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ABSTRACT 

Increasing regulatory restrictions on traditional land application of biosolids (treated 

sewage sludge) in Australia has driven the need to explore alternative treatment technologies 

that render biosolids (BS) suitable for beneficial use while mitigating environmental risks. 

Thermal treatment of biosolids is currently being investigated in Australia as an alternative 

management practice; however, the characteristics of the biochar product is poorly 

understood. This thesis evaluates the safe land application of biosolids-derived biochar 

(BDB) produced from the gasification of BS at an Australian wastewater treatment plant 

using two contrasting Australian soil types (Ferrosol and Chromosol) at three application 

rates (2.5%, 5% and 10% w/w). Leaching columns were used to assess the environmental 

risk of heavy metal concentration and mobility in soils treated with BDB compared with BS. 

The study applied the novel use of p-XRF as a rapid and low-cost technique for investigating 

leaching behaviour. While BDB-amended soils contained higher total metal concentrations, 

the leachates showed significantly lower concentrations of soluble copper and chromium 

compared to those treated with BS. The study underscores a potential mitigation of 

environmental risks associated when applying BDB as a soil amendment. The combined 

assessment of agronomic and heavy metal dynamics of BDB was performed using 

glasshouse studies and compared to BS. BDB significantly increased the dry matter yield of 

ryegrass, compared to control. At 2.5% w/w application rate BDB increased yield by 180% 

in Chromosol and 192% in Ferrosol compared to control. Higher application rates of BDB 

did not affect agronomic efficiency. Importantly, BDB significantly reduced heavy metal 

uptake (chromium, copper, and zinc) by ryegrass compared to BS. Soil incubation studies 

supported these findings, showing that 2.5% BDB increased urease activity by 50% in 

Chromosol and 23% in Ferrosol, relative to control soil, which is beneficial for nitrogen 

cycling. While BDB at the same rate decreased acid phosphatase activity to 12% in 

Chromosol and 20% in Ferrosol, which shows a potential impact on phosphorous 

availability. The study advocates for a 2.5% application rate of BDB to optimize agricultural 

outputs while safeguarding soil and plant health. The findings also highlight the importance 

of tailored soil management practices that consider specific soil characteristics, and 

application rates to optimize benefits and minimize environmental risks. Further research is 

recommended to explore land application of BDB using field trials to understand long-term 

impacts and connect the results of the current research observed in controlled environment 

studies.  
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CHAPTER 1: INTRODUCTION 

Biosolids (BS) are the waste organics remaining from the various processes used onsite 

at wastewater treatment plants (WWTPs). These facilities treat a diverse range of wastewater 

sources, including both industrial effluents and domestic sewage. These waste biosolids 

largely consist of waste sludge and organics which are recalcitrant to the anaerobic and /or 

aerobic wastewater treatment processes employed onsite (Marchuk et al., 2023). While 

biosolids are rich in organic matter and contain agronomically significant concentrations of 

plant nutrients, they also contain heavy metals, pathogens, organic contaminants, and other 

xenobiotics including endocrine disruptors which may pose risks to soil quality and human 

health when directly applied to land (McLaughlin et al., 2007; Sinha et al., 2023). Due to 

these risks, biosolids must be stabilised by various combinations of primary, secondary and 

tertiary treatments with or without composting, alkaline stability or thermal drying prior to 

land application (Paz-Ferreiro et al., 2018). 

Although the application of biosolids (BS) to agricultural land is a common practice, it 

has potential challenges due to the variability of contaminant levels (Patel et al., 2020). 

Regulatory frameworks, especially in Australia, impose strict guidelines on BS application 

to protect public health and the environment (Racek et al., 2020; Sinha et al., 2023). Despite 

these measures, there are significant knowledge gaps regarding long-term impacts of BS 

application, including the fate of heavy metals, microplastics, persistent organic pollutants 

(POPs) and their transport in the environment (Pritchard et al., 2010; Raheem et al., 2018). 

The development of safer solutions for the disposal and utilisation of BS that better suit the 

needs of modern agriculture is a key aspect in facilitating a circular economy.  

One such innovative avenue gaining attention is the conversion of BS to biochar 

produced though thermal treatment (i.e., pyrolysis and gasification) (Goldan et al., 2022). 

Biochar is characterized by its high carbon content, stability in soil and ability to improve 

soil properties such as water retention and nutrient availability (Lehmann and Joseph, 2015). 

The highly negative surface charge of biochar enables the retention of cationic nutrients via 

ion exchange, whereas the relatively extensive surface area, internal porosity, and 

polarizability facilitate the sorption of anionic nutrients via covalent bonds (Lu et al., 2020). 

The high cation exchange capacity of biosolids-derived biochar (BDB) has the ability to 

adsorb heavy metals and organic contaminants such as pesticides and herbicides from the 
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environment. But there is little information on the cycling of heavy metals presented in BDB. 

Heavy metal contamination of agricultural soils represents a serious environmental issue. 

Biosolids-derived biochars are characterized by elevated concentrations of total heavy metal 

and when applied to agricultural land could contaminate soil and groundwater due to 

potential leaching. Additionally, soil amended with BDB can result in heavy metal 

accumulation in plant tissues which can enter the food chain. Interactions between biochar, 

soil, microbes, and plant roots are known to occur within a short period of time after 

application to the soil (Lehmann and Joseph, 2015). However, the extent, rates, and 

implications of these interactions are still far from being understood, and this knowledge is 

needed for an effective evaluation of the use of biochar as a soil amendment (Joseph et al., 

2010).  

While the use of biochar produced from various green biomass such as rice husk, sugar 

cane bagasse etc as a soil amendment has been reported in the literature, the application of 

BDB has not been extensively explored (Lu et al., 2013; Sachdeva et al., 2023). The process 

of carbonising biosolids to biochar can potentially destroy all pathogens and reduce the 

mobility and bioavailability of heavy metals and organic pollutants, thus mitigating the 

environmental risks associated with biosolids land applications (Racek et al., 2020; Sinha et 

al., 2023). This overview highlights several research gaps:  

1. Biosolids-derived biochar-Soil interaction: Studies are required to improve the 

understanding of how BDB interacts with different soil types. This includes its 

impact on soil physical properties, fertility, and bioavailability of nutrients and 

heavy metals to plants. These studies would provide valuable insights into 

determining the safe application rate of BDB amendments across different soil 

types, thus promoting sustainable agriculture (Sinha et al., 2023). 

2. Environmental risks: Studies are needed to better understand the mobility and 

leaching risks of heavy metals present in BDB when applied to soil, especially under 

different environmental conditions such as varying soil types (Marchuk et al., 2021; 

Patel et al., 2020).  

3. Soil health and plant response: The impact of BDB on soil health including changes 

in soil microbiota and plant heavy metal uptake requires comprehensive longitudinal 
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studies to assess these impacts over multiple growing seasons (Paz-Ferreiro et al., 

2018).  

Combined with the current flux of regulatory issues of biosolids in Australia and 

synthesis of the literature review (presented in Chapter 2), there is a clear knowledge gap in 

understanding the suitability of land application of BDB in Australia. With current 

regulatory trends in Australia discontinuing the direct application of BS on land, there is a 

need to find an alternative technology which further treats BS to render the product suitable 

for land application both from a nutrient and contamination perspective.  

1.1. Research Scope 

Thermal treatment of biosolids is currently being investigated in Australia as an 

alternative management practice; however, the characteristics of the biochar product is 

poorly understood.  To manage biosolids in a more sustainable manner, there is a need for 

further understanding of interactions between soil, plants and biosolids-derived biochar in 

different soil types, particularly in the context of their use in agriculture and environmental 

management. BDB are characterized by elevated level of heavy metal and when applied to 

agricultural land could contaminate soil and, due to potential leaching, to groundwater 

(Lehmann and Joseph 2015). However, the extent, rates, and implications of these 

interactions are still far from being understood, and this knowledge is needed for an effective 

evaluation of the use of biochar as a soil amendment (Joseph et al, 2010). Consequently, this 

research evaluates the safe land application of BDB produced from the gasification of BS at 

an Australian wastewater treatment plant using two contrasting Australian soil types at three 

application rates (2.5%, 5% and 10% w/w). Two soils from Queensland were used in this 

laboratory study: Red Ferrosol (Oxisol in the NRCS-USDA Soil Taxonomy) from the 

Agricultural Field Station Complex at the University of Southern Queensland and a Yellow 

Chromosol (Alfisol in the NRCS-USDA Soil Taxonomy) from Gatton (Queensland, 

Australia). Selection of these soils was based on their differences in mineralogy, texture, and 

soil pH and EC. 

The research firstly assessed the impact on heavy metal content, mobility and leaching 

when BDB is applied to soil. Heavy metals are a group of elements with specific gravities 

of > 5 g cm-3 (Ross, 1994). In excessive concentration those heavy metals regarded as the 

toxic and environmentally damaging are Cd (cadmium), Cr (chromium), Cu (copper), Hg 

(mercury), Ni (nickel), Pb (lead) and Zn (zinc) (Ross, 1994) but several of these, especially 
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those that are transition metals, are essential for plant metabolism (e.g., Cu, Ni, Zn). In order 

to cause a toxic effect, heavy metals must dissolve into soil solution, be taken up by an 

organism and be transported to cells where a toxic effect can occur. The availability of heavy 

metals in soils amended with BDB is affected by several factors, including the type of 

biosolids used for biochar production, pyrolysis temperature and soil characteristics 

(Figueiredo et al., 2019; Yang et al., 2018). Understanding the dynamics of total heavy metal 

concentrations in soil treated with amendments is crucial, because regulatory standards focus 

on this total concentration. Chromium is a heavy metal with known toxic effect on plant 

growth (Zulfiqar et al., 2023). High level of Cr can lead to chlorosis, necrosis and other 

growth abnormalities that reduce plant yield and quality (AbdElgawad et al., 2023; Franco 

et al., 2023). Copper and zinc are essential elements but can be toxic to plants and 

microorganisms above certain levels (Franco et al., 2023; Meng et al., 2023); therefore, 

maximum permissible levels in soil must be observed (MAFF, 1998).  

The research secondly performed the combined assessment of agronomic performance 

and heavy metal dynamics of BDB using glasshouse studies and compared to BS to observe 

the plant yield, agronomic efficiency and heavy metal dynamics in soil amended with BDB. 

This research will help in developing guidelines for the safe use of BDB in agriculture, 

contributing to sustainable waste management and agricultural practices. 

1.2. Research aims and objectives 

The aims of this research are to investigate the concentrations and mobility of heavy metals 

in two different soil types treated with BDB, and to evaluate the effectiveness of BDB as a 

soil amendment to increase plant yield and agronomic efficiency, when compared to BS. 

Part of this research was to assess the suitability of portable X-ray fluorescence (p-XRF) as 

a rapid, low-cost technique for measuring total heavy metal concentrations in soil and plants 

treated with such amendments.  

The objectives of this research thesis follow: 

1. Investigate the effects of BDB on mobility and leaching of heavy metals (Cr, Cu 

and Zn) in two Australian soils with contrasting physico-chemical properties at 

varying rates (2.5%, 5%, 10% w/w), and compare these effects with BS application.  

2. Evaluate BDB as potential soil amendment with respect to yield, agronomic 

efficiency and heavy metal uptake in ryegrass (Lolium perenne L.) in two Australian 
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soils with contrasting physico-chemical properties at varying rates (2.5%, 5%, 10% 

w/w), and compare these effects with BS application. 

3. Investigate the effects of BDB on soil enzymatic activity following soil application 

in two Australian soils with contrasting physico-chemical properties at varying rates 

(2.5%, 5%, 10% w/w), and compare these effects with BS application.  

1.3. Thesis Organization 

This thesis is structured as per the guidelines set forth by the University of Southern 

Queensland with respect to Thesis by Publication. The thesis is organised into six chapters, 

primarily focused on Papers 1-3 listed above. Additionally, the thesis includes three 

appendices that provide supplementary materials relevant to these papers. 

Paper 1 is a review of the literature which critically examines the application of biochar 

derived from biosolids in the context of land application in Australia. Paper 2 examines the 

use of portable X- ray fluorescence (p-XRF) to investigate the effects of BS and BDB on 

heavy metal (Cr, Cu and Zn) mobility and distribution pattern in amended soils (Yellow 

Chromosol and Red Ferrosol). Paper 3 investigates the agronomic and environmental 

impacts of applying BDB at three application rates (2.5%, 5% and 10% w/w) to soils (Yellow 

Chromosol and Red Ferrosol), focusing on their effects on ryegrass growth, heavy metal 

uptake and soil enzymatic properties, while comparing it to BS amended soils.  
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CHAPTER 2: PAPER 1 – LITERATURE REVIEW: 

POTENTIAL FOR LAND APPLICATION OF BIOSOLIDS-

DERIVED BIOCHAR IN AUSTRALIA: A REVIEW 

Paper 1 is a published article in Sustainability reviewing the utilization of BDB in 

Australian agriculture, emphasizing the interest in thermal treatment methods such as 

pyrolysis and gasification with changing legislation and waste reduction objectives. The 

review highlights the absence of specific legislative standards in Australia for the 

permissible concentrations of heavy metals in biochar intended for land application. The 

review notes the existence of voluntary quality standard for biochar internationally, such as 

the European Biochar Certificate and the International Biochar Initiative., which is focused 

on ensuring the quality of biochar by regulating organic contaminants and heavy metal 

concentration. 

This review brought together scientific evidence demonstrating that thermal treatment 

of biosolids can be employed to reduce pathogens, microplastics, and organic pollutants 

load, while decreasing the bioavailability of heavy metals at environmentally and 

agronomically safe levels. While the use of biochar produced from various green biomass 

such as rice husk, sugar cane bagasse as a soil amendment has been reported in the literature, 

the land application of biochar from biosolids via gasification has not been extensively 

explored, especially in the Australian context. This highlights several research gaps 

identified in Paper 1.   
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CHAPTER 3: GENERAL METHODS 

To address the objectives, the experimental design comprised of three sets of 

interconnected experiments, which were conducted under controlled conditions of 

temperature and soil moisture both in the laboratory and glasshouse. This methodology 

section details: (1) soil, biosolids and biosolids-derived biochar characterisation, (2) soil 

leaching experiment, (3) glasshouse experiment, and (4) incubation experiment which are 

described in detail in Paper 2 and Paper 3. 

3.1. Soil, biosolids and biosolids-derived biochar characterisation 

A general characterisation of soil, BS and BDB were conducted by the analytical tests 

described in Paper 2 and Paper 3. Presence of heavy metals (Cr, Cu, and Zn) were 

characterised by analysing the samples by inductively coupled plasma mass spectrometry  

(ICP-MS) (Figure 1) and p-XRF (

 

Figure 2). 

 

Figure 1. Microwave Digestion system and ICP-MS 
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Figure 2. Portable X-ray fluorescence spectroscopy 

3.2. Leaching column experiment  

The effect of biosolids and biochar on heavy metal leaching was assessed by monitoring 

calcium chloride-extractable metal concentrations released by soil, soil-biosolids, and soil-

biochar mixtures during the leaching experiment described in detail in Paper 2. The 0.01 M 

calcium chloride extraction provides information about the soil solution and exchangeable 

metal pools and can be regarded as an indicator of metal solubility, bioavailability and 

mobility in soils (Houba et al., 2000; Pueyo et al., 2004; Kalis et al., 2007).  

Prior to their use in the experiment, both soils were sieved (2mm aperture) and 

thoroughly mixed with either biosolids-derived biochar or biosolids in appropriate 

proportions (according to the application rates). The treated and original soil samples (500 

g each) were evenly packed into Plexiglas columns (8.7 cm inner diameter and 300 cm long) 

at a bulk density of 1.33 Mg m-3 (in triplicates). Columns fitted with Whatman grade 4 filter 

paper supported by wire mesh caps fixed to the base of each column. Three columns per 

treatment (untreated control, medium rates and high rates), two soils and two amendments 

(BDB and BS), placed on a stand above leaching funnels (Figure 3). Initially the columns 
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were wetted with the deionized water to saturation for 48 hours from the base by slow 

capillary rise. Moisture contents during experiment maintained around 80% of measured 

field capacity via application of deionized water. At each leaching event, 250 mL of 

deionized water applied and leachate collected in plastic containers and analysed for the 

concentration of Cr, Zn and Cu on ICP-MS. Leaching was repeated at days 0, 7, 15, 30 and 

60 of the experiment.  

Figure 3. Leaching experiment in controlled laboratory condition. 

3.3. Glasshouse experiment  

Ryegrass (Lolium perenne L.) was used in a pot study conducted in a glasshouse facility 

at the Centre for Agricultural Engineering at the University of Southern Queensland 

(Toowoomba, Australia) using the Yellow Chromosol and Red Ferrosol described earlier 

(Figure 4). Plastic pots, 10 cm in height, 10 cm in diameter at the bottom and 10 cm in 

diameter at the top were used for the pot trial. The experimental design was a factorial 

randomised block design with 3 treatments: i) control soil (CS), ii) soil with BDB, and iii) 

soil with BS. Soils were amended with BS and BDB at three different rates in mass: 2.5% 

(10 t/ha), 5% (20 t/ha) and 10%(40 t/ha) w/w referred to here as BS 2.5%, BS 5%, BS 10%, 

BDB 2.5 %, BDB 5%, and BDB 10%, respectively. Each treatment was carried out in 

triplicates. In each pot, 400g of air-dried soil was mixed uniformly with the respective rates 

of the treatments. Ryegrass seeds (20 g) were spread uniformly on the soil surface. The 

experiment commenced on March 20, 2022, and was conducted over a period of twelve 

months. Water (pH = 7.01) was supplied to maintain the soil between field capacity and 

approximately 70% of field capacity throughout the experiment (Yellow Chromosol – 15% 

w/w & Red Ferrosol – 21% w/w). Leaching was always avoided. The ambient temperature 

and relative humidity in the glasshouse were maintained at 25 ± 3°C and 55-65%, throughout 
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the experiment. A total of twelve cuts were performed at regular time intervals of 30 days 

over a period of one year. The grass was cut at 20-mm above the soil surface (Cordovil et 

al., 2007) and the harvested plant material was oven-dried at 60°C for 48 hours (MAFF 

(1998), Method No.: 1) for determination of dry matter yield (DMY) and heavy metal 

uptake. 

Figure 4. Overview of the pots experiment in the glasshouse (Agricultural Sciences and 

Engineering Precinct, University of Southern Queensland, Toowoomba, Australia) 

3.4. Soil incubation experiment   

This study investigated the enzymatic activity after 60 days at constant temperature and 

moisture conditions in soil following the application of BS and BDB. This method is 

described in Paper 3. From this laboratory study, likely patterns of enzymatic activity in 

field conditions can be inferred. 

Soil incubation was conducted to determine the effect of biochar on the enzymatic 

activity in soil. Soils were amended with BS and BDB at three different rates: 2.5%, 5% and 

10% w/w referred to here as BS 2.5%, BS 5%, BS 10%, BDB 2.5 %, BDB 5%, and BDB 

10%, respectively. A zero-amendment control was also used for each soil type. The 

experiment followed a fully randomized design with three replications (n = 3) for each 

treatment. Treated and control soil samples (200 g each) were evenly packed into plastic 

pots (6.5 cm inner diameter and 10 cm in height). The soils were maintained at a soil water 

content equivalent to 70% of field capacity and incubated at a constant temperature of 25 ± 

2°C for 60 days. Sampling was conducted at 0, 10, 20, 40 and 60 days from the start of the 

experiment by collecting subsoil samples weighing 20 g. Soil samples collected on day 60 

were used for laboratory analysis of enzymatic activity.  
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Figure 5. Incubation experiment (left) and environmental chamber (right) 
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3.5. Plant and soil measurements and analyses  

Standard methods were used for the determination of pH, electrical conductivity (1:5 

soil:water) and particle size distribution (Gee and Bauder, 1986). Total carbon and nitrogen 

concentration were measured by ignition with a Leco elemental analyser (Leco Corporation, 

St. Joseph, MI, USA). The chemical composition of soil, BDB and BS, and heavy metal 

content were analysed by ICP-MS (ELAN 6000, Perkin Elmer, Switzerland) after acidic 

digestion (“Aqua regia” HNO3:HCl, 3:1) in a microwave oven (Multiwave, 3000 Anton 

Paar, USA). For X-ray diffraction (XRD) analysis the clay fractions (< 2 μm) were separated 

from the bulk soils through sedimentation according to Stokes’ law (Jackson, 2005). The 

XRD patterns for randomly oriented air-dried samples were recorded with a PANalytical 

X'Pert Pro Multi-purpose diffractometer. XRD data were collected and displayed using 

CSIRO software XPLOT for Windows (Raven, 1990).  

Portable X-ray Fluorescence: Portable X-ray fluorescence is a non-destructive 

analytical technique widely used for its in-situ soil and plant analysis, due to its rapid and 

cost-effective nature. However, the application of p-XRF in detecting heavy metals in soils 

is subject to certain limitations that stem from the inherent properties of the technique, the 

complex nature of soil matrices, and the presence of soil amendments. p-XRF has specific 

detection limits for various elements, which may not be sensitive enough to detect low 

concentrations of heavy metals, especially in complex matrixes. Additionally, soil 

amendments can alter the soil matrix, potentially affecting the p-XRF readings due to 

changes in soil’s physical and chemical properties. The presence of organic matter, moisture, 

or other elements, particularly those with higher concentrations, can interfere with detection 

of target heavy metals (Alqattan et al., 2023; Hu et al., 2017). High iron (Fe) content, for 

example, can affect the p-XRF’s efficiency in reporting the actual amount of Cr due to lower 

absorption edge in energy than the fluorescent peak of Fe (Alqattan et al., 2023). 

Furthermore, alterations in the form or binding of heavy metals within the soil matrix, along 

with chemical transformations, such as oxidation-reduction reactions, complexation and 

precipitation, can change the speciation of heavy metals, affecting their detectability by p-

XRF, even though they remain present in the soil. (Li et al., 2022). Understanding these 

limitations is crucial for interpreting p-XRF data accurately in environmental and 

agricultural research.  
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Soil and plant samples: Plant samples: Oven dried soil and plant samples were packed 

into XRF sample cups and scanned with the OLYMPUS Vanta M Series portable X-ray 

fluorescence spectrometer (VMR-CXC-G2-A) for the total elemental concentration in the 

SOILEXTRA and GEOCHEM modes. The Olympus Vanta p-XRF features a 

(Rhodium/Tungsten (Rh/W)) anode X-ray tube of 10 to 50 kVp at 10-200 μA. This analyser 

uses a factory-installed calibration procedure with Compton Normalisation to estimate soil 

elemental concentrations in % or mg kg-1. The SOIL mode is equipped with a three-beam 

configuration at 50 kV, 40 kV and 15 kV whereas the GEOCHEM mode has a two-beam 

configuration at 50 kV and 10 kV. To enable lower atomic number elements to be measured, 

such as magnesium, silicon, aluminium, and iron (Limit of detection of 1%), GEOCHEM 

mode uses longer count rates. The National Institute of Standards & Technology (NIST) 

certified standard, NIST 2711a (moderately elevated trace elements) soil standard was used 

to verify the performance of the instrument. 

p-XRF was calibrated against calcium (Ca), titanium (Ti), rubidium (Rb), potassium (K), 

iron (Fe) and strontium (Sr). The recovery of elements via the p-XRF was high when 

comparing instrument measured values to the NIST standard (over 98% for all reference 

elements). In GEOCHEM Mode, Ca recovery was 105% (NIST certified material, Ca 

2.42%), Ti recovery was 103% (NIST certified material, Ti 0.317%) and Rb recovery was 

98% (NIST certified material, Rb 120 ppm) for the reference soil. In the SOIL EXTRA 

Mode, K recovery was 104% (NIST certified material, K 2.53%), Fe recovery was 100% 

(NIST certified material, Fe 2.82%) and Sr recovery was 97% (NIST certified material, Sr 

242 ppm) for the reference soil. 

Enzymatic analysis: Soil urease activity (BC0120 Soil Urease (UE) Activity Assay Kit), 

and acid phosphatase activity (BC0140 Soil Acid Phosphatase (S-ACP) Activity Assay Kit) 

were all determined by using the corresponding kit produced by Solarbio 

(http://www.solarbio.net/). The stopping procedure was operated according to the product 

manual provided by Solarbio using a spectrophotometer.  

  



 

 

51 

 

 

3.6. Statistical analyses 

The statistical package GenStat Release® 19th Edition (VSN International Ltd., 2020) 

was used to analyze data for heavy metal concentrations in soil and plant dry matter. 

Analyses involved ANOVA and repeated measurement of ANOVA. The least significant  

differences were used to compare means with a probability level of 5%. Figures were created 

using Graphpad Prism 9.1.2 (https://www.graphpad.com/updates/prism-912-release-notes). 

Statistical analyses were graphically assessed by means of residual plots. Log, natural log, 

or square root transformations of the data were applied to meet assumptions of normality or 

homoscedasticity for ANOVA analyses.  
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CHAPTER 4: PAPER 2 –HEAVY METAL DYNAMICS IN 

SOILS AMENDED WITH BIOSOLIDS AND BIOSOLIDS 

DERIVED BIOCHAR USING PORTABLE X-RAY 

FLUORESCENCE SPECTROSCOPY 

4.1. Introduction  

Paper 1 indicated that during the thermal conversion of biosolids to biochar, while 

pathogens, microplastics and organic pollutants are eliminated or greatly reduced in 

concentration, the process concentrates heavy metals. Due to the loss of water and organics, 

heavy metal concentration can increase by 2.5-3.5 fold (Jin et al., 2016). Heavy metal 

contamination of agricultural soils represents a serious environmental issue. BDB are 

characterized by elevated level of heavy metal and when applied to agricultural land could 

contaminate soil and groundwater via leaching events (Lehmann and Joseph 2015). 

However, the extent, rates, and implications of these interactions are still far from being 

understood, and this knowledge is needed for an effective evaluation of the use of biochar 

as a soil amendment (Joseph et al, 2010).  

Paper 1 identified that the mobility of heavy metals is of critical importance as this 

dictates the potential risk to soil, surface water and groundwater contamination. Addressing 

this research gap, the first objective of this study is to “Investigate the effects of BDB on 

mobility and leaching of heavy metals (Cr, Cu and Zn) in two Australian soils with 

contrasting physico-chemical properties at varying rates (2.5%, 5%, 10% w/w), and compare 

these effects with BS application”. 

The novelty of Paper 2 lies in its comprehensive approach to understanding the 

environmental impact of a commercially produced BDB when applied to soils, and the effect 

on heavy metal mobility and leaching. The work aimed to investigate heavy metal 

concentrations and mobility in soil treated with BDB using leaching columns and compared 

to BS amended soil. Specifically, the objectives of this work were twofold. First, to evaluate 

p-XRF as a cost-effective tool for measuring heavy metal mobility as compared to 

conventional ICP-MS analysis. Second, to investigate the effect of BDB on heavy metal 

mobility in two Australian soils and compare the results to BS amended soils. Successful 

application of p-XRF to the study of heavy metal mobility in soil could significantly reduce 
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the cost of laboratory analyses potentially allowing for in-situ characterization of soil and 

soil amendments. The dual focus helps in advancing the understanding of BDB 

environmental impacts on heavy metal leaching when applied to soils but also contributes to 

methodological advancements in soil analysis.  
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Abstract 

This study reports on the novel use of portable X- ray fluorescence (p-XRF) as a rapid and 

low-cost technique for investigating leaching behaviours of heavy metals in soils amended 

with biosolids (treated sewage sludge) and biosolids-derived biochar at three application 

rates (2.5%, 5% and 10% w/w). The measurement of zinc, copper, and chromium in two 

soils of contrasting mineralogy and physico-chemical properties (Yellow Chromosol and 

Red Ferrosol) was quantified in a laboratory setup using leaching columns. Analysis of total 

heavy metal movement in soil columns after six leaching events revealed decreased copper 

and chromium mobility in both soils, while zinc mobility decreased in Chromosol but 

increased in Ferrosol for biosolids treatment. These findings stress the complex dynamics of 

heavy metal mobility and emphasize the importance of understanding specific patterns in 

different soil types. Regression analyses between p-XRF and ICP-MS (Inductively coupled 

plasma mass spectrometry) results affirmed the reliability of p-XRF, particularly for 

determining total zinc and copper concentrations, although discrepancies were noted for 

chromium in Chromosol due to low elemental concentrations. The study underscores the 

nuances related to environmental risk assessment, emphasizing the need for comprehensive 

evaluations beyond total heavy metal concentrations to inform sustainable soil management 

practices.  
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1. Introduction  

Biosolids (BS) are commonly used in agriculture as soil amendments due to their high 

nitrogen and phosphorus concentrations. However, land applications are regulated to 

manage the associated risks with a range of contaminants, including heavy metals and 

emerging contaminants such as microplastics and per- and polyfluoroalkyl substances 

(PFAS). While biosolids provide numerous beneficial effects on soil biophysical and 

chemical properties (Jones and Healey, 2010), the concentration of potentially harmful 

heavy metals has resulted in heavy environmental restrictions. Due to Environmental 

Protection Agency (EPA) regulations, beneficial use of biosolids in Australia has declined 

from 94% in 2017 to 91% in 2019, and 83% in 2021 (Dean et al., 2020). Consequently, the 

stockpiling and landfilling of biosolids is increasing while industry searches for an 

alternative management solution. 

One potential solution for managing biosolids is thermal conversion. Principally, these 

technologies include pyrolysis and gasification, whereby the main difference lies in the 

presence of oxygen during the processes. Gasification is achieved in an environment 

containing sub-stoichiometric oxygen, where organic matter is converted into carbon char 

and syngas. Conversely, pyrolysis is the process of sublimating organic matter in the absence 

of oxygen, leading to the production of char, tar, and gas (Rada, 2017). The primary benefits 

of these technologies include: (i) mass and volume reduction of biosolids thereby lowering 

associated transport cost, (ii) production of liquid and gaseous energy carriers, and (iii) 

generation of ‘biochar’, a solid product rich in stable carbon and plant nutrients (Joseph et 

al., 2021; Mierzwa‐Hersztek et al., 2018; Sinha et al., 2023). While the primary pathway for 

disposal of biochar derived from biosolids (BDB) is landfill, the high nutrient content his 

piqued interest in application as a soil additive. 

Although biochars are commonly reported to be beneficial for soils, concerns remain 

regarding the safe application of BDB to agricultural land. While thermal conversion of BS 

to BDB eliminates or greatly reduces pathogens, microplastics and organic pollutants (i.e., 

PFAS), heavy metals become concentrated (Raheem et al., 2018; Sinha et al., 2023). Due to 

the loss of water and organics, heavy metal concentration can increase by 2.5-3.5-fold (Jin 

et al., 2016). However, the mobility of heavy metals is of critical importance as this dictates 

the potential risk to soil, surface water and groundwater contamination. Although heavy 

metal concentrations in the BDB are increased compared to the BS feedstock, heavy metal 
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mobility in BDB is significantly lower than BS when applied to the environment (Jin et al., 

2016). Specifically, biochar has a relatively high cation exchange capacity which allows for 

adsorption of heavy metals and organic contaminants (Hill, 2005). There are few works 

which explore the interactions between BDB in Australian soils. Consequently, as there is 

substantial variation in both soil and biochar characteristics, there is need to explore the 

interactions between BDB and heavy metals in various Australian soil applications. 

Regulation of BS and BDB is emerging in Australia. Sinha et al. (2023) provided a 

critical review of the use of biosolids-derived biochar in Australian agriculture, highlighting 

the increased interest in thermal treatments as a management method due to legislative 

changes and waste reduction goals. The review highlighted the absence of specific legislative 

standards in Australia for the permissible concentrations of heavy metals in biochar intended 

for land application. The review noted the existence of voluntary quality standards for 

biochar internationally, such as the European Biochar Certificate and the International 

Biochar Initiative, which focus on ensuring the quality of biochar by regulating organic 

contaminants and heavy metal concentration. Consequently, there is need to understand how 

these materials interact with Australian soils to better inform policy and regulation. 

To better inform regulation policy in a timely manner, there is need for cheaper, more 

rapid analysis of heavy metal mobility in soil. While inductively coupled plasma mass 

spectrometry (ICP-MS) is currently the gold standard for this application (Schneider et al. 

2016; Messager et al. 2021), portable X-ray fluorescence spectrometry (p-XRF) is emerging 

as a viable alternative (Al Maliki et al., 2017; Madden et al., 2022). X-ray fluorescence 

spectrometry has several advantages when compared to other multi-element techniques such 

as ICP-MS (McComb et al., 2014). Although ICP-MS is an EPA approved method for 

determining trace metals in soil and water due to its reliability and sensitivity, it is expensive 

and time consuming to prepare and analyse samples. In comparison, p-XRF is a comparably 

rapid, cheap and non-destructive technique to measure heavy metal concentrations in 

environmental samples (Ravansari et al., 2020). Additionally, p-XRF analysis requires 

limited preparation for solid samples, does not produce hazardous waste, and is portable 

(McLaren et al., 2012). Due to these advantages, p-XRF is commonly viewed as field 

equipment, and has been widely used for environmental assessment of soils and plants 

(Antonangelo and Zhang, 2021). While p-XRF results are often validated with wet chemistry 

techniques, McLaren et al. (2012) and Borges et al. (2020) demonstrated good correlation 

between wet chemistry and p-XRF performance for total element concentration in plant and 
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soil matrices. Similarly, McComb et al. (2014) used both X-ray fluorescence and inductively 

coupled plasma optical emission spectroscopy (ICP-OES) to determine phosphorus 

concentration in raw materials and ceramics and results were comparable between the two 

analytical methods. The same study showed that detection limits values obtained with p-

XRF were higher than those obtained with ICP-OES/MS. Consequently, the application of 

p-XRF to lab-based research has potential to equip researchers with the capability to rapidly 

screen for heavy metal mobility in various Australian soil types. 

The work aimed to investigate heavy metal concentrations and mobility in soil treated 

with BS and BDB using leaching columns. Specifically, the objectives of this work were 

twofold. First, to compare p-XRF against ICP-MS as tools for measuring heavy metal 

mobility in two Australian soils. Second, to investigate the effect of biosolids and biosolids-

derived biochar on heavy metal mobility in two Australian soils. Successful application of 

p-XRF to the study of heavy metal mobility in soil could significantly reduce the cost of 

laboratory analyses potentially allowing for in-situ characterization of soil and soil 

amendments. 
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2. Materials and methods 

2.1. Description of soils and soil amendments  

Both BS and BDB were produced from the same BS sourced from Pyrocal Pty Ltd. 

(Toowoomba, Queensland, https://www.pyrocal.com.au/). The BDB was industrially 

produced in a Pyrocal continuous carbonisation technology gasifier. Dried Biosolids were 

gasified at a temperature of 400°C increasing to 700°C over a residence time of 100 seconds. 

Biochar was quenched with water upon exiting the gasifier. Both the dry BS and BDB 

materials were crushed, dried at 40°C and sieved to pass 2 mm. 

Two soils from Queensland were used in this laboratory study (Table 1): clayey Ferrosol 

(Rhodoxeralf in the US Soil Taxonomy description) from the Agricultural Field Station 

Complex at the University of Southern Queensland and acidic sandy Yellow Chromosol 

(Alfisol in the US Soil Taxonomy description) from the Gatton area (Queensland, Australia). 

Selection of these soils was based on their differences in mineralogy, texture, and pH. Soil 

samples were collected from the 0.0–0.20 m depth by a hand auger, air-dried, and sieved to 

2 mm. All measurements reported as w/w and mg kg-1 are on a dry matter basis.  
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Table 1. Physicochemical characterization of the soils used in the leaching study. 

Description  Analytical method Red Ferrosol Yellow Chromosol 

GPS Location 
 27°36’32.27” S, 

151°55’52.96” E 

27°35’44.9” S, 

152°18’20.1” E 

pH (1:5 soil:water), % 4A11 6.0 5.5 

EC (1:5 soil:water), dS 
m-1 

3A11 0.03 0.01 

Total C, % (w/w) 6B21 3.51 1.69 

Total N, % (w/w) 7A51 0.27 0.16 

Clay (<0.002 mm), % 

(w/w) 
Gee and Bauder, 1986 57 14 

Silt (0.002–0.02 mm), 

% (w/w) 
Gee and Bauder, 1986 11 11 

Sand (0.02–2 mm), % 

(w/w) 
Gee and Bauder, 1986 32 75 

Total Zn, mg kg-1 17A21 89.80 42.70 

Soluble Zn, mg kg-1 
1:5 soil:water 

suspension, then ICP-

MS 

0.19 0.23 

Total Cu, mg kg-1 17A21 46.20 8.50 

Soluble Cu, mg kg-1 

1:5 soil:water 

suspension, then ICP-
MS 

BDL2 BDL2 

Total Cr, mg kg-1 17A21 331.0 13.5 

Soluble Cr, mg kg-1 

1:5 soil:water 

suspension, then ICP-

MS 

0.12 0.01 

Dominant clay mineral X-ray Diffraction Kaolinite 
Kaolinite, 

Montmorillonite 
1Rayment and Lyons, 2011 

2BDL-Below detection limit 

2.2. Soil columns and leaching study 

Soils were amended with BS and BDB at three different rates: 2.5%, 5% and 10% w/w 

referred to here as BS 2.5%, BS 5%, BS 10%, BDB 2.5%, BDB 5%, and BDB 10%, 

respectively. A control (zero-amendment) for each soil type was also used. The experiment  

was carried out under laboratory conditions, in a fully randomized design with triplicate 

replications for each treatment tested. The treated and original soil samples (500 g each) 

were evenly packed into columns to achieve uniform density within the PVC tubes (87 mm 

inner diameter by 200 mm long). The bottom of the soil columns was fitted with a nylon 

mesh screen and filter paper to prevent soil loss. Another filter paper was placed on the top 

of the soil to reduce surface disturbance while pouring the leaching solution to the soil. The 

columns were first wetted with a 0.01 M calcium chloride (CaCl2) solution from the base of 

the column to reach saturation by capillary rise, which was achieved after about 48 hours  

and then leached with 0.01 M CaCl2 solution. The leaching of zinc (Zn), copper (Cu) and 

chromium (Cr) through the soil was evaluated under saturated/near-saturated soil conditions 

using vertically oriented plexiglass columns placed in funnels with draining tubes. Soil water 
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content in the soil columns were maintained between saturation and field capacity 

(corresponding to suctions between 0 and -100 cm) over the entire experiment to minimize 

the risk of by-pass flow between the soil matrix and the inner wall of the PVC tube due to 

swelling, and to allow for gravitational drainage (Ngo-Cong et al., 2021). The soil columns 

were allowed to drain freely during the leaching events and water was not observed to pool 

on the soil surface for extended periods. A total of six leaching events were conducted at 1, 

3, 7, 14, 30 and 60 days respectively after the experiment was established .  

2.2.1. Leaching with Calcium chloride solution  

The effect of BS and BDB on heavy metal leaching was assessed by monitoring CaCl2-

extractable metal concentrations released from soil (control without amendment), soil-BS 

and soil-BDB mixtures during the experiment. The 0.01 M CaCl2 extraction provided 

information about the soil solution and exchangeable metal pools, and it can be regarded as 

an indicator of metal solubility, mobility, and bioavailability in soils (Houba et al., 2000; 

Pueyo et al., 2004; Kalis et al., 2007). At days 1, 3, 7, 14, 30 and 60 from the start of the 

experiment, columns were leached with approximately 150 mL of 0.01 M CaCl2 solution. 

Leaching was performed by slowly pouring the solution into the columns above the soil 

covered with filter paper. Columns were covered with plastic cups to minimize evaporation 

during the leaching events, and they were allowed drain into plastic containers placed 

beneath each column. The receiving containers had a cap with a small hole drilled through 

it that allowed the funnel’s drain tube to be inserted into the container to minimize 

evaporative losses. The amount of leachate collected at each leaching event was determined 

volumetrically. Leachate samples were filtered and analysed for pH, electrical conductivity 

(EC), Zn, Cu and Cr concentrations. 

2.3. Analytical methods 

Standard methods were used for the determination of pH, EC (1:5 soil:water) (Rayment 

and Lyons, 2011) and particle size distribution (Gee and Bauder, 1986) (Table 1). Total 

carbon and nitrogen concentrations were measured by ignition with a Leco elemental 

analyser (Leco Corporation, St. Joseph, MI, USA). 

2.3.1. Inductively coupled plasma mass spectrometry  

The chemical composition of the soils, BS and BDB, including heavy metal 

concentrations, were analysed by ICP-MS (ELAN 6000, Perkin Elmer, Switzerland) 
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following microwave-assisted acid digestion (aqua regia, 3:1 HNO3:HCl) (Multiwave, 3000 

Anton Paar, USA). 

2.3.2. Portable X-ray Fluorescence  

Air-dried soil samples were packed into XRF sample cups and scanned with the 

OLYMPUS Vanta M Series p-XRF Spectrometer (VMR-CXC-G2-A) for the total elemental 

concentration in the SOILEXTRA and GEOCHEM modes. The Olympus Vanta p-XRF 

features a (Rhodium/Tungsten (Rh/W)) anode X-ray tube of 10 to 50 kVp at 10-200 μA. 

This analyser uses a factory-installed calibration procedure with Compton Normalisation to 

estimate soil elemental concentrations in % or mg kg-1. The SOIL mode is equipped with a 

three-beam configuration at 50 kV, 40 kV and 15 kV whereas the GEOCHEM mode has a 

two-beam configuration at 50 kV and 10 kV. To enable lower atomic number elements to 

be measured, such as magnesium, silicon, aluminium and iron (Limit of detection of 1%), 

GEOCHEM mode uses longer count rates. The National Institute of Standards & 

Technology (NIST) certified standard, NIST 2711a (moderately elevated trace elements) 

soil standard was used to verify the performance of the instrument. 

p-XRF was calibrated against calcium (Ca), titanium (Ti), rubidium (Rb), potassium 

(K), iron (Fe) and strontium (Sr). The recovery of elements via p-XRF was high when 

comparing instrument measured values to the NIST standard (over 98% for all reference 

elements). In GEOCHEM Mode, Ca recovery was 105% (NIST certified material, Ca 

2.42%), Ti recovery was 103% (NIST certified material, Ti 0.317%) and Rb recovery was 

98% (NIST certified material, Rb 120 ppm) for the reference soil. In the SOIL EXTRA 

Mode, K recovery was 104% (NIST certified material, K 2.53%), Fe recovery was 100% 

(NIST certified material, Fe 2.82%) and Sr recovery was 97% (NIST certified material, Sr 

242 ppm) for the reference soil. 

2.4. Statistical analyses 

The statistical package GenStat Release® 19th Edition (VSN International Ltd., 2020) 

was used to analyse data of heavy metal concentrations in soil and leachate, and pH. 

Analyses involved ANOVA and repeated measurement of ANOVA. Two Way ANOVAs 

were done in GraphPad Prism 9.1.2. Log, natural log or square root transformations were 

applied to ensure data met assumptions of normality and homoscedasticity. A Tukey’s or 

Sidak’s post hoc test was applied to assess multiple comparisons where ANOVA results 
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were significant. The least significant differences (LSD) were used to compare means with 

a probability level of 5%. Figures were created using GraphPad Prism 9.1.2 

(https://www.graphpad.com/updates/prism-912-release-notes). Statistical analyses were 

graphically assessed by means of residual plots. 

3. Results and Discussion 

3.1. Characterization of the element concentrations in biosolids and 

biosolids-derived biochar 

The elemental compositions of biochars are related to the thermal treatment 

temperature, retention time, water content, and biomass constituents of feedstock 

(Srinivasan et al., 2015). Biosolids-derived biochar contained higher concentrations of total 

Zn, Cu and Cr compared to BS, however, the soluble fractions of Zn, Cu and Cr are 

significantly decreased in BDB as these metals precipitate under alkaline conditions (Table 

2). Agrafioti et al. (2013) and Hossain et al. (2011) observed similar trends on the effect of 

higher temperature on pH and available/extractable heavy metals. Total carbon and nitrogen 

concentrations decreased in BDB when compared to BS, although the total phosphorus 

concentration increased. This was due to the volatilization of different carbon and nitrogen 

groups (i.e., carbon monoxide, carbon dioxide, water, hydrocarbon, ammonium-nitogen, or 

nitrate-nitrogen) at higher temperatures during thermal treatment (Yang et al., 2018). This 

increase in total phosphorus in BDB is due to the loss of water and organic material from 

biosolids during the thermal treatment (Adhikari et al., 2019). 
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Table 2. Physicochemical characterization of biosolids and biochar used in the leaching experiment. 

Description  
Analytical method 

Biosolids 
Biosolids-derived 

biochar 

pH (1:5 soil:water)  4A11 5.6 9.5 

EC (1:5 soil:water), dS 

m-1 
3A11 5.38 0.51 

Total C, % (w/w)  6B21 40.59 34.55 

Total N, % (w/w)  7A51 7.07 4.65 

Total P, g kg-1 17A21 49.90 78.90 

Soluble P, g kg-1 

1:5 soil:water 

suspension, then ICP-
MS 

7.13 0.13 

Total Zn, mg kg-1 17A21 957.0 1,517.4 

Soluble Zn, mg kg-1  

1:5 soil:water 

suspension, then ICP-

MS 

1.43 0.20 

Total Cu, mg kg-1 17A21 580.1 692.3 

Soluble Cu, mg kg-1 

1:5 soil:water 

suspension, then ICP-

MS 

0.05 0.02 

Total Cr, mg kg-1  17A21 53.0 98.7 

Soluble Cr, mg kg-1 

1:5 soil:water 

suspension, then ICP-

MS 

0.31 0.01 

1Rayment and Lyons, 2011 

3.2.  Evaluation of p-XRF as a suitable tool for rapidly measuring 

heavy metal concentration in soil 

To assess the suitability of p-XRF as a suitable analytical tool, the relationship between 

ICP-MS analyses and p-XRF laboratory readings for total concentrations of Zn, Cu and Cr 

in soil after six leaching events were analysed (Fig. 1). There were strong correlations (R2) 

between ICP-MS and p-XRF results for Zn and Cu in both soil types as well as for both BS 

and BDB treatments (Table 3). However, there were poor correlations for Cr in the 

Chromosol for both BS and BDB treatments. In the Ferrosol, there was a strong correlation 

for Cr in BDB treatments, but only moderately strong correlation for Cr from BS. These 

results align with previous investigations which indicated that p-XRF is effective in 

accurately detecting Cu and Zn as compared to Cr. For example, Adler et al. (2020) focused 

on predicting soil concentrations of Cu, Zn, and cadmium (Cd) through p-XRF 

measurements and reported high suitability for Zn concentrations. Similarly, Borges et al. 

(2020) compared p-XRF measurements with laboratory-based methods and suggested that 

p-XRF measurements were accurate for the measurement of Cu, lead (Pb) and Zn 

concentrations, while Cd and Cr may be more effectively screened using alternative 

laboratory methods. 
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Fig. 1. Linear regression plots for ICP-MS and p-XRF data for Zn, Cu and Cr in Chromosol and 
Ferrosol soil column samples following amendment with biosolids (black circles, solid line) or 
biosolids-derived biochar (open circles, dashed line) (n = 4).  
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Table 3. Linear regression results for ICP-MS and p-XRF data for Zn, Cu and Cr in Chromosol and 
Ferrosol soil columns following biosolids (BS) or biosolids-derived biochar (BC) amendments.  

Element Parameter 
Chromosol Ferrosol 

BS BDB BS BDB 

Zn Equation y = 0.6238x 
+ 18.72 

y = 0.6389x 
+ 10.89 

y = 1.269x - 
29.53 

y = 0.6621x 
+ 32.17 

R2 0.9407 0.9964 0.7348 0.9908 
p * 

(0.0301) 
* 

(0.0018) 
ns 

(0.1428) 
* 

(0.0046) 
SE 0.11 0.03 0.54 0.05 

Cu Equation y = 0.7491x 
+ 1.808 

y = 0.4633x 
+ 5.235 

y = 0.6381x 
+ 8.584 

y = 0.4672x 
+ 21.91 

R2 0.9899 0.9934 0.9779 0.9822 

p * 
0.0051 

* 
0.0033 

* 
0.0111 

* 
0.0089 

SE 0.05 0.03 0.07 0.04 

Cr Equation y = 
0.03173x + 

13.10 

y = 0.2263x 
+ 14.26 

y = -
0.06447x + 

355.5 

y = -
0.1319x + 

381.9 
R2 0.2610 0.3711 0.8421 1.000 

p ns 
0.4891 

ns 
0.3908 

ns 
0.0823 

*** 
<0.0001 

SE 0.04 0.21 0.02 3.2 x 10-4 

Asterisks indicate significance levels (p<0.05 = *, p<0.001 = **, p<0.0001 = ***); ns indicates not 

significant; SE indicates standard error. 

3.3. Distribution of heavy metal in soil columns as determined by p-

XRF 

In order to understand the environmental and agricultural impact of BDB addition, it is 

important to understand the distribution of heavy metals in the soil matrix and the movement 

of heavy metals at different soil depths. This is important for informing practices and policies 

due to the potential for bioaccumulation through plant uptake and/or leaching of heavy 

metals into the water table. The movement of Cu, Cr and Zn was distinctly different between 

the Chromosol and Ferrosol when treated with BS and BDB (Fig. 2). Under the BDB 

treatment, the total concentration of Cu, Cr and Zn movement increased in Ferrosol but 

decreased in Chromosol. Similarly, with biosolids treatment, the total concentration of Cu 

and Cr increased in Ferrosol but decreased in Chromosol, whereas Zn concentrations 

decreased in Ferrosol and increased in Chromosol. These results demonstrate the importance 

in understanding the contribution of soil characteristics toward heavy metal mobility in 

different soil types and at different soil depths, and this is currently a key knowledge gap 

which warrants further investigation. 
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Fig. 2. Mobility of heavy metals through soil columns after 6 leaching events for Chromosol and 
Ferrosol amended with biosolids and biosolids-derived biochar. Error bars show standard deviation 
(n = 3). 

3.4. Effects of biosolids and biosolids-derived biochar on heavy 

metals mobility in amended soils 

Throughout the leaching experiment, changes in the pH of the soil leachates were 

observed following the application of BS and BDB to the soils (Fig. 3). These changes were 

dependent on time and soil type, but application rate produced no significant impact. The 

increase in leachate pH in the Chromosol was more pronounced due to lower buffering 

capacity of sandy Chromosol compared with clayey Red Ferrosol. Biosolids-derived biochar 

may increase soil pH due to its inherent alkalinity, making it a promising amendment for 

acidic soils. The ability of BDB to increase soil pH can also reduce the leaching of heavy 

metals and other contaminants into groundwater. 
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Fig. 3 pH of leachate following sequential leaching events over time (60 days). Error bars show 
standard deviation (n = 3). 

The accumulated mass of each metal in the leachate varied depending on the soil and 

the treatment applied (Fig. 4, Table 4). Minimal metal leaching occurred from control 

Ferrosol and Chromosol, particularly for Cu and Cr. The addition of biochar to the soils 

reduced the metal concentration in the leachate, especially for Zn in Chromosol. Zn 

concentration in the leachate reduced from 14.3 mg kg-1 to 8.69 mg kg-1 upon a 10% w/w 

biochar application rate (Table 4). However, when biosolids and biochar were independently 

applied to both soils, there was an increased release of Cu and Cr into the leachate. This 

increase was most significant when biosolids was applied at different rates to both the soil 

types. In this study, Cr was the most mobilized metal when biosolids is applied at the highest 

rate of 10% w/w in both soil types. Specifically, in comparison to the control soil, the 

concertation of Cr released in the leachate increased from 0.07 to 4.95 mg kg-1 for Chromosol 

and from 0.09 to 5.88 mg kg-1 for Chromosol and Ferrosol (Fig. 3, Table 4).  
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Fig. 4. Total mass of Zn, Cu and Cr leached from the columns after 6 leaching events for Red Ferrosol 
and Yellow Chromosol treated with different application rate of biosolids and biosolids-derived 
biochar. Error bars show SD (n = 3). Letters denote statistically significant differences between 
means. 

 

 

 



 

 

72 

 

Table 4. Leaching behaviour of heavy metals in soil amendments: added amounts, leachate 
concentrations and leached ratios.   

 
Ferrosol Chromosol 

Treatment 
Total Zn Zn Leached Total Zn Zn Leached 

mg kg-1 mg kg-1 % mg kg-1 mg kg-1 % 

Soil 0% 410.00 13.88 3.39 42.70 14.31 33.51 

BC 2.5% 447.94 19.63 4.38 80.60 11.24 13.95 

BC 5% 485.87 18.02 3.71 118.60 13.33 11.24 

BC 10% 561.74 16.45 2.93 194.40 8.69 4.47 

Soil 0% 410.00 13.88 3.39 42.70 14.30 33.49 

BS 2.5% 433.93 10.32 2.38 66.60 8.74 13.12 

BS 5% 457.85 17.58 3.84 90.60 8.36 9.23 

BS 10% 505.70 14.31 2.83 138.40 15.77 11.39 

Treatment 
Total Cu Cu Leached Total Cu Cu Leached 

mg kg-1 mg kg-1 % mg kg-1 mg kg-1 % 

Soil 0% 46.20 0.22 0.48 8.50 0.11 1.29 

BC 2.5% 63.50 0.44 0.69 25.80 0.26 1.01 

BC 5.0% 80.80 0.39 0.48 43.10 0.68 1.58 

BC 10% 115.40 1.24 1.07 77.70 1.37 1.76 

Soil 0% 46.20 0.22 0.48 8.50 0.10 1.18 

BS 2.5% 60.70 0.80 1.32 23.00 1.44 6.26 

BS 5.0% 75.20 2.39 3.18 37.50 1.27 3.39 

BS 10% 104.20 4.65 4.46 66.50 2.15 3.23 

Treatment 
Total Cr Cr Leached Total Cr Cr Leached 

mg kg-1 mg kg-1 % mg kg-1 mg kg-1 % 

Soil 0% 331.00 0.09 0.03 13.50 0.07 0.52 

BC 2.5% 333.50 0.16 0.05 16.00 0.24 1.50 

BC 5.0% 335.90 0.15 0.04 18.40 0.46 2.50 

BC 10% 340.90 0.53 0.16 23.40 0.94 4.02 

Soil 0% 331.00 0.09 0.03 13.50 0.07 0.52 

BS 2.5% 332.30 0.07 0.02 14.80 1.83 12.36 

BS 5.0% 333.70 0.24 0.07 16.20 3.29 20.31 

BS 10% 336.30 0.46 0.14 18.80 4.95 26.33 

 

The main risk associated with applying biochar derived from biosolids is the potential 

leaching of heavy metals from the biochar into the soil and, subsequently, the environment. 

This study demonstrated that the utilization of biochar as compared to direct biosolids 

application results in lower Cu and Cr leaching. When biochar is added to control soils, there 

is consistently lower Cu and Cr leaching in comparison to using biosolids at the same 

application rates. For instance, when biosolids and biochar were applied to Ferrosol at a rate 

of 10% w/w, the accumulated Cu in the leachate was 4.65 mg kg-1 and 1.24 mg kg-1 
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respectively. A similar trend was also observed in Chromosol. This aligns with other 

research which stated that thermal treatment of biosolids can immobilize most of the heavy 

metals in the resulting biochar via multiple mechanisms such as high pH, high surface area 

and stable carbonized matrix (Hernandez et al., 2011; Li et al., 2012).  

3.4.1. Zinc  

Zinc concentrations in leachate varied significantly depending on the treatments (i.e., 

biosolids and biochar) and the two soil types (p<0.01) (Fig. 5). During the initial sampling 

events, especially in soils treated with different rates of biochar, Zn concentrations were 

highest in comparison to Cu and Cr. Subsequently, this concentration gradually decreased 

from the second to the fourth sampling event. By the fifth and sixth sampling events, Zn 

leachate concentrations ranged between 0 – 1 mg kg-1 in both the soil types. It is also 

important to highlight that during the leaching events, the pH in the leachate samples from 

both soil types increased gradually, especially in the fifth and sixth sampling events (pH 

from ~7 to 8.5) (Fig. 4). Importantly, Zn is particularly sensitive to changes in pH compared 

to other metals like Pb and Cd (Antonangelo et al., 2023). The observed pH elevation, 

especially during the fifth and sixth leaching events, might have limited the movement of Zn 

from the biochar matrix (Fig. 3). Furthermore, it is also worth noting that biochars produced 

at high temperatures tend to contain increased amount of ash, which could play an important 

role in immobilizing Zn and reducing its mobility from the biochar matrix (Qian et al., 2016). 

Contrastingly, throughout the leaching events the concentration of Zn in the leachates 

from both soil types increased in soils amended with 10% biosolids (Fig. 3). This increase, 

especially noticeable from the fourth sampling event, suggesting that biosolids, containing 

high organic matter have higher degradability compared to biochar (Adhikari et al., 2019). 

As biosolids degrade more rapidly in soil over time, they release more unavailable forms of 

heavy metals, which subsequently become bioavailable in the soil for plant uptake and 

leaching into groundwater. 
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Fig. 5. Zinc (Zn) recovered in leachate (as total Zn, mg kg-1) over six leaching events. Notation: FS, 
Red Ferrosol; YC, Yellow Chromosol; BDB, Biosolids-Derived Biochar; BS, Biosolids; the number 
that follows BDB and BS denotes the application rate of the amendment expressed in % (by weight). 
Error bars on mean values (n = 3) denote the standard deviation, p<0.001, LSD: 0.317 (Soil type), 
p>0.05, LSD: 0.453 (Control vs. Treatment), p<0.011, LSD: 0.484 (Amendment type), p>0.05, LSD: 
0.513 (Amendment rate), p<0.001, LSD: 0.388 (Leaching events). LSD values were estimated using 
a 5% probability level. 

3.4.2. Copper 

In the initial sampling, the concentrations of Cu in leachates were notably higher across 

all leaching events in both soil types and across different rates of both biosolids and biochar 

applications. Following the six leaching events, the concentration of Cu in leachates 

increased in the following treatment order: control soil<biochar-amended soils<biosolid s-

amended soils (Fig. 6). Biosolids applications increased Cu concentrations in leachates more 

than biochar applications at all application rates (Fig. 6). There were significant differences 

between control and treated samples (p<0.0001), as well as significant differences between 

amendment types and amendment rates (p<0.001). During leaching events 1 to 4, Cu 

concentrations in leachates for both soils increased with increasing application rates, as 

expected. However, Cu leaching was not observed in leaching events 5 and 6. The amount 

of Cu recovered in leachate from biochar-treated soil was about one-third the amount 

recovered from biosolids-treated soil. Biochar showed reduced concentrations of Cu 

recovered in leachate, but to greater extent in clay Red Ferrosol than in Sandy Chromosol. 

Application of biochar significantly reduced the leachability of heavy metals at all 
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application rates likely due to higher pH (Fig. 3) and surface area (Hossain et al., 2011). The 

above results are consistent with leachate studies which have reported that extractable 

concentrations of all the elements including Cu in the biosolid derived-biochar were lower 

than those in the original raw wastewater sludge samples (Hossain et al., 2011). 

 

Fig. 6. Copper (Cu) recovered in leachate (as total Cu, mg kg-1). Note that after the fourth leaching 
event, the amount of Cu recovered in leachate was below detection limits. Notation: FS, Red 
Ferrosol; YC, Yellow Chromosol; BDB, Biosolids-Derived Biochar; BS, Biosolids; the number that 
follows BDB and BS denotes the application rate of the amendment expressed in % (by weight). 
Error bars on mean values (n = 3) denote the standard deviation, p<0.05 LSD: 0.044 (Soil type), 
p<0.001, LSD: 0.0636 (Control vs. Treatment), p<0.001, LSD: 0.068 (Amendment type), p<0.001, 
LSD: 0.072 (Amendment rate), p<0.001, LSD: 0.067 (Leaching events). LSD values were estimated 
using a 5% probability level. 

3.4.3. Chromium 

Cr recovered in leachate was similar in both soils and between-leaching events (Fig. 7). 

Most of the mobile fraction of Cr was extracted during leaching events 1-4 of the experiment. 

In both soils, Cr recovered in leachate increased with the application rate. Total Cr recovered 

in leachate from biochar-treated soil was about eight times lower than from biosolids-treated 

soil. There were no differences between soil types, but there were significant differences 

between control and all biosolid and biochar treatments (p<0.001) as well as significant  

differences between amendment types and amendment rates (p<0.001). There were lower 

concentrations of Cr in the leachate from soils amended with biochar compared to biosolids 

amended for all rates applied. For both soils treated with 10% biochar, Cr concentrations 

were lower than soils amended with 2.5% of biosolids. Lower Cr concentrations in these 
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leachates indicated lower Cr mobility in biochar amended soils, confirming the efficiency of 

biochar in reducing environmental risk. It is important to note that despite the higher total 

Cr levels in biochar compared to biosolids (98.7 mg kg-1 vs 53 mg kg-1, Table 2), the 

mobility, leaching risk, and bioavailability of Cr would be greatly reduced in biochar 

amended soils compared to biosolids. 

 

Fig. 7. Chromium (Cr) recovered in leachate (as total Cr, mg kg-1). Notation: FS, Red Ferrosol; YC, 
Yellow Chromosol; BDB, Biosolids-Derived Biochar; BS, Biosolids; the number that follows BDB 
and BS denotes the application rate of the amendment expressed in % (by weight). Error bars on 
mean values (n = 3) denote the standard deviation, p>0.065, LSD: 0.045 (Soil type), p<0.001, LSD: 
0.064 (Control vs. Treatment), p<0.001, LSD: 0.069 (Amendment type), p<0.001, LSD: 0.073 
(Amendment rate), p<0.001, LSD: 0.066 (Leaching event). LSD values were estimated using a 5% 
probability level. 

4. Conclusions  

This study investigated the impact of biosolids and biosolids-derived biochar on the 

mobility of heavy metals in soils. While higher total metal concentrations were observed in 

biochar-amended soils, the leachates showed significantly lower concentrations of soluble 

copper and chromium compared to those treated with biosolids. This underscores a potential 

mitigation of environmental risks associated when applying biosolids-derived biochar as a 

soil amendment. However, the varying zinc concentration leaching patterns at different 

application rates of biosolids-derived biochar versus biosolids, highlights the need for further 

research to understand the complex relationship between application rates and leaching 

behaviours. In order to understand the distribution of these heavy metals within the two soil 
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matrices at different depths the movement of total heavy metal concentrations was observed 

after 6 leaching events in constructed soil columns. Movement of heavy metals, specifically 

copper and chromium, decreased in both Ferrosol and Chromosol and zinc decreased in 

Chromosol for biosolids-derived biochar treatment but increased in Ferrosols for biosolids 

treatment. More research needs to be done in this area to understand the pattern of zinc 

leaching and movement in different soil types.  

Additionally, this study evaluated the efficacy of portable X-ray fluorescence as a rapid 

and cost-effective measurement tool for heavy metal concentrations, comparing it with 

measurements obtained via ICP-MS. This study established a relationship between two 

analytical techniques, ICP-MS and pXRF for soil elemental analysis, with a focus on three 

heavy metal concentrations. Regression analyses conducted between these methods 

reaffirmed the reliability of p-XRF, particularly for determining total Zn, Cu, and Cr 

concentrations in soil, although with variations depending on soil type. Discrepancies 

observed between p-XRF and ICP-MS results for Cr in the Chromosol were attributed to 

low elemental concentrations approaching the limit of detection for p-XRF. 

In a broader context, this study highlights the importance of recognising that total metal 

concentrations alone do not provide a complete understanding of environmental risk. The 

observed reduction in the solubility of Cu and Cr in biochar treatments, despite higher total 

concentrations, suggests a potential mitigation of environmental risks associated with 

leaching. This nuanced understanding is essential for informed decision-making in 

agricultural practices and environmental management, striking a balance between the 

benefits of soil amendments and potential environmental impacts. Ultimately, the study 

highlighted the importance of conducting comprehensive assessments that extend beyond 

total metal concentrations to evaluate the environmental sustainability of soil amendments.  
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Table A1. Change in leachate pH during experiment. 

Treatment 
pH 

Day 0 Day 3 Day 7 Day 14 Day 30 Day 60 

Ferrosol Control Soil 6.0 6.1 6.4 6.3 6.3 6.5 

Ferrosol+BDB 2.5% 6.1 6.4 6.6 6.7 6.9 7.2 

Ferrosol+BDB 5% 6.2 6.5 6.7 6.8 6.8 6.9 

Ferrosol+BDB 10% 6.7 6.9 7.3 7.4 7.5 7.8 

Ferrosol+BS 2.5% 6.2 6.7 7.2 7.2 7.5 7.4 

Ferrosol+BS 5% 5.9 6.7 7.3 7.3 7.8 7.7 

Ferrosol+BS 10% 5.8 6.8 7.2 7.4 7.7 7.7 

Chromosol Control Soil 6.5 6.4 6.4 6.6 6.4 7.1 

Chromosol+BDB 2.5 6.6 6.7 6.9 7.2 7.2 7.8 

Chromosol+BDB 5 6.9 7.1 7.3 7.4 7.5 8 

Chromosol+BDB 10 7.3 7.6 7.9 8.0 8.1 8.2 

Chromosol+BS 2.5 6.1 6.9 7.5 7.6 7.7 7.6 

Chromosol+BS 5 6.0 6.8 7.4 7.6 7.5 7.8 

Chromosol+BS 10 5.7 6.6 7.4 7.6 7.9 8.3 

Table A2: Leaching of Zn (mg kg-1 of soil)  

Treatment 
Leaching Events (mg kg-1) Total Zn 

(mg kg-1) 1 2 3 4 5 6 

Ferrosol Control Soil 2.44 3.17 3.82 3.29 0.75 0.41 13.88 

Ferrosol+BDB 2.5% 4.61 5.30 4.82 4.22 0.37 0.31 19.64 

Ferrosol+BDB 5% 4.53 4.59 4.14 3.97 0.45 0.34 18.03 

Ferrosol+BDB 10% 3.98 7.47 2.92 1.70 0.24 0.14 16.47 

Ferrosol+BS 2.5% 2.52 2.62 1.92 2.50 0.23 0.44 10.23 

Ferrosol+BS 5% 3.56 3.10 1.37 1.25 0.47 0.57 10.33 

Ferrosol+BS 10% 4.79 5.15 1.40 2.27 1.34 2.63 17.60 

Chromosol Control Soil 1.66 3.21 3.43 3.76 0.72 1.53 14.30 

Chromosol+BDB 2.5 2.41 2.25 2.89 2.83 0.64 0.22 11.25 

Chromosol+BDB 5 2.88 2.75 3.45 4.05 0.00 0.20 13.33 

Chromosol+BDB 10 5.10 1.05 1.16 1.28 0.00 0.10 8.69 

Chromosol+BS 2.5 2.31 1.45 1.84 2.30 0.26 0.58 8.75 

Chromosol+BS 5 2.38 1.19 1.06 2.25 0.81 0.67 8.36 

Chromosol+BS 10 3.28 1.40 1.68 6.15 1.08 2.18 15.76 
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Table A3: Leaching of Cu (mg kg-1 of soil)  

Treatment 
Leaching Events (mg kg-1) Total Cu 

(mg kg-1) 1 2 3 4 5 6 

Ferrosol Control Soil 0.00 0.16 0.03 0.04 0.00 0.00 0.22 

Ferrosol+BDB 2.5% 0.00 0.23 0.01 0.21 0.00 0.00 0.44 

Ferrosol+BDB 5% 0.00 0.21 0.02 0.16 0.00 0.00 0.39 

Ferrosol+BDB 10% 0.00 0.64 0.17 0.44 0.00 0.00 1.24 

Ferrosol+BS 2.5% 0.19 0.61 0.00 0.00 0.00 0.00 0.80 

Ferrosol+BS 5% 0.68 1.71 0.00 0.00 0.00 0.00 2.39 

Ferrosol+BS 10% 1.59 3.06 0.00 0.00 0.00 0.00 4.65 

Chromosol Control Soil 0.00 0.11 0.00 0.00 0.00 0.00 0.11 

Chromosol+BDB 2.5 0.00 0.18 0.04 0.05 0.00 0.00 0.26 

Chromosol+BDB 5 0.05 0.28 0.18 0.17 0.00 0.00 0.68 

Chromosol+BDB 10 0.50 0.32 0.29 0.26 0.00 0.00 1.37 

Chromosol+BS 2.5 0.99 0.45 0.00 0.00 0.00 0.00 1.44 

Chromosol+BS 5 1.02 0.26 0.00 0.00 0.00 0.00 1.27 

Chromosol+BS 10 0.69 0.30 0.00 1.16 0.00 0.00 2.15 

 

Table A4: Leaching of Cr (mg kg-1 of soil)  

Treatment 
Leaching Events (mg kg-1) Total Cr 

(mg kg-1) 1 2 3 4 5 6 

Ferrosol Control Soil 0.05 0.01 0.00 0.02 0.00 0.01 0.09 

Ferrosol+BDB 2.5% 0.06 0.03 0.01 0.04 0.01 0.01 0.16 

Ferrosol+BDB 5% 0.05 0.03 0.01 0.05 0.01 0.00 0.15 

Ferrosol+BDB 10% 0.08 0.16 0.08 0.18 0.01 0.02 0.53 

Ferrosol+BS 2.5% 0.08 0.40 0.01 0.14 0.07 0.07 0.77 

Ferrosol+BS 5% 0.27 1.21 0.03 0.49 0.13 0.28 2.42 

Ferrosol+BS 10% 0.49 2.61 0.15 1.62 0.47 0.53 5.88 

Chromosol Control Soil 0.02 0.02 0.00 0.02 0.00 0.02 0.07 

Chromosol+BDB 2.5 0.04 0.03 0.04 0.07 0.00 0.05 0.24 

Chromosol+BDB 5 0.05 0.05 0.09 0.14 0.06 0.08 0.46 

Chromosol+BDB 10 0.07 0.10 0.20 0.34 0.04 0.19 0.94 

Chromosol+BS 2.5 0.12 0.34 0.00 0.63 0.24 0.50 1.83 

Chromosol+BS 5 0.31 0.52 0.15 1.18 0.39 0.75 3.29 

Chromosol+BS 10 0.31 0.34 0.46 2.51 0.52 0.83 4.95 
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Table A5: Two Way ANOVA results for total metal concentrations in ferrosol and 

chromosols amended with different application rates of biosolids or biosolids-derived 

biochars.  

Element Source of variation 
Ferrosol Chromosol 

P value P value 

Zn 

Treatment 
** 

0.0081 
ns 

Application rate (%) ns ns 

Interaction 
** 

0.0027 

* 

00244 

Cu 

Treatment 
*** 

<0.0001 

** 

0.0014 

Application rate (%) 
*** 

<0.0001 

*** 

<0.0001 

Interaction 
*** 

<0.0001 

* 

0.0213 

Cr 

Treatment 
*** 

<0.0001 

*** 

<0.0001 

Application rate (%) 
*** 

<0.0001 

*** 

<0.0001 

Interaction 
*** 

<0.0001 

*** 

<0.0001 
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4.3. Links and implications  

Paper 1 indicated that biochar can immobilize heavy metals and reduce their solubility 

in soils. Future investigations should focus on understanding how specific soil characteristics 

and application rate affect the mobility and distribution of heavy metals in soil environments. 

Paper 2 aimed to fill the above research gap using a controlled experimental setup with 

leaching columns and two contrasting soil types to provide a greater understanding of these 

interactions. Additionally, the study seeks to validate the use of p-XRF as a rapid and cost-

effective method for measuring heavy metal concentrations in soils treated with different 

soil amendments, comparing its effectiveness with the more established ICP-MS.  

Links: 

1. Heavy metal immobilization by biochar: The study reinforces previous findings that 

BDB immobilizes heavy metals, reducing their solubility and potential for leaching 

when applied to soils. This is particularly relevant in the context of the real time use 

of commercially produced biochar as a soil amendment on agricultural soils, 

especially considering the evolving regulations that may ban the use of biosolids on 

Australian agricultural land.  

2. Soil type and application rate impact: The study highlights that soil type and 

application rates affect the mobility and distribution of heavy metals. This link is 

crucial for tailoring BDB application to different soil types to minimize heavy metal 

leaching risks in the environment. The findings in Paper 2 suggest that specific soil 

characteristics and application rates must be considered to optimize the benefits of 

BDB while mitigating potential environmental risks.  

3. Comparison of measurement techniques: By validating the use of p-XRF against the 

established ICP-MS, Paper 2 demonstrated a link between rapid, cost-effective 

measurement techniques and more traditional, costly laboratory methods. The 

validation supports the use of p-XRF as a reliable tool for real-time soil analysis, 

facilitating more extensive and frequent monitoring soil health and contamination.  
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Implications: 

1. Environmental risk mitigation: Paper 2 suggests that using BDB as a soil 

amendment can potentially mitigate environmental risks associated with heavy 

metal contamination and leaching. This is due to observed reduction in the solubility 

and mobility of copper and chromium in BDB-amended soils, despite higher total 

concentration present in BDB.  

2. Tailored soil amendment strategies: The varying results of zinc leaching depended 

on soil type and application rate, indicated the need for customized soil amendment 

strategies. Understanding these dynamics can help in developing specific guidelines 

for applying commercial scale production of BDB to different soil types, ensuring 

optimal outcomes. The tailored approach can enhance the effectiveness of BDB in 

reducing heavy metal mobility and improving soil health.  

3. Cost effective environmental analysis: The successful application of p-XRF for 

measuring heavy metal concentrations provides a more cost-effective method for 

soil analysis. This could facilitate more widespread monitoring of soil 

contamination risks.  

4. Long-term soil health and food safety: Highlighting the need for further research on 

the long-term field studies to understand heavy metal dynamics of BDB-amended 

soil, the study underscores the importance of ongoing monitoring to ensure soil 

ecosystem and food safety. This is crucial for maintaining sustainable agricultural 

practices over time and ensuring that the benefits of using BDB do not come at the 

cost of long-term environmental health.  

5. Policy and regulatory frameworks: The results observed in Paper 2 can inform 

policy makers and regulatory bodies about the benefits and potential risks of using 

BDB in sustainable agriculture. This could lead to the development of regulations 

that promote the safe and effective use of BDB balancing the benefits of waste 

recycling as soil amendments with potential environmental impacts. Such informed 

policies can help in the widespread adoption of BDB while ensuring environmental 

protection.  
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CHAPTER 5: PAPER 3 – AGRONOMIC PERFORMANCE 

OF RYEGRASS AND HEAVY METAL DYNAMICS IN SOIL 

AMENDED WITH BIOSOLIDS-DERIVED BIOCHAR  

5.1. Introduction 

Studies, reviews, and meta-analysis have generally found that biochar tends to be more 

effective in promoting plant growth and mitigative heavy metal bioavailability in acidic soils 

rather than alkaline soils. Despite these advancements, a critical research gap identified in 

Paper 1 persists regarding the direct comparison of agronomic efficiency and soil health 

outcomes of utilizing biosolids-derived biochar versus biosolids application in contrasting 

soil types at different rates. This comparison allows for the evaluation of two soil 

amendments with distinct properties, nutrient release properties and environmental impacts, 

providing a comprehensive understanding of their role in sustainable agriculture. This direct 

comparison is crucial for determining the most effective and environmentally responsible 

practices for enhancing agronomic performance, thereby guiding agricultural stakeholders 

and policy makers in making informed decisions for long-term sustainability.  

Understanding the dynamics of total heavy metal concentrations in soil treated with 

amendments is crucial, because regulatory standards focus on this total concentration as 

stated in Paper 2. As positive effect has been observed in Paper 2 in terms of BDB amended 

soils exhibited lower concentrations of soluble copper and chromium in leachates compared 

to soil treated with biosolids, further research is required in understand around heavy metal 

uptake in plant.  

This paper focuses on two objectives: Firstly, “Evaluate BDB as potential soil 

amendment with respect to yield, agronomic efficiency and heavy metal uptake in ryegrass 

(Lolium perenne L.) in two Australian soils with contrasting physico-chemical properties at 

varying rates (2.5%, 5%, 10% w/w), and compare these effects with BS application”. 

Secondly, “Investigate soil enzymatic activity following soil application of BDB in two 

Australian soils with contrasting physio-chemical properties at varying rates (2.5%, 5%, 

10% w/w), and compare these effects with BS application”. 
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Abstract 

This paper investigates, for this first-time, to our knowledge, the combined assessment of 

agronomic and environmental impacts of applying biosolids-derived biochar (BDB) in two 

soil types (Chromosol and Ferrosol) when compared to biosolids. Glasshouse experiments 

revealed that biosolids-derived biochar significantly increased the dry matter yield of 

ryegrass, although biosolids performed better overall. At 2.5% w/w application rate of BDB 

increased yield by 180% in Chromosol and 192% in Ferrosol compared to control, while 

biosolids increased yield by 562% in Chromosol and 179% in Ferrosol. Higher application 

rates of BDB did not affect agronomic efficiency. Importantly, BDB significantly reduced 

heavy metal uptake (chromium, copper, and zinc) by ryegrass compared to biosolids. Soil 

incubation supported these findings, showing that 2.5% BDB increased urease activity by 

50% in Chromosol and 23% in Ferrosol, relative to control soil, which could be beneficial 

for nitrogen cycling. While at the same rate BDB decreased acid phosphatase activity 12% 

in Chromosol and 20% in Ferrosol, potentially affecting phosphorous availability. The study 

advocates for a 2.5% application rate of biosolids-derived biochar to optimize agricultural 

outputs while safeguarding soil and plant health. Further research is recommended to explore 

land application of BDB using field trials to understand long-term impacts and connect the 

results of the current research observed in controlled environment studies. 

 

Keywords 

Sewage sludge; p-XRF (Portable X-Ray Fluorescence); dry matter yield; urease; acid 

phosphatase 

Abbreviations 

BS, Biosolids; BDB, Biosolids-Derived Biochar; p-XRF, Portable X-Ray Fluorescence; 

Zn, Zinc; Cu, Copper; Cr, Chromium; Fe, Iron  
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1. Introduction 

Maintenance of soil carbon (C) and soil fertility are vital components of sustainable 

agriculture system, which address global challenges in terms of food security and 

environmental resilience (Shang et al., 2014). Soil fertility directly affects crop yield, making 

it a focus area for land use management to achieve long-term agricultural sustainability 

(Tuğrul, 2019). A range of soil and crop management strategies are available to improve 

agricultural sustainability (Shah and Wu, 2019). Among such strategies is the combination 

and use of organic and inorganic fertilizers which can improve crop productivity and soil 

fertility (Shah and Wu, 2019).  

Biosolids (BS), the organic materials derived from the treatment of wastewater sludge, 

have long been used as soil amendments in agricultural practices. Use of biosolids in 

agriculture is beneficial due to the high nutrient content of biosolids, and the cost 

effectiveness and efficiency for managing this waste (Marchuk et al., 2023). However, the 

safe use of biosolids is becoming a global concern due to potential environmental 

implications, especially regarding persistent organic pollutants, microplastic and heavy 

metal accumulation (Sinha et al., 2023). To address these challenges, the conversion of 

biosolids to biochar (i.e., a carbon rich product obtained through the thermal treatment of 

organic materials under limited oxygen conditions) presents a promising option for 

effectively managing the risks associated with biosolids (Patel et al., 2020; Raheem et al., 

2018). 

Biochar is generally more effective in acidic soils than alkaline soils at promoting plant 

growth and mitigating heavy metal bioavailability (Hossain et al., 2021; Méndez et al., 2013; 

Faria et al., 2018; Jeffery et al.,2011). Also, they found that manure- and grass-based biochar 

are more effective than those made from wood (Jeffery et al.,2011; Macdonald et al.,2014). 

Despite these advancements, a critical research gap persists regarding the direct comparison 

of soil fertility and crop production outcomes of utilizing biosolids-derived biochar (BDB) 

versus biosolids application in contrasting soil types at different rates (Sinha et al., 2023). 

This comparison allows for the evaluation of two soil amendments with distinct properties, 

nutrient release properties and environmental impacts, providing a comprehensive 

understanding of their role in sustainable agriculture. This direct comparison is crucial for 

determining the most effective and environmentally responsible practices for enhancing soil 
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fertility and crop productivity, thereby guiding agricultural stakeholders in making informed 

decisions for long-term sustainability. 

Understanding the dynamics of total heavy metal concentrations in soil treated with 

amendments is crucial, because regulatory standards focus on this total concentration. 

Chromium (Cr) is a heavy metal with known toxic effect on plant growth (Zulfiqar et al., 

2023). High level of Cr can lead to chlorosis, necrosis and other growth abnormalities that 

reduce plant yield and quality (AbdElgawad et al., 2023; Franco et al., 2023). Copper (Cu) 

and zinc (Zn) are essential elements but can be toxic to plants and microorganisms above 

certain levels (Franco et al., 2023; Meng et al., 2023); therefore, maximum permissible levels 

in soil must be observed (MAFF, 1998). This research study also highlights research gap in 

comprehending the behaviour of total heavy metal concentration in soil and plants treated 

with biochar and biosolids using portable X-ray fluorescence (p-XRF) spectrometry, one of 

the essential components for compliance and informing regulation. 

The study explores the effects of biosolids-derived biochar on ryegrass growth and soil 

health, compared to BS. The research was conducted at three different application rates 

(2.5%, 5%, and 10% w/w) to determine the optimal use of BDB for enhanced crop 

productivity while minimizing environmental risks. The primary objectives were to evaluate 

the response of ryegrass to BDB in terms of dry matter yield (DMY) and agronomic 

efficiency, and to assess the uptake of heavy metals (Cr, Cu, and Zn) by the plants in 

glasshouse experiment. Additionally, the study aimed to investigate the impact of BDB on 

soil enzymatic properties (urease and acid phosphatase) in a controlled soil incubation 

experiment. It is envisaged that the results derived from this work will inform the design of 

future field-scale experimentation aimed at improving on-farm use of BDB in the 

development of practical management recommendations. 

2. Material and methods   

2.1. Description of soils and soil amendments  

Both BS and BDB were produced from the same BS material sourced from Pyrocal Pty 

Ltd. (Toowoomba, Queensland, https://www.pyrocal.com.au/). The biochar was produced 

on site at a wastewater treatment plant using Pyrocal’s Continuous Carbonisation 

Technology (CCT) gasifier. Dried Biosolids were gasified at a temperature of 400°C 

increasing to 700°C over a residence time of 100 seconds. BDB was quenched with water 

https://www.pyrocal.com.au/
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upon exiting the gasifier. Both the dry biosolids and derived biochar materials were crushed, 

dried at 40°C and sieved to pass 2mm. Physicochemical properties are presented in Table 

S1. Heavy metal analyses were performed on BS and BDB samples and the resulting values 

were compared with guidelines relevant to BS and BDB in land applications (Table 1). 

Table 1: Heavy metals in biosolids and biosolids-derived biochar used in the experiment and 

their allowable range according to guidelines. 

 Grade/Quality Total heavy metals 

(mg kg-1) 

Analytical method/ 

Reference 

Cr Cu Zn  

Amendments      

Biosolids-

derived 

biochar 

 98.7 692.3 1,517.4 172A21 

Biosolids  53.0 580.1 957.0 172A21 

Guidelines      

AWA-

Biosolid 

Category A 

Category B 

Category C 

100 

250 

500 

150 

375 

2,000 

300 

700 

2,500 

Natural Resource 

Management 

Ministerial Council 

(2004) 

IBI -Biochar Category A 

Category B 

93 

100 

143 

6,000 

416 

7,400 

International 

biochar initiative 

(2015) 

EBC-Biochar Premium 

Basic 

80 

90 

100 

100 

400 

400 

Schmidt et al. 

(2013) 
1Rayment and Lyons, 2011 

Two soils from Queensland were used in this laboratory study: Red Ferrosol (Oxisol in 

the NRCS-USDA Soil Taxonomy) from the Agricultural Field Station Complex at the 

University of Southern Queensland and a Yellow Chromosol (Alfisol in the NRCS-USDA 

Soil Taxonomy) from Gatton (Queensland, Australia). Selection of these soils was based on 

their differences in mineralogy, texture, pH and total carbon content. Soil samples were 

collected from 0.0–0.20 m depths, air-dried, and sieved to pass 2 mm sieves. 

Physicochemical properties, clay mineralogy by X-ray diffraction and locations of the soils 

are presented in Table S2.  

2.2. Glasshouse experiment  

Ryegrass (Lolium perenne L.) was used in a pot study conducted in a glasshouse facility 

at the Centre for Agricultural Engineering at the University of Southern Queensland 

(Toowoomba, Australia) using the Yellow Chromosol and Red Ferrosol described earlier. 

Plastic pots, 10 cm in height, 10 cm in diameter at the bottom and 10 cm in diameter at the 

top were used for the pot trial. The experimental design was a factorial randomised block 
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design with 3 treatments: i) control soil (CS), ii) soil with BDB, and iii) soil with BS. Soils 

were amended with BS and BDB at three different rates in mass: 2.5%, 5% and 10% w/w 

referred to here as BS 2.5%, BS 5%, BS 10%, BDB 2.5 %, BDB 5%, and BDB 10%, 

respectively. Each treatment was carried out in triplicates. In each pot, 400g of air-dried soil 

was mixed uniformly with the respective rates of the treatments. Ryegrass seeds (20 g) were 

spread uniformly on the soil surface. The experiment commenced on March 20, 2022, and 

was conducted over a period of twelve months. Water (pH = 7.01) was supplied to maintain 

the soil between field capacity and approximately 70% of field capacity throughout the 

experiment (Yellow Chromosol – 15% w/w & Red Ferrosol – 21% w/w). Leaching was 

always avoided. The ambient temperature and relative humidity in the glasshouse were 

maintained at 25 ± 3°C and 55-65%, throughout the experiment. A total of twelve cuts were 

performed at regular time intervals of 30 days over a period of one year. The grass was cut 

at 20-mm above the soil surface (Cordovil et al., 2007) and the harvested plant material was 

oven-dried at 60°C for 48 hours (MAFF (1998), Method No.: 1) for determination of DMY 

and heavy metal uptake.  

2.3. Soil incubation experiment 

Soil incubation was conducted to determine the effect of biochar on the enzymatic 

activity in soil. Soils were amended with BS and BDB at three different rates: 2.5%, 5% and 

10% w/w referred to here as BS 2.5%, BS 5%, BS 10%, BDB 2.5 %, BDB 5%, and BDB 

10%, respectively. A zero-amendment control was also used for each soil type. The 

experiment followed a fully randomized design with three replications (n = 3) for each 

treatment. Treated and control soil samples (200 g each) were evenly packed into plastic 

pots (6.5 cm inner diameter and 10 cm in height). The soils were maintained at a soil water 

content equivalent to 70% of field capacity and incubated at a constant temperature of 25 ± 

2°C for 60 days. Sampling was conducted at 0, 10, 20, 40 and 60 days from the start of the 

experiment by collecting subsoil samples weighing 20 g. Soil samples collected on day 60 

were used for laboratory analysis of enzymatic activity.  

2.4. Plant and soil measurements and analyses 

Standard methods were used for the determination of pH, electrical conductivity (1:5 

soil:water) and particle size distribution (Gee and Bauder, 1986). Total carbon and nitrogen 

concentration were measured by ignition with a Leco elemental analyser (Leco Corporation, 
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St. Joseph, MI, USA). The chemical composition of soil, BDB and BS, and heavy metal 

content were analysed by inductively coupled plasma mass spectrometry (ICP-MS) (ELAN 

6000, Perkin Elmer, Switzerland) after acidic digestion (“Aqua regia” HNO3:HCl, 3:1) in a 

microwave oven (Multiwave, 3000 Anton Paar, USA). For X-ray diffraction (XRD) analysis 

the clay fractions (< 2 µm) were separated from the bulk soils through sedimentation 

according to Stokes’ law (Jackson, 2005). The XRD patterns for randomly oriented air-dried 

samples were recorded with a PANalytical X'Pert Pro Multi-purpose diffractometer. XRD 

data were collected and displayed using CSIRO software XPLOT for Windows (Raven, 

1990).  

2.4.1. Portable X-ray fluorescence Spectrometry 

Plant samples: Oven dried plant samples were packed into XRF sample cups and 

scanned with the OLYMPUS Vanta M Series portable X-ray fluorescence spectrometer 

(VMR-CXC-G2-A) for the total elemental concentration in the SOILEXTRA and 

GEOCHEM modes. The Olympus Vanta p-XRF features a (Rhodium/Tungsten (Rh/W)) 

anode X-ray tube of 10 to 50 kVp at 10-200 μA. This analyser uses a factory-installed 

calibration procedure with Compton Normalisation to estimate soil elemental concentrations 

in % or mg kg-1. The SOIL mode is equipped with a three-beam configuration at 50 kV, 40 

kV and 15 kV whereas the GEOCHEM mode has a two-beam configuration at 50 kV and 

10 kV. To enable lower atomic number elements to be measured, such as magnesium, 

silicon, aluminium, and iron (Limit of detection of 1%), GEOCHEM mode uses longer count 

rates. The National Institute of Standards & Technology (NIST) certified standard, NIST 

2711a (moderately elevated trace elements) soil standard was used to verify the performance 

of the instrument. 

p-XRF was calibrated against calcium (Ca), titanium (Ti), rubidium (Rb), potassium 

(K), iron (Fe) and strontium (Sr). The recovery of elements via the p-XRF was high when 

comparing instrument measured values to the NIST standard (over 98% for all reference 

elements). In GEOCHEM Mode, Ca recovery was 105% (NIST certified material, Ca 

2.42%), Ti recovery was 103% (NIST certified material, Ti 0.317%) and Rb recovery was 

98% (NIST certified material, Rb 120 ppm) for the reference soil. In the SOIL EXTRA 

Mode, K recovery was 104% (NIST certified material, K 2.53%), Fe recovery was 100% 

(NIST certified material, Fe 2.82%) and Sr recovery was 97% (NIST certified material, Sr 

242 ppm) for the reference soil. 
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2.4.2. Enzymatic analysis 

Soil urease activity (BC0120 Soil Urease (UE) Activity Assay Kit), and acid 

phosphatase activity (BC0140 Soil Acid Phosphatase (S-ACP) Activity Assay Kit) were all 

determined by using the corresponding kit produced by Solarbio (http://www.solarbio.net/). 

The stopping procedure was operated according to the product manual (Catalog Number: 

BC0120 and Catalog Number: BC0140 attached in the supplementary document) provided 

by Solarbio using a spectrophotometer.  

2.4.3. Agronomic efficiency and heavy metal uptake  

A total of twelve cuts were performed at regular time intervals of 30 days. Grass was 

cut at 20 mm above the soil surface and the harvested plant material oven-dried at 60°C for 

48 hours for determination of DMY. Cumulative DMY over twelve cuts was subsequently 

used to derive the agronomic efficiency of the amendments applied to soil as per Equation 

(1) after Antille and Moody (2021) 

Equation 1: Determination of agronomic efficiency 

𝐴𝐸 =  
𝐷𝑀𝑌(𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)  – 𝐷𝑀𝑌(𝐶𝑜𝑛𝑡𝑟𝑜𝑙 )

𝐴𝑚𝑒𝑛𝑑𝑚𝑒𝑛𝑡  𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 
 …… (1) 

where: AE is the agronomic efficiency of the amendment applied to soil and DMY is 

dry matter yield, all expressed in kg kg-1. 

2.4.4. Statistical analyses 

The statistical package GenStat Release® 19th Edition (VSN International Ltd., 2020) 

was used to analyse data for heavy metal concentrations in soil and plant dry matter. 

Analyses involved ANOVA and repeated measurement of ANOVA. The least significant  

differences were used to compare means with a probability level of 5%. Figures were created 

using Graphpad Prism 9.1.2 (https://www.graphpad.com/updates/prism-912-release-notes). 

Statistical analyses were graphically assessed by means of residual plots. Log, natural log, 

or square root transformations of the data were applied to meet assumptions of normality or 

homoscedasticity for ANOVA analyses. 
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3. Results and discussion 

3.1. Glasshouse experiment 

3.1.1. Effect of treatments on dry matter yield and agronomic efficiency 

The impact of biochar application on plant yield varies significantly across different 

studies, with some showing positive effects (Junior and Guo, 2023; Song et al., 2014) while 

others showing no improvement or even negative effect at higher application rates (Regmi 

et al., 2022; Suppadit et al., 2012; You et al., 2019). The variability in response to biochar 

application highlights the importance of considering specific soil type, crop type, and 

biochar characteristics when determining the optimal application rate. 

Soil amended with BDB enhanced ryegrass growth and subsequent DMY compared to 

control in both soil types (Figure 1). Mean cumulative DMY was significantly higher in BS 

and BDB than in control soil (p<0.001) in both soil types. Higher application rates of BDB 

generally did not increase DMY yielding in both soil types. Differences between control and 

amendments at each cut were significant, and there were also significant differences in 

amendment type on DMY (p<0.001). Biosolids-derived biochar is known to improve soil 

structure, increase water retention and enhance nutrient availability, which can lead to 

increased plant growth and yield (Agegnehu et al., 2015; Lehmann and Joseph, 2015). 

 

Figure 1: The effect of biosolids and biosolids-derived biochar on dry matter yield of 
ryegrass grown in pots over twelve cuts. Different letters indicate significant differences 
between treatments.  
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In Chromosol, BS was more effective than BDB at enhancing DMY across all tested 

application rates (p<0.001). At lower application rate of 2.5%, BS significantly increased 

DMY by 562%, while at the same rate for BDB resulted in a 180% increase. These findings 

contrast with Hossain et al. (2015), who reported no significant difference in the growth and 

production of cherry tomatoes when comparing wastewater sludge and sludge biochar 

application in Chromosol. The discrepancy may be attributed to the variations in biochar 

characteristics influenced by temperature and the initial feedstock characteristics. Notably, 

while BS showed the highest yield increase at 5% application rate, there was a decrease 

observed at 10% application rate. Gutiérrez-Ginés et al. (2023) reported similar findings, 

where higher application rates of BS (12.8% w/w) decreased growth in Leptospermum 

scoparium plants. Conversely, increasing the application rate of BDB did not significantly 

affect the DMY aligning with studies reported in literature (Junior and Guo, 2023; You et 

al., 2019). 

In Ferrosol addition of BDB and BS were equally beneficial in enhancing DMY across 

all application rates. At lower application rates of 2.5% and 5%, BDB demonstrated slightly 

higher, although not significant, DMY compared to BS. Specifically, addition of 2.5% and 

5% BDB resulted in a DMY increase of 192% and 256%, respectively, while BS resulted in 

DMY yield increase by 179% and 244% respectively. Although not specific to Ferrosol, 

broader research has reported that biochar application generally increases crop yields (Carter 

et al., 2013; Junior and Guo, 2023; Song et al., 2014). Given Ferrosol’s high fertility and 

robust physical properties, it is likely to respond positively to BDB application, similar to 

other fertile soils at lower application rates. At lower application rates of BS (2.5% and 5%), 

there was no significant difference in yield, although at 10% application rate, BS exhibited 

the most substantial increase in DMY by 521%. These results align with the findings by 

Shan et al. (2021) reported similar findings, who observed grain yield of rice increased to 

811.7% with sewage sludge application at the rate of 7.4% w/w. The higher rates of nitrogen, 

phosphorous and potassium in biosolids along with high organic matter may be the reason 

for higher yields (Agegnehu et al., 2015). Similar to the trend in Chromosol, the application 

rate of BDB in Ferrosol had no significant effect on DMY, corroborating with studies 

reported in literature (Junior and Guo, 2023; You et al., 2019).  

Biochar decreases soil bulk density and may have acted as a soil conditioner that 

retained more available water and nutrients, and improved root growth which subsequently 

enhanced crop yield (Obia et al., 2016; You et al., 2019). The different responses of BDB 
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application in Chromosol and Ferrosol can be attributed to difference in soil 

physicochemical properties (such as pH, total carbon content and clay content) which lead 

to Chromosol’s lower fertility and nutrient status comparing to Ferrosol (Table S2). 

Although some studies have shown a clear effect of BDB on crop yield in sandy soil with 

low fertility (Agegnehu et al., 2015), this experiment evidenced that the increase in 

application rate in BDB, had no significant effect on DMY yield in either Chromosol or 

Ferrosol. Consequently, the optimum rate observed in this study was 2.5% w/w for both soil 

types. The significant differences in yield observed in this study can be attributed to several 

factors and conditions that may not be commonly reported in the broader literature. While 

both soil types benefit from BDB at lower application rate of 2.5%, the degree and efficiency 

of response can vary, suggesting the need for tailored soil management practices that 

consider the specific soil characteristics, amendment type and application rates.  

Comparison of agronomic efficiency between BS and BDB revealed that BS generally 

offered higher efficiency across the tested application rates, with highest rate at 2.5% in 

Chromosol (Figure 2). The higher efficiency of BS can be attributed to its faster 

mineralization rate, which likely releases nutrients more rapidly to support plant growth 

(Liao et al., 2020). Whereas in Ferrosol, although not significant BDB offered slightly higher 

efficiency at 2.5% application rate (Figure 2). This subtle difference might be due to the 

varying mineralization dynamics in different soil types, with Ferrosol potentially providing 

conditions that enhance BDB’s nutrient release (Alkharabsheh et al., 2021). Biosolids-

derived biochar, while beneficial at lower application rates, shows no significant effect on 

efficiency as the rate increased, suggesting its benefits in Chromosol are maximised at lower 

application rates. This trend aligns with BDB’s more stable and slower mineralization 

process, which limits its short-term nutrient contribution even at higher application rates 

(Alkharabsheh et al., 2021). Similarly, in Ferrosol BDB showed a moderate level of 

efficiency that decreased (non-significant) with higher application rate (Figure 2). This 

pattern further supports the hypothesis of BDB’s slower mineralization rate, as increasing 

its application rate does not proportionally increase nutrient availability in the short term. 

The observed trends for both the amendments are consistent with findings from other studies. 

Biochar can reduce soil nitrogen losses, which could explain the initial increase in agronomic 

efficiency at lower application rate (Jeffery et al., 2015; Wei et al., 2020). Integration of 

biochar into poor soil enhances soil fertility, crop development, and productivity (Zeeshan 

et al., 2020). On the other hand, the high agronomic efficiency observed with biosolids can 
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be attributed to their rich nutrient content, particularly nitrogen, phosphorus and potassium 

which are essential for plant growth (Hossain et al., 2010; Méndez et al., 2012).  

Figure 2: Agronomic efficiency for biosolids and biosolids derived biochar as derived from 

cumulative dry matter yield. Different letters indicate significant differences between 
treatments. 

3.1.2. Effect of treatments on plant uptake of heavy metals 

Heavy metal uptake in plants refers to the absorption and accumulation of metal 

contaminants from the soil into the plant tissues (Arif et al., 2016). This process is influenced 

by the bioavailability of the metals in the soil, which can be altered by addition of soil 

amendments such as biosolids and biosolids-derived biochar (Yan et al., 2020). Cumulative 

mean of total heavy metal uptake concentrations of Cr, Cu and Zn in the above ground part 

of ryegrass after 12 cuts were analysed over a period of 1 year (Figure 3). 
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Figure 3: Effect of biosolids and biosolids-derived biochar rate on total heavy metals uptake 
by aboveground part of ryegrass after 12 cuts. Error bars on mean values (n = 3) denote the 
standard deviation. 
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Chromium Uptake Dynamics: While soil type alone did not significantly affect Cr 

uptake, the addition of BS or BDB amendments and their application rates significantly 

influenced the Cr uptake in the plant dry biomass (p<0.001). In Chromosol, the application 

rate of BS generally led to higher Cr uptake, with values approximately increasing from 70 

mg kg-1 at 2.5% to over 100 mg kg-1 at 10%. BDB showed a less consistent increase with 

application rate, with the highest uptake around 40 mg kg-1 at 5% and slightly lower at 10%. 

In Ferrosol, the application rate of BS and Cr uptake is not directly proportional, with some 

decrease in rate observed at 5% when compared to 2.5%. Biosolids-derived biochar showed 

a similar trend as BS with highest uptake at 10% application rate. Overall, BS tend to result  

in higher Cr uptake compared to BDB at higher application rates. This could be due to 

different nutrient compositions and properties of the amendments affecting Cr availability 

and uptake mechanisms (Gutiérrez-Ginés et al., 2023). Biosolids-derived biochar has high 

surface area and porosity, which can adsorb Cr ions, reducing their availability in soil 

solution and thus their uptake by plants (Bashir et al., 2021; Namdari et al., 2024).  

Copper Uptake Dynamics: Soil type significantly influences Cu uptake, as does the 

combination of BS and BDB amendments and their application rate (p<0.001). In 

Chromosol, the application rate of BS generally led to higher Cu uptake, while BDB shows 

less consistent increases in Cu uptake with application rate. In Ferrosol, the increasing 

application rate of BS correlates with higher Cu uptake, the highest uptake observed at 10%. 

BDB shows less consistent increases with application rate in Ferrosol. Notably, in both soil 

types, Cu uptake was lower in BDB when compared to BS at equivalent application rates. 

Consistent with the findings, BDB typically reduces Cu bioavailability through adsorption 

and immobilization mechanisms (Liu et al., 2023; Liu et al., 2024; Majaule et al., 2020).  

Zinc Uptake Dynamics: Similar to Cr, the effect of soil type on Zn uptake is not 

statistically significant, although the combination of BS and BDB amendments and their 

application rate significantly influences the Zn uptake (p<0.001). In Chromosol, BS show a 

more consistent increase of Zn uptake with increasing application rate with the highest value 

observed at 10% application rate, while BDB showed less consistent increase in Zn uptake 

with application rate. In Ferrosol, the increasing application rate of BS and BDB leads to 

higher Zn uptake. Similar to Cr and Cu uptake, Zn uptake was lower in BDB when compared 

to BS at equivalent application rates in both soil type. BS increases Zn availability and 

uptake possibility due to their nutrient rich composition and influence on soil chemistry, as 

stated in Gutiérrez-Ginés et al. (2023), where the application of BS in soil, increased 
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exchange Zn. Similar observation was also supported by from Gartler et al. (2013), where 

biosolids mixed with biochar significantly increased Zn uptake by some crop species. 

Biosolids-derived biochar typically reduces Zn bioavailability through adsorption and 

immobilization mechanisms (Namdari et al., 2024; Qian et al., 2016). 

The findings from this study are consistent with other research which indicates that BDB 

exerts a more pronounced effect on immobilizing heavy metals and reducing their 

bioavailability when compared to BS especially in Chromosol (de Figueiredo et al., 2019; 

Hossain et al., 2010; Namdari et al., 2024), this can be attributed to the physiochemical 

properties of BDB, such as high surface area, porosity and pH modifying ability (Liu et al., 

2023; Majaule et al., 2020). These findings underscore the importance of considering both 

amendment types and specific amendment rates when managing certain heavy metal uptake 

in agricultural systems.  

The effectiveness of BDB in altering the heavy metal bioavailability can be influenced 

by soil properties such as pH and clay content (Table S1). Although soil was not a significant  

factor in influencing Cr and Zn uptake, for Cu the soil type was significant. While biosolids 

and biosolids-derived biochar can be beneficial for plant growth, their use in different soil 

types should be carefully managed to avoid excessive heavy metal uptake. Long-term 

research is imperative for comprehensively understanding the continued impacts of the 

amendments in different soil types.  

3.2. Incubation experiment  

3.2.1. Effect of treatments on soil enzyme activity  

Enzyme activity serves as a crucial indicator for monitoring the impact of soil 

management, agricultural practices, and contamination on soil health (Adetunji et al., 2017). 

After the incubation with biosolids and biosolids-derived biochar, ureases and acid 

phosphatase activity was measured (Figure 4). Urease and acid phosphatase are closely 

linked through their roles in nutrient cycling and soil health.  

Urease plays an important role in the transformation of soil nitrogen, with its activity 

being influenced by factors such as soil pH and texture. Ureases activity was significantly 

increased following incubation with BDB and BS in both Chromosol and Ferrosol soil 

compared to control soil. The application of BDB at a 2.5% w/w rate increased ureases 

activity by 50% in Chromosol and 23% in Ferrosol, relative to control soil. Similarly, the 
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addition of biosolids at the same rate led to an increase in the rate of urease activity by 100% 

in Chromosol and 37% in Ferrosol relative to control soil. The greater increase in urease 

activity observed with BS compared to BDB can be attributed to higher nutrient content, 

particularly total nitrogen (Table S1) and the enhanced microbial activity promoted by the 

organic matter present in biosolids (Medina-Herrera et al., 2020). This observation 

underscores the significance of soil amendments in modulating enzyme activities, 

particularly in the context of nitrogen cycling. 

 

Figure 4. Effect of biosolids and biochar addition on the urease, and acid phosphatase in soil. 
Error bars on mean values (n = 3) denote the standard deviation. Different letters indicate 
significant differences between treatments at p<0.001 level. 

Phosphatase enzymes are involved in the mineralization of organic P in soil, facilitating 

the conversion of complex organic P compounds to inorganic forms that are readily available 

for plant uptake. A significant decrease (p<0.001) in acid phosphatase activity in both 

Chromosol and Ferrosol was observed following the addition of BDB compared to control. 

Conversely, biosolids addition to Chromosol increased the enzyme activity, but decreased 

in Ferrosol at lower application rates. The application of BDB at a 2.5% w/w rate decreased 

acid phosphatase activity by 12% in Chromosol and 20% in Ferrosol, relative to control soil. 
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While addition of BS at 2.5% increased acid phosphatase activity by 8% in Chromosol, but 

decreased by 9% in Ferrosol, relative to control soil. The rise in pH resulting from addition 

of BDB may contribute to the observed decrease in the acid phosphatase activity as observed 

by Chen et al. (2013). Based on the urease activity in this incubation study, the application 

of BDB and BS improved the soil microbial activity and soil quality. 

The combined effect of increased acid phosphatase and urease activities with biosolids 

application enhances the overall nutrient availability in soil, particularly nitrogen and 

phosphorous, which are critical for plant growth and development (Adetunji et al., 2017). 

This improved nutrient availability is a key factor that can contribute to the higher yields 

observed in soils treated with BS and BDB, across both Chromosol and Ferrosol soils 

(Figures 1 & 2). Incorporating BS also can increase microbial activity, likely due to 

biosolids-borne microbes (Medina-Herrera et al., 2020). These findings align with previous 

research that demonstrated the beneficial effects of biochar and biosolids on soil nutrient 

dynamics and plant growth outcomes (You et al., 2019; Medina-Herrera et al., 2020; Silva-

Leal et al., 2021). The synergistic effect of increased microbial activities facilitates the 

breakdown and mineralization of organic compounds, thereby making essential nutrients 

more accessible to plants.  

The higher enzymatic activities observed in BS is more likely attributed to the presence 

of particulate organic matter (POM) (Wang et al., 2020; Chen et al., 2018). POM is the liable 

fraction of soil organic matter that significantly influences soil enzymatic activities and is 

strongly correlated with urease and proteases (Wang et al., 2020). This increase in liable 

organic matter fraction may stimulate microbial growth and enzyme synthesis, leading to 

overall enzymatic activities in BS compared to BDB. Given these observations further 

research is required to understand the relative contributions of POM and mineral associated 

organic matter to enzyme activities in biochar amended soils. This approach would provide 

a more comprehensive understanding of the mechanisms in driving increases enzymatic 

activities in BS and help develop strategies to enhance soil fertility and ecosystem functions 

through organic matter management.  
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4. Conclusion 

This study demonstrated several agronomically important concepts for the safe re-use of 

biosolids-derived biochar as a fertiliser. Specifically, this study explored aspects of dry 

matter yield, agronomic efficiency, heavy metal uptake, and enzyme activity. Regarding 

yield and agronomic efficiency, BDB significantly enhanced dry matter yield of ryegrass at 

lower application rates of 2.5%. With respect to heavy metal bioavailability, application of 

BDB to pot trials significantly decreased heavy metal uptake in above-ground biomass 

compared with BS. The incubation study regarding enzyme activity, both BDB significantly 

increased urease activity, important for nitrogen cycling in soil. By comparison to control, 

BDB application decreased acid phosphatase activity, which could have implications for 

phosphorous-limited applications. These enzymatic responses are important indicators of 

soil health and nutrient availability, which directly affect plant growth and productivity. 

The study also identified research gaps needing further exploration, including the long-

term effects of biosolids-derived biochar on soil and plant systems, the underlying 

mechanism of overall observed changes and broader environmental impacts. The importance 

of these interconnected results lies in their implications for sustainable agriculture. By 

demonstrating that biosolids-derived biochar can enhance plant growth while also mitigating 

heavy metal uptake and influencing soil enzyme activity, the study provides a scientific basis 

for the development of soil amendment strategies that promote plant productivity and 

environmental health.   
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Table S1: Physicochemical characterization of biosolids and biochar 

. 
Description  Analytical method Biosolids Biochar 

pH (1:5 soil:water)  4A11 5.6 9.5 

EC (1:5 soil:water), dS 

m-1 

3A11 5.38 0.51 

Total C, % (w/w)  6B21 40.59 34.55 

Total N, % (w/w)  7A51 7.07 4.65 

Total P, g kg-1 17A21 49.90 78.90 

Soluble P, g kg-1 1:5 soil:water 

suspension, then ICP-
MS 

7.13 0.13 

Total Zn, mg kg-1 17A21 957.0 1517.4 

Soluble Zn, mg kg-1 1:5 soil:water 

suspension, then ICP-

MS 

1.43 0.20 

Total Cu, mg kg-1  17A21 580.1 692.3 

Soluble Cu, mg kg-1 1:5 soil:water 

suspension, then ICP-
MS 

0.05 0.02 

Total Cr, mg kg-1 17A21 53.0 98.7 

Soluble Cr, mg kg-1 1:5 soil:water 

suspension, then ICP-

MS 

0.31 0.01 

1Rayment and Lyons, 2011 

 

Table S2. Physicochemical characterization of the soils  

Description  Analytical method Red Ferrosol Yellow 

Chromosol 

GPS Location  27°36’32.27” S, 

151°55’52.96” E 

27°35’44.9” S, 

152°18’20.1” E 

pH (1:5 soil:water), % 4A11 6.6 5.5 

EC (1:5 soil:water), dS m-1 3A11 0.03 0.01 

Total C, % (w/w) 6B21 3.51 1.69 

Total N, % (w/w) 7A51 0.27 0.16 

Clay (<0.002 mm), % (w/w) Gee and Bauder, 1986 57 14 

Silt (0.002–0.02 mm), % 

(w/w) 

Gee and Bauder, 1986 11 11 

Sand (0.02–2 mm), % (w/w) Gee and Bauder, 1986 32 75 

Total Cr, mg kg-1 Digestion, ICP-MS, 17A21   331 14 

Total Cu, mg kg-1 Digestion, ICP-MS, 17A21   46 9 

Total Zn, mg kg-1 Digestion, ICP-MS, 17A21   90 43 

Dominant clay mineral X-ray Diffraction Kaolinite Kaolinite, 

Montmorillonite 
1Rayment and Lyons, 2011 
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5.3. Links and implications 

Promising evidence provided in Paper 2 supported the potential of BDB to mitigate 

environmental risks associated with heavy metal leaching in a controlled environment 

setting. Paper 3 expanded on these findings by comparing yield, agronomic efficiency, and 

heavy metal uptake in ryegrass (Lolium perenne L.) usind soil amended with BDB and 

compared to BS. The novelty of Paper 3 lies in its dual focus on agronomic performance of 

ryegrass and enzymatic activity in BDB-amended in two physiologically contrasting 

Australian soils. This capstone paper combines the knowledge gaps identified in Paper 1 

and key findings in Paper 2 and attempts to integrate findings related to soil-BDB-plant 

interaction.   

Links: 

1. Dry matter yield and agronomic efficiency: BDB significantly enhances the dry 

matter yield of ryegrass, particularly at lower application rates of 2.5%. This 

suggests that BDB can effectively promote plant growth and increase agronomic 

efficiency, potentially leading to higher crop yields and improved agricultural 

productivity.  

2. Heavy metal uptake: Application of BDB can lead to significant decrease in heavy 

metal uptake in above ground biomass compared with BS. These findings highlight  

the potential of BDB to mitigate the risks associated with heavy metal contamination 

in agricultural soils, thereby informing the concerns around food safety.  

3. Enzyme activity: BDB application results in increased urease activity, crucial for 

nitrogen cycling in soil. However, it also decreases acid phosphatase activity, which 

may have implications for phosphorus limited applications This enzymatic activity 

indicates alterations in soil microbe and nutrition availability, directly impacting soil 

health, plant growth and productivity.  

4. Research gaps: The study identifies several research gaps that require further 

exploration, including the long-term effect of BDB on soil and plant systems, the 

underlying mechanisms driving observed changes, and broader environmental 

impacts. Addressing these gaps is crucial for a comprehensive understanding of the 

implications of using BDB as a soil amendment and ensuring its sustainable 

application in agriculture.  
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Implications: 

1. Promotion of sustainable agriculture: The interconnected results of the study 

emphasize the potential of BDB to promote sustainable agriculture. By enhancing 

plant growth, reducing heavy metal uptake, and influencing soil enzyme activity, 

BDB offers promising avenue for developing soil amendment strategies that 

simultaneously boost plant productivity and addresses food safety concerns.  

2. Policy and regulatory frameworks: The results demonstrated in Paper 3 supported 

heavy metal dynamics revealed in Paper 2, which can inform policy makers and 

regulatory bodies in Australia about the potential risks of using commercially 

produced BDB in sustainable agriculture. This could lead to the development of 

regulations that promote the safe and effective use of BDB balancing the advantages 

of waste recycling as soil amendments with potential environmental impacts. Such 

informed policies can help in the widespread adoption of BDB while ensuring 

environmental protection.  

3. Need for continued research: The identification of research gaps emphasizes the 

need for continued investigation into the long-term effects and broader implications 

of BDB produced at commercial scale at wastewater treatment plants and recycled 

back on agricultural land. Addressing these gaps will assist in facilitating the 

development of informed soil management practices and ensure the integration of 

BDB into sustainable agriculture.  

.   
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CHAPTER 6: DISCUSSION AND CONCLUSIONS 

This chapter reports the overall result and discussion of this research thesis. They are 

described sequentially, synthesising insights from the literature review and addressing the 

research objectives identified in the introduction. The conclusion of this research is then 

presented, along with recommendations for future work.  

6.1. Land application of biosolids-derived biochar in Australia: A review 

Paper 1 provided a critical review of the use of biosolids-derived biochar in Australian 

agriculture, highlighting the increased interest in thermal treatments as a management  

method due to legislative changes and waste reduction goals. Currently, there are no 

legislative standards available in Australia that prescribe limits for the concentrations of 

heavy metals in biochar intended for land application. Regulations and standards for 

composts and biosolids in Australia are based upon an assessment of the total concentration 

of metals in the material, without any consideration of their mobility in soil and 

bioavailability. Voluntary biochar quality standards exist in Europe (i.e., the European 

Biochar Certificate) (Schmidt et al., 2013) and in the USA (i.e., the International Biochar 

Initiative) (International biochar initiative, 2015) and they aim to guarantee the quality of 

the biochar product. Importantly, according to these guidelines, organic contaminants and 

heavy metal concentrations are the major determinants of the end-use of the biochar.  

This review brought together scientific evidence showing that thermal treatment (such 

as pyrolysis and gasification) of biosolids can be employed to reduce pathogens, 

microplastics, and organic pollutants load, and decrease the bioavailability of heavy metals 

maintaining them within environmentally and agronomically safe levels. Where biosolid s or 

biochar are used, on-farm implementation of best (or recommended) management practices 

for crops, soil and applied nutrients must always be exercised to control such risks. While 

research into the short-term effects (e.g., <10 years) of BDB on crop, soil and environment 

appears to support its use in agriculture, the longer-term effects are less known. Therefore, 

longer-term studies are required for better understanding the viability of using BDB as a safe 

soil amendment. The nutrient and contaminant dynamics in soils receiving BDB, and the 

inherent risk of transferring these contaminants to the food chain need to be determined 

together with measures to mitigate such risks. Key research gaps identified by this review 

are summarized below: 
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1. Exploration of potential for cost-effective thermal technology to treat biosolids, 

including alternatives for recovering energy for electricity generation and 

conversion of biosolids to biochar. 

2. Thermal treatment appears to be effective at eliminating persistent organic 

pollutants, microplastics, and pathogenic contaminants from biosolids. However, 

the efficacy of thermal treatment in reducing (or avoiding) soil contamination from 

these sources is not well documented. This information is critical for supporting the 

safe use of BDB as a soil amendment and for removing concerns associated with 

recycling.  

3. There is potential to customize biochar products to suit specific users’ needs (e.g., 

soil and crop type, farm application method), which will require understanding of 

the relationship between the desired biochar characteristics and the production 

conditions and feedstock. The optimal combination of feedstock and treatment 

conditions to match specific crop and soil requirements needs to be determined. 

Optimization of the physical and mechanical properties of BDB will facilitate field 

application with standard fertilizer applicators, improving field delivery efficiency 

and logistics, and their acceptability by farmers. 

A comprehensive analysis of the strengths, weakness, opportunities, and threats associated 

with the conversion of biosolids to biochar in the Australian market is discussed in Sinha et 

al., 2023.  
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Figure 6. SWOT analysis of biosolids-biochar conversation on the Australian market. 

These insights from Paper 1 informed the aims and objectives of this thesis, focusing on 

exploring the direct comparison of mobility and leaching of heavy metals, crop production, 

agronomic efficiency, heavy metal uptake by plants and soil enzymatic activity outcomes of 

utilizing BDB versus BS amendments in two contrasting soil types at three different rates. 

Paper 2 and Paper 3 addressed these objectives through experimental studies. Paper 2 

focused on the mobility and leaching of heavy metals in soils amended with this novel BDB 

at different rates and comparing it with BS. Promising evidence supporting the potential of 

BDB to mitigate environmental risks associated with heavy metal leaching in agricultural 

settings supporting the studies in Paper 1. Paper 3 expanded on these findings by comparing 

yield, agronomic efficiency, and heavy metal uptake in ryegrass (Lolium perenne L.) of BDB 

at three different rates in contrasting soil and comparing it with BS. The results showed that 

BDB significantly increased the dry matter yield of ryegrass, although BS performed better 

overall. Higher application rates of BDB did not affect agronomic efficiency. Importantly, 

BDB significantly reduced heavy metal uptake (chromium, copper, and zinc) by ryegrass 
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compared to biosolids. Highlighting and correlating with the findings in Paper 2 

demonstrating the role of BDB in immobilizing and reducing the bioavailability of heavy 

metals to plants, thereby enhancing food safety and environmental protection. Significant 

difference was observed in Paper 2 and Paper 3 regarding mobility and leaching of heavy 

metals, yield, agronomic efficiency, and heavy metal uptake responses between the two soil 

types, when amendments were applied, which can be attributed to inherent soil properties. 

This suggests the need for tailored soil management practices that consider the specific soil 

characteristics, amendment type and application rates.  

6.2. Heavy metal dynamics in biosolids and biosolids-derived biochar amended 

soils following sequential leaching events. 

Paper 1 indicated that during the thermal conversion of biosolids to biochar, while 

pathogens, microplastics and organic pollutants are eliminated or greatly reduced in 

concentration, the process concentrates heavy metals. Due to the loss of water and organics, 

heavy metal concentration can increase by 2.5-3.5-fold (Jin et al., 2016). The highly negative 

surface charge of biochar enables the retention of cationic nutrients via ion exchange, 

whereas the relatively extensive surface area, internal porosity, and polarizability facilitate 

the sorption of anionic nutrients via covalent bonds (Lu et al., 2020). Heavy metal 

contamination of agricultural soils represents a serious environmental issue. BDB are 

characterized by elevated level of heavy metal and when applied to agricultural land could 

contaminate soil and, due to potential leaching, to groundwater (Lehmann and Joseph 2015). 

However, the extent, rates, and implications of these interactions are still far from being 

understood, and this knowledge is needed for an effective evaluation of the use of biochar 

as a soil amendment (Joseph et al, 2010). Paper 1 identified that the mobility of heavy metals 

is of critical importance as this dictates the potential risk to soil, surface water and 

groundwater contamination.  

It was hypothesized that BDB application would lead to a reduction in the mobility and 

leaching of heavy metals compared to BS application in diverse soil types at varying rates 

leading to the investigation outlined in Paper 2. 
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6.2.1. Effects of biosolids and biosolids-derived biochar on heavy metals 

mobility and leaching in amended soils 

The research findings in Paper 2 were encouraging. The key finding being BDB-

amended soils exhibited lower concentrations of soluble copper and chromium in leachates 

compared to soil treated with biosolids. Hence supporting the alternative hypothesis that 

BDB application would lead to a reduction in the mobility and leaching of heavy metals 

compared to biosolids application in diverse soil types at varying rates. 

pH changes and heavy metal mobility: Application of BDB and BS to soils led to 

changes in the pH of soil leachates. These changes varied depending on the soil type, but not 

with application rate. The increase in pH was more pronounced in Chromosol due to the 

lower buffering capacity compared to Ferrosol. The pH elevation is particularly notable with 

BDB application, which is attributed to the inherent alkalinity of biochar, which can mitigate 

heavy metal leaching by reducing their solubility (Hernandez et al., 2011; Li et al., 2012). 

The effect is especially beneficial for acidic soils, where the risk of heavy metal mobility 

into the ground water is a concern. 

Zinc mobility: Zinc concentrations in leachates varied significantly with the type of soil 

amendments and soil type. Initially Zn concentrations were highest in soil treated with BDB, 

gradually decreasing over subsequent leaching events. The reduction in Zn mobility is 

attributed to the elevated pH levels in leachates particularly in the later stage of the leaching 

events, which likely limited Zn movements from BDB matrix. Conversely, soils amended 

with BS exhibited increased Zn mobility, particularly at higher application rates, suggesting 

that the degradability of BS contributes to the release of bioavailable heavy metals over time.  

Copper mobility: Copper mobility was significantly influenced by the type of soil 

amendment. Biosolids-amended soils showed higher Cu concentration in leachates 

compared to BDB-amended soils. The reduced copper mobility in BDB-amended soil can 

be attributed to the biochar’s higher pH and surface area, which likely immobilized Cu, 

reducing its leachability.  

Chromium Mobility: Chromium mobility was also affected by the soil amendments, 

with BDB-amended soil exhibiting significantly lower chromium concentrations in 

leachates compared to BS-amended soils. Despite the high chromium levels in biosolids-

derived biochar, the mobility of chromium was greatly reduced in BDB-amended soils. This 
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reduction in Cr mobility highlighted the effectiveness of BDB in immobilizing heavy metals, 

presenting a lower environmental risk compared to BS application.  

While biochar-amended soils contained higher total metal concentrations, the leachates 

showed significantly lower concentrations of soluble Cu and Cr compared to those treated 

with BS. This highlights a potential mitigation of environmental risks associated when 

applying BDB as a soil amendment. However, the varying Zn concentration leaching 

patterns at different application rates of BDB versus BS, highlights the need for further 

research to understand the complex relationship between application rates and leaching 

behaviours. These findings emphasize the importance of considering BDB as a viable soil 

amendment for sustainable agricultural practices. Further research is warranted to explore 

the long-term effects of these amendments on heavy metal dynamics in soils and determine 

their implications for food safety and ecosystem health. 

6.3. Effect of biosolids and biosolids-derived biochar on plant and soil 

established with ryegrass 

Studies, reviews, and meta-analysis have generally found that biochar tends to be more 

effective in promoting plant growth and mitigative heavy metal bioavailability in acidic soils 

rather than alkaline soils. Despite these advancements, a critical research gap identified in 

Paper 1 persists regarding the direct comparison of crop yield and agronomic efficiency 

outcomes of utilizing BDB. This comparison allows for the evaluation of two soil 

amendments with distinct properties, nutrient release properties and environmental impacts, 

providing a comprehensive understanding of their role in sustainable agriculture. This direct 

comparison is crucial for determining the most effective and environmentally responsible 

practices for enhancing agronomic performance and soil health, thereby guiding agricultural 

stakeholders in making informed decisions for long-term sustainability.  

Paper 2 contributes to this discourse by focusing on the dynamics of total heavy metal 

concentrations in soil treated with amendments, a critical factor given that regulatory 

standards often prioritize these contractions. It was observed that soils amended with BDB 

exhibited lower concentrations of certain heavy metals (copper and chromium) in leachates 

compared to those treated with BS. This finding highlights the need for further investigation 

into the mechanism of heavy metal uptake in plants following soil amended with BDB and 

BS at varying rates.  
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Understanding the dynamics of total heavy metal concentrations in soil treated with 

amendments is crucial, because regulatory standards focus on this total concentration as 

stated in Paper 2. As positive effect has been observed in Paper 2 in terms of BDB amended 

soils exhibited lower concentrations of soluble Cu and Cr in leachates compared to soil 

treated with BS, further research is required in understand around heavy metal uptake in 

plant. Hence Paper 3 investigated the agronomic performance and heavy metal uptake by 

ryegrass after applying BDB to soil, focusing on their effects on ryegrass growth, heavy 

metal uptake by plants and soil enzymatic properties, while comparing to BS application. 

Building on the research gaps identifies in Paper 1 and the key findings of Paper 2, 

Paper 3 was designed to investigate the agronomic and environmental impacts of applying 

BDB to soil, with a particular focus on their effects on ryegrass growth, heavy metal uptake 

and soil enzymatic properties. It was hypothesized that BDB application would (i) increase 

in yield and agronomic efficiency compared to control soil; (ii) reduction in the uptake of 

heavy metals by plants compared to BS application; and (iii) increase in soil enzymatic 

activity in diverse soil types at varying rates.  

6.3.1. Dry matter yield and agronomic efficiency 

The impact of biochar application on plant yield varies significantly across different 

studies. Junior and Guo (2023) and Song et al. (2014) showing positive effects while Regmi 

et al. (2022), Suppadit et al. (2012) and You et al. (2019) show no improvement or even 

negative effect at higher application rates. The variability in response to biochar application 

highlights the importance of considering specific soil type, crop type, and biochar 

characteristics when determining the optimal application rate.  

The research findings in Paper 3 were encouraging. The key finding indicated that BDB 

significantly increased dry matter yield and agronomic efficiency, although their 

effectiveness varies with the type of soils and rate of amendments applied. Hence supporting 

the alternative hypothesis that BDB application increased plant yield and agronomic 

efficiency compared to control soil.  

In Chromosol, at application rate of 2.5%, BDB significantly increased DMY by 180% 

increase when compared to control. Increasing the application rate of BDB did not 

significantly affect the DMY aligning with studies reported in literature (Junior and Guo, 

2023; You et al., 2019). BDB was less effective at enhancing DMY across all tested 

application rates when compared to BS (p<0.001). These findings contrast with Hossain et 
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al. (2015), who reported no significant difference in the growth and production of cherry 

tomatoes when comparing wastewater sludge and sludge biochar application in Chromosol. 

The discrepancy may be attributed to the variations in biochar characteristics influenced by 

temperature and the initial feedstock characteristics. 

In Ferrosol the addition of BDB enhanced the DMY significantly at 10% application 

rate. Although an increase was observed at 2.5% and 5% application rate, it was not 

significant when compared to control. Notably, at lower application rates of 2.5% and 5%, 

BDB demonstrated slightly higher, although not significant, DMY compared to BS. 

Specifically, addition of 2.5% and 5% BDB resulted in a DMY increase of 192% and 256%, 

respectively, while BS resulted in DMY yield increase by 179% and 244% respectively. 

Broader research has reported that biochar application generally increases crop yields, 

particularly in fertile soils like Ferrosol, which are likely to respond positively to BDB 

application (Carter et al., 2013; Junior and Guo, 2023; Song et al., 2014). Similar to the trend 

in Chromosol, the application rate of BDB in Ferrosol had no significant effect on DMY, 

corroborating with studies reported in literature (Junior and Guo, 2023; You et al., 2019).  

Biosolids-derived biochar showed higher agronomic efficiency at 2.5% w/w. BDB, 

showed no significant effect on efficiency as the rate increased, suggesting its benefits are 

maximised at lower application rates. While there appears to be a trend toward lower 

agronomic efficiency at higher loading rates, insufficient data was available to support such 

a trend. Comparison of agronomic efficiency between BS and BDB revealed that BS 

generally offered higher efficiency across the tested application rates, with highest rate at 

2.5% in both soils.  

The study demonstrated that BDB application resulted in higher DMY and agronomic 

efficiency at an application rate of 2.5% w/w when compared to control. Integration of 

biochar into poor soil enhances soil fertility, crop development, and productivity (Zeeshan 

et al., 2020). While both soil types benefit from BDB, the degree and efficiency of response 

can vary, suggesting the need for tailored soil management practices that consider the 

specific soil characteristics, amendment type and application rates.  

6.3.2. Plant uptake of heavy metals 

The research findings in Paper 3 were encouraging. The key finding indicated that 

application of BDB to pot trials significantly decreased heavy metal uptake in above-ground 

biomass compared with BS, although their effectiveness varies with the type of soils and 
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rate of amendments applied. Hence supporting part of the alternative hypothesis that BDB 

application leads to a reduction in the uptake of heavy metals by plants compared to BS 

application. 

The effectiveness of BDB in altering the heavy metal bioavailability can be influenced 

by soil properties such as pH and clay content (Bashir et al., 2021; Namdari et al., 2024). 

Soil type significantly influenced Cu uptake, although the uptake of Cr and Zn was not 

influenced by the soil type. This understanding of heavy metal uptake highlights the 

importance of considering soil characteristics when applying soil amendments to reduce 

heavy metal bioavailability.  

Consistent with Paper 2, the research in Paper 3 highlights that BDB has more 

pronounced effect on immobilizing heavy metals, thereby reducing their solubility and 

bioavailability in comparison to BS. This can be attributed to the physiochemical properties 

of BDB, such as high surface area, porosity and pH modifying ability. These characteristics 

of BDB contribute to its effectiveness in binding heavy metals, making them less available 

for plant uptake and thus reducing their potential for heavy metal accumulation in plants as 

discussed in Paper 1.  

6.3.3. Soil enzyme activity 

The primary finding revealed that the application of BDB significantly increased urease 

activity but decreased acid phosphatase activity in the soil incubation study compared to 

control soil. Additionally, when compared to BS application, the enzymatic activity in the 

soil decreased. Consequently, these results do not support the hypothesis that the application 

of BDB leads to an increase in enzymatic activity.  

Urease plays an important role in the transformation of soil nitrogen, with its activity 

being influenced by factors such as soil pH and texture. Ureases activity was significantly 

increased following incubation with BDB and BS in both Chromosol and Ferrosol soil 

compared to control soil. The application of BDB at a 2.5% w/w rate increased ureases 

activity by 50% in Chromosol and 23% in Ferrosol, relative to control soil. Similarly, the 

addition of BS at the same rate led to an increase in the rate of urease activity by 100% in 

Chromosol and 37% in Ferrosol relative to control soil. The greater increase in urease 

activity observed with BS compared to BDB can be attributed to higher nutrient content, 

particularly total nitrogen (Paper 1) and the enhanced microbial activity promoted by the 

organic matter present in BS (Medina-Herrera et al., 2020). This observation supports 
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evidence that soil amendments modulate enzyme activities, particularly in the context of 

nitrogen cycling. 

Phosphatase enzymes are involved in the mineralization of organic P in soil, facilitating 

the conversion of complex organic P compounds to inorganic forms that are readily available 

for plant uptake. A significant decrease (p<0.001) in acid phosphatase activity in both 

Chromosol and Ferrosol was observed following the addition of BDB compared to control. 

Conversely, BS addition to Chromosol increased the enzyme activity, but decreased in 

Ferrosol at lower application rates. The application of BDB at a 2.5% w/w rate decreased 

acid phosphatase activity by 12% in Chromosol and 20% in Ferrosol, relative to control soil. 

While addition of BS at 2.5% increased acid phosphatase activity by 8% in Chromosol, but 

decreased by 9% in Ferrosol, relative to control soil. The rise in pH resulting from addition 

of BDB may contribute to the observed decrease in the acid phosphatase activity as observed 

by Chen et al. (2013). Based on the urease activity in this incubation study, the application 

of BDB and BS improved the soil microbial activity and soil quality. 

The combined effect of increased acid phosphatase and urease activities with BS 

application enhances the overall nutrient availability in soil, particularly nitrogen and 

phosphorous, which are critical for plant growth and development (Adetunji et al., 2017). 

This improved nutrient availability is a key factor that can contribute to the higher yields 

observed in soils treated with BDB, across both Chromosol and Ferrosol soils. Incorporating 

soil amendments also can increase microbial activity, likely due to biosolids-borne microbes 

(Medina-Herrera et al., 2020). These findings align with previous research that demonstrated 

the beneficial effects of biochar on soil nutrient dynamics and plant growth outcomes (Paper 

1). The synergistic effect of increased microbial activities facilitates the breakdown and 

mineralization of organic compounds, thereby making essential nutrients more accessible to 

plants.  

The addition of BDB increased the total heavy metal concentration in the soil, which is 

another critical factor which may influence the enzyme activity (Wang et al., 2007). The 

presence of heavy metals in soil can inhibit enzymatic activity. This inhibition may be due 

to direct interaction of heavy metals with enzyme active sites, thereby inhibiting the enzyme 

function (Giller et al., 2009). Additionally, heavy metals may exhibit microbial toxicity 

leading to lower microbial population and consequently lower enzyme activity (Giller et al., 

2009). Given these observations further research is required to understand how heavy metal 
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concentration in different soil types affect the activity of enzymes which can help in 

developing strategies to mitigate the negative impacts of heavy metal concentration on soil 

ecosystems. 

6.4. Limitations and future research recommendations   

The comprehensive study present in the thesis papers have several limitations that need 

to be assessed in future research: 

1. Unknown long-term effects: One significant limitation noted across the studies on 

the effects of BS and BDB on soil and plant systems. While short-term effects are 

documented, the long-term impacts on soil health, crop productivity and 

environment safety remain less understood. This gap in knowledge could affect the 

sustainability and advisability of using these amendments extensively in agriculture.  

2. Complexity in heavy metal leaching patterns: The research has identified complex 

and varying patterns in the leaching of heavy metals, specifically zinc, when using 

BDB compared to BS in Paper 2. This variability suggests that the relationship 

between amendment application rates and heavy metal leaching behaviours are not 

completely understood, which complicates the management and mitigation of 

potential environmental risks.  

3. pH buffering capacity: The pH role on BS and BDB dynamics in the two soil types 

was not explored deep enough in the study in Paper 2 and Paper 3 

4. Variability in soil responses: Paper 2 and Paper 3 highlight that the effectiveness 

of BDB varies significantly depending on soil type. This variability indicates that a 

one-size fit all approach may not be effective, and tailored soil management 

practices are necessary to optimize the befits of these amendments when minimizing 

risks.  

5. Measurement discrepancies: The use of p-XRF for measuring heavy metal 

concentration showed some discrepancies when compared to ICP-MS, particularly 

for Cr in Chromosol in Paper 2. These discrepancies suggest limitation in detection 

capabilities of p-XRF at lower concentrations, which would impact the accuracy of 

assessments regarding heavy metal mobility and environmental risks.  

6. Impact on soil enzyme activity: Paper 3 indicate that while BDB can enhance 

certain soil enzymes activities, such as urease, they may also decrease others, like 
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acid phosphatase. This differential impact on soil enzymatic activities could have 

implications for nutrient cycling and soil health, particularly in phosphorous-limited  

systems.  

7. Narrow scope of heavy metal analysis: Only three heavy metals (Cr, Cu and Zn) 

were investigated in this study. As noted in Paper 2 and Paper 3, each heavy metal 

exhibits its own interaction style within the soil environment. Therefore, further 

research is necessary in this area to comprehensively understand the behaviours and 

mobility and potential impacts of broader range of heavy metals.  

8. Scalability: The findings from controlled experimental setting such as leaching 

columns (Paper 2), glasshouse trials and incubation study (Paper 3) do not fully 

translate to field conditions. The scalability of these findings to different agricultural 

settings and larger geographic area could limit the practical application of these 

findings.  

While application of BDB and BS offer significant opportunities for improving soil 

health and agricultural productivity, the identified limitations and knowledge gaps highlight 

the need for a cautious and well-informed approach. Addressing these gaps through further 

research will enhance the scientific basis for the sustainable use of BDB in agriculture and 

environmental management. 

6.5. Conclusion 

This investigation demonstrated that BDB produced at an Australian wastewater 

treatment plant utilizing gasifier system, has the potential to be used as a viable soil 

amendment for sustainable agricultural practices. The key findings highlight the potential of 

BDB to mitigate environmental risks associated with heavy metal leaching. Biosolids-

derived biochar-amended soils exhibited lower concentrations of soluble Cu and Cr in 

leachate compared to BS-amended soil. The application of BDB led to an increase in pH, 

particularly in Chromosol soil, which helped reduce the solubility and mobility of these 

heavy metals. This effect is beneficial for acidic soils where heavy metal leaching into 

ground water is a concern. In terms of plant yields and agronomic efficiency revealed that 

BDB significantly increased the DMY of ryegrass. At 2.5% w/w application rate BDB 

increased yield by 180% in Chromosol and 192% in Ferrosol compared to control. Unlike 

previous work, higher application rates of BDB did not affect yield or agronomic efficiency. 

Importantly, BDB significantly reduced heavy metal uptake (chromium, copper, and zinc) 
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by ryegrass compared to BS. Soil incubation supported these findings, showing that 2.5% 

BDB increased urease activity by 50% in Chromosol and 23% in Ferrosol, relative to control 

soil, beneficial for nitrogen cycling. While at the same rate BDB decreased acid phosphatase 

activity 12% in Chromosol and 20% in Ferrosol, potentially affecting phosphorous 

availability. Consequently, the study advocates for a 2.5% application rate of BDB to 

optimize agricultural outputs while safeguarding soil and plant health. The findings also 

highlight the importance of tailored soil management practices that consider specific soil 

characteristics, amendment types and application rates to optimize benefits and minimize 

environmental risks.  

The study also acknowledges several limitations, including the need for long-term 

impact assessment, understanding complex heavy metal leaching patterns, variability in soil 

types, differential impacts on soil enzymatic activity and scalability of findings to field 

conditions. Addressing these gaps through further research will enhance the scientific basis 

for sustainable use of industrially produced BDB in agriculture and environmental 

managements. 
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APPENDIX A: BIOSOLIDS-DERIVED FERTILISERS: A 

REVIEW OF CHALLENGES AND OPPORTUNITIES 

Contribution was made to the following paper, “Biosolids-derived fertilisers: A review of 

challenges and opportunities,” providing contribution in formal analysis and writing.  

 

Marchuk, Serhiy., Tait, Stephan., Sinha, Payel., Harris, Peter., Antille, Diogenes L., and 
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APPENDIX B: AN INVESTIGATION INTO THE MOBILITY 

OF HEAVY METALS IN SOILS AMENDED WITH 

BIOSOLIDS-DERIVED BIOCHAR 

Contribution was made to the following conference paper, “An investigation into the 

mobility of heavy metals in soils amended with biosolids-derived biochar,” providing 

contribution in experimentation and formal analysis. 
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