenolic acids, and proteins 
which possess various functional groups such as hydroxyl, amine, carbonyl, and phosphoryl groups, thus 
supporting interactions with the positive charge containing metal ions71,72. Fungus is considered to be an 
excellent biosorbent organism, because its cell wall contains almost 90% of polysaccharides. Studies propose that 
specific microbial species may be specific toward heavy metals because of the variation in cellular compositions 
and the functional sites involved in the metal binding73,74. Cd adsorption needs the participation of –OH and 
–C–O groups. Though, the amino groups of chitosan in the fungus are the primary sites responsible for the 
adsorption of heavy metals. A similar pattern of results have been described previously by researchers75–77. 
Physicochemical constraints of heavy metal play a noteworthy role in the adsorption of metal78. Usually, a 
reduction in the biosorption potential was determined with a rise in the heavy metal concentration may because 
of the saturation of metal-binding sites. In bioaccumulation, the heavy metal are precipitated in different cellular 
organelles, thus creating the non-toxic form of metal. In comparison to biosorption, bioaccumulation is viable 
only in live cells. Bioaccumulation in fungi relies on different parameters like concentration of metals, pH, and 
temperature. Variation in temperature changes the configuration and stability of the cell wall and even ionize the 
chemical medieties, disturbing the uptake of metal. Several researchers propose that biosorption is followed by 
bioaccumulation, where its accumulation follows the non-metabolic uptake of metal79.

Application of both MB and MBT raised the pH of treated soil at the initial phases of incubation. The initial 
rise in the pH of the soil after applying MBT and MB was due to the alkaline nature and ash content of biochar. 
With the passage of time, the pH gradually decreases as microbial activity, especially from T. harzianum, 
produces organic acids. These acids neutralize the alkalinity, leading to a more stable, neutral to slightly 
alkaline soil environment. Similar variations in soil pH during different incubation periods have been reported 
earlier80. In the current work, we find out that both bioavailable Cd and Cu contents of the MB5 amendment 
were considerably lesser than the MB1 amendment. Additionally, in comparison to MB treatment, MBT could 
successfully lower the bioavailable Cu and Cd in the contaminated soil; thereby enhancing the immobility of Cu 
and Cd, particularly with a 5% application rate. Cu and Cd might be changed from bioavailable portions to less 
bioavailable ones by both MB and MBT. MBT showed a greater decline in metal availability compared to MB, 
due to the synergistic effect of biochar and fungal activity. Similar pattern of results was noted that the amount 
of biochar added to contaminated soil increases, the proportion of calcitrant Cu and Cd increases while the 
bioavailable portions of these metals decrease81,82.

As the length of incubation increased, the amounts of DTPA-Cu and DTPA-Cd in the modified soil steadily 
reduced. These results point to MBT’s potential to decrease the danger of Cu and Cd on human health. When 
DTPA-Cu and DTPA-Cd were added to polluted soil at a dosage rate of 5% using bamboo biochar, previous 
studies discovered comparable patterns83, Similar to DTPA-Phyto-availability, applying two treatments of biochar 
at varying concentrations lowered the Cu and Cd bioavailability of the altered soil to varying percentages. The 
study’s observations of altered soil enzyme activity have consequences for a number of soil processes, including 

Fig. 6.  Impact of MB and MBT on the activities of catalase (A) and urease (B) in the contaminated soil.
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basal respiration, nutrient cycling, litter decomposition, and N2O emissions84. Biochar can improve water-
holding capacity and promote soil porosity and texture, which can have an effect on enzymatic activities85.

This study showed a significant increase in urease and catalase activities. The effect of biochar treatment 
on urease activity is important since this enzyme is critically implicated in N cycling and availability, and N2O 
releases from agricultural arenas with consequential implications on the environment86. Generally, the higher 
urease activities were noted at the highest biochar application rate suggesting that biochar has a significant 
influence. Similar results attesting to elevated urease and catalase activity following charcoal amendment86. The 
usage of biochar has been linked to a rise in soil organic matter, a decrease in nutrient loss, and the stability of 
heavy metals, all of which have been linked to an increase in enzyme activity87,88. Overall, this study’s positive 
findings about biochar’s impact on soil enzyme activity are consistent with its advantageous effects on soil biota 
and nutrient cycling (Fig. 7). Similarly, the role of the fungus in metal immobilization is depicted in Fig. 8.

Conclusions
Applying biochar to the soil is an effective way to remediate it when heavy metals are present. The 5% MBT 
treatment significantly reduced the bio-available and mobile forms of cadmium and copper by promoting their 
transformation into more stable residual fractions, thereby minimizing environmental risks. Moreover, MBT 
stabilizes the pH, raised the enzymatic activity, improved quality of the soil, decreased metal bio-accessibility 
in simulated gastric and gastrointestinal phases, and had a greater financial benefit than the individual biochar 

Fig. 7.  Mechanisms of cadmium and copper immobilization by MBT.
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(MB) addition. The results of this study indicate that using functional microbial pathogens in conjunction with 
a biochar treatment may prove to be a beneficial method for cleaning up polluted soil. Collaborate with farmers, 
land managers, and policymakers to implement large-scale field trials and evaluate the practicality of integrating 
biochar into agricultural and environmental management practices.

Data availability
Data is available on the request from corresponding author.
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