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Abstract 

Intensive agricultural practices and increasing mining activities, driven by increasing 

world pollution and rapid economic development in the past decades, have resulted in a 

significant increase in degraded lands on a global scale. The key features of these 

degraded lands include high availability of heavy metals, low concentrations of organic 

matter and nutrients [e.g. nitrogen (N)], high alkalinity, salinity and sodicity, high acidity, 

soil erosion and soil structural decline. One of examples is the increasing deposition of 

bauxite-processing residue from bauxite ore refineries, with the current global storage of 

bauxite residue of about 3 Gt and the estimated annual world production of bauxite-

processing residue of 120 Mt. The rehabilitation of bauxite residue storage areas is 

essentially required but frequently retarded by the hostile conditions such as high 

alkalinity and sodicity, low fertility and high hydraulic conductivity. To deal with these 

environmental issues, effective mitigation and remediation strategies are needed. One of 

remediation options is the amendment of different organic (biosolids, composts, biochars 

etc.) and inorganic materials (lime, fertilizers etc.) to improve soil chemical, physical and 

biological properties in degraded lands. Biochar, as a carbon-rich material, can be 

produced under pyrolytic conditions, wildfires or prescribed burning for fire 

management. Biochars have long-term stability and are considered to be able to improve 

soil health and plant productivity by reducing concentrations of available heavy metals 

and increasing nutrient (e.g. N) and water retention. However, properties of biochars vary 

with their feedstock materials and production (e.g. pyrolysis) conditions. Consequently 

the effectiveness of biochar amendments is different as a result of interactions of different 

biochar’s properties and soil properties.  

In this thesis, it was attempted to compare the effectiveness of amendments of the forest 

fire-generated chars and different pyrolytic chars on the availability, sorption and 
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dynamics of heavy metals (e.g. copper (Cu), and nickel (Ni)) and nutrients (e.g. N) in soil 

and bauxite residues. The specific objectives of this thesis were to a) investigate the effect 

of amendments of different biochars (pyrolytic, alkaline chars and forest fire-generated, 

aged acidic char) on the adsorption and bioavailability of toxic metals (e.g. nickel (Ni) 

and copper (Cu)) and nutrients (e.g. N) and elucidate associated mechanistic interactions 

between metal ions and ammonium-N and biochar surface properties in degraded soil 

systems; b) assess the effect of pyrolytic alkaline biochars and forest fire-generated, aged 

acidic biochar on the N budget, the fate of applied N fertiliser and plant growth in a 

degraded environment (bauxite-processing residue sand, BRS); and c) investigate how 

pyrolytic alkaline biochars and forest fire-generated, aged acidic biochar affect the N 

dynamics in the rhizosphere under water stress conditions.  

A series of experiments including sorption isotherms, incubation and pot trials were 

conducted to achieve the major goals of this study. The first study was to characterise 

different biochars using various spectroscopy methods (including 13C NMR, Fourier 

transform infrared (FTIR) and Raman spectroscopies) and to link biochar surface 

properties to the interactive behaviours of copper and nickel in soil-biochar systems. 

Results from this experiment showed that the pyrolytic chars were more effective sorbents 

of Cu2+ (~11 times) and Ni2+ (~5 times) than the forest fire biochars. Both cross-

polarization (CPMAS) and Bloch decay (BDMAS) 13C NMR spectroscopies showed that 

forest fire biochars have more woody components (aromatic functional group) and lower 

amounts of polar groups (e.g. O-alkyl C) compared with the pyrolytic biochars. The 

polarity index was greater in the pyrolytic chars (0.99-1.34) than in the fire-generated 

chars (0.98-1.15), while aromaticity was lower in the former than in the latter. Fourier 

transform infrared (FTIR) and Raman spectroscopies indicated the binding of carbonate 

and phosphate with both Cu2+ and Ni2+ in all chars, but with a greater extent in pyrolytic 
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biochars than in forest-generated biochars. These results have confirmed that the oxygen-

containing functional groups play a key role in determining the Cu and Ni sorption 

capacity of biochars. 

The second experiment was an incubation study aiming to evaluate the impact of biochars 

with different characteristics on N retention and dynamics in BRS. The BRS (pH 9.5 after 

being pre-treated with 1% gypsum and leached with water) was amended with the forest 

fire-generated aged acidic biochar (pH 3.86; AC, from wild fire) and pyrolytic alkaline 

biochars (pH 9.58-10.8; greenwaste, GW; Jarrah, JL; mallee, ML) at a rate of 10% (w/w). 

The N loss via NH3 volatilization was much lower from the AC treatment (24% of di-

ammonia phosphate (DAP)-N added) than the alkaline biochars treatments (76-80% of 

the DAP-N added). The AC treatment can retain about 73% of N added to BRS, compared 

with < 25% in alkaline biochar treatments. This can be attributed to the acidic nature and 

the greater NH4
+-N sorption capacity arising from the presence of a high density of the 

oxygen-containing functional groups on the surface of acidic biochar as revealed by the 

FTIR spectroscopy.  These results imply acidic biochar can be used as an effective 

amendment for increasing N use efficiency by plants growing in alkaline BRS.  

The third experiment was a pot trial which was to examine the effects of biochar 

amendments in combination with N and P (DAP, di-ammonium phosphate) fertilizer on 

rigid ryegrass (Lolium rigidum) growth and N dynamics in BRS. BRS was either 

unamended (Control) or amended with either DAP fertilizer (at an equivalent rate of 2.7 

t ha-1) only or DAP fertilizer and different biochars (forest fire generated, aged acidic char 

(AC) or pyrolytic alkaline pine char (PC)) at a rate of 5% v/v. The N uptake by ryegrass, 

coupled with BRS mineral and residual N concentrations, and N losses through NH3 

volatilization and N2O emissions, were monitored and quantified throughout the 

experimental period (116 days). BRS amended with AC and DAP fertilizer produced the 
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highest N uptake resulting in higher plant dry matter and leaf N concentrations, which 

were significantly higher (P < 0.05) than other treatments. This finding highlights the 

potential for AC to improve N fertiliser retention in BRS and enhance N use efficiency. 

Incorporation of AC produced higher N2O emissions compared with the PC treatment, 

while the AC amendment increased residual N and mineral N contents due to its acidic 

pH and lower NH3 volatilization. The addition of AC reduced the alkalinity of BRS and 

increased the availability of substrates (e.g. NH4
+-N) through higher sorption and 

retention of NH4
+-N by the cation exchange sites and, consequently, provided a better 

environment for nitrifying and denitrifying microorganisms. It is concluded that the 

combined incorporation of AC biochar with DAP fertilizer may improve plant growth 

and enhance N use efficiency for ryegrass establishment on bauxite processing residue 

sand embankments.  

The fourth experiment was to investigate the coupled effects of biochar addition and water 

stress on ryegrass performance and N availability and dynamics in the rhizosphere and 

root-free (non-rhizosphere) zones in a 116 day pot trial. A specially designed growth 

chamber, which was divided into rhizosphere and root-free zones, was used for this study. 

Treatments included untreated (Control) BRS or BRS receiving either DAP fertilizer (at 

an equivalent rate of 2.7 t ha-1) or DAP fertilizer and biochar (forest-fire generated aged 

acidic (AC) or pyrolytic alkaline pine (PC) biochars) at a rate of 5% v/v under four 

moisture regimes (50%, 40%, 20% and 7.5% water holding capacity (WHC)). Mixing 

BRS with AC and PC biochars increased NH4
+ retention in all root and root free zones, 

while only AC application decreased their pH and EC values. The biochar amendments 

also decreased cumulative NH3 volatilization compared with fertiliser only, and this was 

more pronounced for aged acidic than alkaline pine biochar. However, biochar addition 

increased cumulative N2O emissions compared with the DAP only treatment, with no 
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significant differences among different moisture regimes. The Control treatment and 20% 

WHC moisture level showed the highest dissolved organic C concentrations compared 

with other treatments and moisture regimes in the rhizosphere of ryegrass, while the 

highest dissolved organic N concentration was observed in the DAP+AC treatment. For 

the moisture levels of < 20% WHC, microbial biomass C (MBC) and activity in the 

rhizosphere and root-free zones of all treatments decreased. Total N for all treatments 

generally decreased with decreasing moisture levels, particularly from 50% toward 7.5% 

WHC. The DAP+AC treatment increased plant N uptake when compared with DAP+PC 

and DAP only amendments, while water stress tended to decease the above-ground 

biomass. 

It is recommended that field experiments be undertaken to evaluate the benefits of biochar 

amendments on ecosystem health and nutrient dynamics at the field-scale in the degraded 

land. Improved understanding of ecosystem sustainability, particularly in terms of water-

stress, will become increasingly important due to climate change and the strong potential 

of reduced water availability in a drying climate. Moreover, the application of polymerase 

chain reaction (PCR)-based molecular methods and next generation sequencing 

technology for detecting the diversity and abundance of N functional genes will provide 

critical information about complicated interactions in the rhizosphere of degraded lands. 

These will assist in developing sound strategies for mitigating and rehabilitating the 

degraded lands for sustainable production.  
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Chapter 1 

Introduction and Literature Review 

1.1 Background    

Land degradation is one of the major environmental issues, in a global scale, which 

encompasses physical, chemical and biological deteriorations (Bhatta 1999). It is 

exacerbated by the increasing world population and the demand for more food, residential 

areas and commercial sectors, along with development of industries and mining activities 

to facilitate economic growth. Soil degradation may result in the loss of organic matter, 

the decline of soil fertility and structural condition, the increase of soil erosion, as well as 

adverse changes in soil salinity, acidity and alkalinity and an increase in the effect of toxic 

chemicals and pollutants and excessive flooding (Bridges et al. 2001). The key causes of 

land degradation include deforestation, overgrazing, over-fertilization, industrialization, 

and urbanization. The main practical strategies that reduce or suppress the impacts of 

degradation include prevention, mitigation and rehabilitation (Bhatta 1999). Prevention 

implies the use of conservation measures to maintain natural resources in their good 

environmental and productivity conditions, which is considerably cost-effective. 

Mitigation is considered as the intervention activities that intend to reduce ongoing 

degradation. The main aims of mitigation are to halt further degradation and improve 

sustainability of resources as well as their ecological functions. Mitigation impacts are 

noticeable in the short- to medium-term activities and it provides a strong incentive for 

further efforts. Rehabilitation is required when the land is already degraded to such an 

extent that the original use is no longer possible and the land has become practically 

unproductive. Here longer-term and often more costly investments are needed to show 

any impact (Bhatta 1999).   
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Due to the increase of environmental issues related to degraded lands, it is essential to 

develop appropriate strategies for remediating toxic chemicals and pollutants from this 

areas. Phytoremediation is one of the main strategies to eliminate a variety of organic and 

inorganic pollutants, which is promising, cost-effective, and considered as an efficient 

clean-up technology (Wong 2003). In this method, plants have the ability to concentrate 

elements and compounds from the soils and water to metabolize, degrade, volatilize, or 

sequester to different molecules in their tissues (Pilon-Smits 2005). Phytoremediation is 

widely used in combination with organic amendments like biochar, as it is suggested that 

soil organic matter has a great positive effect on soil properties and functions in the 

environment (Six et al. 2002). The sorption processes mediated by soil organic matter can 

also govern the fate of pollutants, and remediate their toxicity to plants by redistributing 

toxic chemicals to less available forms (Bradl 2004).  

Biochar is a carbon (C)-rich solid material produced by thermal decomposition biomass 

in an oxygen-limited environment termed pyrolysis and can be added to soils as a means 

to sequester C and to maintain or improve soil functions and recognised for a more 

sustainable soil management approach. Biochar application to the soil has been 

considered as a key component of potentially sustainable integrated agronomic-biomass– 

bioenergy production system (Fowles 2007, Lehmann 2007, Laird 2008). Biochar has 

been found to be an effective adsorbent to remove toxic chemicals from water and 

significantly reduce their mobility in degraded lands (Mohan et al. 2007, Hartley et al. 

2009). In addition, the bioavailability of pollutants in degraded lands, such as 

contaminated soils, and mining sites which mostly have toxic concentrations of 

aluminium (Al), copper (Cu), nickel (Ni), arsenic (As), lead (Pb), zinc (Zn) and 

alkalinities, is of global concern (Meyer 2004, Uchimiya et al. 2010a, Uchimiya et al. 

2010b, Chen et al. 2013, Kaur et al. 2016). However, there is a lack of agreement over 
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the impact of organic amendments such as biochars on metal immobilization in degraded 

lands (Beesley et al. 2010, Gell et al. 2011), and biochars application in contaminated 

metal-mined soil systems has not been systematically investigated yet (Beesley and 

Marmiroli 2011). 

 

1.2 Source and phytoavailability of toxic metals in soils 

Contaminants are able to enter soils, water, and plants via anthropogenic activities such 

as application of fertilizers, liming materials, sewage sludge, composts, and other 

industrial and urban waste materials (Gomes et al. 2001). The excessive amount, 

solubility, bioavailability and bioaccessibility of metals at contaminated sites may impose 

a potential hazard to humans, plants, and animals through their harmful effects on the 

quality of soils, sediments and water (Munksgaard and Lottermoser 2011). Therefore, 

mobility and bioavailability of heavy metals such as Cu, Pb, Zn, Ni, cadmium (Cd), cobalt 

(Co), mercury (Hg) and As is of global concern in contaminated soils like mining sites 

(Monna et al. 2004) and industrially impacted urban soils (Adams et al. 2007). The heavy 

metals originated from anthropogenic sources may easily accumulate in the surface soil 

(Samsøe-Petersen et al. 2002). The increased anthropogenic inputs of heavy metals in 

soils may also result in their mobility in soil profile, which may cause a serious threat for 

surface and underground waters (Hooda and Alloway 1993). Figure 1.1 illustrates a 

general cycle of soil heavy metals and shows the main sources, processes and 

transformations in the environment (Pierzynski et al. 2000). 
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Fig. 1.1: Generalized soil heavy metal cycle (Pierzynski et al. 2000) 

The smelting operation in mining sites produces high quantities of dense fumes which 

contain significant amounts of metallic pollutants such as Cu, Pb, Zn, Ni and Cd. The 

main composition of these fumes includes Pb and Cd, while Cu and Zn form volatile 

carbonyls. These metallic pollutants have a great potential to be transported by wind and 

consequently precipitate in nearby soil or water resources and enhance their 

concentrations of heavy metals (Tembo et al. 2006). Previous investigations also 

indicated that large applications of sewage sludge, industrial and municipal wastes, 

phosphorus fertilizers, pesticides and deposition of industrial residues are the main 

sources of Cd contaminant in agricultural lands (Maftoun et al. 2004).  

Due to non-biodegradable characteristics of heavy metals they are highly toxic and 

carcinogenic, even in very small amounts (Petänen and Romantschuk 2003, Zabetoglou 

et al. 2003). The reaction of heavy metals with proteins in humans and animals may have 

serious harmful effects, such as psychotic disorders, hypertensions, cancers and other 
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afflictions. These effects are mainly related to the irreversible changes in the living 

organisms especially in the central nervous system (Coen et al. 2001, Dolk and Vrijheid 

2003, Järup 2003). Soil pollution due to heavy metal toxicity has been reported in 

Bangladesh, India, China and other parts of the world. The Cd bioaccumulation in potato, 

wheat and rice crops in New Zealand and Australia had a significant effects on reducing 

demand for these products on local and overseas marketing (McLaughlin et al. 2000, 

Bolan and Duraisamy 2003). Jinadasa et al. (1997) quantified the source and extent of Cd 

in the key vegetable growing areas of the Sydney Region, and compared differences 

between vegetable species in their physiological and biochemical responses to Cd. The 

results showed that the Cd level in 60% of the investigated soils and vegetables of the 

Sydney Basin were higher than the expected levels, equalled or exceeded the maximum 

permitted concentration recommended by the National Health and Medical Research 

Council of Australia. The Cd concentrations in farm soils were about 20 times more than 

uncropped soils, as Cd was applied at least ten times more than sustainable rates (Jinadasa 

et al. 1997). Cardwell et al. (2002) also studied heavy metal (Cd, Cu, Zn, Pb) 

accumulation in urban streams and aquatic plants in the southeast Queensland. They 

reported that all applied metals have been found in high quantities in urban creeks in the 

Brisbane area of southeast Queensland. It has been suggested that the concentration of 

heavy metals in the submerged species on plants exhibited significantly higher than the 

emergent species (Cardwell et al. 2002). Based on the Queensland's mineral, petroleum 

and energy operations and resources map information, Queensland is one of the world’s 

largest producers of Cu, Pb, Zn and silver (Ag) (DNRM 2012), which consequently 

produces high quantities of heavy metals such as Ni, As and Cd as the by-products of 

mining operations. Therefore, this study is mostly focused on the environmental effects 
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of main heavy metals, especially Cu that is one of the major environmental issues in 

Queensland.  

 

1.3 Heavy metal sorption in soil and sorption mechanisms  

Several processes regulate the interactions of heavy metals in the soil system. These 

processes include: sorption of heavy metals at surface sites, precipitation, ion exchange 

with clay minerals and adsorption of metal-ligand complexes or binding with organic 

materials. Since these processes are active in the solid-solution interface, they may be 

affected by several factors such as; pH, ionic strength, nature of index cation and ligand 

ions and nature of the present metal species (Naidu et al. 1998). Sorption is the main 

physicochemical process responsible for the removal and holding of inorganic and 

organic substances, like heavy metals, in soil solution by the solids phases, which 

significantly affect heavy metal availability and mobility in soil profile (Serrano et al. 

2005, Srivastava et al. 2005). Some factors such as soil constituents (inorganic and 

organic), the nature of heavy metals and their competition for soil sorption sites may 

affect the sorption of heavy metals by soils (Antoniadis et al. 2007). In a competitive 

sorption system, heavy metals sorption to soil constituents decreases in comparison to 

mono-metal sorption systems (Antoniadis et al. 2007).   

Sorption isotherm experiments can be mostly applied to study the behaviour of heavy 

metal sorption interaction with soil particles. In a constant temperature they can assess 

the quantity of the ion sorbed by the solid phase as a function of the equilibrium 

concentration of that ion in solution (Shirvani et al. 2006). Sorption is a general term that 

include different mechanisms such as; adsorption, surface precipitation, co-precipitation 

and diffusion into the crystal (Sparks 2001). Understanding the mechanisms involved in 
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the retention, availability and mobility of heavy metals is a necessary precursor for the 

determination of heavy metal distribution in a soil profile. The large volume of research 

related to sorption of heavy metals has been focused on either temperate soils (Jalali and 

Moharrami 2007) or pure synthetic minerals (Srivastava et al. 2005, Shirvani et al. 2007), 

while little is known about these processes in tropical and sub-tropical soils as well as 

mining tailings disposal sites.  

1.3.1 Adsorption to mineral surface 

Adsorption can be explained as the accumulation of a metal at an interface between the 

solid surface and the soil solution. It includes the removal of solute molecules from the 

solution and attachment of the solute to the surface (Sparks 2003). Adsorption processes 

of heavy metals are important in determining their availability and mobility to soils and 

plants (Gomes et al. 2001). Most of metal contaminants in the environment, through 

adsorption reactions, can be accumulated by soils and sediments (Jalali and Moharrami 

2007). In general, cation adsorption to organic matter and clay minerals is divided in two 

groups. The first group is nonspecific adsorption that refers to metal adsorption by simple 

columbic interaction in the diffuse electric double layer, which is named as cation 

exchange. The second group is specific adsorption that shows metal adsorption in the 

inner sphere forming coordination bonds and complexation to surface, which is named as 

chemisorption (Gomes et al. 2001, Park et al. 2011). 

1.3.2 Adsorption Isotherms 

Equilibrium-based models have been widely used to describe adsorption of ions on soil 

surfaces which provide applicable information about the metals retention capacity and 

their affinity to the sorbents. The adsorption isotherms can predict the final state of 

reactions; however they are not able to explain the reaction rates. The widely used 
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Langmuir and the Freundlich equations are considered as the main adsorption isotherms 

(Sparks 2003). 

1.3.2.1 Langmuir equation 

The Langmuir equation was developed by Langmuir (1918) to explain the adsorption of 

gas molecules on a planar surface. For the first time, Fried and Shapiro (1956), and Olsen 

and Watanabe (1957) used this equation to explain phosphate sorption on soils, then the 

Langmuir equation has been mostly used in many fields to describe sorption on soil 

surfaces. The Langmuir adsorption equation can be expressed as:    

X = KLCbL / (1+ KLC)                                                                                                     (1) 

However, the linear form of Langmuir isotherm is usually used to fit the adsorption data: 

C / X = [1 / (KLbL)] + (1 / bL) C                                                                                       (2) 

X, is the amount of metal adsorbed per unit weight of soil (mg kg−1) 

C, is metal concentration in equilibrium solution (mg L−1) 

bL, is metal adsorption maxima (mg kg-1 soil), KL is a coefficient related to metal bonding 

energy   (L mg-1) 

The slope of Langmuir equation, bL, is considered as maximum adsorption and KL is 

related to bonding energy (Maftoun et al. 2002, Esfandbod et al. 2011). At a very low 

equilibrium concentration, it is believed that the term 1+KLC of Langmuir equation (X = 

(KLbLC)/(1+KLC)) approaches to 1 (mg L−1) and therefore, will result in X/C = KLbL, 

which was termed as distribution coefficient (Kd ) (Bolt and Bruggenwert 1976), and 

defined as “maximum buffering capacity” by Iyengar and Raja (1983). Esfandbod et al. 

(2011) and Ramachandran and D'Souza (1999) observed that, most of the variation of Kd, 

in cadmium sorption study, could be explained by pH and CEC. 
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1.3.2.2 Freundlich equation 

The Freundlich equation is an empirical adsorption model which was firstly used to 

explain gas phase and solute adsorption. It has been widely applied in environmental soil 

chemistry (Sparks 2003). This equation is not able to evaluate maximum adsorption of 

metals in soil (Alloway 1995). The Freundlich equation can be expressed as:  

X = kCn                                                                                                                           (3) 

The same as Langmuir model, the linear form of Freundlich equation is usually applied 

to fit the adsorption data: 

Log X = log kF + nF log C                                                                                                (4) 

X is the amount of metal adsorbed per unit weight of soil (mg kg−1) 

C is metal concentration in equilibrium solution (mg L−1) 

kF is metal adsorption capacity (mg kg-1 soil), nF is rate of metal adsorption 

kF value could be assumed as the amount of adsorption when equilibrium concentration 

(C) is equal to 1 mg kg-1 and could be used to compare the adsorption characteristics of 

different soils (Maftoun et al. 2002, Esfandbod et al. 2010). Ramachandran and D'Souza 

(1999), reported that the Freundlich adsorption parameters "kF" shows the adsorption 

capacity and "nF" shows the rate of adsorption. Esfandbod et al. (2011) reported that there 

was a significant negative correlation between nF and CEC, and pH; however, those soil 

properties had a significant positive correlation with kF. 
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1.4 Bauxite production and global reserves 

The world’s bauxite resources are widely distributed throughout more than 50 countries 

and it is estimated to be 55 to 75 billion tons in Africa (32%), Oceania (23%), South 

America and the Caribbean (21%), Asia (18%), and elsewhere (6%) for mining activities 

(Liu et al. 2009). The majority of bauxite deposits located in Australia, Guinea, Jamaica, 

Brazil, India, Venezuela, China, and Suriname (Wehr et al. 2006). Approximately 85% 

of bauxite is converted to alumina (Al2O3) in aluminium metal production (Liu et al. 2009) 

and the majority of bauxite ores are used for the production of alumina via the Bayer 

process. The Bayer process is the principal industrial means of refining gibbsite bauxite 

and globally, more than 90% of alumina is produced by the Bayer process (Hausberg et 

al. 2000). 

Australia is the world’s largest producer of bauxite and 69 Mt of bauxite mined annually 

in Australia represented 33% of global production in 2010 (Geoscienc Australia 2012). 

Large quantities of highly alkaline bauxite residues are produced as a by-product during 

the Bayer process which is used to refine bauxite and produce alumina. In Western 

Australia, Alcoa of Australia (Alcoa) produces approximately 15 Mt of residue annually 

from its three refineries (Kwinana, Pinjarra and Wagerup). The sand fraction of this 

residue (> 150 mm, hereafter referred to as bauxite residue sand (BRS)) represents the 

primary plant growth material for rehabilitating Alcoa’s residue storage areas (RSAs). 

However, the inherent hostile characteristics (high alkalinity, high salinity, poor nutrient 

availability, high hydraulic conductivity and low nutrient retention capacity) of BRS 

provides several challenges to successfully establish and maintain a vegetation cover 

(Phillips and Chen 2010). Bauxite residue is an alkaline waste generated as the by-product 

of alumina extraction from bauxite. The production of 1 ton of alumina generates about 

1.5 tons of bauxite residues (Hamada 1986). Globally, around 120 million tons of bauxite 
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residue is produced annually and the global inventory was predicted to reach more than 

3.5 billion tons in 2014 (Power et al. 2011). Disposal and storage of the vast amounts of 

bauxite residue still remains an increasing problem. Although the residues can be recycled 

to extract metals and produce construction and environmental materials, the capacity for 

recycling bauxite residue is incredibly small due to the inherent risk of high alkalinity and 

salinity (Klauber et al. 2011). Bauxite is a naturally occurring heterogeneous material, 

composed of one or several aluminium hydroxide minerals, including primarily gibbsite 

[Al(OH)3], boehmite [ƴ-AlO(OH)], and diaspore [α-AlO(OH)]. It is a residual mineral, 

rich in hydrated aluminium oxides (40–60%) and Si oxide, with oxides of Fe and Ti and 

presence of elements such as vanadium (V), Cu, Zn and Ni (Meyer 2004).  

Bauxite is processed in alumina refineries by the Bayer process in which Al-containing 

minerals are dissolved in hot NaOH. The insoluble solids (bauxite-processing residues) 

are washed, sometimes partially neutralized and then deposited in impoundments 

surrounding the refinery. At Alcoa, the processing residue is separated into residue mud 

(<150 mm) and residue sand (>150 mm). The residue mud is subjected to super-

thickening technology whereby its solids content is increased from 15-30% to 50-65% 

and then it is partially neutralized by carbonation with CO2 (Jones et al. 2010). The 

thickened mud is spread in beds up to 0.5 m deep over storage areas and perimeter 

embankments are constructed from residue sand. Once the bed is dried, the process is 

repeated by depositing a fresh layer of mud. Thus, the storage area is constructed in a 

progressive stack (termed dry stacking) and periodically the perimeter embankments are 

built higher with residue sand. The sloping embankments are revegetated with a mixture 

of shrubs native to West Australian sand dune ecosystem (Eastham et al. 2006). The sand 

fraction (BRS) is mainly used in the construction of embankments to contain the red mud 

and in the capping layers of the storage area (Fig. 1.2). 
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Fig. 1.2 An illustration of Alcoa’s bauxite residue storage areas (Phillips, personal 

communication, Alcoa of Australia Pty Ltd). 

 

The preference of BRS over the red mud fraction is attributed to its chemical 

characteristics such as lower reactive surface, less residual alkalinity and greater 

efficiency in pH reduction (Goloran et al. 2014a). It is currently proposed that the final 

layer of residue mud will be capped by 2-3 metres of BRS and then subsequently 

vegetated with coastal plant species native to south-west Western Australia prior to RSA 

closure. However, vegetation establishment in BRS is challenging due to its physical and 

chemical characteristics. The major measure for successful rehabilitation is that residue 
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sand must contain nutrients at a level that can support vegetation growth in the long term 

(Goloran et al. 2014a). 

 

1.5 Characterization of bauxite residues 

Bauxite residues are the slurry by-products generated from the treatment of bauxite in 

concentrated NaOH under elevated temperatures and pressure in the Bayer process to 

produce alumina. Despite washing the solid remnants in counter-current decantation 

washer trains, bauxite residues remain strongly sodic and alkaline at the time of their 

disposal into purpose-built tailings ponds (bauxite residue disposal areas, BRDAs) 

independent of the disposal method (e.g., dry-stacking versus lagooning) (Gräfe and 

Klauber 2011). The identity and quantity of mineral phases in bauxite residues are 

important to the overall behavior of residue alkalinity. Knowing the quality and quantity 

of present minerals in residues provides information about the residues' buffering capacity 

as the minerals dissolved in acid (Gräfe et al. 2011). Finding a comprehensive long-term 

solution for rehabilitation of bauxite residues depends on an understanding of the 

properties of bauxite residue including physical, chemical and biological properties. 

Although the chemical and mineralogical make-up of bauxite differs, the general 

properties of bauxite residues are similar all around the world. The physical and chemical 

properties which would limit plant growth will be discussed in the following sections. In 

addition, biological properties should also be assessed if vegetation establishment is to be 

successful (Xue et al. 2016). 
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1.5.1 Bauxite residue chemical properties  

The chemical composition of bauxite residues depends on the process of alumina 

production and the chemical composition of the additives used during the production 

process. The main elemental composition of the residues includes Al2O3, Fe2O3, SiO2, 

TiO2, CaO and Na2O (Wang et al. 2008). 

Typically, BRS exhibit a pH >10 which is extremely alkaline (Chen et al. 2010, Phillips 

and Chen 2010), as consequence of the Bayer process. The BRS has elevated salinity, 

high Na concentrations (exchangeable sodium percentage (SAR) values ranging from 53-

91%), high electrical conductivity (1.4–28.4 mS cm−1), elevated concentrations of Al and 

Fe, low organic C and low plant-available elements such as N, P, K, Ca, Mn, Cu, Ni and 

Zn. The ESP (exchangeable sodium percentage) is defined as the equation (3) (Xue et al. 

2016):  

𝐸𝑆𝑃 (%) =  
(100 × 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑎𝑏𝑙𝑒 𝑁𝑎)

∑(𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑎𝑏𝑙𝑒 𝐶𝑎 +𝑀𝑔 +𝐾 +𝑁𝑎)
                                                                     (7)                                                                                              

                                                                                           

Electrical conductivity (EC) is related to total cation and anion concentrations in solution. 

In bauxite residues, high Na+ concentrations are the major reason for the high EC values. 

At the same time, concentrations of naturally occurring radioactive materials such as 

thorium, uranium, and heavy metals may also be elevated in these residues. The high pH 

is due to the formation of multiple alkaline solids such as sodalite and hydrate garnet by 

the addition of NaOH and lime in the Bayer process (Jones and Haynes 2011). The 

mentioned properties present limitations to plant growth and make BRS revegetation 

challenging. Therefore, in order to establish the plant cover on BRS, several principal 

characteristics require improvement.   
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The pH conditions of BRS are classified into two criterion: the actual alkalinity and 

potential alkalinity (Alcoa World Alumina 2004). Actual alkalinity occurs due to the 

presence of NaOH, NaHCO3, NaAlO2 and Na2CO3 in the solution phase. The 

concentration of these chemicals in BRS is very dynamic and can be quickly reduced by 

leaching (Thornber and Binet 1999, Anderson 2009). Potential alkalinity is caused by the 

presence of desilication product (DSP) and tricalcium aluminate (TCA6) produced during 

the Bayer process. Both of these minerals exhibit gradual dissolution over time and can 

be responsible for the sustained elevated pH observed in BRS. The high soil solution pH 

may have adverse effects including inhibition to root growth, root respiration and root-

pressure-driven solute export to xylem (Jones et al. 2011). Fortunately, these mineral 

products comprise <1% of the mineral composition of residue sand and the incorporation 

of materials such as gypsum (CaSO4.2H2O) could reduce alkalinity through the 

precipitation of hydroxides and carbonates by Ca2+ to provide pH values (pH ≈ 8.5–9.0) 

more tolerable for establishing vegetation covers (Jones and Haynes 2011). Thornber and 

Binet (1999) conducted an experiment in which they sequentially exchanged bauxite 

residues with H2O. They determined that the weight of the solids decreased with 

sequential washings, but neither the pH, Na+, Al(OH)4
 -, CO3

2− nor the OH− concentrations 

changed in solution. This simple experiment demonstrated that the solution pH of the 

residues was buffered by alkaline solids and pH did not change until these solids were 

completely dissolved and their reaction products removed (Gräfe et al. 2011).  

On average, bauxite residues consist of approximately 70% (by weight) crystalline phases 

and 30% amorphous materials (Gräfe et al. 2009). Hematite is ubiquitous (7–29 wt.%), 

whereas goethite is abundant in bauxite residues generated from Jamaican and Darling 

Range bauxites which contain significant amounts of goethite in the original ores (Li and 

Rutherford 1996, Li 1998). Magnetite (Fe3O4) is a transformation product that occurs in 
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bauxite residues generated from bauxites sintered with soda to solubilize boehmite or 

diasaspore. Boehmite (γ-AlOOH), gibbsite (Al(OH)3), anatase, rutile (both TiO2), 

ilmenite (Fe-TiO3), perovskite (Ca-TiO3) and quartz (SiO2) are the other minerals 

commonly present in bauxite residues (Gräfe and Klauber 2011). 

At high pH, insoluble Al would become soluble as the negatively charged aluminate ion 

forms together with elevated levels of soluble Fe (Courtney and Timpson 2005). Soluble 

Al and Fe are negatively correlated with nutritive elements such as K, Mg, P, N and Ca, 

whereas the concentration of soluble Al is positively correlated with soluble Fe (Fuller 

and Richardson 1986). Cell elongation would also be affected due to the lack of acidity. 

High Fe concentrations are also directly related to impaired plant growth and reduced Ca, 

Mg and P uptake (Fuller and Richardson 1986). High Na content in bauxite residues may 

also cause toxicity to plants. Excessive uptake of Na can result in inhibition of enzyme 

reactions in the cytoplasm and decreased uptake of other elements such as K, Mg and Ca 

(Bucher 1985). The lack of organic matter is also a limitation to plant growth on bauxite 

residue (Santini and Fey 2013). Organic C, as one of the major bonding agents, could 

stabilize soil aggregates against slaking and disaggregation and improve the structure of 

bauxite residue to support plant growth. In addition, organic C provides the energy to soil 

microorganisms and sustain a long-term ecosystem (Jones and Haynes 2011).  

1.5.2 Bauxite residue physical properties  

The particle size of bauxite residue ranges between 2 and 2000 μm; 80–90% exists as 

mud and the remainder is sand. The particle diameter of the sand fraction is almost 20– 

2000 μm and the particle diameter of the mud fraction is almost less than 20 μm (Nguyen 

and Boger 1998). Particle size analysis of Alcoa’s BRS shows that it is made up of 98% 

sand, 1% silt and 1% clay, giving BRS an estimated pore volume of 96% macropores 
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(Anderson 2009). This characteristic of BRS has direct impacts on hydraulic properties 

such as soil-water retention, hydraulic conductivity and compaction. Poor soil-water 

retention in BRS is one of the key issues in the vegetation performance. Anderson (2009) 

found that the addition of 20% residue mud fraction to BRS could increase the plant 

available water in its profile by 26 mm per m depth of growing media (Jones and Haynes 

2011). The great variation exists in particle size distribution, largely related to the 

differences in processing technologies, operational parameters and the nature of the 

bauxite ore deposits. The average bulk density of bauxite residue is 2.5±0.7 g cm−3 

(Nguyen and Boger 1998). Bulk density varies with soil physical conditions and is 

influenced by soil texture, the amount of organic matter and total porosity. The high bulk 

density, exceeding 1.5 g cm−3, hinders root penetration and plant establishment. The 

average specific surface area (SSA) of bauxite residues also reported as 32.7± 12.2 m2 

g−1 and ranges between 15 and 58 m2 g−1 (Gräfe and Klauber 2011).  

The fine particles of bauxite residue (residue mud) can consolidate to form a solid mass 

which contains very few large pores and results in low hydraulic conductivity. The low 

hydraulic conductivity would inhibit drainage and favour waterlogging (Jones and 

Haynes 2011). Bell and Meecham (1978) reported that the hydraulic conductivity of 

residue mud was only about 0.002 cm min−1. Very few plants can survive on bauxite 

residue due to their low infiltration rate, low hydraulic conductivity and high water 

holding capacity. Furthermore, the surface of bauxite residue disposal areas (BRDAs) is 

prone to waterlogging during wet periods and this demonstrates the need for drainage to 

be installed below the surface layers to ensure that plant establishment is not impeded. 

Therefore, addition of fine residue mud may be beneficial in increasing plant available 

water in BRS. However, it may increase the osmotic potential due to high concentrations 

of salts contained in residue mud, which could lead to abnormal plant growth and 
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development. Hence, other low cost organic/inorganic amendments for BRS need to be 

explored (Jones and Haynes 2011). 

1.5.3 Bauxite residue microbial properties  

High alkalinity, low water retention and nutrient supplying capacities may weaken soil 

microbial activity and limit plant growth in the residues (Jones et al. 2010). Untreated 

bauxite residue is a sterile substrate for plant and microbial growth and nutrient 

availability (Krishna et al. 2005). All the physical and chemical properties which limit 

vegetation establishment on bauxite residue can also limit the growth and colonization of 

microorganisms. Under high alkalinity and salinity, nutrient deficiencies and Al toxicity, 

few microorganisms survive. For heterotrophic microbes, the lack of energy sources 

including C and N are the most limiting factors (Gräfe and Klauber 2011). 

Microorganisms play a major role in various soil processes such as soil formation, 

structure, nutrient mobilization, vegetation establishment and cycling which are critical 

for a long term ecological stability (Schmalenberger et al. 2013). The main goal of 

vegetation establishment is to create sustainable plant and microbial communities (Tsuji 

1993); microbial action is essential to sustain vegetative cover on BRS. More attention 

should be given to enhancing soil development and natural vegetation establishment 

(Kopittke and Menzies 2005). Understanding of the microbial properties in mine tailings 

or in many disturbed landscapes can provide a good assessment on the sustainability of 

the established vegetation cover (Schmalenberger et al. 2013). Hence, investigating the 

role of microbes in nutrient dynamics in the BRS environment can provide vital 

information for establishing key rehabilitation performance indicators.  

A freshly deposited BRS is not only known hostile to plant growth but also to microbial 

development. Jones and Haynes (2010) reported that BRS has poor or negligible 
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microbial activity. Excessive salts (e.g. highly alkaline and sodic) and poor nutrient 

availability in BRS (Anderson 2009, Chen et al. 2010) seems to be the key factors limiting 

microbial colonization and development. Early work of Williams and Hamdy (1982) 

revealed an existence of metabolically injured bacteria due to poor nutrient content in 

bauxite residue. According to these workers, these injured bacteria can be metabolically 

active once the bauxite residue is supplied with nutrients (e.g. agar and hay). Recently, 

Schmalenberger et al. (2013) reported diverse bacterial communities in restored bauxite 

residue. These findings highlight that microbial communities are a crucial component in 

the rehabilitation prescriptions of bauxite residue along with soil physico-chemical 

properties. 

 

1.6 Bauxite residue sand rehabilitation strategies  

The physical and chemical properties of the residues described above make revegetation 

challenging without amendments (Wong and Ho 1994b, 1994a, Wehr et al. 2006, 

Woodard et al. 2008). Ideally, bauxite residue should be used as an industrial by-product 

for other applications which may achieve a low waste footprint (Gräfe and Klauber 2011). 

However, little evidence exists of any successful applications considering several decades 

of research on this subject. Large volumes of bauxite residue, which are currently stored 

in BRDAs, could eventually cause environmental risks including land occupation, air 

pollution and groundwater pollution. The most promising solution would be in situ 

revegetation of BRDAs which would help stabilize their surfaces (Mendez and Maier 

2008). A vegetation cover can limit wind and water erosion, minimise environmental 

pollution, encourage organic matter build-up and provide an aesthetically pleasing 

landscape (Wehr et al. 2006). 
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To date, the majority of published literature on residue rehabilitation has focused on 

residue mud. This is because Alcoa operations, in Western Australia, are one of few 

refineries that separate the sand and mud fractions. The high sand content is a 

consequence of the granite-rich bauxite from the Darling Ranges, Western Australia 

(Anand et al. 1991). Some studies have examined the impacts of amendments on red mud 

as well as the relationship between red mud and plants. Amelioration of the surface layer 

of bauxite residue has also been widely attempted using gypsum, compost, biosolids and 

combinations of these treatments. Many studies have demonstrated that amendments are 

important and necessary as they improve both the physical and chemical properties of the 

residues to promote sustainable growth (Courtney et al. 2009, Courtney and Mullen 2009, 

Courtney and Kirwan 2012). Several researchers have also focused on amelioration of 

residue sand and discovered that gypsum and organic materials may decrease the 

alkalinity and salinity of residue sand while also improving soil structure to support plant 

establishment (Banning et al. 2011, Jones and Haynes 2011). The co-disposal of residue 

mud and sand was also tried to improve the physical condition of the residues (Jones et 

al. 2011) 

Courtney and Timpson (2005) reported the reduction of essential plant nutrients such as 

N, P, K, Mn, Mg and Ca in the amended residue over a two-year period. In addition, 

gypsum combined with coarse fraction of bauxite residue (Courtney and Timpson 2005) 

and a period of weathering (Courtney and Mullen 2009) was found to improve both seed 

germination and plant growth performance. These results are parallel to the effects of 

gypsum and Spent Mushroom Compost on vegetation growth, which showed improved 

physical and chemical properties of bauxite residue mud following the additions of such 

amendments (Courtney et al. 2009).  
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In Alcoa’s Western Australia operations, the interest in BRS has increased since it has 

been used to construct the embankments which contain and store the residue mud. The 

BRS represents the primary growth material used for rehabilitation activities by Alcoa. 

However, BRS also possesses characteristics which are sub-optimum for vegetation 

growth. Studies on the amelioration of bauxite residues using amendment additions prior 

to vegetation establishment, have mainly focused on the improvement of the surface 

layers and addition of gypsum (followed by leaching), organic amendments and mulching 

with various soil materials and di-ammonium phosphate (DAP) fertilization and mulching 

with various soil materials (Wehr et al. 2006). 

1.6.1 Gypsum and leaching  

Application of various chemical and physical amendments to accelerate remediation of 

bauxite residue has been studied for nearly four decades (Wong and Ho 1993, Courtney 

and Timpson 2005, Menzies et al. 2009). The focuses of these studies were to lower 

salinity, sodicity and alkalinity, and encourage structural development. Under enhanced 

drainage, excess soluble salts (including Na) slowly leach from the surface layers of 

residue lakes (Woodard et al. 2008) and the pH, EC and ESP of these layers slowly 

decline. However, the addition of an amendment such as gypsum (CaSO4.2H2O) and 

supplemental irrigation considerably speeds up this process (Jones and Haynes 2011). 

The application of gypsum combined with tillage and irrigation addresses several of these 

targets simultaneously, by providing a source of Ca to displace Na, as well as facilitating 

export of alkaline, saline-sodic pore water (Woodard et al. 2008, Gräfe and Klauber 2011) 

and development of stable soil structure (Wong and Ho 1991). Plants grown in amended 

residues had increased seedling emergence rates and biomass weight (Wong and Ho 

1994b). 
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Phillips (2010) investigated the impact of gypsum incorporation depth and irrigation on 

BRS. Irrigation was found to significantly increase above ground biomass but not impact 

diversity. Plant performance was independent of gypsum depth, probably because the 

“shallow” and “deep” incorporation both covered a large portion of the root zone. 

However, root growth did tend to be associated with higher gypsum zones; hence shallow 

incorporation would leave plants more susceptible to drought stress. Gypsum addition not 

only improves the chemical properties of the residue, but also its physical condition. The 

dispersive effects of Na are replaced by the flocculating effect of a divalent cation (Ca) 

and this helps promote aggregation and some development of soil structure. As a result, 

there is an increase in the hydraulic conductivity of the residue medium (Wong and Ho 

1991, Wong and Ho 1994b). 

Courtney and Kirwan (2012) found that application of gypsum and mushroom compost 

could provide additional Ca2+ and Mg2+ and minimize the solubility of solid phase 

alkalinity, while available aluminium was also reduced during this procedure. Meecham 

and Bell (1977) reported that ferrous sulfate was an effective ameliorant when added to 

bauxite residue while Wong and Ho (1993) investigated the effects of waste gypsum 

(phosphogypsum) on bauxite residues and the growth of grass species. Results 

demonstrated that waste gypsum reduced pH (by providing an excess of calcium ions to 

precipitate solution alkalinity and suppress the solubility of solid phase alkalinity), EC 

and Na and Al concentrations, while the availability of nutrient elements could also be 

increased in the matrix. 
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1.6.2 Organic amendments  

The bauxite residues contain negligible amounts of organic matter. Organic matter is 

necessary for optimum soil functioning since it performs a number of functions that 

contribute greatly to general soil fertility. These include (a) supply of plant nutrients (e.g., 

N, P, S) through mineralization, (b) provision of cation exchange capacity through 

functional groups on humic substances, (c) chelation and formation of stable complexes 

with metal cations (e.g., Cu, Zn, Mn, Al), (d) absorption and deactivation of xenobiotics, 

(e) heat absorption, (f) water retention and (g) formation and stabilization of soil structure 

(Stevenson 1994). In addition, organic matter is an energy source for soil organisms 

including bacteria, fungi, earthworms and other soil fauna (Jones and Haynes 2011).  

Organic amendments have also been successful in improving soil properties and 

promoting the growth of microbial and plant biomass (Fortin and Karam 1998). 

Combinations of inorganic and organic amendments have also been evaluated. In 

combination with gypsum, mushroom compost and sewage sludge were also effective in 

improving soil chemistry and physical structure and in promoting plant growth (Fuller et 

al. 1982, Wong and Ho 1991, Courtney et al. 2009). In addition to providing a C source 

and improving structure and drainage, organic amendments such as compost and topsoil 

may also act as microbial inoculants, providing a viable microbial community to perform 

vital soil ecosystem functions such as nutrient cycling (Santini et al. 2015). 

Organic amendments are commonly used in the rehabilitation of bauxite residue 

(Courtney et al. 2009, Khaitan et al. 2009), or other mine tailings (Williamson et al. 2011, 

Huang et al. 2012). Residues and tailings are extremely organic matter limited and 

without amendment rely on successful vegetation growth to develop in situ below-ground 

organic matter, which can be a slow (i.e. decadal) process (Banning et al. 2011). Some 
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organic amendments have been used successfully on revegetation of BRSAs, such as 

biosolids (Courtney and Timpson 2005, Xenidis et al. 2005), Spent mushroom compost 

(Courtney and Harrington 2012), biochar (Jones et al. 2010, Chen et al. 2013) and wood 

chips (Ippolito et al. 2005). However, poultry manure, compost, wheat straw and paper 

pulp waste have also been used with varying degrees of success (Fuller et al. 1982, 

Eastham et al. 2006). The positive effects of these materials have been attributed to their 

ameliorative effects on the chemical limitations to plant growth in residue and increased 

nutrient supply. The nutrient input from organic wastes is extremely beneficial to BRS 

due to the low concentration of essential nutrients in unamended BRS.  However, there 

is a restriction in the use of organic waste (poultry manure) in BRSAs due to health 

regulations in Western Australia by the Western Australia Health Department prohibiting 

the transport, storage and use of untreated poultry manure or organic waste (Eastham et 

al. 2006).  

Some studies reported the application of biochars as organic amendments on BRS. Chen 

et al. (2013) investigated the suitability of greenwaste biochar to increase N retention in 

rehabilitated BRS. At low pH (5), the increase of pH rather than adsorption capacity, 

resulting from biochar addition, caused greater losses of N through volatilization from 

BRS. In BRS with medium pH (7, 8), the increase of adsorption capacity, induced by 

biochar addition, played the more dominant role in enhancing adsorption of NH4
+-N 

/NH3-N and lowering NH3 volatilization. However, in the BRS with high pH (9), the 

majority of NH4
+-N /NH3-N pools was lost via NH3 volatilization due to the strong acid-

base reaction at this pH. Therefore, it was concluded that the interaction of changes in pH 

and adsorption capacity induced by greenwaste biochar addition affects the availability 

and dynamics of NH4
+-N/ NH3-N in BRS amended with di-ammonium phosphate (DAP) 

(Chen et al. 2013). Jones et al. (2010) also studied the effects of addition of a range of 
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organic amendments (biosolids, spent mushroom compost, green waste compost and 

green waste-derived biochar), at two rates, on some key chemical, physical and microbial 

properties of bauxite-processing residue sand in a laboratory incubation experiment. 

Addition of all amendments decreased bulk density and increased mesoporosity, available 

water holding capacity and water retention at field capacity (−10 kPa), with the higher 

organic amendment rate having a greater effect. In addition, all applied organic 

amendments increased soluble organic C, microbial biomass C, basal respiration and the 

activities of β-glucosidase, L-asparaginase and alkali phosphatase enzymes. They 

concluded that application of different types of biochars as organic amendments may 

serve as good sources of nutrients for RSAs and comply with government health 

regulations and policies.  

1.6.3 Microbial amelioration  

Successful rehabilitation must involve the development of microbially driven organic 

matter turnover and mineral nutrient cycling for the long-term provision of plant nutrients. 

Studies of primary successional ecosystems have suggested that microorganisms are also 

critical to early ecosystem development, due to functional abilities such as N fixation, 

organic matter turnover, mycorrhizal symbiosis and potential facilitation of plant 

establishment (Chapin et al. 1994, Hodkinson et al. 2002, Walker et al. 2003). Increases 

in soil microbial biomass, activity and bacterial diversity with successional age have been 

demonstrated in a variety of ecosystems during primary succession (Sigler and Zeyer 

2002, Nemergut et al. 2007) and restoration of highly disturbed sites (Banning et al. 2008). 

Although it is clear that the geochemical conditions in residue sand will result in nutrient 

limitations to plant growth (Eastham et al. 2006), the extent to which these conditions 

limit the development of a diverse and functional microbial community is unknown. 
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Microorganisms are important components of all ecosystems, playing a vital role in soil 

development (pedogenesis) and in supporting plant nutrition. Interactions between 

microbial communities and the environments which they inhabit are often difficult to 

disentangle as they influence one another in complex ways (Santini et al. 2015). Increases 

in microbial biomass C, microbial respiration and microbial enzyme activity 

(dehydrogenase) are also indicative of successful remediation of contaminated soils 

(Dawson et al. 2007), and higher microbial diversity is correlated with higher soil quality 

(Sharma et al. 2011). Plants rely on microbial communities for the ongoing supply, 

mobilisation and translocation of inorganic nutrients. Moreover, many plant species 

benefit from symbiotic associations with soil microorganisms such as mycorrhizal fungi 

and rhizobia (Kuiper et al. 2004). Microorganisms have been successfully used as a seed 

inoculant to promote plant growth and reduce the requirement for compost amendment 

in tailings (Grandlic et al. 2008), identifying the promise of such biological strategies. 

Beyond benefits to the vegetation community, soil microorganisms are also capable of 

influencing soil chemistry to alter pH and sequester toxins. Microbial activity contributes 

to pH neutralization in acidic tailings (Grandlic et al. 2008) and evidence to date indicates 

that this is also likely to be the case for alkaline bauxite residues. An active microbial 

community is an important consideration since key soil microbial functions include: (a) 

degradation of organic material and mineralization of N, S, and P; (b) nutrient cycling; 

(c) formation of soil humic material; and (d) formation and stabilization of soil aggregates 

(Barrios 2007). It is therefore likely that addition of organic material will result in the 

development of a functioning soil microbial community (Jones and Haynes 2011). 
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1.6.4 Impact of fertilization  

Due to the low nutrient content and low nutrient supplying capacity of residue sand and 

mud, large basal quantities of nutrients need to be applied in order to establish vegetation. 

Rates of basal nutrient addition are often in the range of 250–270 kg N, 200–300 kg P, 

97–300 kg K, 6–15 kg Mn, 6–16 kg Mg, 6–10 kg Ca, 0.2–0.25 kg Mo, and 1.0–1.5 kg B 

ha−1 (Meecham and Bell 1977, Eastham et al. 2006). Nonetheless, where organic 

amendments such as biosolids or spent mushroom compost are incorporated, inorganic 

fertilizer rates can be reduced to account for the nutrient supplying capacity of the organic 

material. Eastham and Morald (2006) promoted a DAP-based fertilizer mix that supplied 

270 kg N and 207 kg P ha−1 in favour of a superphosphate-based mix. There are, however, 

several reasons to question the use of NH4
+-N-based fertilizers for residue revegetation. 

These include a lack of nitrification in the medium and the likelihood that its high pH 

promote gaseous losses of N through ammonia volatilization. Meecham and Bell (1977) 

found that there was a narrow range between N deficiency and toxicity for Rhodes grass 

growing in residue sand. They suggested that this was because N was applied as NH4NO3 

and severe yield depressions at rates greater than 200 kg N ha−1 were due to NH4
+ toxicity. 

The lack of autotrophic nitrifying bacteria in the residue (which convert NH4
+ to NO3

−) 

was thought to be the main contributor to this observation. Addition of organic 

amendments to the residue would probably help ameliorate NH4
+ toxicity by adding an 

inoculum of nitrifying bacteria and by increasing the CEC and thus decreasing the 

concentration of NH4
+ present in soil solution. 

As part of Alcoa’s rehabilitation program, inorganic fertilizer such as DAP replaced the 

use of organic manure, following the restrictions in the use of poultry manure by the 

Western Australia Health Department (Alcoa World Alumina 2004). Approximately 2.7 

t of DAP-based fertilizer ha-1 is applied to BRS during rehabilitation which represents the 
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major source of N to plants. However, published information on N behaviour and 

dynamics in highly alkaline BRS is scarce. Studies in alkaline calcareous soils have 

shown that applied NH4
+-N rapidly lost by volatilization as ammonia (NH3-N) at high pH 

values (8-9) (McLaren and Cameron 1996). A similar finding was observed by He et al. 

(1999) with elevated volatilization of NH3-N in line with increasing soil pH. Overall, high 

soil pH is the key variable influencing such N loss pathways (Stevens et al. 1998, He et 

al. 1999, Chen et al. 2010), particularly in a highly alkaline environment. Phillips and 

Chen (2010) reported that NH4
+-N adsorption by BRS decreased at elevated pH even with 

an increase in CEC. Also, the presence of Ca from added gypsum depresses the retention 

of NH4
+-N on the exchange sites, resulting in more losses of N via volatilization (Phillips 

1998). It was concluded that the major loss of N applied as fertilizer in BRS was due to 

high volatilization of NH3-N (up to 95.2%) that took place within a very short period of 

time (1 to 7days) (Chen et al. 2010). 

 

1.7 Biochar amendments 

Biochar is a carbon-rich solid material and pyrolysed organic matter which produced by 

heating biomass in an oxygen-limited environment (Lehmann et al. 2006, Chan et al. 

2007). Biochar application to soils leads to the sequestration of C (Chan et al. 2007, 

Joseph et al. 2010), remediation of soil heavy metals, improvement of soil fertility and 

function and consequently agricultural productivity (Lehmann et al. 2006, Chan et al. 

2007, Joseph et al. 2010) and a decrease in the emissions of N2O and CH4 from soil 

(Joseph et al. 2007, Singh et al. 2010b). (Glaser et al. 2002) showed that biochar can 

improve soil structure and water retention, increase nutrient availability and retention, 

ameliorate acidity, and decrease heavy metal toxicity to plant roots and soil microbiota. 
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Biochars can be produced by a wide variety of organic materials, such as; grown biomass 

(wood and grasses) and biomass waste streams such as paper sludge, manure or 

greenwaste (Chan et al. 2007, Joseph et al. 2007, Singh et al. 2010a).  

Lehmann et al. (2006) and Solomon et al. (2007) notified that biochar has biochemically 

recalcitrant characteristic in comparison to uncharred, parent organic matter, and has 

great ability to increase the long-term soil C pool. Previous investigations showed that 

using biochar in soils can significantly improve the productivity of crops such as maize, 

soybean, radish, sorghum, potato, wheat, pea, oats, rice and cowpea (Lehmann et al. 2003, 

Chan et al. 2007, Rondon et al. 2007). Several studies have been done to assess biochar 

potential to store and sequester C (Cheng et al. 2006, Singh and Cowie 2008) or decrease 

emissions of N2O in soils (Singh et al. 2010a).  

Atkinson et al. (2010) indicated that biochar can prepare a long-term and stable form of 

C sequestration with a minimum possibility of retuning into the atmosphere which has an 

important role on mitigation and providing economical solution (Atkinson et al. 2010). 

Mohan et al. (2007) and Hartley et al. (2009) investigated the influence of biochar in 

removing toxic heavy metals from water as an adsorbent and on mobility of As in soil 

respectively. Despite the potential benefits, the scale of biochar application is currently 

still limited in Australia, partly due to the problems for obtaining sufficient amounts of 

biomass for the pyrolysis process. Therefore, there is a need to quantify the main 

agronomic characteristics of biochar, such as crop response and soil health benefits (Chan 

et al. 2007).  

 

 

 



Chapter 1                                                                                                                         30                                                                                                           
__________________________________________________________________________________________________________ 

 

1.7.1 Factors affecting biochar properties 

Biochar performance is affected by its pyrolysis condition and physico-chemical 

characteristics of its feedstock, so it has different impact on C sequestration and soil 

conditioning. Plant biochars are more applied as a soil conditioner rather than fertilizer, 

but manure-derived biochars release more nutrients and can be applied as both soil 

fertilizer and conditioner (Uchimiya et al. 2010a). Lua and Yang (2004), Gundale and 

DeLuca (2006) and Amonette and Joseph (2009) demonstrated that feedstock varieties 

and pyrolysis settings have significant effects on the physico-chemical properties of 

biochar, such as nutrient content of the biochar and nutrient availability to plants when 

biochar is applied to soil. Demirbas (2004) showed that the changes in basic conditions 

during biochar production, such as lower maximum temperatures, slower heating rates 

and higher pressures in the pyrolysis system, and greater proportions of lignin in the 

biomass feedstock, may result in higher amounts of biochar yields with lower contents of 

syngas and bio-oil. This is in accordance with the results of Downie et al. (2009) that 

affirmed pyrolysis conditions affect both quantity and quality of biochar production. For 

example, they demonstrated that at temperatures above 120 oC, chemically bound 

moisture is released, while at 200–260oC hemicellulose and cellulose begins to 

decompose, which has significant effect on the porosity and C content of the produced 

biochar. 

The C in biochar has aromatic structure, which makes it more chemically and biologically 

stable than C in the original biomass. This stability has a significant effect on C 

sequestration and modifying biochar as a climate change mitigation tool (Lehmann et al. 

2006). Masek and Brownsort (2010) reported that biochar production processes are 

designed to attain several main goals, such as, high stability, positive effects on soil 

properties (e.g. high cation exchange capacity (CEC) and high surface area). In Singh et 
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al. (2010a) study, after characterizing some biochars from different feed stocks, they 

distinguished that wood-derived biochars have special properties in comparison to 

manure-derived biochars, such as higher total C, lower ash content, lower total N, P, K, 

S, Ca, Mg, Al, Na and Cu contents and lower potential CEC and exchangeable cations. 

The results of Cao and Harris (2010) showed that dairy manure-derived biochar has a 

high content of N, Ca, Mg and P as well as C. Downie et al. (2009) mentioned that the 

physical characteristics of biochar has a significant role in recognizing the functions and 

interactions of biochar in soil, its agricultural impacts and the ability to store and sequester 

atmospheric carbon dioxide. Biochar has heterogeneous composition which can show 

hydrophilic, hydrophobic, acidic and basic characteristics that have ability to interact with 

soil solution substances (Atkinson et al. 2010). Lehmann et al. (2003) demonstrated that 

different particle size of biochar, e.g. over the range of 2 to 20 mm, do not have significant 

effect on crop yields. 

 

1.7.2 The influence of biochar on soil properties and crop biomass in degraded lands 

Iswaran et al. (1980) and Glaser et al. (2002) reported that biochar has a significant and 

positive impact on enhancing crop biomass and improving soil quality. It has also been 

reported that application of biochar to soil may enhance agricultural productivity by more 

than 90% (Lehmann et al. 2003, Blackwell et al. 2007). Lehmann and Rondon (2005) 

indicated that improvement in plant productivity is dependant to the content of added 

biochar and can be reached between 20% and 220%. The usage rate and the nature of 

biochar affect the plant growth (Park et al. 2011). However, Park et al. (2011) indicated 

that the application of biochar do not increase the dry biomass of shoots and roots 

proportionally. Lehmann et al. (2006) demonstrated that biochars can indirectly affect 
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plant growth by several ways, such as providing nutrients, immobilizing heavy metals 

and ameliorating soil physical and biological properties. This is similar to the results of 

Park et al. (2011) that reported biochar had significant impact on crop yield. The 

application of fertilizer together with biochar has also been reported to enhance plant 

growth more than pure fertilizer application (Chan et al. 2007, Steinbeiss et al. 2009).  

The results of an experiment on application of chicken manure- and green waste-derived 

biochars to Indian mustard showed an increase in the crop dry matter yields, which may 

be ascribed to supply of nutrients and decrease of heavy metal toxicity (Park et al. 2011). 

The application of biochar to contaminated soil can remediate the soils as a in situ method 

by immobilizing heavy metals, therewith decreasing their availability to the plants (Park 

et al. 2011). The application of activated wood biochar to the soil, which is cultivated 

with maize, has reported to have significant effect on decreasing Cd concentration in 

maize shoot which can be associated to the formation of stable metal-organic complexes 

(Namgay et al. 2010). In addition, some laboratory investigations showed that biochar 

amendment to soil has a great potential to decrease greenhouse gas emissions such as 

methane (CH4) (Spokas et al. 2009) and nitrous oxide (N2O) (Yanai et al. 2007, Spokas 

et al. 2009, Singh et al. 2010a).  

The positive impacts of biochar in soils are suggested to be associated with its ability to 

retain soil nutrients for plant uptake (Glaser et al. 2002, Chan et al. 2007, Steinbeiss et al. 

2009) and to increase soil water holding capacity (Pietikäinen et al. 2000, Brockhoff et 

al. 2010). Amonette and Joseph (2009) affirmed that biochar incorporation with soil can 

affect soil structure, texture, porosity, particle size distribution and density, thereby 

potentially improve soil aeration, water storage capacity and microbial and nutritional 

status of the soil within the plant rooting zone.  
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The application of biochar to soil may improve the availability macro nutrients (e.g. N 

and P) and metal ions (e.g. Ca and Mg) (Lehmann et al. 2003, Gundale and DeLuca 2006).  

Biochars typically have a strong capacity of adsorbing both inorganic and organic 

compounds due to their large surface areas and the presence of a range of different 

functional groups on their surfaces (Joseph et al. 2010, Thies and Rillig 2012). These 

functional groups not only affect biochar pH, but also provide the sites for chemical 

adsorption-desorption. Biochar has been reported to adsorb NH4
+-N and reduce N losses 

via NO3
− leaching and N2O emission (Eldridge et al. 2010, Singh et al. 2010b, 

Taghizadeh-Toosi et al. 2012b). The adsorption of NH3 by biochar has also been 

demonstrated (Asada et al. 2002, Asada et al. 2006, Kastner et al. 2009, Taghizadeh-Toosi 

et al. 2012b, a), possibly due to the presence of acid functional groups (Clough et al. 2010, 

Spokas et al. 2012). However, few studies have directly evaluated the influence of biochar 

on NH3 volatilization in soil (DeLuca et al. 2015). Recently, Taghizadeh-Toosi et al. 

(2012a) and (2012b) provided strong evidence that fresh biochar (created from wood chip 

of Pinus radiata) could reduce NH3 volatilization from ruminant urine (15 N labelled) and 

the NH3-N adsorbed onto biochar was bioavailable. 

Chen et al. (2013) studied the impact of greenwaste biochar to increase N retention in 

rehabilitated BRS. They concluded that the interaction of changes in pH and adsorption 

capacity induced by greenwaste biochar addition affects the availability and dynamics of 

NH4
+-N/ NH3-N in BRS amended with di-ammonium phosphate (DAP). Goloran et al. 

(2014c) also studied the effects of organic–inorganic amendments and nitrogen-

phosphorus (N, P) fertilization [NH4NO3 plus Ca (H2PO4)2] on rigid ryegrass (Lolium 

rigidum) growth, and N and P availability in highly alkaline bauxite-processing residue 

sand (BRS). The results showed that the vegetation establishment and performance in 

residue sand may be improved when an appropriate combination of amendments 
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(greenwaste biochar) and appropriate levels of NP fertilizer are employed. The 

combination of greenwaste biochar growth medium and NP fertilizer rates at 2.0–2.5 t/ha 

showed potential as the biochar growth medium (i) significantly improved the dry matter 

yield, as well as leaf N concentration (as compared to BRS without amendment) and (ii) 

enhanced the N and P status of BRS, suggesting a potential source of plant available N 

and P. These results highlight the significance of amendment materials for improving the 

N and P supplying capacity of BRS that is crucial for plant establishment. Fellet et al. 

(2011) examined the application of biochar to remediation of the mine tailings of Cave 

del Predil. They found that the interesting impacts of biochar on bioavailability and 

leachability reduction of the pollutants. Besides, biochar ameliorated the substrate in 

terms of nutrients and water retention which highlights the potential biochar as an 

amendment material for polluted sites. 

There is a significant knowledge gap in assessing the impacts of different biochars as 

organic amendments on BRS. In addition, the beneficial effects of biochar application to 

BRS on the establishment of a sustainable plant cover and a functional below-ground 

microbial community is largely unknown. Given the severe nutrient limitation of BRS 

and its nascent non-equilibrium ecological state, there is a potential for biochar as organic 

amendment to enhance microbial activity and increase plant nutrient uptake. 

 

1.8 Research Questions, Hypotheses and Objectives  

The general framework of the current research project is undertaking the concept of the 

three main practical strategies that reduce or suppress the impacts of degradation, which 

are mentioned earlier in this chapter, namely prevention, mitigation, and rehabilitation. 

The results highlighted the prevention and mitigation strategies, in Chapters 3 and 4, and 
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the rehabilitation strategies, in Chapters 5 and 6. As it is important to find a promising, 

cost-effective and efficient clean-up technology for a variety of organic and inorganic 

pollutants, it is essential to develop appropriate strategies for remediating toxic chemicals 

and pollutants in degraded lands. To achieve this end, this project was to address some of 

the most important research questions (see below), and the relevant hypothesises were 

put forward as follows: 

 

Fig. 1.3: Research questions and hypothesis 
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A combination of glasshouse pot trial, leaching and incubation experiments were 

designed to test the above hypotheses regarding to research questions (Fig 1.3) and to 

achieve the main objectives of this PhD work: 

1) To investigate the effect of amendments of different biochars (pyrolytic, alkaline chars 

and forest fire-generated, aged acidic char) on the adsorption and bioavailability of toxic 

metals (e.g. nickel (Ni) and copper (Cu)) and nutrients (e.g. nitrogen (N)) and elucidate 

associated mechanistic interactions between metal ions and ammonium-N and biochar 

surface properties in degraded soil systems (Chapters 3 and 4);  

2) To assess the effect of pyrolytic alkaline biochars and forest fire-generated, aged acidic 

biochar on the N budget, the fate of applied N fertiliser and plant growth in a degraded 

environment (bauxite-processing residue sand) (Chapter 5); and  

3) To investigate how pyrolytic alkaline chars and forest fire-generated, aged acidic char 

affect the N dynamics in the rhizosphere under water stress conditions (Chapter 6).  
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Chapter 2 

Materials and Methods 

2.1 Introduction 

The four experimental chapters (3, 4, 5 and 6) of this thesis have all been prepared as 

stand-alone journal papers with their own specific “Materials and Methods” sections. This 

chapter provides information on the experimental sites and general methods and materials 

used in this study. 

 

2.2. Experimental sites 

2.2.1 Agricultural soil 

The soil, investigated in chapter 3, was collected from the A horizon (0–30 cm) of a loamy 

soil at the Gatton Horticulture Research Station, (27°32'S, 152°19'E) in the Lockyer 

Valley, one of the key horticultural regions in Australia. This soil is classified as black 

Vertisol and Udic Haplustert according to the USDA Soil Taxonomy (Staff 1999), and 

the region has a subtropical climate with predominantly summer rainfall and mean annual 

rainfall of 772 mm. The mean daily minimum and maximum temperatures of the area are 

18.7°C and 31.2°C in the summer, and 6.8°C and 21.4°C in winter, with a mean annual 

air temperature of 20°C. The soil texture, pH, cation exchange capacity, bulk density, 

total organic carbon (OC) and total nitrogen (N) for the top 30 cm of the soil are 

summarised in Table 2.1. 
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Fig. 2.1: Location of Gatton Horticulture Research Station in Queensland 
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Table 2.1: The physico-chemical characteristics of soil at Gatton Horticultural Research 

Station 

Soil Depth 

(cm) 

Bulk Density   

(g cm-3) 

pH 

(1:5 water) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

CEC 

(cmol kg-1) 

Organic C 

(%) 

Total N 

(%) 

0-10 1.17 7.69 41 24 35 37.9 1.54 0.11 

10-30 1.32 7.79 43 23 34 37.2 1.53 0.11 

 

2.2.2 Bauxite processing residue sand  

The Kwinana residue storage area (RSA) of Alcoa of Australia in Western Australia was 

the source of BRS for the experiments. The Kwinana RSA is located at latitude 32o11' 

54.22'' South and longitude 115o49'31.93'' East (Fig. 2.2). This RSA contains BRS 

embankments of varying ages depending on the year of deposition and rehabilitation or 

vegetation. Operational practice following the construction of BRS embankments 

includes incorporation of phosphogypsum and DAP fertilizer prior to the broadcasting of 

seeds of native plant species. 

 

Fig. 2.2: Map of southwest Western Australia showing the location of Kwinana RSA. 
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2.3 Sample processing and moisture content and bulk density measurements 

All soil and BRS samples (from field, incubation and pot experiments) were well mixed, 

sieved (< 2 mm) with fine roots removed, and were then air-dried. The biochar samples 

were passed 2-mm sieve. Sub-samples were taken from samples (soil, biochar, and BRS), 

and were oven dried at 1050C. The difference between fresh weight and oven-dried 

weight was calculated to estimate the moisture content. Dry weight data of all samples 

were used in all calculations of metal and nutrients (e.g. copper, nickel, and nitrogen) to 

obtain concentrations on a dry weight basis. The detailed soil and BRS sampling plan of 

each experiment is described in Chapters 3, 4, 5 and 6, respectively. 

The bulk density of collected soil and BRS samples were estimated using a PVC pipe 

with dimensions of 7 cm long and 5 cm in diameter. The PVC pipe was carefully 

hammered into the sample profile and extracted manually using a spade. Excess soil or 

BRS was trimmed from the tube, and sealed to ensure no material was lost. The sample 

was then placed into a previously tin tray (tare-weight considered) and oven-dried at 105 

°C for 24 hrs. To obtain the dry weight. Calculation was based on the volume of the 

cylinder and mass of the sample (soil or BRS): 

Bulk Density (g cm-3) =  

Soil mass (g) 

Volume of cylinder (cm-3) 
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2.4 Sample analysis  

2.4.1 Physicochemical analysis of soil, BRS and biochar materials.  

Selected physicochemical properties of the soil, BRS and biochars were determined, 

namely soil texture, elemental analyses, pH, EC, specific surface area, and cation 

exchange capacity. Particle size distribution was conducted using the hydrometer method 

described by Day (1965) to measure soil texture. As BRS is sandy material with no 

texture, so the distribution of particle size was not analysed.   

The total C and N contents of the samples (soil, BRS and biochars) determined by dry 

combustion using TruMac CN (LECO) (Fig. 2.3). The specific surface area of the samples 

were determined using the single-point N2_BET method (by N adsorption isotherms at 

77 K using Gemini 2360 (Micromeritics, USA)). Cation-exchange capacity (CEC) was 

measured by 0.01 M silver-thiourea (AgTU+) using the method described by (Gillman et 

al. 1983). The pH and EC (electrical conductivity) was measured in a 1:5 volumetric 

suspension of soil in distilled water (Rayment and Lyons 2011). 

In order to conduct elemental analysis of Cu, Ni, Pb, Zn, P, Ca, K, Mg, and Na, the 

samples were digested in a mixture of nitric and perchloric acids (Miller 1998) and then 

analyzed using an inductively coupled plasma optical emission spectrometer (ICP-OES; 

Perkin Elmer; Optima 8300) (Fig. 2.4).  
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Fig. 2.3: TruMac analyser from LECO Ltd. 

 

 

Fig. 2.4: Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES; Perkin 

Elmer; Optima 8300). 
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2.4.2 Spectra analysis for BRS and biochars 

2.4.2.1 FTIR analysis  

Fourier transform infrared spectroscopy (FTIR) was used to analyze the surface 

functional groups of BRS and biochars. The IR spectra was obtained using Perkin Elmer 

(PEFT-IR C94249) and was collected in the range of 400–4000 cm-1 at a resolution of 4 

cm-1 with 32 scans per sample using a SpectraTech Microcup DRIFT accessory (Fig. 2.5). 

The samples were prepared as KBr pellet ( 1:300 sample-KBr mixture) in an agate mortar 

(Wang et al. 1990).  

 

 

Fig. 2.5: Fourier Transform Infrared Spectroscopy UATR Two (Perkin Elmer; PEFT-IR 

C94249). 

. 
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2.4.2.2 Raman analysis 

Raman was performed on a Renishaw inVia Raman Microscope system using a 514-nm, 

50-mW argon laser (Stellar-REN) through a x50 aperture (NA=0.75) at 10% power with 

a 10-s exposure time and 5 accumulations (Wang et al. 1990).   

2.4.2.3 NMR analysis 

A quantitative analysis of the C content and functional groups for the biochars, was 

performed with Bloch decay magic angle spinning nuclear magnetic resonance (BDMAS-

NMR) and 13C-cross-polarization magic angle spinning (CPMAS-NMR) spectroscopies 

using a Varian Unity Inova 400 spectrometer (Varian Inc., Palo Alto, CA) operating at a 

frequency of 100.6 MHz (Wang et al. 1990). BDMAS studies were conducted in parallel 

with CPMAS to verify 13C regions were not being underestimated due to CP. Details of 

the method used for identification and correction of spinning side bands are provided in 

SI.  The solid-state 13C NMR spectra were divided into the four common chemical shift 

regions: alkyl C (0–50 ppm), O-alkyl C (50–110 ppm), aromatic and olefinic C (110–160 

ppm) and carboxyl C (160–210 ppm) (Chen et al. 2007, Singh et al. 2010b), and the 

relative intensity for each region was determined by integration using the Varian NMR 

software package MestReNova (version 8.1.4, Mestrelab Research S.L., 2013). In some 

instances it was necessary to further divide some chemical shift regions, these were: O-

alkyl C into methoxyl C (45–60 ppm), carbohydrate C (60–95 ppm), and di-O-alkyl C 

(95–110 ppm); aromatic C into aryl C (110–145 ppm) and phenolic C (145–165 ppm). 

Based on the integrated areas from the 13C-NMR spectra, the polarity index is calculate 

as the ratio of polar groups [45–110 ppm + 165–210 ppm] to apolar groups [0–45 ppm+ 

110–165 ppm], giving an estimation of the char hydrophilicity (Chen et al. 2007, Singh 

et al. 2010b). The aromaticity of the char is defined as the sum of relative signal intensities 
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of the moieties under the aromatic umbrella (95-110ppm, 110-145pp and 145-165ppm) 

(Chen et al. 2007, Singh et al. 2010b). 

2.4.3 Soil mineral N 

The fresh soil samples were extracted with 2 M KCl at a soil to solution ratio of 1:5 using 

an end-over-end shaker for 1 h and filtering through Whatman 42 paper (Rayment and 

Lyons, 2011). The NO3
--N and NH4

+-N concentrations in the extracts were determined 

by SmartChem®200 Discrete Chemistry Analyser (WESTCO Scientific Instruments 

Inc.). Total extractable mineral N was calculated as the sum of NO3
--N and NH4

+-N 

concentrations. All results were expressed on an oven-dry basis. 

2.4.4 Microbial biomass C and N 

The microbial biomass C and N were determined using the chloroform fumigation-

extraction method described by Vance et al. (1987) on fresh soil samples. In brief, 

fumigated and non-fumigated soils (10 g dry weight equivalent) were extracted with 0.5 

M K2SO4. Samples were shaken for 30 min and filtered through a Whatman 42 filter 

paper. The microbial biomass C and N were calculated as the difference in their soluble 

organic forms between non-fumigated and chloroform-fumigated samples using TOC/N 

analyser (Shimadzu TOC-VCSH/CSN) (Fig. 2.6). 
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Fig. 2.6: TOC/N analyser (Shimadzu TOC-VCSH/CSN). 

2.4.5 Plant material analysis 

The root lengths of plant estimated by a modified line intersect method (Tennant 1975). 

Total C (TC) and N (TN) contents of the plant was measured by dry combustion using a 

TruMac CN analyser (LECO). 

 

2.5. Ammonia Volatilisation 

The NH3 volatilization measured using the sponge trap method modified by Chen et al. 

(2010). The sponges used as NH3 trap were rinsed with distilled water, until the leachate 

showed negligible N content, and dried prior to use in the experiment. The sponges were 

evenly moistened with 10 ml of trapping solution (173 ml L-1 concentrated sulfuric acid 

and 60 ml L-1 glycerol) and placed inside the trap (He et al. 1999). The sponges were 

collected after continues closing of the traps for one, four, seven and fourteen days. After 

the initial two weeks, the sponges were incubated for 16 hours on the 2nd and 5th days of 



 Chapter 2                                                                                                                        47 
__________________________________________________________________________________________________________ 

 

each weak to calculate NH3 volatilization for the rest of experiment. The captured NH3 

by sponge trap, extracted with 2 M KCl (1:10 ratio) using an end-over-end shaker for 1 

hour and filtering through Whatman 42 paper. The NH3 concentration in the extracts 

determined by SmartChem®200 Discrete Chemistry Analyser (WESTCO Scientific 

Instruments Inc.). 

 

2.6 Gas sampling and analysis 

Gas samples in pot experiments were collected from the chamber headspace one hour 

after chamber closure using a 25 mL gas-tight syringe and immediately transferred to pre-

evacuated 12 mL glass vials (Exetainer, Labco Ltd, High Wycombe, UK). Gas samples 

were analysed for N2O and CO2 concentrations (Wang et al. 2011) within 5 days of 

sampling using a gas chromatograph (Shimadzu GC-2010 Plus). The emissions for the 

days without gas sampling were estimated using the arithmetic mean of the two closest 

measurements either side of the missing day. 
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Fig. 2.7: Gas Chromatograph used for gas analysis (Shimadzu GC-2010 Plus) 
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Chapter 3 

Role of oxygen-containing functional groups in forest fire-generated 

and pyrolytic chars for immobilization of copper and nickel 

3.1 Introduction 

Past, current and future concerns related to the environmental pollutions resulting from 

anthropogenic activities constitute one of the most critical problems faced by humans. 

This emphasizes a need to investigate the dynamic of contaminants in polluted lands and 

minimize their impact on the environment. As heavy metals are non-biodegradable 

elements with largely unknown and long-lasting effects on wildlife and human’s health, 

it is essential to develop appropriate strategies to remediate environmental pollutions 

caused by these toxicants (Lim et al. 2005, Luo et al. 2005, Meers et al. 2005, Qiu 2010). 

Heavy metals such as copper (Cu2+) and nickel (Ni2+) are mainly introduced into soils 

from sewage sludge, urban waste materials, industrial processes, and mining activities 

(Tembo et al. 2006). Whilst Cu2+ is an essential micronutrient required for plant growth, 

its excessive concentrations in soil similar to Ni2+ species may cause environmental 

contamination which classify them as highly toxic metals to the environment (Cao et al. 

2009, Mamindy-Pajany et al. 2014).  

Soil organic matter can regulate the fate of heavy metals and prevent their toxicity to 

plants and ground water by forming which are less bioavailable metal-organic complexes 

(Bradl 2004). Although the application of organic amendments and carbonized materials 

such as manures, composts, biosolids and biochars has shown promising reduction effect 

on pollutant mobility in contaminated soils (Cao et al. 2011, Karami et al. 2011), the 

underlying mechanisms related to their environmental interactions with inorganic 
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pollutants still remains unclear. Among the mentioned sorbents, biochar has recently 

attracted substantial attention due to its potentially beneficial effects on sustainable 

agriculture and acting as an effective sorbent for reducing the bioavailability of organic 

or inorganic contaminants (Chen et al. 2007, Singh et al. 2010b). However, factors such 

feedstock-type (e.g. wood, green waste, paper sludge, and manure) and pyrolysis 

conditions (heating rate, final temperature, residence time) control each biochar’s 

properties (specific surface area,  surface chemistry and functional groups) and determine 

its effectiveness as a sorbent (Cao et al. 2009, Ni et al. 2011). Clemente and Bernal (2006) 

demonstrated that increasing the application rate of cow manure-derived biochar in the 

soil can effectively reduce the concentration of exchangeable Cd, which is highly toxic 

to microorganisms. Cao et al. (2011) reported that dairy-manure biochar has an effective 

amendment for immobilizing both Pb and atrazine in co-contaminated soils. Park et al. 

(2011) noted that chicken-manure biochar has higher potential for reducing the 

bioavailability of Cu, Pb, and Cd than green waste biochar. However, all of the above 

reports focused on the sorption of contaminants to biochars at their ambient pH values, 

which makes it difficult to discern the contributions of different factors such as C 

functionality, surface chemistry, and cation exchange capacity (Ni et al. 2011).  

In addition to the pyrolysis chars, forest fire-generated chars originating from the 

historical burning of woodlands, have been used in agricultural soil systems in Australia, 

USA and Germany (Skjemstad et al. 2002). Forest char is an impure form of C generated 

by fire through incomplete combustion of biomass and represents up to 30% of the 

organic C content of Australian soils (Skjemstad et al. 2002). Recent studies showed that 

plant-derived biochars can effectively adsorb environmentally significant ionic species 

like heavy metals (Singh et al. 2010a, Harvey et al. 2011). However, in contrast to other 

biochar feedstocks, systematic research on sorption behavior of heavy metals on plant-
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derived biochars is still limited (Cao et al. 2009, Harvey et al. 2011). Although some 

studies indicated that the high sorption capacity of biochars enables them to reduce 

bioavailability of metals in contaminated soils, others believe that biochars may release 

the absorbed metals into the soil via organic matter mineralization (Cao et al. 2009, 

Teixidó et al. 2013). Therefore, the role of biochars as e reliable amendment remaines 

controversial and unresolved. Additionally, the mechanisms which regulate heavy metal 

sorption by forest fire-generated chars (both wildfire and prescribed burning) and 

commercial biochars (via pyrolysis) in soil-biochar systems are not fully understood. As 

a result, this study aimed to investigate the effect of different forest fire-generated chars 

and biochars amendments on the availability of Cu2+ and Ni2+ based on their mechanistic 

interactions in a soil-biochar system, using sorption isotherms and a suit of spectroscopy 

analyses. Isotherms have been widely used to explain the behavior of metals in terrestrial 

ecosystems (Esfandbod et al. 2011), while Fourier Transform (FTIR) and Raman 

spectroscopies have been applied to elucidate gross characterization of organic substances 

and provide valuable information on their surface functionality (Cao et al. 2009, Teixidó 

et al. 2013). The 13C solid-state NMR has also been applied to characterize the 

composition of functional groups of soil organic matter and chars (Cao et al. 2009, 

Teixidó et al. 2013). Previous studies have stated that FTIR and solid-state 13C NMR are 

viable direct characterization probes to quantify C structural features and organic oxygen 

functionalities in organic substances like biochars (Kelemen et al., 2002). However, there 

is no comprehensive information available regarding the major forms of oxygen and C in 

biochar especially in aged char produced during forest fire using a combination of these 

direct characterization methods. This study attempted to fractionate forest fire-generated 

chars and biochars into well-defined subcomponents and systematically characterize their 

structural and functional properties. In doing so, we applied a combination of 
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spectroscopic techniques including NMR, FTIR, and Raman.To the best of authors’ 

knowledge, this is the first study characterizing the functional groups on surface edges of 

forest fire-generated chars in comparison with pyrolysis chars and investigates their roles 

in the sorption of heavy metals in soil systems. Since forest burning is widely practiced 

in Australia, a comparison of forest fire-generated chars with pyrolysis chars was made 

in this study. 

 

3.2 Materials and methods 

3.2.1 Preparation of Forest Fire-generated Chars, Pyrolytic Chars and Soil  

Forest fire-generated chars, namely fresh burnt char (FC) and aged acidic char (AC), were 

produced during a prescribed fire in August 2013 and a wildfire in 1969, respectively. 

Both of these fires occurred in Peachester State Forest in south-east Queensland, Australia 

(26°50′S, 152°53′E). The FC was collected 3 days after a low-intensity prescribed fire, 

while the AC was collected approximately 44 years after an intense wildfire. Green waste 

biochar (GW) produced from green waste feedstock at 450 °C in a low-temperature 

pyrolysis by BEST Energies P/L, Somersby, Australia. The blue-Mallee biochar (BM) 

produced from blue Mallee mulch in a batch pyrolysis unit at 550 °C by Biochar Energy 

Systems P/L, Bendigo, Australia. The soil sample collected from the A horizon (0–30 

cm) of a loamy soil at the Gatton Horticulture Research Station, in the Lockyer Valley, 

Australia (27°32'S, 152°19'E). The soil is classified as black Vertosol equal to Udic 

Haplustert according to the USDA Soil Taxonomy (Soil Survey Staff 1999) and the 

region has a subtropical climate (Rhodes et al., 2012). The soil was air-dried and passed 

through a 2-mm sieve. All char materials were air-dried and gently ground to <2 mm 

before mixing with the soil (Singh et al., 2012). The amended samples were prepared by 



 Chapter 3                                                                                                                         53 
__________________________________________________________________________________________________________ 

 

mixing forest fire-generated or pyrolytic chars with soil at 5 % (w/w) ratio for 7 days on 

an end-over-end shaker (70 rpm) to ensure uniformity (Chen and Yuan, 2011). 

3.2.2 Physicochemical Analysis of Soil and Char Materials  

Selected physicochemical properties of the forest fire-generated chars, pyrolytic chars 

and soil were determined namely elemental analyses, specific surface area, cation 

exchange capacity, and functional group biochemistry (Table 3.1). To determine sample’s 

C and N contents, the soil and char samples (in triplicate) were pre-digested in sulfurous 

acid (H2SO3) to eliminate their inorganic C (carbonates) and then the total organic C (OC) 

and nitrogen (N) contents of the samples  determined by dry combustion using TruMac 

CN (LECO). The specific surface area of the samples were determined using the single-

point N2_BET method (by N adsorption isotherms at 77 K using Gemini 2360 

(Micromeritics, USA)). Soil cation-exchange capacity (CEC) was determined using the 

silver thiourea method (Gillman et al., 1983). In order to conduct elemental analysis of 

Cu, Ni, Pb, Zn, P, Ca, K, Mg, and Na, the samples were digested in a mixture of nitric 

and perchloric acids (Miller, 1998) and then analyzed using an inductively coupled 

plasma optical emission spectrometer (ICP-OES; Perkin Elmer; Optima 8300). Nuclear 

magnetic resonance (NMR) spectroscopy was used to determine the functional groups of 

forest fire-generated and pyrolytic chars (see SI for details; Knicker et al., 2006; Kavdir 

et al., 2005).  
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Table 3.1: Selected physico-chemical properties of soil (S), green waste (GW), blue-

mallee (BM), fresh-burnt (FC), and acidic (AC) chars 

 
SSAb 

(m
2

 g
-1

) 

pH 

(1:5H
2
O) 

OCb 

(%) 

N 

(%) 

P 

(mg g-1) 

CECb Ca Mg K Na Clay 

(%) 

Silt 

(%) 

Sand 

(%) cmol(+) kg-1 

Soil 37 7.69 1.60 0.1 1.384 36.99 17.15 16.35 0.91 0.74 41 24 35 

GW 271 9.58 54.92 0.2 1.686 31.41 6.68 0.97 6.16 0.62 ___ ___ ___ 

BM BDL
a

 9.63 39.26 1.3 4.238 31.53 6.01 2.61 4.49 2.47 ___ ___ ___ 

FC 455 6.93 65.79 0.1 0.015 28.18 0.67 0.12 0.08 0.18 ___ ___ ___ 

AC 109 3.86 56.76 0.2 0.015 26.03 0.65 0.22 0.17 0.23 ___ ___ ___ 

a below the detection limit  
b SSA: Specific Surface Area; OC: Organic Carbon; CEC: Cation Exchange Capacity 

 

 

3.2.3 Spectroscopy analysis 

3.2.3.1 FTIR analysis  

Fourier transform infrared spectroscopy (FTIR) was used to analyze the surface 

functional groups of pyrolysis and forest fire-generated chars. The IR spectra of the chars 

and metal-sorbed-chars were obtained using Perkin Elmer (PEFT-IR C94249) and were 

collected in the range of 400–4000 cm-1 at a resolution of 4 cm-1 with 32 scans per sample 

using a SpectraTech Microcup DRIFT accessory. The samples were prepared as KBr 

pellet (1:300 sample-KBr mixture) in an agate mortar (Wang et al. 1990).  

3.2.3.2 Raman analysis 

Raman was performed on a Renishaw inVia Raman Microscope system using a 514-nm, 

50-mW argon laser (Stellar-REN) through a x50 aperture (NA=0.75) at 10% power with 

a 10-s exposure time and 5 accumulations (Wang et al. 1990).   
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3.2.3.3 13C NMR analysis and the method for identification and correction of 

residual spinning side bands  

A quantitative analysis of the C content and functional groups was performed with Bloch 

decay magic angle spinning nuclear magnetic resonance (BDMAS-NMR) and 13C-cross-

polarization magic angle spinning (CPMAS-NMR) spectroscopies using a Varian Unity 

Inova 400 spectrometer (Varian Inc., Palo Alto, CA) operating at a frequency of 100.6 

MHz (Wang et al. 1990). BDMAS studies were conducted in parallel with CPMAS to 

verify 13C regions were not being underestimated due to CP. Details of the method used 

for identification and correction of spinning side bands are provided in SI.  The solid-

state 13C NMR spectra were divided into the four common chemical shift regions: alkyl 

C (0–50 ppm), O-alkyl C (50–110 ppm), aromatic and olefinic C (110–160 ppm) and 

carboxyl C (160–210 ppm) (Chen et al. 2007, Singh et al. 2010b), and the relative 

intensity for each region was determined by integration using the Varian NMR software 

package MestReNova (version 8.1.4, Mestrelab Research S.L., 2013). In some instances 

it was necessary to further divide some chemical shift regions, these were: O-alkyl C into 

methoxyl C (45–60 ppm), carbohydrate C (60–95 ppm), and di-O-alkyl C (95–110 ppm); 

aromatic C into aryl C (110–145 ppm) and phenolic C (145–165 ppm). Based on the 

integrated areas from the 13C-NMR spectra, the polarity index is calculate as the ratio of 

polar groups [45–110 ppm + 165–210 ppm] to apolar groups [0–45 ppm+ 110–165 ppm], 

giving an estimation of the char hydrophilicity (Chen et al. 2007, Singh et al. 2010b). The 

aromaticity of the char is defined as the sum of relative signal intensities of the moieties 

under the aromatic umbrella (95-110ppm, 110-145pp and 145-165ppm) (Chen et al. 2007, 

Singh et al. 2010b). 
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Residual spinning side bands (SSB) can be present in solid-state 13C NMR spectra, 

causing distortions in the relative intensity data. This requires correction (Preston et. al., 

2009).  While spinning side bands (ssbs) were not conclusively identified over the 

majority of the 13C spectral window, in the samples studied (100MHz), small ssb 

contributions were in evident in the carboxylate and alkyl regions (+/- 5 kHz; +/- 50ppm). 

We therefore rebalanced the intensity contributions of the ssbs within these regions. 

Accordingly, the high field and low field carboxylate ssbs were approximated to being 

equal in intensity. The intensity of the observable, isolated, low field ssb region (δ 235-

210ppm) was doubled and the result added to the integral intensity obtained directly for 

the summed carboxylate resonance (δ 210-165ppm).  The intensity of the isolated low 

field ssb was also subtracted from the integral intensity obtained directly for the region (δ 

145-110 ppm) (to correct for the high field ssb contribution to this region). A similar 

strategy was used for alkyl ssb correction. No other corrections for potential ssb 

contributions to the other domains of the spectra were made. 

3.2.4 Copper and Nickel Sorption in a Single-solute System 

The pH is one of the main factors regulating both the chemical state of the sorbent (soil, 

sediments, clays or other organic compounds) and the speciation of metals in solution, so 

the retention capacity of sorbents is pH dependent (Delle Sitea 2000; Sen Gupta et al. 

2009). Therefore, this sorption experiment was performed in a pH independent condition 

to have a better understanding of sorption behaviour. Sorption isotherms were conducted 

at a fixed pH (6.0) and ionic strength (0.01) by placing either 0.2 g of each char (GW, 

BM, FB or AC), 2 g of soil (S) or 2.2 g of soil-char combination (S-GW, S-BM, S-FB or 

S-AC) in a 50-mL polypropylene tube and adding 40 mL of 0.01 M CaCl2 solution (as 

background electrolyte) containing 0.005 to 0.07 mM Cu2+ or 0.02 to 5.12 mM Ni2+. The 
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highest concentrations of Cu2+ and Ni2+ in the solution were analyzed by Visual MINTEQ 

software version 3.1. The tubes were then agitated for 24 h on an end-over-end shaker at 

70 rpm and room temperature (20 ± 2 °C), while the pH values of equilibrium solution in 

all samples were monitored and adjusted every 30 min for the first two hours then every 

two hours using 0.1M HCl or 0.1 M Ca(OH)2. After equilibration, the aliquots were 

centrifuged at 4500 rpm for 10 min and filtered through Whatman No. 42 filter papers. 

The supernatants were immediately acidified (pH< 2) with concentrated HNO3 for 

chemical analysis. The equilibrium concentrations of the Cu, Ni, K, Na, P, Ca and Mg 

were determined in the samples using ICP-OES (Perkin Elmer Optima 8300). In order to 

illustrate the sorption mechanism with FTIR and Raman (Wang et al., 1990; Biniak et al., 

1997), the residual solids on the filter papers rinsed with deionized (DI) water, air dried 

and then heated at 550 °C for 4 h to enhance their crystallinity that was explained in SI. 

The Cu2+ and Ni2+ sorption was calculated as the difference between the metal 

concentrations in the initial and equilibrated solutions (Esfandbod et al. 2011). Although 

it is difficult to determine the exact time at which the sorption reached equilibrium, our 

preliminary experiments showed that a quasi-equilibrium state was reached within 

approximately 24 h (data not shown).  

3.2.5 Copper and Nickel Sorption in a Binary-Solute System  

In a competitive sorption isotherm, both Cu2+ and Ni2+ were mixed with pyrolytic chars, 

forest fire-generated chars, soil, or a soil-char combination at pH of 6.0 with metal 

concentrations of 0.005 to 0.07 mM Cu2+ and 0.02 to 5.12 mM Ni2+ in 0.01 M CaCl2. 

After 24 h shaking at room temperature (20 ± 2 °C), the final suspensions were 

centrifuged and filtered. The collected supernatants then were analyzed for Cu, Ni, K, Na, 
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P, Ca and Mg concentration using ICP-OES (Perkin Elmer Optima 8300) (Han et al., 

2013). 

3.2.6 Statistical Analysis 

The normality of data was checked prior to statistical analysis using the MSTAT software 

(version 5.4). The coefficient of determination (R2), standard error of estimate (SE) and 

isotherm coefficients were determined. Coefficient of determination and SE were used to 

evaluate the suitability of various isotherms. A relatively high R2 and low SE were used 

as criteria for the best isotherm. Multiple stepwise regression analysis was carried out 

using SPSS software (version 22), to investigate the relationships between the 

concentrations of sorbed Cu2+ and Ni2+ and the equilibrium Mg and P concentrations 

(Esfandbod et al., 2011). 

 

3.4 Results and Discussions 

3.4.1 How Surface Chemistry of Chars, Char-amended Soil Control Cu2+ and Ni2+ 

Sorption in a Single-Solute System 

The adsorption isotherms of Cu2+ and Ni2+ by different chars, char-amended soil and soil 

without amendments were ascertained by plotting the amounts of Cu2+ and Ni2+ sorbed 

onto the sorbents versus the equilibrium concentrations of Cu2+ and Ni2+ in the solution 

(Figs. 3.1a & c). The concentration of Cu2+ and Ni2+ sorbed by GW, BM, AC, FC, S-GW, 

S-BM, S-FC, S-AC and unamended soil increased with increasing the equilibrium 

concentrations of the metals and all related sorption isotherms were L-type (Vaca-Paulín 

et al. 2006). In the FC treatment, when the initial concentration of Cu2+ was low (< 0.03 

mM L-1), most of the applied Cu2+ was sorbed. As the initial concentration of the metal 
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increased the slope of the sorption isotherm levelled off (Fig. 3.1a), which indicated that 

the FC reached its maximum Cu-sorption capacity. However, the sorption of Ni2+ onto 

FC was higher at lower metal concentrations and the inherent Ni2+ was released into the 

solution by increasing the initial Ni2+ concentration (Fig. 3.1c). Nickel desorption was 

possibly related to the presence of a trace amount of highly surface-active impurity which 

indicated that at higher solution concentrations the solute’s van der Waals interactions 

might overcome substrate-solute interactions and consequently cause Ni2+ desorption 

from the sorbent. The trends of Cu2+ and Ni2+ sorption in FC biochar can be classified as 

H-isotherms which implies that the metal sorption affinity increases with decreasing 

concentration (Hinz 2001).  

Table 3.2: Cu2+ and Ni2+ Properties Used to Determine the Affinity Sequences 

Metal property Cu2+ Ni2+ 

Ionic radius (Ao) 0.70 0.72 

Hydrolysis constant (pKh) 7.53 9.40 

Solubility product (Ksp) 1.6×10-19 1.6×10-16 

Electronegativity 1.9 1.8 

Softness 2.89 2.82 
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Fig. 3.1: Sorption isotherms of Cu and Ni on different chars (a and c) and their 

combination with soil (b and d) in a Single-Solute System. AC, Aged char produced 

during wildfire; FC, fresh-burnt char by a low-intensity prescribed fire; GW, green 

waste char at 450 oC; BM, blue-mallee char at 550°C. S, soil only; S-AC, soil and AC 

mixture; S-FC, soil and FC mixture; S-GW, soil and GW mixture; S-BM, soil and BM 

mixture. 

 

Copper and Ni sorption on different chars, char-amended soil, and soil was assessed using 

Langmuir and Freundlich models. Results showed that the adsorption data were better 

fitted by the Langmuir equation (R2 of 0.72 to 0.99 for Cu2+ and 0.74 to 0.99 for Ni2+) 

than the Freundlich equation (R2 of 0.62 to 0.90 for Cu2+ and 0.03 to 0.99 for Ni2+) (Tables 

3.3, 3.4). This finding indicates that surface chemistry may control Cu2+ and Ni2+ sorption 

in noncompetitive systems probably via Cu2+ and Ni2+ complexation with surface 
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functional groups. The distribution coefficients (Kd) of Cu2+ for different treatments can 

be ranked as follows: GW > BM > AC > FC and S-GW > S-BM > S-AC > S-FC > S 

(Table 3.3). This sequence shows that the trend of metal sorption in the soil-char 

combinations followed the same order as that in the chars only. However, the lower 

specific surface area observed  in GW (271 m2 g-1) than in FC (455 m2 g-1) indicated that 

Cu2+ sorption by chars was not governed by their surface area and the surface chemistry 

might be responsible for the higher sorption of Cu2+ in GW than in FC. A possible 

explanation can be attributed to the higher CEC of GW (34.29 cmol(+) kg-1)  compared 

with FC (31.65 cmol(+) kg-1) as higher availability of negative charges, may have caused 

higher Cu2+ sorption onto GW. 

Similar results observed for Kd (metal sorption affinity) in Ni2+ sorption: BM > GW > 

AC > FC, and S-BM > S-FC > S-AC > S-GW > S (Table 3.4). These observations 

suggested that Ni2+ sorption onto chars was also not controlled by the surface area. In 

general, chars produced under pyrolysis conditions (GW and BM) more effectively 

sorbed both Cu2+ (~ 11 times) and Ni2+ (~ 5 times) than those generated by forest fire (AC 

and FC). In all applied Cu2+ and Ni2+ concentrations, sequences of Kd shows that metal 

sorption affinity increased in char amended soil in comparison with chars only treatments. 

While the exact mechanisms involved in these interactions are not completely understood, 

this behavior may be attributed to the changes of surface chemistry (e.g. redox reaction) 

due to the formation of organo-mineral-char complexes (Hinz 2001). Li et. al.(2012) have 

also highlighted that iron (Fe) in its mineral forms can play an important role in redox 

processes in soil. Once chars are mixed with the soil, Fe compounds can precipitate on 

the surface of the chars and increase the redox process which is involved in electron 

transfer from organic matter to Fe3+ (hydr) oxides via C oxidation (Vaca-Paulín et al. 

2006). 
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Table 3.3: Sorption constant, maximum sorption capacity, and regression coefficient for 

Cu isotherms based on Langmuir and Freundlich models in a single-solute system 

  Langmuir Equation 

C/X = ( 1/ Kb ) + (1/b)C 

________________________________________ 

Freundlich Equation 

Log X = Log k + n Log C 

___________________________ 

  
R

2
   K  

(L mM
-1

) 

b 

(mM kg
-1

) 

K
d
 

(L kg
-1

) 

R
2
 K 

(mM kg
-1

) 

n 

GW 0.95  4250 14.17 60217 0.83 85 0.32 

BM 0.96  2373 14.143 33576 0.82 59 0.29 

FC 0.98  169 4.59 777 0.90 7 0.21 

AC 0.97  528 14.87 7850 0.83 207 0.56 

S-

GW 
0.99  16016 1.33 21280 0.62 13 0.34 

S-BM 0.87  13309 1.47 19619 0.68 44 0.45 

S-FC 0.81  8687 1.66 14437 0.83 101 0.54 

S-AC 0.72  8012 1.95 15649 0.83 228 0.61 

Soil 0.98  7887 1.37 10825 0.81 11 0.34 

 

The higher values of Kd in the Cu2+ than Ni2+ applied treatments indicates that the 

investigated chars had higher affinity for Cu2+ sorption. This affinity could be attributed 

to the different metal properties like ionic radius, hydrolysis constant, solubility, 

electronegativity and softness as shown in Table 3.2. The values of bonding energy (KL) 

in char-amended soil were significantly higher than soil (Tables 3.3, 3.4) in both Cu2+ and 

Ni2+ applications, which indicates that the addition of OM to soil via the chars increased 

the sorption surface energy of the soil-char combinations (Vaca-Paulín et al. 2006). 
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The Cu2+ and Ni2+ sorption onto the chars in forms of phosphate and carbonate 

compounds can be confirmed by variations in solution concentrations of phosphorous (P) 

and magnesium (Mg). In both Cu2+ and Ni2+ applied treatments of GW and BM, the P 

concentration of the equilibrated solution decreased by an increase in initial 

concentrations of Cu2+ and Ni2+ (Figs. 3.2a, 3.3a). The same trend was observed for FC 

and AC with the Cu2+ applied treatments, possibly due to the dissolution of solid 

phosphate phase, which would provide more P in solution phase and thereby increase 

Cu2+ and Ni2+ uptake. In all treatments (except GW), the solution concentration of Mg 

initially remained steady and then subsequently decreased. These results were consistent 

with the results of multiple stepwise regressions (Eq. 1-5) which proves the same trend 

in chemical reaction. Cao et. al. (2009) stated that phosphate and carbonate mainly caused 

lead and atrazine sorption on dairy-manure biochar.  
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Fig. 3.2: Changes in the equilibrium (a) P and (b) Mg concentration vs. initial Cu (II) 

concentrations after Cu sorption onto chars. 

 

 

 

 

a) 

b) 
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Fig. 3.3: Changes in the equilibrium (a) P and (b) Mg concentration vs. initial Ni (II) 

concentrations after Ni sorption onto chars. 

  

b) 

a) 
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Table 3.4: Sorption constant, maximum sorption capacity, and regression coefficient for 

Ni isotherms based on Langmuir and Freundlich models in a single-solute system 

  Langmuir Equation 

C/X = ( 1/ Kb ) + (1/b)C 

________________________________________ 

Freundlich Equation 

Log X = Log k + n Log C 

___________________________ 

  
R

2
   K  

(L mM
-1

) 

b 

(mM kg
-1

) 

K
d
 

(L kg
-1

) 

R
2
 K 

(mM kg
-1

) 

n 

GW 0.99  2.59 66 171 0.92 39.24 0.61 

BM 0.97  2.71 104 284 0.99 55.84 0.43 

FC 0.78  -2.13 0.27 -0.57 0.03 2.37 0.11 

AC 0.74  0.42 209 88 0.97 49.01 0.73 

S-GW 0.95  5.75 61 352 0.99 46.51 0.54 

S-BM 0.91  6.90 67 465 0.95 40.76 0.35 

S-FC 0.92  6.19 63 394 0.94 36.68 0.34 

S-AC 0.92  6.12 60 373 0.94 35.08 0.34 

Soil 0.95  4.96 61 305 0.98 47.29 0.58 

 

Multiple stepwise regression analysis of the sorbed Cu2+ and Ni2+ concentrations and 

the equilibrium Mg and P concentrations is described below: 

CuGW=30.493 – 464.20 Mg                 R2 = 0.97, p ≤ 0.001                                           (1) 

CuFC=3.43 – 121.43 P                          R2 = 0.71, p ≤ 0.05                                             (2) 

CuAC=13.21 – 295.83 P                       R2 = 0.85, p ≤ 0.001                                           (3) 

NiGW=117.43 – 2060.5 Mg                 R2 = 0.79, p ≤ 0.05                                              (4) 

NiFC=-4.8 + 3130 P                            R2 = 0.58, p ≤ 0.05                                               (5) 
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The sorption of Cu2+ and Ni2+ in AC versus FC showed that, although both chars were 

generated from forest burning, AC had higher affinity for metal sorption than FC.  These 

results can be attributed to three possible reasons: (1) the higher interaction of AC with 

soil compared with FC may be related to the effect of aging process in AC which have 

increased its redox interaction (Vaca-Paulín et al. 2006); (2) the higher heat intensity of 

AC production through wild fire burning compared to lower heat intensity of FC 

production through prescribed burning may have had significant effect on their oxygen 

boding edges and sorption characteristics. As AC experienced higher temperature than 

FC during its production process, it is more resistant to oxidation than FC (Vaca-Paulín 

et al. 2006); and (3) during the oxidation process of aged chars (like AC) once the labile 

organic C oxidized, new oxide layers could be formed on more stable graphene sheets 

which could protect the surface layer of aged chars from further oxidation (Vaca-Paulín 

et al. 2006). However, in order to have a better understanding of these interactions, further 

study for redox experiments are needed.  

3.4.2 Copper and Nickel Sorption Behavior in a Competitive System 

The general patterns of binary-solute sorption of Cu2+ and Ni2+ on chars, char-amended 

soil and soil were similar to their single-solute sorption system (Tables 3.5, 3.6, Figs. 3.3 

b,d). The Kd values for all char treatments and soil with Ni2+ were approximately half of 

those in single elements. It is likely that metals competed for the same binding sites, 

however total concentrations of added Cu2+ and Ni2+ were not high enough to occupy a 

large portion of the available surface adsorption sites. In Cu2+ treatments of soil-char 

mixtures and soil, both Kd and bonding energy coefficient (KL) increased compared with 

the single-element isotherms. Based on these findings, it can be inferred that Cu2+ 

adsorbed on very specific sites on the soil surface and soil-char combinations whereas 
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Ni2+ competes for more general adsorption sites. However, the maximum sorption 

coefficient (b) did not change significantly, and Cu2+ was more strongly retained. These 

results confirm that Cu2+ has greater affinity for the binding sites of soil organic matter 

than Ni2+.  

Table 3.5: Sorption constant, maximum sorption capacity, and regression coefficient for 

Cu isotherms based on Langmuir and Freundlich models in a binary-solute system 

  Langmuir Equation 

C/X = ( 1/ Kb ) + (1/b)C 

________________________________________ 

Freundlich Equation 

Log X = Log k + n Log C 

___________________________ 

  
R

2
   K  

(L mM
-1

) 

b 

(mM kg
-1

) 

K
d
 

(L kg
-1

) 

R
2
 K 

(mM kg
-1

) 

n 

GW 0.98  2228 13.32 29687 0.82 46.61 0.27 

BM 0.97  994 14.61 14529 0.95 99.39 0.41 

FC 0.94  51 4.01 206 0.95 15.42 0.54 

AC 0.98  672 14.14 9505 0.97 127.94 0.48 

S-GW 0.92  23076 1.47 33897 0.34 25.09 0.36 

S-BM 0.95  19158 1.40 26866 0.52 21.83 0.37 

S-FC 0.95  18953 1.36 25789 0.52 16.75 0.34 

S-AC 0.95  19721 1.34 26379 0.52 16.96 0.34 

Soil 0.96  17749 1.51 26856 0.52 20.55 0.36 
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Table 3.6: Sorption constant, maximum sorption capacity, and regression coefficient for 

Ni isotherms based on Langmuir and Freundlich models in a binary-solute system 

  Langmuir Equation 

C/X = ( 1/ Kb ) + (1/b)C 

________________________________________ 

Freundlich Equation 

Log X = Log k + n Log C 

___________________________ 

  
R

2
   K  

(L mM
-1

) 

b 

(mM kg
-1

) 

K
d
 

(L kg
-1

) 

R
2
 K 

(mM kg
-1

) 

n 

GW 0.78  0.82 142.08 117.15 0.65 35.58 0.25 

BM 0.84  0.98 178.71 174.39 0.95 61.45 0.53 

FC 0.93  -7.84 2.42 -18.93 0.00 3.88 

-

0.05 

AC 0.87  0.54 128.88 69.52 0.97 36.06 0.75 

S-GW 0.89  3.44 69.04 237.74 1.00 48.67 0.63 

S-BM 0.93  4.03 75.27 303.01 1.00 60.61 0.65 

S-FC 0.91  3.41 71.98 245.78 1.00 52.07 0.64 

S-AC 0.92  3.39 70.90 240.69 1.00 51.19 0.64 

Soil 0.93  3.89 67.96 264.06 0.99 49.36 0.62 

 

The bi/bi* ratios (where bi and bi* represent the maximum sorption in single- and binary-

element systems, respectively) calculated for Cu2+ and Ni2+ in all treatments showed that 

on average bCu/bCu* ratios (ranging from 0.91 to 1.5) were higher than bNi/bNi* (ranging 

from 0.1 to 1.6). When the bi/bi* ratios were greater than unity, the simultaneous presence 

of Cu2+ and Ni2+ decreased sorption through competition for sorption sites in the solid 

phases. Moreover, when bCu/bCu* > bNi/bNi*, Cu2+ sorption was more affected by the 

simultaneous presence of a competing metal than Ni2+. Limousine et. al. (Limousin et al. 

2007) reported that the adsorption energy (KL) increased logarithmically when the 
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fraction of occupied sites (FOS) KF/bL decreased. In single and binary systems of Cu2+ 

and Ni2+ isotherms in the current experiment, the FOSs were 7.49 and 0.39 (Cu2+) and 

6.28 and 0.30 (Ni2+), respectively. These results indicated that Cu2+ sorption to the solid 

state was stronger in single than binary systems (~19 times) compared to Ni2+ (~1.5 

times). 

 

Fig. 3.4: Sorption isotherms of Cu2+ and Ni2+ on different chars (a and c) and their 

combination with soil (b and d). See Figure 1 for explanation of abbreviations. 
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3.4.3 Copper and Nickel Sorption Affinity and Binding Mechanisms via 

Spectroscopic Analysis  

The BDMAS-NMR and CPMAS-NMR spectra of the investigated chars are shown in the 

Fig. 3.5.  After spinning side band correction, the two methods showed reasonable 

agreement with respect to the quantitation of the C functional group distributions in the 

chars (Table 3.7, Fig. 3.5).  As presented in Table 3.7 and Fig. 3.5, pyrolytic chars (MB 

and GW) showed higher relative proportions of aliphatic and carbohydrate functionality 

than forest fire-generated chars (AC and FC). The 13C-NMR data also showed that forest 

fire-generated chars had more woody and aromatic functional groups compared with 

pyrolytic chars (Table 3.7). The aromaticity was lower in the BM (31.2%) and GW 

(39.7%) than in the AC (43.2%) and FC (38.7%) (Table 3.7). The summed proportion of 

nonpolar functionality (aromatic, phenolic and aliphatic) for the BM (50.2%) and GW 

(42.7%) were lower than AC (50.4%) and FC (48.6%) chars (Table 3.7, Fig. 3.5).  

However, the proportion of the polar groups (carboxylate, O-alkyl C) was greater in the 

BM (57.3%) and GW (53.5%) than in the AC (39.7%) and FC (53.5%) chars. 

Accordingly, the polarity index was greater in the BM and GW (0.99 to 1.34) than in AC 

and FC (0.99 to 1.15) chars (Table 3.7). It is notable that a char surface with higher 

proportion of nonpolar (aromatic and aliphatic) groups, would present a surface with 

relatively lower reduction in the number of polar active sites (binding sites) for the 

adsorption of polar compounds (2002). The higher sorption of Cu2+ and Ni2+ in BM and 

GW than in AC and FC may be related to the presence of lower proportion of aromatic 

and nonpolar groups and greater proportion of polar groups (with lower aromaticity and 

higher polarity index) in the former than latter (Fig. 3.6). The higher affinity for Cu2+ and 

Ni2+ sorption in BM and GW than AC and FC chars may be the consequence of both their 

different feedstocks and production temperature.  
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Fig. 3.5: (a) 13C-CPMAS spectra (100 MHz, 5 kHz, 16,000 transients, 2.5 s relaxation, 

and 2 ms contact time) and (b) 13C-BDMAS spectra (100 MHz, 5 kHz, 1200 transients, 

30 s relaxation) for the char samples. See Fig. 3.1 for explanation of abbreviations of 

char materials. 

 

 

 

 

Fig. 3.6: The schematic illustration of trends of polar/ non-polar functional group ratio, 

carbon aromaticity, and metal sorption (Cu2+, Ni2+) in forest fire-generated and 

pyrolytic chars. See Fig.3.1 for explanation of abbreviations of char materials. 
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The FTIR spectra obtained for the chars in the presence and absence of Cu2+ and Ni2+ are 

shown in Fig. 3.7. The bands between 500 and 600 cm-1, which are assignable to surface 

phosphate functionality, and 670 and 900 cm-1, which are assignable to surface carbonate 

functionality, were lost after application of Ni2+ and Cu2+ ions, suggesting metal 

interactions at these bands. Raman spectra of the chars in the presence and absence of 

metal ions are presented in Fig.3.8. Most interestingly, in both FTIR and Raman spectra 

analysis, the sorption band spectra intensities were stronger for BM than GW compared 

with AC and FC chars. In addition to the loss of phosphate and carbonate bands in the 

FTIR spectra of BM and GW chars, more general reduction observed in the intensities of 

the bands at 1100–1300 cm-1 (aliphatic C-O stretching and -OH bending of COOH), 

1680–1720 cm-1 (aromatic C=O stretching) and 3000–3500 cm-1 (-OH stretching 

vibration) after Cu2+ and Ni2+ application. These observations suggest that metal sorption 

by pyrolytic chars likely occurs through a surface sorption mechanism, with the metals 

coordinating to O-containing functional groups.   
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Table 3.7: Relative integral intensities of carbon functional groups observed in 13C CPMAS and 13C BDMAS experiments for the forest fire-

generated (AC, FC) and pyrolytic (GW, BM)a chars 

  

%  

Integral 

Intensity 

δ 210–165 

ppm 

%  

Integral 

Intensity 

δ 165–145 

ppm 

%  

Integral 

Intensity 

δ 145–110 

ppm 

 %  

Integral 

Intensity 

δ 110–95 

ppm 

%  

Integral 

Intensity 

δ 95–60 ppm 

%  

Integral 

Intensity 

δ 60–45 

ppm 

% Integral 

Intensity 

δ 45–0  

ppm 
Polarity 

index 
Aromaticity% 

Carboxylate Aromatic and olefinic  O-alkyl  C Aliphatic 

Char Type 
MAS 

expt 
 Phenolic Aromatic 

 
di-O-alkyl  Carbohydrate methoxyl  

AC (I) CP 
23.3 9.2 27.4  6.6 15.1 4.7 13.8 0.99 43.2 

 BD 
27.1 8.0 28.6  6.0 13.8 3.7 12.9 1.02 42.6 

FC(II) CP 
32.7 6.9 28.5  3.3 15.2 2.3 11.1 1.15 38.7 

 BD 
28.2 6.6 30.1  5.2 15.2 2.8 11.9 1.06 41.9 

GW(III) CP 
22.8 7.3 27.3  5.1 17.4 4.4 15.6 0.99 39.7 

 BD 
25.6 6.9 25.9  6.8 16.4 4.7 13.7 1.15 39.6 

BM(IV) CP 
26.3 7.3 18.7  5.2 19.1 5.6 17.8 1.28 31.2 

 BD 
27.9 7.9 19.6  7.1 17.9 4.4 15.2 1.34 34.6 

aThe polarity index is the ratio of polar groups [45–110 ppm + 165–210 ppm] to nonpolar groups [0–45 ppm+ 110–165 ppm]. The aromaticity of 

the char is defined as the sum of relative signal intensities of the moieties under the aromatic umbrella (95-110ppm, 110-145pp and 145-

165ppm).  
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Fig. 3.7: FTIR analysis of (a) GW, (b) MB, (c) AC, and (d) FC before and after reaction 

with or without Cu2+ and Ni2+ sorption. See Fig.3.1 for explanation of abbreviations of 

char materials. 

 

In contrast to pyrolytic chars, the metal binding to a surface functional group in forest 

fire-generated chars, would be expected to be significantly weaker than coordination to a 

polar O-containing functionality. An increase of the lignin content on the surface of chars 

therefore would be expected to decrease the surface metal binding. Additionally, the 

conjugation of a C=O group with a C=C bond delocalizes π electrons, causing the band 

to shift to a lower wavenumber and results in less metal sorption (Vaca-Paulín et al. 2006). 

Also the characteristic C-H stretching band in 2700–2900 cm-1 was observed. The results 

a) b) 

c) d) 
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of FTIR and Raman (Figs. 3.7 and 3.8) for FC and AC confirmed a high surface 

concentration of aromatic components, which consequently support the fact that forest 

fire-generated chars have less metal sorption capacity than BM and GW chars.   

In FTIR, the loss of bands between 500 and 600 cm-1 for phosphate and 670 and 900     

cm-1 for carbonate compounds in both Ni-FC and Cu-FC treatments indicated the 

formation of Cu- and Ni- phosphates and carbonates, which is in consistent with the 

results of Raman for this specific char. The FTIR spectra of FC indicated that the main 

sites for metal sorption on this char can be related to an interaction between the π-

electrons of the C=C bond and the metal, as evidenced by the band at 1524 cm-1 (aromatic 

C=C stretching, lignin). Although total metal sorption in FC was lower than other 

investigated chars, the results of Raman analysis for Cu-FC treatment showed higher C-

H stretching bonds (Fig. 3.8d) compared with Ni-FC treatment, which implies the higher 

Cu2+ than Ni2+ sorption in FC char. The observed corresponding peak in Raman for Ni-

FC treatment was less intense than Cu-FC treatment and disappeared rapidly, which 

indicates that the desorption process occurred at maximum concentration. The FTIR and 

Raman spectra for AC char also showed a loss in intensity of the bands at 850 to 1300 

cm-1 (carbonate) and 970 to 1200 cm-1 (phosphate) after Cu2+ and Ni2+ sorption. This 

behavior indicates the coordination of Cu2+ and Ni2+ to carbonate and phosphate 

functional groups. Moreover, the intensity of peaks in FTIR spectra for both Cu2+ and 

Ni2+sorption showed that C=O containing groups are the main contributors to metal 

sorption in fire-generated chars. These groups are related to the –OH and C=O of 

carboxylic groups (-OH at 3200 to 3500 cm-1, and C=O stretching at 1700 cm-1), with 

concurrent changes of C-H bending of –CH2- and –CH3- (1384 to 1465 cm-1), (3200 to 

3500 cm-1), C-H bending of –CH2- and –CH3- (1384 to 1465 cm-1), and -OH stretching 

of structural –OH (820 to 950 cm-1) with the last one only observed in Cu-AC. The FTIR 
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spectra for all chars also showed that the band at 600 to 680 cm-1 was lost after metal 

sorption due to formation of Cu- and Ni- sulfates. 

 

  

  

 

Fig. 3.8: Raman spectroscopy analysis of (a) GW, (b) BM, (c) AC, and (d) FC before 

and after reaction with Cu2+ and Ni2+. See Fig.3.1 for explanation of abbreviations of 

char materials. 

 

 

 

 

a) b) 

c) d) 
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Overall, applying a combination of NMR, FTIR and Raman techniques seems to have the 

potential to ascertain different aspects of organic oxygen functional groups in complex 

materials.The results of spectral data analysis for pyrolysis (BM and GW) and forest fire-

generated (AC and FC) chars showed that pyrolytic chars have higher concentrations of 

O-containing functional groups on their surfaces than forest fire-generated chars. 

Therefore, BM and GW chars seem to be better sorbents for metal than AC and FC chars. 

The NMR and Raman data (Figs. 3.5 and 3.8) suggest that BM contains the highest 

amount of aliphatic groups followed by GW, AC, and FC, respectively. Considering 

multiple stepwise regressions between sorbed Cu2+ and Ni2+ concentrations and the 

equilibrium Mg and P concentrations (EQ1–5), it can be concluded that oxygen-

containing functional groups on char surfaces greatly enhance the metal-sorption 

capabilities of chars, especially when applied to soil. 

 

3.5 Conclusions  

The results of current study showed that the chars produced under pyrolysis conditions 

(GW and BM) were more efficient in the sorption of metals than those generated by forest 

fire (AC and FC). Although GW and BM chars seem to be reliable amendments for Cu2+ 

immobilization in soil, all of the investigated chars and their soil-biochar mixtures 

showed a low capacity for Ni2+ sorption. Therefore, it is unlikely that their application 

would reduce Ni2+ availability in contaminated soils. The variations in Cu2+ and Ni2+ 

sorption capacities by different chars could mostly be attributed to the differences in their 

surface chemistries and in the nature of their surface functional groups. Further work is 

required for selecting the best feedstock and pyrolysis conditions to produce high efficacy 
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chars for immobilization of heavy metals in the contaminated environments such as 

polluted soils. 

There was a valid agreement between the NMR, FTIR, and Raman derived values for 

aromatic carbon groups in all investigated chars.The impact of the burning process on 

forest fire-generated versus pyrolytic chars showed that the former produced more 

aromatic compounds under incomplete burning. Based on the spectral (NMR, FTIR and 

Raman) and chemical analysis, it can be concluded that the chars manufactured under 

pyrolysis conditions  with higher proportions of polar functionality are more effective in 

metal sorption than those produced by forest fire  with higher aromaticity. Additionally, 

pyrolytic chars have greater quantities of O-containing functional groups which results in 

higher concentrations of metal-binding functionalities compared with forest fire-

generated chars. However, the ageing effect on AC char effectively reduced the number 

of carboxylic groups and increased redox interactions, which resulted in greater metal 

sorption capacity than freshly burnt (FC) forest char.  
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Chapter 4 

Aged acidic biochar increases nitrogen retention and decreases 

ammonia volatilization in alkaline bauxite residue sand 

 

4.1 Introduction 

The environmental concern for the future management of bauxite residue is increasing, 

as it is globally estimated that about 2.7 billion tonnes of these residues disposed each 

year (Gräfe and Klauber 2011). Australia is the world’s largest producer of bauxite, with 

an annual output of approximately 69 million metric dry tons (Geosciences Australia 

2012)(Chen et al. 2013). Alcoa World Alumina, (Alcoa) refineries in Western Australia 

produces approximately 15 MT of residue each year at its three refineries (Kwinana, 

Pinjarra and Wagerup (Chen et al. 2010). These residues are usually divided into two 

distinct fractions: coarse (bauxite-processing residue sand; BRS) and fine (red mud) 

residues (Courtney and Timpson 2005, Chen et al. 2010). Current rehabilitation programs 

focus on developing restoration of a vegetation cover on processing residue sand 

produced from the bauxite refining process. Establishment of vegetation is a beneficial 

part of environmental management which can accomplish the objectives of physical 

stability, pollution control, minimizing alkaline water discharge, and removal of threats 

to human beings (Wong 2003) (Courtney and Timpson 2005, Courtney and Mullen 2009, 

Banning et al. 2011). 

In addition to its inherent hostile properties (highly alkaline, saline and leached), the low 

nutrient content and use efficiency (e.g. nitrogen, N) is the constraint for the successful 

revegetation in bauxite residue sand (Goloran et al. 2014b). Currently, about 2.7 ton ha-1 
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of DAP (di-ammonium phosphate)-based fertilizer is used in the revegetation programme 

(Chen et al. 2010). An incubation study has shown that a substantial proportion (> 80%) 

of N applied was lost through NH3 volatilization with a short period of time after 

application (Chen et al. 2010). Therefore, increasing N use efficiency is critical for 

developing sound and economic strategies for revegetating the bauxite-processing residue 

disposal areas.  

Biochar is a stable carbon (C)-rich material derived from biomass heating processes in an 

oxygen limited environment, and can be used to enhance soil C sequestration due to its 

stability and long residence time (> 100 year) in soil (Lehmann et al. 2006). Some studies 

suggested that biochar application can increase nutrient retention capacity and N use 

efficiency (Eldridge et al. 2010, Knowles et al. 2011), improve water-holding capacity, 

drought tolerance (Laird et al. 2010, Kammann et al. 2011) and biological fertility 

(Lehmann et al. 2011, Thies and Rillig 2012), and also reduce greenhouse gas emissions 

(Yanai et al. 2007, Singh et al. 2010b, Van Zwieten et al. 2010, Taghizadeh-Toosi et al. 

2012b). However, these effects of biochars vary greatly with the application rate, 

feedstock type, pyrolysis condition and soil type (Van Zwieten et al. 2015). Futher, little 

is still known about the effect of biochar amendment on mining rehabilitation and N use 

efficiency, particularly in the alkaline BRS environment.. Chen et al. (2013) demonstrated 

that effects of alkaline biochar on NH3 volatilization in BRS varied with pH. At low pH 

(5), increasing pH rather than adsorption capacity, resulting from biochar addition, led to 

greater losses of N through volatilization in BRS; at medium pH (7, 8), increasing 

adsorption capacity, induced by biochar addition, played the more dominant role in 

enhancing adsorption of NH4
+-N /NH3-N and lowering NH3 volatilization; and at high 

pH (9), the majority of NH4
+-N /NH3-N pools was lost via NH3 volatilization due to the 

strong acid-base reaction at this pH (Chen et al. 2013). Fourier transform infrared 
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spectroscopy (FTIR) has been applied to elucidate characterization of organic substances 

and identify the surface functionality (Cao et al. 2009, Teixidó et al. 2013). Analysis of 

the FTIR spectrum is interesting with respect to the structural sorption behaviour of 

NH4
+on chars. This is because the vibration bands which coordinates with NH4

+ are 

sensitive to hydroxyle and carboxyle bonding, which can result in splitting of the 

vibrational modes (Chourabi and Fripiat 1981). Cai et. al. (2016) studied sorption 

behavior and mechanism of ammonium sulfate in three alkaline biochar deriving from 

common agricultural wastes under different preparation temperatures from 200 to 500 

°C. They found biochar under 200 °C preparation temperat had better retention ability in 

holding NH4
+ above 90% after 21 days which can be deduced from carboxyl and keton 

functional groups. However, effects of aged acidic biochar and its functional groups on 

NH4
+-N adsorption and NH3 volatilization are largely unknown. Therefore, this study 

compared the adsorption capacity and acid-base reaction of acidic and alkaline biochars 

produced from different feedstock materials and under different pyrolysis conditions in 

terms of N availability and dynamics in BRS.  It was hypothesized that aged acidic 

biochar signficantly increased N adsorption and deccreased N volatilization in BRS due 

to its stronger adsorption capacity and acidic nature.  

 

4.2 Materials and Methods 

4.2.1 Biochar and bauxite residue sand materials 

Four biochar materials with wide range of physiochemical characteristics were used: 

namely, aged acidic biochar (AC), Green waste biochar (GW), Jarrah biochar (JR) and 

Mallee biochar (ML). The AC was produced from intensified wildfire that occurred in 

1969 at Peachester State Forest, situated in the Sunshine Coast hinterland of Queensland, 
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Australia (26°50′S, 152°53′E) and it was collected from the stem of Eucalyptus Pilularis 

about 44 years after the wildfire. The GW was produced from green waste at 450 °C, 

while JL (Eucalyptus marginate) and ML (Eucalyptus polybractea) were both produced 

at 720 oC from jarrah and mallee mulches, respectively.  Properties of biochar varied 

greatly with different sources (Table 4.1). The AC had lowest moisture content (4.4%) 

while the ML had highest (21.4%). The BET surface areas ranged from 108 m2 g-1 (AC) 

to 271 m2 g-1 (GW); pH from 3.86 (AC) to 10.8 (JR); EC from 110 μS m-1 (AC) to 1373 

μS m-1 (ML); total C from 51.7% (AC) to 60.8% (JR); N from 0.16% (AR, ML)  to 0.21% 

(GW, JR); and δ13C‰ from -28.4 ‰ to -27.2‰. The δ15N was much greater in the AC 

(47.1‰) than other biochars (< -0.8 ‰) (Table 4.1). Concentrations of NH4
+-N in both 

cold and hot water extracts of AC biochar were much greater than other three biochars 

(Fig. 4.1a, b), while concentrations of NO3
--N in both extracts of AC and GW biochars 

were higher than in ML and JR biochars (Fig. 4.1c, d). The BRS material was collected 

from Alcoa’s Kwinana Refinery in Western Australia. The original BRS had a high pH 

(11.8), high EC (3.4 dS m-1) and elevated exchangeable Na (12.8 cmol kg-1), but had low 

organic carbon and nutrient contents (0.07 g kg-1 C, 1 mg kg-1 NH4
+-N, 2 mg kg-1 Colwell 

P) (Table 4.1; (Chen et al. 2010)). The 20-2000 μm particle fractions comprised over 93% 

of the investigated BRS (Chen et al. 2010). The BRS sample was air-dried and passed 

through a 2-mm sieve and amended with gypsum at a rate of 1%  (w/w%) and leached 

with the equivalent of the average annual rainfall at Kwinana RSAs (758 mm)] based on 

Alcoa’s rehabilitation protocol described in detail by Goloran et al. (2013). The pH of the 

BRS was reduced to ca. 9.5 and then, samples of freshly amended BRS were air-dried 

and stored at a room temperature for 12 weeks for the incubation experiment.
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Table 4.1: Selected properties of biochars and bauxite residue sand (BRS) used this study. 

Sample type 

Pyrolysis 

temperature 

(oC)  

Moisture 

% 

BET surface 

area (m2 g-1) pH EC (dSm-1) pHPZC C% N% δ13C‰ δ15N ‰ 

AC 350-550  4.4 108 3.10 0.11 3.8 51.7 0.16 -27.2 47.1 

GW 450 8.2 271 9.58 0.72 4.0 50.5 0.21 -27.6 -64.3 

JR 720 2.3 205 10.8 0.32 5.7 60.8 0.16 -28.4 -0.8 

ML 720 21.4 233 10.2 1.37 6.5 54.9 0.21 -27.5 -3.8 

BRS N/A 4.5 N/D 11.3 34.00 N/D 0.07 0.01 -12.7% N/D 

AC, aged acidic biochar produced from the stem of Eucalyptus Pilularis during wildefire at Peachester state forest, Queensland in 1969; GW, 

greenwaster biochar; JR, Jarrah (Eucalyptus marginata) biochar; ML, mallee (Eucalyptus polybractea) biochar. PZC, point of zero charge. N/A, 

not applicable; N/D, not determine
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Fig 4.1: Concentrations of sorbed NH4
+-N and NO3

--N in biochar samples used in this 

study. AC, Aged acidic biochar; ML, mallee biochar; JR, Jarrah biochar; GW, 

greenwaste biochar. The standard errors are shown by the vertical bars (n=4). 

 

4.2.2 NH4
+-N adsorption isotherms by different biochars 

A sorption isotherm represents the quantity of an ion (or molecule) sorbed by a solid as a 

function of the equilibrium concentration of that ion in solution, at a constant temperature 

(Shirvani et al. 2006). Sorption isotherms are essential for the description of how 

adsorbate concentration will interact with adsorbent media and are useful to optimize the 
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use of media as adsorbents. Biochar NH4
+-N adsorption isotherm experiments were 

carried out this study. A standard solution of NH4
+-N was prepared using ammonium 

sulphate [(NH4)2SO4] and deionised water based on the method by Eldridge (2010). Each 

biochar was equilibrated with solutions containing 0, 4, 10, 20, 40, 80 or 160 mg of NH4
+-

N/L. 30 ml of each standard solution was added to 0.5 g of each biochar material, into a 

50 mL falcon tube, and shaken at an end-to-end shaker at the constant temperature of 

25±3°C for 20 hours to ensure equilibrium. The supernatant was decanted and filtered 

using Whatman 42 filter paper. The concentration of NH4
+-N was measured using 

SmartChem®200 Discrete Chemistry Analyser (WESTCO Scientific Instruments Inc).  

The Langmuir and Freundlich models are presented in Eqs. (1) and (2) respectively, and 

most frequently used for interpretation and predictions of adsorption data (Esfandbod et 

al. 2011) and therefore they were also used to describe the adsorption characteristics of 

NH4
+-N by different biochars in this study. 

X = KLbLC / [1 + (KLC)]                                                                                                 (1) 

X = KFCn                                                                                                                         (2) 

Where X is the adsorbed NH4
+-N concentration at equilibrium (mg/kg); C is the 

concentration of NH4
+-N in solution at equilibrium (mg L-1); coefficient bL is the 

maximum adsorption amount of NH4
+-N on biochar (mg kg-1); KL is the Langmuir 

constant (l/kg); KF (l/kg) is an indicator of the adsorption capacity and n is the adsorption 

intensity in the Freundlich model. The magnitude of the exponent n indicates the 

favourability of NH4
+-N adsorption on biochar.  
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4.2.3 Incubation experiment  

This 28 day incubation experiment was conducted in using pretreated BRS (as above) 

with pH of ca. 9.5, with biochar application rate of 10% (w/w) and a DAP rate (equivalent 

to 2.7 tons ha-1), and 4 replications for each treatment. A 35 g subsample of the pH 

adjusted BRS was weighed into a 500 ml glass jar and after addition of required amount 

of biochar, thoroughly mixed for 24 hours. The amount of biochar added to each jar was 

calculated based on the bulk density (g/cm3) of each biochar. A DAP [(NH4)2HPO4] 

solution containing 4.77 mg N (23.85 mg of DAP per jar; equivalent to 2.7 tons DAP    

ha-1) was added to each jar. The moisture content of the BRS then adjusted to 55% water 

holding capacity (WHC). The sponge trap was used for measuring NH3 volatilization over 

the the 28 day experimental period (see below).  At the end of the experiment, the bauxite 

residue sand was well mixed and subject to analysis of residual NH4
+-N and NO3

--N.   

The modified sponge trapping and KCl-extraction method described by Chen et al. (2010) 

was used for measuring NH3 volatilization. A 500-ml glass bottle with a screw cap lid 

and internal diameter of 5.3 cm was used as an incubation container as described above. 

The NH3 volatilised from jars was trapped in a sponge (5.3 cm in diameter) moistened 

with the acidic trapping solution placed inside the glass bottles. The trapping solution 

consisted of 167 ml concentrated sulphuric acid, 60 ml glycerol (6% v/v) and 773 ml 

distilled water (Chen et al. 2010). The sponges were sampled after each incubation period 

of 24 hours, 4, 7, 10, 15, 21 and 28 days. At each sampling interval, the trapping sponge 

was removed from the neck of the jar and plunged in a 120 ml Sarstedt container 

containing 50 ml of 1 M KCl solution. A new sponge with 2 ml trapping solution was 

placed into the neck of the jar and the tightly lid resealed. Jars were then placed back into 

the incubator at 22°C. Extraction involved shaking the containers containing the 1 M KCl 
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and sponge for 1 hour at 70 RPM, immediately followed by the removal of the sponge.  

Concentrations of NH4
+-N was determined by as above. 

4.2.4 Analysis of biochar and BRS samples 

Total carbon (C) and nitrogen (N) contents of the BRS and biochar samples were 

determined by dry combustion using TruMac CN (LECO). The 13C and 15N abundance 

of biochar materials were analysed using an isotope ratio mass spectrometer with a 

Eurovector Elemental Analyser (Isoprime-EuroEA 3000, Milan, Italy). The pH and EC 

of biochars were measured using a solid:water 1:30. The specific surface area of the 

samples were determined using the single-point N2_BET method (by N adsorption 

isotherms at 77 K using Gemini 2360 (Micromeritics, USA)). Point of zero charge was 

determined by the pH drift method described by Yang et al. (2004) and Uchimiya et al. 

(2011). The biochar NH4
+-N and NO3

--N were extracted by 2M KCl at 1:10 (soil: solution 

ratio), the extracts were filtered through Whatman 42 paper after being spun at 4000 rpm 

for 5 min, the biochar samples were recovered for further extraction using hot 2M KCl 

(95 oC) for 16 hours. Concentrations of NH4
+-N and NO3

--N were determined by 

SmartChem®200 Discrete Chemistry Analyser (WESTCO Scientific Instruments Inc.). 

Residual NH4
+–N and NO3

−–N in BRS was determined at the end of the experiment. Five 

grams (dry weight equivalent) of well-mixed moist incubated BRS were weighed into a 

Falcon tube and extracted with 50 ml of 2 M KCl solution. The samples were shaken in 

an end-to-end shaker at 70 RPM for 1 h and then filtered through a Whatman 42 paper. 

The extraction step was repeated and the two extracts combined and stored at −20°C prior 

to analysis of NH4
+–N and NO3

−–N contents as above. 
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4.2.5 FTIR spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was determined to identify 

characteristic of functional groups on chars obtained from different feedstocks and 

temperatures. All chars were air dried and then heated at 550 °C for 4 h to enhance their 

crystallinity. The FTIR spectra of the chars were obtained using Perkin Elmer (PEFT-IR 

C94249) and were collected in the range of 400–4000 cm-1 at a resolution of 4 cm-1 with 

32 scans per sample using a SpectraTech Microcup DRIFT accessory. The samples 

were prepared as KBr pellet (1:300 sample-KBr mixture) in an agate mortar (Biniak et 

al. 1997). 

4.2.6 Statistical analysis 

All data collected from this experiment were subject to the descriptive analysis and the 

one way analysis of variance (General linear model) using Statistix version 8, and 

differences between treatment means tested using LSD (P<0.05).  

 

4.3 Results 

4.3.1 Biochar ammonium sorption isotherms and FTIR analysis 

Sorption characteristics of various soil particles and minerals have been frequently 

studied through sorption isotherm experiments. Sorption isotherms are essential for the 

description of how adsorbate concentration will interact with adsorbent media and are 

useful to optimize the use of media as adsorbents. Results of the ammonia-adsorption 

isotherms onto different biochars are shown in Fig.4.2. The comparison of the R2 values 

of these two models (Langmuir model: 0.70 ≤ R2≤ 0.99; Freundlich model: 0.95 ≤ R2

≤ 0.97) between different biochars suggests that both models are able to successfully 
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describe the adsorption characteristics of NH4
+-N to different biochars (Table 4.2). 

However, for the AC and GW biochars the fitting accuracy of Freundlich model 

(R2
AC=0.96, R2

GW=0.95) was much better compared with the Langmuir model 

(R2
AC=0.70, R2

GW=0.78) which assumes only one solute molecule per site (Kuzyakov et 

al. 2009, Peng et al. 2011).  

 

Fig 4.2: Sorption isotherms of NH4
+-N on different biochars. AC, Aged acidic biochar; 

GW, greenwaste biochar; JR, Jarrah biochar; M, mallee biochar. 

 

It was shown that NH4
+ adsorption by biochars increased with increasing initial 

concentrations of NH4
+ in the equilibrium solution (Fig. 4.2). This may be attributed to 

an increase in the driving force of the concentration gradient with the increment of NH4
+ 

to dominate the resistances to the amount of NH4
+ transferring between the solution and 

the sorbent. The isotherm curves in alkaline biochars indicated that the adsorption 

amounts of NH4
+-N increased virtually linearly at low equilibrium concentration (NH4

+-
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N < 40 mg/l) which suggest that NH4
+-N was almost adsorbed and then tended to flat at 

high equilibrium concentrations (NH4
+-N > 40 mg/l). On the other hand, from the 

Langmuir equation, sorption behaviour of NH4
+-N in the AC biochar (Fig.4.2) indicated 

that at the initial concentration (NH4
+-N < 80 mg/l) the sorption affinity of NH4

+-N 

gradually increased moving toward a sorption maximum (bL = 5759 mg kg-1), then 

increasingly passed sorption maximum upward. This behaviour implies: a) occurrence of 

NH4
+-N adsorption in more than one layer - multilayer sorption on the heterogeneous 

surface and b) the possibility of other sorption processes (e.g., diffusion) rather than 

adsorption only. The GW biochar (5779 mg kg-1) also had higher maximum adsorption 

(bL) of NH4
+-N than the JR and ML biochars (1941 and 2845 mg kg-1, respectively) (Table 

4.2). The higher maximum sorption capacity (bL) of NH4
+in GW and AC compared with 

ML and JR biochars (Table 4.2) indicated that more NH4
+ can be sorbed to and lower 

removal efficiency from the surface of the AC and GW biochars. In addition, the AC 

(80.2 L kg-1) had the highest distribution coefficient (Kd) of NH4
+-N, followed by GW 

(64.4 L kg-1), ML (49.5 L kg-1) and JR (41.7 L kg-1) (Table 4.2).  

From the Freundlich equation, the GW (86.9 mM kg-1) had highest NH4
+-N adsorption 

capacity (KF), followed by BM (79.7 mM kg-1), AC (72.1 mM kg-1) and JR (65.9 mM kg-

1) biochars (Table 4.2). The values of n>1, represents favourable adsorption of NH4
+-N. 

The n value for the AC (1.18) was greater than those for other biochars (0.69-0.80), 

indicating the greater favourability of NH4
+-N sorption and sorption intensity (Halim et 

al. 2010).  
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 Table 4.2: Sorption constant, maximum sorption capacity, and regression coefficients for NH4
+ isotherms based on Langmuir and 

Freundlich models in a single-solute biochar system.  

  Langmuir Equation 

C/X = ( 1/ KLb ) + (1/b)C 

_________________________________________________________________ 

Freundlich Equation 

Log X = LogKF +𝑛Log C 

_____________________________________ 

 R2  

KL 

(L mM-1) 

bL 

(mM kg-1) 

Kd 

(L kg-1) 
R2 

KF 

(mM kg-1) 
n 

AC 0.70  0.01 5759 80.2 0.96 72.1 1.18 

GW 0.78  0.01 5779 64.4 0.95 86.9 0.80 

JR 0.99  0.02 1841 41.7 0.96 66.0 0.67 

ML 0.94  0.02 2845 49.5 0.97 79.7 0.69 

AC, aged acidic biochar; GW, greenwaste biochar; JR, Jarrah biochar; ML, mallee biochar
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FTIR analysis showed that the intensities of surface functional groups were rich for AC, GW, ML 

and JR chars, respectively. At broad sorption bands of 665 and 1500 cm−1 interval, many obvious 

peaks were observed which are attributed to the N−H (primary and secondary amines), C=N stretch 

(aliphatic and aromatic amines), and N−O asymmetric and symmetric stretch (nitro compounds) and 

N−H bend (primary amines) vibration in all spectra except for JR char (Fig.4.3) (Likhacheva et al. 

2002). Moreover, in AC the peaks were observed at 1710 – 1730 cm−1 and 1550 – 1610 cm−1 (Fig.4.3) 

were associated with the special vibration of C=O carboxylic, and C−H phenolic following with the 

antisymmetric stretching vibration of −COC− from aromatic hydrocarbons, respectively. Also, a 

broad sorption band around 3000 – 3400 cm−1 (Fig.4.3) was generally regarded as the results of −OH 

and −NH2 stretching vibration in AC spectra (Harlov et al. 2001). As a result, the adsorption of NH4
+ 

on chars can be ascribed to the significant increase of these groups, which are used as adsorption sites 

for NH4
+ removal. 

 

 

Fig 4.3: FTIR spectra analysis of char samples including Acidic Char (AC), Green Waste (GW), 

Mallee char (ML), and Jarrah char (JR). 
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4.3.2 Effects of biochar application on NH3 loss in BRS 

The AC treatment significantly (P < 0.01) reduced cumulative NH3 volatilization (23.6% of DAP-N 

added over the 28 day incubation period) compared with the control treatment (BRS only) (79.9% of 

DAP-N added), while alkaline biochars (GW, ML, JR) did not significantly decrease NH3 

volatilization, with a loss of 75.7-78.7% of DAP-N added (Figs. 4.4; Table 4.3).  Most of NH3 

volatilization occurred at the first week of the experimental period (Figs. 4.4 and 5). Approximately 

69-71% of DAP-N added in alkaline biochar treatment (JR, GW, ML) was lost during this period, 

and this is equivalent to 96-98% of NH3 loss in the CK (BRS only) treatment (Fig. 4.5).  In the AC 

treatment, only 12,8% of DAP-N added was lost in the same period (Fig. 4.5) and this is equivalent 

to only 18% of NH3 loss in the CK (BRS only) treatment (Fig. 4.5b). These results indicated that 

application of acidic biochar effectively reduced N loss via NH3 volatilization. This trend corresponds 

well with the lower pH observed in the acidic biochar (pH 3.86) and greater pH in alkaline biochars 

(pH 9.6-10.8) (Fig. 4.5c). On the other hand, the pH values in BRS at the end of experiment decreased 

in response to biochar and DAP addition (Fig. 4.4d), with a lowest pH value in the AC treatment 

(7.02), followed by CK (7.02), GW (7.45) and ML (7.45), and then JR (7.81) treatments (Fig. 4.4d). 

Moreover, the 7 day cumulative NH3 volatilization was significantly correlated with BRS pH at the 

end of experiment (r = 0.867, P < 0.05, n =20). These results indicated that acid-base reaction might 

have driven the NH3 volatilization process.  
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Fig 4.4: The amount (a) and percentage (b) of cumulative NH3 volatilized over the entire period of 

incubation in the BRS treated with different biochar materials. JR, Jarrah biochar; GW, Greenwaste 

biochar; ML, Malle biochar; AC, Aged acidic biochar; BRS (CK), control with no biochar addition. 

DAP, di-ammonium phosphate. The standard errors are shown by the vertical bars (n=4). 
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Fig 4.5: a) Cumulative NH3 volatilization at the first 7 days of the incubation from bauxite residue 

sand (BRS) in response to the addition of biochars (a, b), initial pH values of different biochars and 

bauxite residue sand (BRS) (c); and pH values of BRS treated with different biochar at the end of 

experiment (d).. AC, Aged acidic biochar; ML, mallee biochar; JR, Jarrah biochar; GW, greenwaste 

biochar. The percentage value above the columns (a) indicates NH3 loss from BRS with biochar 

addition as % of that from BRS without biochar (CK). DAP, di-ammonium phosphate. The standard 

errors are shown by the vertical bars (n=4). Means followed by the same letter (above the columns) 

are not different at the 5% level of significance
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4.3.3 Effects of biochar application on residue inorganic N in BRS 

N (NH4
+–N/NO3

-–N) The KCl extractable NH4
+–N (weakly adsorbed N pool) at the end 

of experiment was much greater in the AC treatment (2.063 mg jar-1) than the alkaline 

biochar treatments (0.16-0.92 mg jar-1) and the CK (0.302 mg jar-1) (Table 4.3). 

Concentrations of NO3
-–N ranged from 0.123 mg jar-1 (JR) to 315 mg jar-1 (AC), 

following the similar trend to that of NH4
+–N (Table 4.3). Total extractable inorganic N 

(sum of NH4
+–N and NO3

--N) in the AC treatment comprised 49.8% of total DAP_N 

added, while the corresponding value was 6.6-9.6% for alkaline biochar treatments and 

12.9% for the CK treatment (Table 4.3). The N recovery by NH3 trap and KCl extraction 

comprised 73.4% for the AC treatment, 85.3-85.9% for the alkaline biochar treatments 

and 92.8% for the CK treatment (Table 4.3). Contents of unextracted N (strongly sorbed 

N pool, remaining in BRS and retained by biochar) ranged from 7.2% in the CK treatment 

to 26.6 % in the AC treatment (Table 4.3). 
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Table 4.3: Effects of different biochar treatments on total N loss via NH3 volatilization and extractable inorganic N at the end of incubation.  

Biochar 

treatment 

NH3-N loss  

(µg jar-1 28 

days-1) 

% of N loss 

over N 

added 

Extractable 

NH4
+-N  

(µg jar-1) 

Extractable 

NO3
--N  

(µg jar-1) 

Total 

extractable 

inorganic N 

(µg jar-1) 

% Extractable 

inorganic N 

over added N 

N recovery by 

NH3 trap and 

KCl extraction 

(%) 

% of N 

remained BRS 

 

AC 1128 (126)b 23.6 (2.6)b 2063 (530)a 315 (57)a 2378 (544)a 49.8 (11.4)a 73.4 (9.9)b 26.6 (9.8)a 

GW 3699 (200)a 77.4 (4.2)a 160 (41)c 246 (42)b 405 (79)c 8.5 (1.7)c 85.9 (4.3)a 14.1 (4.3)b 

JR 3758 (134)a 78.7 (2.8)a 192 (9)c 123 (53)c 316 (58)c 6.6 (1.2)c 85.3 (2.5)a 14.7 (2.5)b 

ML 3615 (313)a 75.7 (6.5)a 172 (18)c 288 (96)ab 460 (114)c 9.6 (2.4)bc 85.3 (4.4)a 14.7 (4.4)b 

CK 3817 (266)a 79.9 (5.6)a 302 (30)b 312 (30)a 615 (97)b 12.9 (2.0)b 92.8 (5.5)a 7.2 (5.5)b 

AC, aged acidic biochar produced from the stem of Eucalyptus Pilularis during wildefire at Peachester state forest, Queensland in 1969; GW, 

greenwaster biochar; JR, Jarrah (Eucalyptus marginata) biochar; ML, mallee (Eucalyptus polybractea) biochar. Means within a column by the 

same letter are not different at the 5% level of significance.  
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4.4 Discussion 

4.4.1 Acidic biochar had highest ammonium sorption distribution through 

functional groups 

The Langmuir and Freundlich equations are often used to describe ammonium adsorption 

isotherms (Bernal and Lopez-Real 1993, Halim et al. 2010, Phillips and Chen 2010).  

Results from this isotherm experiment have demonstrated that the AC had greater 

sorption intensity (n) and sorption distribution (Kd) for NH4
+-N than other bioichars 

(Table 4.2), while the maximum sorption capacity (bL) was similar for both AC and GW, 

but much higher than JR and ML biochars (Table 4.2).  On the other hand, the adsorption 

capacity (KF) was higher for the GW, followed by ML, AC and JR (Table 4.2). It has 

been suggested that Kd is a better indicator than KF and bL for the overall amount of 

sorption capacity of sorbent to sorbate (Hinz 2001, Limousin et al. 2007).  Therefore, it 

can be suggested that the AC is the best adsorbent for the NH4
+-N, followed by the GW 

and then ML and JR biochars. This is also supported by the results of biochar NH4
+-N 

concentration (Fig. 4.1), NH3 volatilization (Figs. 4.4, 4.5; Table 4.3) and residual NH4
+-

N in remained in BRS at the end of experiment (Table 4.3).  

The behaviours of different biochars in the sorption of NH4
+-N can be explained by 

different mechanisms. The sorption of NH4
+-N is highly related to the surface negative 

charges and nature of charges, surface area and surface structure (e.g. multiple layers) of 

adsorbent (Seredych and Bandosz 2007). Seredych and Bandosz (2007) found that NH4
+ 

is mostly adsorbed by epoxy and hydroxyl groups present on surface and between layers 

of graphite oxides. Witter and Kirchmann (1989) and Chen (1997) identified three main 

reaction mechanisms responsible for NH4
+ retention by peat: 1) retention of NH4

+ as 
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fixation or undergoes as cation exchange reaction which is strongly adsorbed; 2) sorption 

of NH4
+ as exchange with a proton from solution which is associated with variable 

charged surfaces and is a weakly adsorbed form of NH4
+; and 3) as exchangeable NH4

+ 

formed through direct reaction of NH4
+ with a proton on the exchange site through 

electrical attraction arising from the permanently negatively charged surface. Joseph et 

al. (2010) stated that the sorption of NH4
+-N to biochar might be attributed to the presence 

of the reactive functional groups (pH dependent charges) and some permanent charges. 

In this study, FTIR spectral analysis was run to identifying characteristic functional 

groups that were responsible for adsorbing ions NH4
+. In JR as the results showed (Table 

4.2, Fig. 4.2 and 4.3), there was no vibration of surface functional group, so the NH4
+ 

adsorption was through nonspecific sorption which means NH4
+ was adsorbed by simple 

columbic interaction in the diffuse electric double layer (Park et al. 2011). In AC, GW, 

and ML, all spectral analysis showed that there were electrostatic interactions between 

NH4
+ and the activated functional groups on surfaces. Ammonium had a high 

coordination affinity to oxygen- and nitrogen-bearing functional groups, for example the 

vibration peaks at 665 and 1500 cm−1 indicated that their adsorption can be related to 

coordination through N−H (primary and secondary amines), C=N stretch (aliphatic and 

aromatic amines), N−O asymmetric and symmetric stretch (nitro compounds) and N−H 

bend (primary amines) groups that exist on the surface of AC, GW, and ML (Harlov et 

al. 2001). In AC, GW, ML, and JR, the sorption isotherm results from trends of NH4
+ 

sorption and sorption parameters indicated that, AC had highest affinity for NH4
+ sorption 

through NH4
+ diffusion (Kd) to inner layer forming coordination bonds. This finding was 

compromised and proved by FTIR spectroscopy. On the surface of AC, the vibration of 

bands at 1710 – 1730 cm−1, 550 – 1610 cm−1, 3000 – 3400 cm−1 were related to C=O 

carboxylic, C−H phenolic, antisymmetric stretching vibration of −COC− from aromatic 
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hydrocarbons, phenolic −OH and −NH2 stretching vibrations. These peaks appeared in 

AC, resulting in a stronger conjugate and diffusion effect on NH4
+ sorption. Wang et al. 

(2015) stated that the improvement of NH4
+ adsorption is potentially associated with the 

existing acidic functional groups (phenolic −OH and carboxyl C=O). On the basis of 

surface chemistry and functionalities, AC char revealed that had the most carboxylate and 

O−alkyl C−functionalities and intensity of the bands representing the carboxylic and N−H 

stretching groups than other chars. These oxygen-containing functional groups on the AC 

represented effective exchangeable sites for the NH4
+-N sorption. Therefore, the higher 

distribution of NH4
+ in the AC biochar can be attributed to the higher exchangeable sites 

for NH4
+ on the AC biochar surface and its higher capacity to be complexed and 

intercalated with NH4
+ on the surface or between layers using hydrogen bonded to oxygen 

containing group. In addition, the acidic nature of (pH 3.86, higher abundance of H+ ions) 

may also contribute to the NH4
+-N sorption. Based on the sorption selectivity, NH4

+ can 

be more strongly bound to the surface than H+ ion (Ames 1960, Kithome et al. 1998), 

which supports the favourability of NH4
+ to exchange with H+on the surface of the AC. 

The GW biochar had higher surface areas (Table 4.1) and negative surface charges as 

indicated by the greater difference between its pH and pHPZC values (Table 4.1), which 

contribute the higher NH4
+ sorption capacity compared with other alkaline biochars. The 

lower amounts of NH4
+-N sorbed by JR and ML biochars can be ascribed to reduced 

presence of oxygen-containing functionalities due to the high temperature pyrolysis (e.g. 

700 oC) used for their production during which the carboxyl functional groups were 

thermos-oxidized (Bernal and Lopez-Real 1993). 
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4.4.2 Acidic biochar decreased NH3 loss from BRS 

The NH3 volatilization is one of the most important processes representing a direct loss 

of plant-available N from agricultural and non-agricultural ecosystems (Gezgin and 

Bayrakll 1995, Vaio et al. 2008, Chen et al. 2010). It has been suggested that NH3 

volatilisation is the main source of N loss in highly alkaline BRS, which greatly affected 

plant nutrient availability (Chen et al. 2010, Phillips and Chen 2010, Goloran et al. 2014b, 

Goloran et al. 2014c). Results from this study also showed that majority of N lost through 

NH3 valotilization in BRS in the first two weeks after application of DAP (Figs. 4, 5), 

which has confirmed the findings from the previous studies (Chen et al. 2010, Goloran et 

al. 2014b, Goloran et al. 2014c) reported that at high pH (9), addition of alkaline biochar 

did not significantly affect NH3 volatilization in BRS due to the alkaline nature of BRS 

and the fact that the strong acid-base reaction at this pH was the major driving force of 

NH3 volatilization. Stumm and Morgan (1981) suggested that under strongly alkaline 

conditions (pH > 10), the rate of NH3 formation may exceed the rate of cation exchange 

as NH3 already exists in solution. In this study, addition of alkaline biochars (GW, JR, 

ML) in BRS only slightly reduced NH3 volatilization (2-4%) compared with the CK 

(without biochar addition) (Fig. 4.4) in spite of NH4
+-N sorption by the biochars. This 

also confirmed that high pH (>9) was responsible for N loss from BRS. However, the AC 

treatment greatly reduced N loss via NH3 volatilization (only 23.6% of total DAP-N 

added) compared with the CK and other alkaline biochar treatments (76-80% of total 

DAP-N added) over the entire experimental period (Table 4.3). This might have been 

ascribed to the acidic nature (pH 3.86) and greater NH4
+-N sorption distribution of the 

AC (as discussed in the previous section). This result implies that the acidic biochar could 

be applied as an effective amendment to BRS for enhancing N retention and reducing 

NH3 volatilization and then increasing N use efficiency in the rehabilitation of bauxite 
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residue disposal areas. However, further field experiments are warranted to confirm this 

incubation experiment.  

4.4.3 Acidic biochar increased residual N in BRS 

In this study, at the end of experiment, concentrations of extractable NH4
+-N in BRS in 

the CK and alkaline biochar treatments were low, ranging from 0.16-0.30 mg jar-1 due to 

most of NH4
+ applied as DAP lost through NH3 volatilization (Figs. 4.4, 4.5; Table 4.3).  

In contrast, in the AC biochar treatment the concentration of extractable NH4
+-N was 2.06 

mg jar-1 which is about 20 times higher than the CK and other alkaline treatments (Table 

4.3). This significant amount of NH4
+-N in the AC biochar treatment is present in the 

soluble form or weakly sorbed form, representing available N for plant uptake in BRS. In 

addition, the small amount of NO3
--N (0.12-0.32 mg jar-1) found in the BRS across 

different treatments indicated the occurrence of nitrification, despite the rate was low, 

which is consistent with our previous studies (Chen et al. 2010, Goloran et al. 2014b, 

Goloran et al. 2014c). The greater amount of unextracted N (strongly sorbed N; (Chen et 

al. 2013)) remained in BRS in the AC treatment (26.6% of the DAP-N added) compared 

with the CK and other alkaline biochar treatments (7.2-14.7% of DAP-N added) (Table 

4.3) can also be attributed to the acidic nature and higher sorption distribution of the AC 

(Tables 4.1, 4.3). Overall, the AC biochar treatment can retain about 77% of DAP-N 

added in BRS, compared with < 25% in other alkaline biochar treatments (Table 4.3).  

This N pool has been proved to be available for plant uptake Taghizadeh-Toosi et al. 

(2012b). These results further support that acidic biochar can be used as an effective 

amendment for increasing N use efficiency in BRS. 
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4.5 Conclusion 

Results from this study have demonstrated that the addition of acidic biochar significantly 

reduced NH3 volatilization from and increased NH4
+-N retention in BRS compared with 

the addition of alkaline biochars and the control without biochar addition. The NH3 

volatilisation was mainly driven by the acid-base reaction, while the greater NH4
+-N 

sorption distribution in acidic biochar might also have contributed to the reduction in NH3 

volatilization. These have been ascribed to the acidic nature and the presence of large 

amount of the oxygen-containing functional groups such as phenolic –OH, carboxyl C=O 

and N−H stretching groups on the surface of acidic biochar. These functionalities played 

the primary role in diffusion of NH4
+ into aged acidic char due to hydrogen bonding and 

electrostatic interaction. These results imply that the acidic biochar can be used as an 

effective amendment for increasing N use efficiency in bauxite residual disposal areas. 
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Chapter 5 

Nitrogen pathways in bauxite-processing residue sand: Effect of acidic 

and alkaline biochars 

5.1 Introduction 

The increasing demand for alumina from fast-growing developing countries such as 

China and India has driven the increased production of bauxite in recent years. Australia 

is the largest producer of bauxite in the world, with annual output of approximately 62 

million metric dry tons in 2007 (McKay et al. 2013). For every tonne of alumina, about 

two tonnes of highly alkaline and highly saline bauxite-processing residue are produced 

(Phillips and Chen 2010). In Western Australia, Alcoa of Australia (Alcoa World 

Alumina 2004) produces approximately 15 Mt of residue annually from its refineries 

(Kwinana, Pinjarra and Wagerup). In contrast to many other bauxite-processing 

operations, Alcoa separates its residue into two distinct size fractions; <150 microns 

(termed residue mud) and >150 microns (termed residue sand, BRS). The residue sand 

fraction represents the primary material for rehabilitating Alcoa’s residue storage areas 

(RSAs) (Goloran et al. 2013, Goloran et al. 2014c). This coarse fraction, herein referred 

to as bauxite-processing residue sand (BRS), represents the primary material used for 

constructing the perimeter walls of RSAs, and the outer embankment surface is 

progressively rehabilitated as part of RSA closure (Gherardi and Rengel 2003b).   

Establishing a sustainable vegetation cover on residue sand can be challenging due to its 

initial characteristics such as low and imbalanced nutrient concentrations, high alkalinity 

and salinity, and low organic matter. The sustainability of this vegetation will in part 

depend on the ability of residue sand to supply nutrients for plant uptake (Jones et al. 
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2010, Phillips and Chen 2010, Jones et al. 2012, Thiyagarajan et al. 2012). The nitrogen 

(N) level in bauxite residue sand is very low (total N < 0.03% and available N < 3              

mg kg-1) (Chen et al. 2010). Currently 2.7 tons per ha of di-ammonium phosphate (DAP) 

based fertiliser are used for the rehabilitation of bauxite residue disposal areas (Chen et 

al. 2010). However, due to the inherent nature of BRS (high alkalinity, high hydraulic 

conductivity and low water and nutrient retention capacity etc.), low N availability and 

poor N nutrition are known to restrict optimum vegetation growth. For example, NH3 

volatilization was identified as a major N loss pathway in highly alkaline BRS (Chen et 

al. 2010). Nutrient deficiencies in the leaves of plants growing in bauxite residue have 

also been reported. For example, Eastham et al. (2006) observed declining N content in 

cereal rye and ryegrass leaves grown in BRS receiving different sources of N such as 

poultry manure, di-ammonium phosphate and superphosphate. Various fertilisers and 

organic forms of amendments such as composts, poultry manure (Courtney and Mullen 

2009, Jones et al. 2012), sewage sludge (Fuller et al. 1982) and biochar (Chen et al. 2013) 

have been used and investigated for amelioration of bauxite residue. Although organic 

amendments lead to the development of soil structure, improved fertiliser-use efficiency 

and increased soil water availability and permeability (Eastham et al. 2006), their slow 

decomposition limits fast biomass production (Banning et al. 2014). Commonly used 

inorganic fertilisers in residue disposal areas such as ammonium-, nitrate- and phosphate-

based salts can be an effective and economical alternative to organic fertiliser for use in 

rehabilitating bauxite residue (Eastham et al. 2006), however losses of N via volatilisation 

(as NH3) and leaching (NO3
−) can be considerable. Chen et al. (2010) found that high pH 

can cause up to 85% N loss from DAP-based fertilisers. Nitrous oxide (N2O) is one of the 

major greenhouse gases with a long lifetime (150 yrs.) and high global warming potential 

[298 times higher than CO2 over 100 years] (Stocker et al. 2013).  Little is known about 
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loss of N from BRS in the form of N2O (and N2) via denitrification. More research is 

needed to identify the optimum combination of suitable fertiliser types which would 

minimise N losses and also decrease the need for future supplements (Kaur et al. 2016). 

There has been an increasing interest in biochar research due to its potential beneficial 

effects on terrestrial ecosystem’s properties, especially improving plant growth in harsh 

environmental conditions. It has been reported that biochar application can modify N2O 

emissions by improving soil microbial activity (Lehmann et al. 2011), regulating the 

available N and C supplies (González-Pérez et al. 2004, Prendergast-Miller et al. 2011), 

and changing soil pH and aeration conditions (Enders et al. 2012, Kinney et al. 2012). 

Although beneficial effects of biochar application on N retention and reducing N loss 

have been observed in previous investigations (Goloran et al. 2013, Goloran et al. 2014c), 

little is known about the underlying mechanisms of this complicated process, particularly 

for rehabilitation performance in BRS.  

In this study aged acidic biochar (AC) was investigated for the first time for its use in 

neutralising alkalinity and ameliorating bauxite residue sand for successful revegetation. 

The main objectives of the present study were to: (1) assess the effect of acidic and 

alkaline biochars on the N budget and fate of applied N fertiliser in BRS; (2) evaluate the 

effectiveness of biochar on N bioavailability and plant growth in BRS; and (3) understand 

the dynamics of NH3 volatilization and N2O emission in response to biochar-amended 

relative to fertiliser-amended BRS in the presence of growing plants. To the best of our 

knowledge, this is the first study investigating the N2O emissions and its coupled 

relationship with the overall N budget in highly alkaline environments such as BRS. The 

underlying hypotheses were: (a) pH and biochemical characteristics of different biochars 

would affect bauxite residue sand N dynamic, NH3 volatilization and N2O emission 
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differently; (b) Biochar application to bauxite residue sand may improve N retention and 

plant growth by increasing N use efficiency and consequently reducing N loss to the 

environment. 

 

5.2 Materials and Methods 

5.2.1. Bauxite-processing residue sand and biochars 

“Fresh” (unweathered and untreated) BRS was collected from Alcoa’s Kwinana Refinery 

residue storage area (32° 11' S, 115° 49' E), Western Australia. Field samples were air-

dried prior to sieving, with the <2 mm size fraction retained for this experiment. The BRS 

contained 98% sand, 1% silt and 1% clay with initial pH of 11.3 (1:5 water), EC of 34×104 

(µS cm-1), and water holding capacity (WHC) of 254 g kg-1 (Table 5.1). To simulate 

Alcoa’s current rehabilitation prescription, the BRS was amended with gypsum at 1% 

(w/w basis), rewetted to 60% WHC and incubated for two weeks to allow reaction. After 

incubation, the gypsum amended BRS was transferred to a leaching chamber and slowly 

leached with a volume of distilled water equivalent to average annual rainfall of the 

Kwinana area (i.e.758 mm). Leaching was undertaken to remove much of the pore-water 

salinity and alkalinity, and involved five leaching events. The pH and EC of the BRS 

were measured before and after each leaching event. 

Two biochars with different physiochemical characteristics, namely acidic aged 

eucalyptus biochar (AC) and alkaline pine biochar (PC), were selected for this 

experiment. The AC biochar was produced during a wildfire in 1969 at Peachester State 

Forest (26°50′S, 152°53′E) Sunshine Coast hinterland of Queensland, Australia, with a 

pH of 3.1 and high NH4
+- adsorption capacity.  The PC biochar was produced at 700 °C 
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with the final resident time of 1 hour under an oxygen free condition. The resulting 

biochar exhibited a pH of 8.6 and high NO3
-- adsorption capacity (Table 5.1). 

5.2.2. Growth chamber preparation and experimental design 

The growth chambers consisted of a cylindrical polyethylene base (12 cm diameter and 

12.5 cm height) and two detachable transparent polyethylene gas chambers specially 

designed for measuring N2O emission and NH3 volatilization (Fig. 5.1). The base 

chamber was designed to be a waterproof pot. The upper chambers were connected to the 

base using an elastic rubber band and high vacuum silicon grease to ensure an airtight gap 

between the chambers during sampling. 

 

Table 5.1: Selected initial properties of bauxite-processing residue sand (BRS) and 

applied biochars. 

 

Pyrolysis 

temperature       

(°C) 

Moisture       

(%) 

BET 

(m2 g-1) 

ρb      

(g cm-3) 

pH  

(1:5) 

EC      

(ds m-1) 

Total C      

(%) 

Total N      

(%) 

NH4
+-N      

(mg kg-1) 

NO3
--N      

(mg kg-1) 

AC 350 - 550 4.4 108 0.54 3.1 0.11 51.7 0.16 19.9 1.1 

PC 700 7.5 382 0.27 8.6 0.32 81.6 0.16 0.11 0.61 

BRS ND 4.5 ND 1.70 11.3 34.00 0.07 0.01 ND ND 

AC = acidic aged biochar; PC = pine biochar; BET = BET surface area; ρb = bulk density; 

ND = not detectable. 

 

The study employed four treatments with six replicates namely (n = 6); these being (1) 

CK: BRS (1580 g pot-1) without adding N fertiliser and biochar; (2) DAP: 177.2 mg N 

pot-1, equivalent to 574.2 kg N ha-1 as Di-ammonium phosphate; (3) DAP+AC: Di-

ammonium phosphate + AC (the same rate of DAP plus 26.33 g pot-1 AC, equivalent to 
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85.0 ton ha-1 AC in the top 30 cm); and (4) DAP+PC: Di-ammonium phosphate + PC (the 

same rate of DAP plus 13.17 g pot-1 PC, equivalent to 42.5 ton ha-1 PC in the top 30 cm).  

The AC and PC biochars were added to BRS at a ratio of 1:20 (i.e. 5% on a v/v basis) and 

mixed thoroughly by end-over-end shaking for 24 hours. The moisture content of each 

treatment was adjusted to 25% WHC (WHC = 25.4% moisture for BRS, 29.1% moisture 

for BRS + AC and 30.3% moisture for BRS + PC) using distilled water and Hoagland 

solution ((120.4 ml per pot containing 235 mg L-1 K, 200 mg L-1 Ca, 31 mg L-1 P, 64 mg 

L-1 S, 48 mg L-1 Mg, 0.5 mg L-1 B, 5 mg L-1 Fe, 0.5 mg L-1 Mn, 0.05 mg L-1 Zn, 0.02 mg 

L-1 Cu and 0.01 mg L-1 Mo, without N source); the latter to provide essential nutrients for 

plant growth. Treated samples were then pre-incubated for one week at 25 °C, after which 

the moisture content of each sample adjusted to 50% WHC. Distilled water and DAP 

solution were used as the solutions for control and fertilised treatments, respectively. The 

pre-treated samples were transferred to growth chambers and 20 Wimmera rigid ryegrass 

(Lolium rigidum) seeds, which had been soaked in distilled water overnight, sown in each 

chamber. During the experiment, the chambers were maintained at 50% WHC by adding 

small volumes of distilled water every three days, and at a near-constant temperature of 

22 ± 2°C. The experiment was terminated after 116 days, and at this time the plants were 

harvested. 
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5.2.3. Measurement of NH3 volatilization 

Ammonia (NH3) volatilization was measured using the modified sponge trap method 

(Chen et al. 2010). The sponges used to trap NH3 were prepared by rinsing with distilled 

water until the leachate contained negligible N, and then dried. The sponges were then 

uniformly moistened with 10 ml of trapping solution (173 ml L-1 concentrated sulfuric 

acid and 60 ml L-1 glycerol) and placed inside the trap (He et al. 1999).  The sponges were 

sampled after incubation periods of 1, 4, 7, and 14 days, respectively. After this initial 

two weeks, NH3 volatilization was monitored on the 2nd and 5th day of each week for the 

remainder of the experiment (incubation time of 16 h). Ammonia captured by the sponge 

trap was extracted using 2 M KCl (1:10 ratio). Extraction involved shaking the 

sponge/KCl suspension end-over-end shaker for 1 hour and then filtering the supernatant 

through a Whatman 42 filter paper. The NH4
+-N concentration in the supernatant was 

determined using a SmartChem®200 Discrete Chemistry Analyser (WESTCO Scientific 

Instruments Inc.). 
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Fig. 5.1: Schematic presentation of the growth chambers with N2O emission (a) and NH3 

volatilization (b) sampling units.  
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5.2.4. Measurement of N2O emission 

Gas sampling was undertaken every 1 to 7 days depending on the expected levels of 

emitted N2O. For each sampling event, gas samples were collected from the growth 

chamber headspaces for three of the six replicates. Gas samples were collected one hour 

after closure of the chamber to allow “equilibrium” gaseous compositions to develop 

using a 25 mL gas-tight syringe. The contents of the syringe were immediately transferred 

to pre-evacuated 12 mL glass vial (Exetainer, Labco Ltd, High Wycombe, UK) prior to 

N2O analysis using a gas chromatograph (Shimadzu GC-2010 Plus) fitted with an electron 

capture detector (ECD). Alpha grade N2O standards (0, 0.3, 5 and 10 ppm) were used to 

calibrate the gas chromatograph. The linearity test on N2O concentration increases were 

performed on several sampling events during the study by sampling gas concentrations 

every 30 minutes for 1.5 hours after the chamber closure (Rezaei-Rashti et al. 2015). The 

N2O emission from all treatments showed linear trends during the measurement period. 

The N2O values for days without sampling were estimated by arithmetic mean of the 

measurements on the two closest days. The cumulative N2O emission for each treatment 

calculated by summing the daily emissions. 

5.2.5. Biomass harvest and plant and bauxite residue sand analysis 

The above-and below- ground biomass of the ryegrass plants were measured at the end 

of experiment. Root lengths were estimated by a modified line intersect method (Tennant 

1975). Total carbon (TC) and Total nitrogen (TN) contents of the ryegrass, and residual 

C and N in BRS treatments, were measured by dry combustion using a LECO CN 

analyser (TruMac NO. 830-300-400). The pH and EC were measured in a 1:5 volumetric 

suspension of BRS in distilled water (Rayment and Lyons 2011). Mineral N (NH4 and 

NO3) of BRS treatments was extracted with 2 M KCl at a 1:4 ratio using an end-over-end 
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shaker for 1 hour and filtering through Whatman 42 paper (Rayment and Lyons 2011). 

After filtering the samples, the extraction process was repeated for the second time, and 

the two extracts bulked as a single sample. The NO3
--N and NH4

+-N concentrations in the 

extracts were determined by SmartChem®200 Discrete Chemistry Analyser (WESTCO 

Scientific Instruments Inc.). Total extractable mineral N was calculated as the sum of 

NO3
--N and NH4

+-N concentrations. The BRS and plant analysis included three replicates 

from each treatment and the results were expressed on an oven-dry basis. 

5.2.6. FTIR spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was carried out to identify characteristics 

of functional groups on biochars obtained from different feedstocks and temperatures. All 

biochars were air dried and then heated at 550 °C for 4 h to enhance their crystallinity. 

The FTIR spectra of the chars were obtained using Perkin Elmer (PEFT-IR C94249) and 

were collected in the range of 400–4000 cm-1 at a resolution of 4 cm-1 with 32 scans per 

sample using a SpectraTech Microcup DRIFT accessory. The samples were prepared as 

KBr pellet (1:300 sample-KBr mixture) in an agate mortar (Biniak et al. 1997). 

5.2.7. Data processing and statistical analysis 

The values of residual N in different fertilised treatments were calculated by subtracting 

total N contents of treatments from their mineral N concentrations at the end of 

experiment, and modified based on each biochar’s N content for biochar amended 

treatments to be comparable with the DAP treatment. The reported values for N2 loss 

from each treatment were not measured directly but estimated from the difference 

between total N budget and other measured N pathways. 
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Statistical analysis was performed by univariate analysis of variance using the IBM SPSS 

Statistics 23 software package. All data were tested for the normality of distribution using 

Kolmogrov-Smirnov test prior to statistical analysis. The differences at P ≤ 0.05 between 

treatments using LSD test considered statistically significant. 

 

5.3 Results 

5.3.1. Effects of biochar amendment on pH and EC 

The application of DAP to BRS slightly reduced the pH compared with CK treatment at 

the end of experiment (Fig. 5.2); however the differences were not statistically significant 

(P> 0.05). On the other hand, by the end of experiment, the DAP+PC and DAP+AC 

treatments significantly (P< 0.05) increased and decreased (≈ 0.3) the pH of BRS when 

compared with the CK and DAP only treatments, respectively. There was no significant 

difference in EC among the treatments although the CK and DAP treatments tend to have 

higher EC than the DAP+AC and DAP+PC treatments. 

5.3.2. Dynamics of N2O emission and NH3 volatilisation 

The highest daily N2O emission was observed at different stages of the experiment for 

different amendment treatments. While N2O emission in the DAP+AC treatment reached 

its peak around day 45, the CK, DAP and DAP+PC treatments displayed maximum N2O 

fluxes between 80 to 95 days after the start of the experiment (Fig. 5.3). However, the 

N2O emissions were very low due to limited microbial activity in BRS. The daily NH3 

volatilization reached its highest level within the first day of study in all fertilised 

treatments (but 18 days for CK) and gradually declined to levels similar to those in the 

CK treatment by the third week of the experiment. The NH3 / N2O ratio increased with  
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time (up to 24 hours) across different treatments and then decreased as NH3 emission 

reduced (Fig. 5.3), The NH3 / N2O ratios in all treatments were significantly related to the 

NH3 volatilisation dynamics during the experiment, being higher in the DAP and 

DAP+PC treatments compared with the CK and DAP+AC treatments 

The addition of AC to BRS (DAP+AC treatment) increased cumulative N2O emission 

(P< 0.05) compared with the DAP and DAP+PC treatments (Fig. 5.4). The cumulative 

N2O emission in DAP+PC was slightly higher than DAP, while the difference between 

these treatments was not statistically significant (P> 0.05). Biochar application in both 

AC and PC treatments decreased cumulative NH3 volatilization (P< 0.05) compared with 

the DAP only treatment. However, the results showed a significant reduction in NH3 

volatilization (P< 0.05) after the addition of acidic biochar (AC) rather than alkaline pine 

biochar (PC) to BRS. The cumulative N2O emission and NH3 volatilization values for CK 

were negligible in comparison with the fertilised treatments (P< 0.01). 
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Fig. 5.2: Bauxite-processing residue sand pH and EC values of different amendment 

treatments at the end of experimental period. Vertical bars are standard error of three 

replicates. CK = Control (without amendments of DAP or biochar); DAP = Di-

ammonium phosphate; DAP + AC = Di-ammonium phosphate + acidic aged biochar; 

DAP + PC = Di-ammonium phosphate + pine biochar. Means of the treatments by the 

same letter are not different at the 5% level of significance. 
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Fig. 5.3: Daily NH3 volatilization, N2O emission and NH3 / N2O ratio of different 

amendment treatments during the experimental period. Vertical bars are standard error of 

three replicates. CK = Control (without amendments of DAP or biochar); DAP = Di-

ammonium phosphate; DAP + AC = Di-ammonium phosphate + acidic aged biochar; 

DAP + PC = Di-ammonium phosphate + pine biochar. 
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Fig. 5.4: Cumulative NH3 volatilization (a) and N2O emission (b) from different 

amendment treatments during the experimental period. Vertical bars are standard error of 

three replicates. CK = Control (without amendments of DAP or biochar); DAP = Di-

ammonium phosphate; DAP + AC = Di-ammonium phosphate + acidic aged biochar; 

DAP + PC = Di-ammonium phosphate + pine biochar. 
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Table 5.2: Nitrogen (N) pools in bauxite-processing residue sand (BRS) for different 

amendment treatments 

Treatment 
NH3-N loss        

(mg kg-1) 

N2O-N loss       

(mg kg-1) 

N2 loss             

(mg kg-1) 

NH4
+-N       

(mg kg-1) 

NO3
--N       

(mg kg-1) 

Residue-N*        

(mg kg-1) 

CK 0.36 a** 0.01 a 0.00 a 7.27 a 0.26 a 0.00 a 

DAP 87.30 b 0.07 b 1.13 b 9.41 a 19.68 b 0.00 a 

DAP + 

AC 
17.12 c 0.36 c 9.90 c 7.86 a 44.73 c 27.51 b 

DAP + 

PC 
65.61 d 0.14 b 2.55 bc 8.58 a 49.04 c 0.02 a 

* The residue-N reported according to the remaining of applied N fertiliser in BRS without 

including biochar N pools. ** Means followed by different letters within a column indicate 

significant differences between the treatments at P< 0.05. The reported values for N2 loss 

were not measured directly but estimated from the difference between total N budget and 

other measured N pathways. CK = Control; DAP = Di-ammonium phosphate; DAP + AC 

= Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium phosphate 

+ pine biochar. 
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Fig. 5.5: Nitrogen budget (%) and fate of different forms of N for different amendment 

treatments over the entire experimental period. The different letters within boxes with the 

same colour indicate significant differences between the treatments at P< 0.05. The 

reported values for N2 loss were not measured directly but estimated from the difference 

between total N budget and other measured N pathways. The residue N values of 

treatments calculated by subtracting total N contents from mineral N concentrations at 

the end of experiment, and modified based on each biochar’s N content for biochar 

amended treatments. DAP = Di-ammonium phosphate; DAP + AC = Di-ammonium 

phosphate + acidic aged biochar; DAP + PC = Di-ammonium phosphate + pine biochar. 

5.3.3. The pathways of N loss in bauxite-processing residue sand 

The highest estimated value of N2 emission was observed in the DAP+AC treatment 

(Table 5.2), which indicated the significantly higher activity of denitrifying 

microorganisms in this treatment than DAP and DAP+PC treatments. Approximately 9% 

of the applied N fertiliser was lost as N2 emission for the DAP+AC treatment, while N2 

loss from the DAP and DAP+PC treatments were less than 2.5% of the applied N fertiliser 

(Fig. 5.5). Of all the N fertilised treatments, only DAP+AC exhibited significant 

absorption capacity for mineral N, and fixed around 37% of applied N within the BRS 
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profile by the end of the experiment (i.e. residue N). While residue N accounted for the 

largest N pool in DAP+AC treatment, it made a negligible contribution when calculating 

the overall N budget for DAP and DAP+PC treatments. This can be attributed to the low 

absorption capacity of BRS and pine biochar (Fig. 5.6).  

Ammonia (NH3) volatilization accounted for the largest proportion of the N budget for 

DAP and DAP+PC (79.9% and 59.0%, respectively) treatments, but only accounted for 

15.5% of the N budget for the DAP+AC treatment. 

The highest mineral N content was observed for the DAP+PC treatment, being 32.5 % of 

the added N fertiliser, followed by DAP+AC and DAP treatments, respectively. Mineral 

N contents in biochar amended treatments were almost two times higher than the DAP 

only treatment by the end of study, but only the DAP+AC treatment showed significantly 

(P< 0.05) higher plant N uptake compared with the DAP treatment. There were no 

significant differences in NH4
+ concentrations among the treatments during the study; 

however, biochar application in the DAP+AC and DAP+PC treatments increased NO3
- 

concentration (P< 0.05) compared with DAP and CK treatments. The DAP treatment also 

showed higher (P< 0.05) NO3
- concentration than the CK treatment. 

5.3.4. Effects of biochar amendment on N recovery by plants 

The addition of DAP to BRS increased ryegrass shoot biomass, however the differences 

between CK and DAP treatments were not significant at P< 0.05 (Table 5.3). Biochar 

amendment at the DAP+AC and DAP+PC treatments significantly (P< 0.05) increased 

plant shoot biomass when compared with the CK and DAP treatments, while no 

significant differences were detected between ryegrass root biomass between treatments. 

The DAP+AC treatment showed the maximum root length and shoot / root biomass ratio, 

while the minimum root length and shoot / root biomass ratio observed at DAP and CK 
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treatments, respectively. The application of N fertiliser (DAP) significantly (P< 0.05) 

increased ryegrass N concentration and uptake compared with the CK treatment. The 

ryegrass N concentration and uptake in the DAP+AC treatment was also significantly (P< 

0.05) higher than DAP and DAP+PC treatments. 

5.3.5. Surface functional groups on AC and PC 

FTIR analysis showed the highest intensity of surface functional groups in AC followed 

by BRS and PC, respectively (Fig. 5.6). The PC spectra only showed a narrow band in 

ranges of 850 – 900 cm−1 (C–H bend, alkenes; phenyl ring) and the BRS spectra indicated 

a few narrow bands at 750 – 850 cm−1 (C–Cl stretch, alkyl halides; S–S disulphide), and 

900 – 1050 cm−1 (=C–H bend, alkenes; P–OR esters). However, AC spectra showed broad 

interval bands between 665 and 1500 cm−1. These observed peaks may be attributed to 

the N−H (primary and secondary amines), C=N stretch (aliphatic and aromatic amines), 

N−O asymmetric and symmetric stretch (nitro compounds) and N−H bend (primary 

amines) vibration (Likhacheva et al. 2002). Moreover, in AC the observed peaks at 1710 

– 1730 cm−1, 1550 – 1610 cm−1 and 3000 – 3650 cm−1 (Fig. 5.6) may be associated with 

the special vibration of C=O carboxylic, C−H phenolic following with the antisymmetric 

stretching vibration of −COC− from aromatic hydrocarbons, and −OH and −NH2 

stretching vibration, respectively (Harlov et al. 2001). As a result, the AC may have 

greater capacity for adsorbing NH4
+ due to the presence of these groups. 
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Table 5.3: Plant biomass and N uptake for different amendment treatments at the end of 

experiment 

Treatment 

Shoot* 

biomass        

(mg pot-1) 

Root biomass       

(mg pot -1) 

Shoot / Root 

biomass ratio              

Root 

length        

(m pot -1) 

Plant biomass 

/ Root length 

(mg m-1) 

Plant N 

concentration      

(mg g-1) 

Plant N uptake       

(mg pot -1) 

CK 191 a** 71 a 2.7 a 22.8 a 11.5 a 13.2 a 3.4 a 

DAP 233 a 52 a 4.5 ab 14.8 a 19.3 b 29.2 b 8.2 b 

DAP + AC 402 b 51 a 7.9 b 22.8 a 19.9 b 34.2 c 15.5 c 

DAP + PC 321 b 51 a 6.3 b 22.1 a 16.8 ab 29.5 b 10.8 b 

* The data reported according to plant dry weight. ** Means followed by different letters 

within a column indicate significant differences between the treatments at P< 0.05. CK = 

Control (without amendments of DAP or biochar); DAP = Di-ammonium phosphate; 

DAP + AC = Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-

ammonium phosphate + pine biochar. 

 

5.4. Discussion 

5.4.1. Effect of acidic and alkaline biochars on NH3 volatilisation and N2O emission 

Biochar addition was found to significantly decrease NH3 volatilisation in BRS 

(DAP+AC; DAP+PC) compared with the DAP only (Figs. 5.3, 5.4). Furthermore, acidic 

biochar (AC) appeared to reduce NH3 volatilisation relative to alkaline biochar (PC). 

Most of the N lost as NH3 (up to 85%) occurred during the very early stage of the 

experiment (i.e. within 24 hours to 7 days). Trends in NH3 volatilisation may be ascribed 

to biochar-induced shifts in soil pH and adsorption capacity of NH3/ NH4
+-N in BRS. 

Application of AC reduced soil pH (from pH 8.3 in CK (BRS only) to 7.8 in DAP+ AC 

treatments), which was consistent with the reduction in NH3 volatilisation (Figs. 5.2, 5.3, 

5.4). Chen et al. (2010) reported that 95% of N applied as DAP to BRS was lost via NH3 
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volatilization within one week due to high pH. Biochar has also been found to increase 

the adsorption of NH3/ NH4
+-N, possibly due to the presence of functional groups on 

biochar surface (Taghizadeh-Toosi et al. 2012b, a). In this study, the presence of 

functional groups on the AC surface [e.g. C=O carboxylic, C−H phenolic, N−H (primary 

and secondary amines), C=N stretch (aliphatic and aromatic amines), N−O asymmetric 

and symmetric stretch (nitro compounds) and N−H bend (primary amines)] appear to 

have made a significant contribution to the higher adsorption of NH3/ NH4
+-N compared 

with the PC and BRS (Fig. 5.6) (See Section 4.2) and consequently reduced NH3 

volatilisation (Figs. 5.3, 5.4). On the other hand, despite the slight increase in pH for the 

DAP+PC treatment (≈0.2 units) compared with the CK (Fig. 5.2), the DAP+PC treatment 

displayed less NH3 volatilisation than the DAP only treatment (Fig. 5.4).  This is likely 

to be due to the presence of functional groups on the PC surface (Fig. 5.6).  

 

Fig. 5.6. FTIR spectra analysis of bauxite-processing residue sand (BRS), aged acidic 

biochar (AC) and pine biochar (PC) used in this study. 

It has been reported by Lee et al., (2006) and Ullah et al., (2008) that soil pH has a 

significant negative correlation with N2O production and acidic soils tend to have higher 
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N2O emissions than alkaline soils (Rochester 2003). Soil pH affects the activity of N2O-

reductase and hence the production of N2O and N2 through denitrification process (Weier 

and Gilliam 1986). Therefore, the higher N2O emission in the DAP+AC treatment in 

comparison with DAP+PC and DAP treatments may have been regulated by its lower pH 

and higher mineral N availability for denitrification during the study period. The 

reduction in BRS pH by 0.5 unit after AC application may have caused the higher activity 

of denitrifying bacteria, which explain the significant role of denitrification process in the 

fate of applied N as DAP fertiliser in BRS, especially in high moisture content (50% 

WHC) of the current experiment. Biochar amendment also has an indirect effect on 

denitrification by reducing oxygen availability and stimulating the soil moisture effect on 

N2O emission. Increased microbial activity in response to biochar addition to BRS, 

combined with high moisture retention capacity of biochar, could reduce oxygen 

availability in soil microsites. Consequently, this may encourage the formation of 

anaerobic conditions, thereby facilitating denitrification and N2O emission. Although 

N2O emission in DAP+AC treatment was 3 times higher than DAP and DAP+PC 

treatments, total N2O emission during the experimental period only accounted for less 

than 0.4% of applied N fertiliser in all treatments. This value is in the lower level of 

Intergovernmental Panel on Climate Change (IPCC) guideline of 1% (from 0.3 to 3%) of 

applied N fertiliser from all cultivated soils (CHANGE-IPCC 2006).  

The NH3/ N2O ratio increased with time (up to 24 hours) across different treatments, and 

then decreased in response to decreasing NH3 volatilization (Fig. 5.3). This indicated that 

the dynamics of N in the early stage (1-2 days) was dominated by NH3 volatilisation, with 

controlled N2O production and emission at later stages of the experiment (Fig. 5.3). 

Biochar addition modified the dynamics of N and associated mechanisms in BRS. Results 

from this study showed for the first time that acidic biochar (AC) reduced NH3 
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volatilisation but increased N2O emission compared with the alkaline biochar (PC) 

amendment and no biochar treatments. The AC amendment reduced pH in BRS and thus 

increased the abundance of nitrifying and denitrification bacteria. These changes in N 

dynamics may play an important role in nutrient cycling in rehabilitated BRS, and further 

field-scale studies are necessary to quantify the impact of biochar on BRS fertility.  

5.4.2. The influence of biochar amendment on N budget in bauxite-processing 

residue sand 

Biochar can potentially affect the rates of N cycling in BRS through changes in conditions 

controlling nitrification and/or denitrification reactions, and improving the adsorption of 

ammonia by enhancing cation exchange capacity in soils (Clough et al. 2010). The BRS 

from the control treatment (CK) had the lowest residue N and mineral N concentrations, 

which may be a consequence of the lack of organic matter, coupled with the limited 

capacity to supply and/or retain N (Courtney et al. 2008, Jones et al. 2010).  Addition of 

organic matter such as biochars can increase the N content of BRS (Clough et al. 2010, 

Lehmann et al. 2011) as evident in this study, where AC and PC greatly elevated the 

amount of mineral N and residue N in BRS (p ≤ 0.05) (Fig. 5.5).   

FTIR spectral analysis showed that PC had just a narrow band in ranges of 850 – 900 

cm−1 (C–H bend, alkenes; phenyl ring), which may not play a significant role in NH4
+ 

sorption. This behaviour of PC is consistent with the very low residue N content in the 

DAP+PC treatment by the end of experiment. In contrast, spectral analysis showed 

significant electrostatic interactions between NH4
+ and the activated functional groups on 

surfaces of AC. Ammonium had a high coordination affinity to oxygen- and nitrogen-

bearing functional groups. For example, the vibration peaks at 665 and 1500 cm−1 

indicated that their adsorption can be related to coordination through N−H (primary and 
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secondary amines), C=N stretch (aliphatic and aromatic amines), N−O asymmetric and 

symmetric stretch (nitro compounds) and N−H bend (primary amines) groups that exist 

on the surface of AC (Harlov et al. 2001). The AC, as an aged biochar, showed a specific 

band in ranges of 3000 – 3400 cm−1 on its surface which is related to phenolic −OH and 

−NH2 stretching vibrations, resulting in a stronger conjugate and diffusion effect on NH4
+ 

sorption. This is in agreement with the findings of Wang et al. (2015) reporting that 

sorption of NH4
+ was greatly related to acidic functional groups (phenolic −OH and 

carboxyl C=O). The presence of oxygen-containing functional groups on the AC surface 

resulted in effective exchangeable sites for the NH4
+-N sorption. Therefore, the higher 

residual N content in the AC in comparison with PC can be attributed to the presence of 

oxygen-containing functional groups on the AC which are complexed and intercalated 

with NH4
+ on the surface or between layers via hydrogen being bonded to oxygen 

containing group (Bernal and Lopez-Real 1993). While this study has demonstrated the 

benefits of acidic biochar (AC) as an amendment to BRS, it has also provided critical 

information on the suitability of DAP as an N fertiliser in rehabilitation on alkaline plant 

growth medium such as BRS. The findings of this study indicated that pH was one of the 

main regulating factors of N availability and plant uptake as well as growth response by 

ryegrass in the early stages of BRS rehabilitation. The application of AC biochar with 

low pH (Table 5.1) revealed better N availability, leaf N uptake and dry matter yield 

(Tables 5.2, 5.3 and Fig. 5.5) than alkaline PC biochar. Given these results, mechanisms 

that would reduce the alkalinity of BRS should be given a-priori in developing 

rehabilitation protocols, and in particular, fertiliser applications should be timed to 

coincide with BRS pH values which maximise N retention and plant availability (Goloran 

et al. 2014c). 
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5.4.3. Effect of biochar application on plant growth and N dynamics 

Understanding nutrient dynamics in non-typical soil materials such as bauxite-processing 

residue sand (pH > 10; EC > 30 dS m-1) is critical for developing fertilisation or organic 

amendment strategies, and in evaluating ecological restoration performance.  Indices 

relating soil N concentration to plant N uptake are well-established in natural soils, but 

their mechanism in non-typical soils (e.g. alkaline BRS) has received little attention. The 

application of biochars (AC and PC) to BRS in the presence of mineral N fertiliser (DAP 

at rate of 2.7 t h-1) produced the highest dry matter, leaf N concentration and N uptake by 

ryegrass, which were significantly (P ≤ 0.05) higher than other treatments (CK and DAP), 

suggesting the great potential of biochars in providing stability of applied N fertilizer in 

BRS. In addition, our findings suggested that biochar amendment to BRS not only 

increased ryegrass growth, but also improved the N supplying capacity of BRS for a 

sustainable rehabilitation. It is concluded that AC and PC amendment in combination 

with sufficient inorganic fertiliser (such as DAP) may significantly improve plant growth 

performance and provide a sustainable source of N for vegetation establishment in 

bauxite-residue storage areas. The results also indicated that total bioavailable N in 

different treatments were strongly associated with N uptake by ryegrass, with highest 

residual and mineral N contents in DAP+AC treatment and consequently highest plant 

biomass N content in this treatment. This could be attributed to the predominance of 

NH4
+-N adsorption to AC surface, which becomes the main source of N uptake by 

ryegrass. This is supported by findings of Tagliavini et al. (1995), Clarkson and Warner 

(1979), and Watson (1987), which reported ryegrass preference for NH4
+ uptake under 

solution culture and pot trial studies.  
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Previous studies have indicated the significance of NH3 volatilisation from inorganic 

fertilizers such as DAP in alkaline soils (Devine and Holmes 1964, Fenn et al. 1981, Ali 

and Stroehlein 1991). The preferential uptake of cationic over anionic forms of nutrients 

by plants, and more rapid uptake of NH4
+ over NO3

- has also been documented in some 

cases (Clarkson et al. 1986, Atwell 1992). The AC biochar application significantly 

improved the bioavailability of N in BRS by increasing the sorption and retention of 

NH4
+-N in its exchange sites (Pak et al. 2002).  As a result, the DAP+AC treatment 

showed significantly higher residual N content than other treatments by the end of 

experiment, followed by DAP+PC, DAP and CK treatments. The growth response of 

ryegrass observed in this study was consistent with the findings of Bowman (2003) who 

observed a substantial increase in shoot biomass and a decrease in root biomass of 

ryegrass with increasing residual N rate. The highest plant biomass observed in the 

DAP+AC treatment may be a response of ryegrass to uptake more available soil N due to 

manipulation of BRS alkaline environment by application of aged acidic biochar (Chen 

et al. 2003, Chen et al. 2004). The amendment of BRS by both AC and PC biochars 

resulted in higher plant biomass when compared with CK and DAP treatments. This 

finding indicates the efficiency of biochar application as an amendment to provide more 

sustainable N availability for optimum plant growth in highly alkaline BRS environment. 

It can also be concluded that combined application of AC and NH4
+ based mineral 

fertilisers (such as DAP) has a great potential to alleviate N deficiency in BRS storage 

areas by improving sustainable N availability for plants growth due to retaining more 

NH4
+ in the AC exchange sites. Future studies looking into the nitrification and 

immobilization rates of applied N fertilizer in organically amended BRS may be 

warranted. 
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5.5. Conclusions 

This study has shown that incorporation of biochar (alkaline and acidic) into BRS 

significantly modified the availability and pathways of N in alkaline BRS. Aged acidic 

biochar decreased NH3 volatilisation but increased N2O emission, while alkaline biochar 

had higher NH3 volatilisation and lower N2O emission compared with the acidic biochar 

treatment. These biochar-induced changes in the dynamics of N could be accounted for, 

by the shifts in acid-base reaction and adsorption capacity of NH4
+-N as a result of 

application of different biochars. Acidic biochar resulted in lower pH in BRS, while 

alkaline biochar increased pH in BRS. In addition, acidic biochar had larger quantity of 

oxygen-containing functional groups on its surface compared with alkaline pine biochar, 

contributing greatly to the higher adsorption of NH4
+-N. This study has provided critical 

information on the varying effects of different biochars on the dynamics of N in alkaline 

growing medium such as residue sand. These findings also provide excellent baseline 

information for selecting and timing the application of inorganic fertilisers susceptible to 

loss through volatilisation and denitrification, and should be considered in planning 

rehabilitation prescriptions for residue sand.  
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Chapter 6 

Rhizosphere nutrient dynamics in bauxite-processing residue sand 

under rehabilitation: effects of biochar amendment and water stress 

 

6.1. Introduction 

Poor physiochemical properties of unweathered bauxite-processing residue sand (BRS) 

such as its high alkalinity, saline and sodic nature, low water holding capacity and nutrient 

retention, high leaching potential and negligible microbial activity as well as weak 

aggregate structure, restricts plant growth (Gherardi and Rengel 2003a, Menzies et al. 

2004, Jones et al. 2010). Application of large quantities of inorganic and organic 

amendments to BRS may supply essential nutrients for plant growth in the short term, but 

in the longer term, nutrient deficiencies can occur (Thiyagarajan et al. 2009, Thiyagarajan 

et al. 2011). Therefore, establishing a sustainable ecosystem on BRS will be dependant, 

in part, on water and nutrient dynamics (Gwenzi et al. 2011, Goloran et al. 2014a). 

Incorporation of organic amendments like biosolids, manure, compost and biochar to 

BRS has been found to improve its properties by increasing nutrient availability 

(Thiyagarajan et al. 2011, Goloran et al. 2014c), water holding capacity (Munshower 

1994, Courtney et al. 2009) and microbial activity (Jones et al. 2010). These 

physiochemical changes are likely to ameliorate ecological rehabilitation of BRS disposal 

areas (Jones et al. 2011). 

Nitrogen availability is recognised as one of the main limiting factors for biological 

activity and vegetation establishment in BRS highly alkaline environment. The applied N 

would be rapidly lost form soil profile either by NH3 volatilization or NO3
- leaching (Chen 
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et al. 2010, Phillips and Chen 2010). Goloran et al. (2014c) found biochar incorporation 

into BRS enhanced N retention due to biochar being able to provide a longer resistance 

time against decomposition process than other commonly used organic materials. 

Therefore, its application may help to establish a sustainable microbial community in the 

early stages of BRS rehabilitation (Zhu et al. 2016).  

The presence of plants can markedly affect the chemical and biological properties of the 

soil-plant root zone. Considering the low water holding capacity of bauxite residue sand, 

drought stress may also cause significant difficulties for revegetating plants during hot 

summer months in regions like southwestern Australia. Currently, little information is 

available regarding the interactions between biochar amendments and plant root 

behaviour in rhizosphere. Therefore, the main objectives of this study were to: (1) 

investigate the coupled effects of nutrient and water stress on rehabilitation performance 

of unweathered BRS in the rhizosphere and non-rhizosphere components of a BRS profile 

(2) evaluate the effectiveness of biochar amendment on N bioavailability and plant 

growth under different moisture regimes. The underlying hypotheses were: (a) the 

physiochemical interactions between applied mineral N and biochars and consequently 

plant growth would be affected by different moisture regimes. (b) biochar biochemical 

characteristics would reduce NH3 volatilization, but may not significantly affect 

microbially driven nitrification and denitrification processes. 

 

6.2. Materials and Methods 

6.2.1. Bauxite-processing residue sand and biochar physicochemical properties 
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“Fresh” (unweathered and untreated) BRS was collected from Alcoa’s Kwinana Refinery 

residue storage area (32° 11' S, 115° 49' E), Western Australia. Field samples were air-

dried prior to sieving, with the <2 mm size fraction retained for this experiment. The BRS 

contained 98% sand, 1% silt and 1% clay with initial pH of 11.3 (1:5 water), EC of 34×104 

(µS cm-1), and water holding capacity (WHC) of 254 g kg-1 (Table 6.1). To simulate 

Alcoa’s current rehabilitation prescription, the BRS was amended with gypsum at 1% 

(w/w basis), rewetted to 60% WHC and incubated for two weeks to allow reaction. After 

incubation, the gypsum amended BRS was transferred to a leaching chamber and slowly 

leached with a volume of distilled water equivalent to average annual rainfall of the 

Kwinana area (i.e.758 mm). Leaching was undertaken to remove much of the pore-water 

salinity and alkalinity, and involved five leaching events. The pH and EC of the BRS 

were measured before and after each leaching event. 

Two biochars with different physiochemical characteristics, namely acidic aged 

eucalyptus biochar (AC) and alkaline pine biochar (PC), were selected for this 

experiment. The AC biochar was produced during a wildfire in 1969 at Peachester State 

Forest (26°50′S, 152°53′E), Sunshine Coast hinterland of Queensland, Australia, with a 

pH of 3.1 and high NH4
+- adsorption capacity.  The PC biochar was produced at 700 °C 

with the final resident time of 1 hour under an oxygen free condition. The resulting 

biochar exhibited a pH of 8.6 and high NO3
-- adsorption capacity (Table 6.1). 
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Table 6.1: Selected initial properties of BRS and applied biochars 

 

Pyrolysis 

temperature       

(°C) 

Moisture 

(%) 

BET  

(m2 g-1) 

ρb       

(g cm-3) 

pH 

(1:5) 

EC 

 (dS m-1) 

Total 

C      

(%) 

Total 

N      

(%) 

NH4
+-N 

(mg kg-1) 

NO3
—N 

(mg kg-1) 

AC 350 - 550 4.4 108 0.54 3.1 0.11 51.7 0.16 19.9 1.1 

PC 700 7.5 382 0.27 8.6 0.32 81.6 0.16 0.11 0.61 

BRS ND 4.5 ND 1.70 11.3 34.00 0.07 0.01 ND ND 

BRS = bauxite-processing residue sand; AC = acidic aged biochar; PC = pine biochar; 

BET = BET surface area; ρb = bulk density; ND = not detectable. 

 

6.2.2. Growth chamber preparation and experimental design 

The cylindrical polyethylene growth chamber specially designed for this experiment was 

12 cm in diameter and 12.5 cm in height. This chamber comprised of three concentric 

compartments that effectively separated (but not isolated) the BRS into either a rooting 

zone or a non-rooting zone. The rooting zone (or rhizosphere) comprised the inner circle 

with the radius extending from the centre to 3 cm out (i.e. 0-3 cm radius). The non-rooting 

zone was separated into two sections - root-free zone 1 (3-4 cm radius) and root-free zone 

2 (4-6 cm radius). Each zone was separated using weaved stainless steel frames covered 

with 40 µm polyethylene mesh (Fig. 6.1). Detachable transparent polyethylene gas 

chambers specially designed for measuring NH3 volatilization and greenhouse gas 

emissions (CO2 and N2O emissions from total growth chamber and root zone areas). The 

base chamber was designed to be a water-proof pot, while upper chambers were 

connected to the base using an elastic rubber band and high vacuum silicon grease to 

ensure an airtight the gap between the chambers during gas sampling events. 

The study employed four moisture regimes (50%, 40%, 20% and 7.5% water holding 

capacity) with three replicates, these being (1) CK: BRS (1580 g pot-1) without adding N 
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fertiliser and biochar; (2) DAP only: BRS (1580 g pot-1) plus 177.2 mg N pot-1, equivalent 

to 574.2 kg N ha-1 as Di-ammonium phosphate; (3) BRS (1580 g pot-1) plus DAP + AC: 

Di-ammonium phosphate + AC (the same rate of DAP plus 26.33 g pot-1, equivalent to 

85.0 ton ha-1 AC in the top 30 cm); and (4) BRS (1580 g pot-1) plus DAP + PC: Di-

ammonium phosphate + PC (the same rate of DAP plus 13.17 g pot-1, equivalent to 42.5 

ton ha-1 PC in the top 30 cm). 

 

 

 

Fig. 6.1: Schematic presentation of the growth chambers (rhizobox) designed for water 

stress study. 

 

The AC and PC biochars were added to BRS at a ratio of 1:20 (i.e. 5% on a v/v basis) and 

mixed thoroughly by end-over-end shaking for 24 hours. The moisture content of each 

treatment was adjusted to 25% WHC (WHC = 25.4% moisture for BRS, 29.1% moisture 

for BRS + AC and 30.3% moisture for BRS + PC) using distilled water and Hoagland 

solution (120.4 ml per pot containing 235 mg L-1 K, 200 mg L-1 Ca, 31 mg L-1 P, 64 mg 
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L-1 S, 48 mg L-1 Mg, 0.5 mg L-1 B, 5 mg L-1 Fe, 0.5 mg L-1 Mn, 0.05 mg L-1 Zn, 0.02 mg 

L-1 Cu and 0.01 mg L-1 Mo, without N source); the latter to provide essential nutrients for 

plant growth. Treated samples were then pre-incubated for one week at 25 °C, after which 

the moisture content of each sample adjusted to 50% WHC. Distilled water and DAP 

solution were used as the solutions for control and fertilised treatments, respectively. The 

pre-treated samples were transferred to growth chambers (50% W/W in the root zone, 

17% W/W in root-free zone 1 and 33% W/W in root-free zone 2) and 20 Wimmera rigid 

ryegrass (Lolium rigidum) seeds, which had been soaked in distilled water overnight, 

were sown in the root zone of each chamber. The root zone is defined as the area that is 

in close contact with ryegrass roots and their exudates, while the root-free zone 1 as the 

area that is not in contact with growing plant roots but affected by their exudates and the 

root-free zone 2 as the area that is not affected by growing plant roots and their exudates 

during the experimental period. 

The BRS in the chamber was maintained at 50% WHC (by adding distilled water every 

three days) for the first 77 days of the experiment to help the establishment of ryegrass 

plants before applying water stress to the treatments (Fig. 6.2). In the second phase of 

experiment (days 77 to 116), the BRS moisture was either continuously maintained at 

50% WHC or gradually reduced to 40%, 20% and 7.5% WHC. The study was carried out 

at 22 ± 2°C and terminated after 116 days and the plants were harvested at this time.  
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Fig. 6.2: Treatments moisture fluctuation at water stress during the study period. WHC 

= Water holding capacity. 

 

6.2.3. Measurement of NH3 volatilization and greenhouse gas emissions 

Ammonia (NH3) volatilization was measured using the sponge trap method modified by 

Chen et al. (2010). The sponges were uniformly moistened with 10 ml of trapping solution 

(173 ml L-1 concentrated sulfuric acid and 60 ml L-1 glycerol) and placed inside the trap 

(He et al. 1999). The sponges were sampled after incubation periods of 1, 4, 7 and 14 

days, respectively. After this initial two weeks, NH3 volatilization was monitored on the 

2nd and 5th day of each week for the remainder of the experiment (incubation time of 16 

h). Ammonia captured by the sponge trap was extracted using 2 M KCl (1:10 ratio). 

Extraction involved shaking the sponge/KCl suspension end-over-end shaker for 1 hour 

and then filtering the supernatant through a Whatman 42 filter paper. The NH4
+-N 

concentration in the supernatant was determined using a SmartChem®200 Discrete 

Chemistry Analyser (WESTCO Scientific Instruments Inc.). 
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Greenhouse gas sampling was undertaken every 1 to 7 days depending on the expected 

levels of CO2 and N2O emissions. In each sampling event gas samples were collected 

form the growth chamber’s headspaces (as well as root zone area between days 25 to 31) 

in three replicates, one hour after closure of the chamber using a 25 mL gas-tight syringe, 

and immediately transferred to pre-evacuated 12 mL glass vials (Exetainer, Labco Ltd, 

High Wycombe, UK). The CO2 and N2O concentrations of the samples were analysed 

using a gas chromatograph (Shimadzu GC-2010 Plus). The linearity test on CO2 and N2O 

concentrations increase were performed on several sampling events during the study by 

sampling gas concentrations every 30 minutes for 1.5 hours after the chamber closure 

(Rezaei-Rashti et al. 2015). The CO2 and N2O emissions from all treatments showed a 

linear trend during the measurement period. The values for days without sampling were 

estimated by arithmetic mean of the measurements on the two closest days and the 

cumulative emission for each treatment was calculated by summing the daily emissions. 

6.2.4. Bauxite-processing residue sand and plant analysis 

The above- and below-ground biomass of the plants was measured at the end of 

experiment. Root lengths of ryegrass were estimated using a modified line intersect 

method (Tennant 1975). Total C (TC) and N (TN) contents of ryegrass and BRS were 

measured by dry combustion using a LECO CN analyser (TruMac NO. 830-300-400). 

The pH and EC of BRS (1:5 distilled water) were measured using a glass electrode 

(Rayment and Lyons 2011). The NO3
--N and NH4

+-N concentrations in BRS samples 

were determined by SmartChem®200 Discrete Chemistry Analyser (WESTCO Scientific 

Instruments Inc.). Microbial biomass C (MBC) and N (MBN) were determined using the 

chloroform fumigation-extraction method (Vance et al. 1987). Both non-fumigated and 

chloroform fumigated fresh soil samples were extracted with 0.5 M potassium sulphate 
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(K2SO4). The MBC and MBN were calculated as the difference in soluble organic C and 

N between non-fumigated and chloroform fumigated samples, respectively. Dissolved 

organic C (DOC) and N (DON) of samples as well as their inorganic C (IC), were 

extracted with 0.5 M K2SO4 and the concentrations measured using a TOC/N analyser 

(Shimadzu TOC-VCSH/CSN). The BRS and plant analysis included three replicates from 

each treatment and the results were expressed on an oven-dry basis. 

6.2.5. Data processing and statistical analysis 

Statistical analysis was performed by two-way analysis of variance using the IBM SPSS 

Statistics 23 software package. The differences at P ≤ 0.05 between treatments using LSD 

test were considered statistically significant and all variables were tested for normality of 

distribution using Kolmogrov-Smirnov test. Stepwise multiple linear regression analysis 

was conducted to identify relationships between NO3
-, NH4

+, MBC and MBN 

concentrations and other biochemical properties of treatments at different layers and 

moisture conditions at the end of experiment. 

 

6.3. Results and Discussion 

6.3.1. Soil pH and EC as affected by nitrogen and biochar amendments under water 

stress condition 

Two-way ANOVA for pH values within the three BRS root zones (root and root free 

zones) showed that inside the root zone, pH was influenced mainly by the individual 

treatments (Table 6.2), while in root-free zones pH values were influenced by treatment 

and moisture content interactions. Although there were no significant differences between 

pH values for different moisture levels in root zone, 40% and 20% WHC levels showed 
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the highest and lowest pH values (P< 0.05), respectively (Table 6.3). Comparing different 

treatments in all layers suggested there was no significant difference between DAP and 

CK treatments while PC and AC amendments significantly (P< 0.05) increased and 

decreased pH values compared with DAP and CK, respectively. The reduction of pH 

values by AC application would be expected to also lower concentrations of OH- and 

HCO3
- compounds in soil solution, which has been reported to have phytotoxic effects 

(Kopittke and Menzies 2005). It should also be noted that residue sand has a significant 

buffering capacity against changes in pH; therefore more research into optimum biochar 

application rates to achieve successful rehabilitation is warranted. 

Soils with EC values of 6 to 15 dS m−1 (saturated moisture extraction) are considered as 

highly saline (Shaw 1999) and EC values more than 4 mS cm-1 reported to significantly 

affect normal plant growth (Williamson et al. 1982). However, BRS amended with 

synthetic fertiliser and biochars did not pose a salinity threat to ryegrass germination and 

growth in the current experiment. Significant (P< 0.05) effect of treatments, moisture 

levels and their interactions were observed on EC values in BRS zones. The 50% WHC 

level showed the highest (P< 0.05) EC values within the root zone, while highest EC 

values in root-free zones were observed at 7.5% WHC. Comparing different treatments 

in all BRS zones implied that the application of acidic biochar (DAP+AC) to BRS 

decreased (P< 0.05) EC values in comparison will CK, DAP and DAP+PC treatments. 
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Table 6.2: ANOVA for the effects of different treatments and moisture levels on BRS 

biochemical characteristics at water stress experiment 

Effect Moisture level Treatment Moisture level × treatment 

pH (RZ) ns ***** ns 

pH (RFZ1) ***** ***** ***** 
pH (RFZ2) ***** ***** ***** 

EC (RZ) ***** ***** ***** 
EC (RFZ1) ***** ***** ***** 
EC (RFZ2) ***** ***** ***** 
NO3

--N (RZ) ***** ***** ***** 
NO3

--N (RFZ1) ***** ***** ns 

NO3
--N (RFZ2) ns ***** ***** 

NH4
+-N (RZ) ns ***** ns 

NH4
+-N (RFZ1) ns ***** ***** 

NH4
+-N (RFZ2) ns ***** ***** 

DOC (RZ) ***** ***** ***** 
DOC (RFZ1) ns ***** ***** 
DOC (RFZ2) ns ***** **** 

DON (RZ) ***** ***** ***** 
DON (RFZ1) ***** ***** ***** 
DON (RFZ2) ns ***** ns 

IC (RZ) ns ***** ***** 
IC (RFZ1) ns ***** ***** 
IC (RFZ2) ns ***** ***** 
MBC (RZ) ***** ***** ***** 
MBC (RFZ1) ***** ***** ***** 
MBC (RFZ2) ***** ***** ***** 
MBN (RZ) ***** ***** ***** 
MBN (RFZ1) ***** ***** ***** 
MBN (RFZ2) ***** ***** ***** 
Total C (RZ) ns ***** ***** 
Total C (RFZ1) ***** ***** ***** 
Total C (RFZ2) ns ***** ***** 
Total N (RZ) ***** ***** ***** 
Total N (RFZ1) ***** ***** ***** 
Total N (RFZ2) ***** ***** ***** 

**** Means significant at P≤ 0.05, n = 48; ns = Not significant; DOC = Dissolved organic 

C; DON = Dissolved organic N; IC = Inorganic C; MBC = Microbial biomass C; MBN 

= Microbial biomass N; RZ = Root zone; RFZ1 = Root-free zone 1; RFZ2 = Root-free 

zone 2. 
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Table 6.3: The pH and EC values at root zone and root-free zones of water stress 

treatments at the end of experiment 

Moistu

re 
Treatment 

pH          

(RZ) 

pH          

(RFZ1) 

pH          

(RFZ2) 

EC** 
µs cm-1    
(RZ) 

EC** 
µs cm-1      
(RFZ1) 

EC** 

µs cm-1          
(RFZ2) 

50% 

WHC 

 

CK 8.26 cde* 8.29 cd 8.34 b 250 abc 286 ab 348 cde 

DAP 
8.19 

cdefg 
8.16 de 8.18 e 266 ab 305.7 a 297 ef 

DAP + 

AC 
7.76 i 7.81 f 7.89 h 266 ab 207 de 240 fgh 

DAP + 

PC 
8.54 a 8.57 a 8.54 a 248 abc 231 cd 248 fg 

40% 

WHC 

 

CK 8.33 bcd 8.29 cd 8.32 bc 260 abc 328 a 363 abcd 

DAP 
8.20 

cdefg 
8.19 de 8.20 de 271 a 310 a 345 cde 

DAP + 

AC 
8.01 gh 8.16 de 8.09 fg 174 gh 164 ef 188 hi 

DAP + 

PC 
8.49 ab 8.60 a 8.51 a 196 fg 204 de 236 gh 

20% 

WHC 

 

CK 8.21 cdef 8.16 de 8.26 cd 214 def 244 bcd 361 bcd 

DAP 8.10 efgh 8.16 de 8.25 cd 232 cde 301 a 411 ab 

DAP + 

AC 
8.00 h 7.95 f 8.09 g 143 h 126 f 163 i 

DAP + 

PC 
8.34 abc 8.42 bc 8.47 a 192 fg 250 bcd 313 de 

7.5% 

WHC 

 

CK 
8.19 

cdefgh 
8.27 d 8.31 bc 207 efg 330 a 372 abc 

DAP 
8.15 

defgh 
8.26 d 8.31 bc 207 efg 280 abc 378 abc 

DAP + 

AC 
8.04 fgh 8.11 e 8.16 ef 241 abcd 307 a 406 ab 

DAP + 

PC 
8.34 bcd 8.47 ab 8.52 a 233 bcde 319 a 419 a 

* Means followed by different letters within a column indicate significant differences 

between the treatments at P< 0.05. CK = Control; DAP = Di-ammonium phosphate; DAP 

+ AC = Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium 

phosphate + pine biochar; WHC = Water holding capacity; RZ = Root zone; RFZ1 = 

Root-free zone 1; RFZ2 = Root-free zone 2. 
** EC was measured through 1:5 in soil:Water. 
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6.3.2. Soil mineral nitrogen as affected by nitrogen and biochar amendments under 

water stress condition 

Nitrate (NO3
-) concentrations in the three BRS root zones (Table 6.4) generally were 

significantly (P< 0.05) influenced by individual treatment, moisture level and their 

interactions(except root-free zone 2 which only responded to different treatments). 

Comparing different moisture levels indicated that BRS with close contact to plant roots 

and their exudates (RZ and RFZ1), higher moisture regimes (50% and 40% WHC) 

contained more (P< 0.05) NO3
- than lower moisture regimes (20% and 7.5% WHC). 

However no significant differences were observed in root-free zone 2 with slightly higher 

(P> 0.05) NO3
- concentration in 20% and 7.5% WHC moisture regimes. Biochar 

application in DAP+AC and DAP+PC treatments also significantly (P< 0.05) increased 

NO3
- retention in BRS rooted and non-rooted zones compared with the DAP treatment. 

This can be partly attributed to the higher nitrification activity in BRS in the presence of 

biochar amendment, which has been reported to be extremely low in single application 

of inorganic N fertiliser to BRS with high salinity and Na concentrations (Chen et al. 

2010). Ammonium (NH4
+) concentrations in BRS was appear to be influenced by the 

imposed treatment, while there were no significant differences between NH4
+ 

concentration for different moisture levels. In contrast to NO3
- observations, biochar 

amendment decreased (P< 0.05) NH4
+ concentration in rooted and non-rooted zones of 

BRS in comparison with DAP treatment (except root-free zone 2 which showed no 

significant differences between DAP and DAP+AC treatments). Lu (2003) and Bolan and 

Hedley (2003) reported that NH4
+ assimilation by plant roots may release hydrogen ions 

to the rhizosphere through root exudates. This may increase the rate of acidification of 

rhizosphere, thereby increasing the rate of in-situ remediation and improving the long 

term performance of rehabilitation. 



 Chapter 6                                                                                                                       145 
__________________________________________________________________________________________________________ 

 

Table 6.4: The NO3
--N and NH4

+-N concentrations at root zone and root-free zones of 

water stress treatments at the end of experiment 

Moistu

re 
Treatment 

NO3
--N    

mg kg-1          

(RZ) 

NO3
--N    

mg kg-1          

(RFZ1) 

NO3
--N    

mg kg-1          

(RFZ2) 

NH4
+-N    

mg kg-1    
(RZ) 

NH4
+-N    

mg kg-1      
(RFZ1) 

NH4
+-N      

mg kg-1          
(RFZ2) 

50% 

WHC 

 

CK 0.06 f* 0.06 e 0.27 d 5.01 cde 5.30 bcde 5.07 cdef 

DAP 10.24 cd 12.82 cd 13.31 c 6.26 bc 5.80 bc 5.89 cdef 

DAP + 

AC 
29.84 a 26.83 a 27.42 b 5.00 cde 4.38 cde 5.10 cdef 

DAP + 

PC 
30.01 a 28.66 a 32.19 ab 5.11 cde 5.64 bcd 5.38 cdef 

40% 

WHC 

 

CK 0.18 f 0.13 e 0.11 d 4.70 de 4.63 cde 5.52 cdef 

DAP 11.61 cd 14.35 bcd 15.86 c 7.67 ab 7.02 ab 6.65 abcd 

DAP + 

AC 
20.78 ab 26.21 a 30.07 ab 5.01 cde 4.94 cde 5.42 cdef 

DAP + 

PC 
18.07 bc 15.36 bcd 15.61 c 4.77 cde 5.12 bcde 5.16 cdef 

20% 

WHC 

 

CK 0.01 f 0.01 e 0.06 d 4.34 e 4.26 de 4.75 def 

DAP 3.71 e 6.11 de 8.21 cd 8.74 a 8.16 a 8.42 a 

DAP + 

AC 
12.34 bcd 20.22 abc 38.06 a 5.18 cde 4.82 cde 6.31 bcde 

DAP + 

PC 
15.93 bc 21.27 abc 34.51 ab 5.07 cde 4.98 bcde 4.62 ef 

7.5% 

WHC 

 

CK 0.07 f 0.16 e 0.06 d 4.05 e 4.43 cde 4.97 cdef 

DAP 2.62 e 6.47 de 5.37 cd 6.95 ab 7.86 a 6.86 abc 

DAP + 

AC 
7.13 de 14.90 bcd 33.07 ab 6.10 bcd 6.73 ab 7.89 ab 

DAP + 

PC 
14.66 bcd 23.19 ab 39.66 a 4.81 de 4.17 e 4.16 f 

* Means followed by different letters within a column indicate significant differences 

between the treatments at P< 0.05. CK = Control; DAP = Di-ammonium phosphate; DAP 

+ AC = Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium 

phosphate + pine biochar; WHC = Water holding capacity; RZ = Root zone; RFZ1 = 

Root-free zone 1; RFZ2 = Root-free zone 2. 
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6.3.3. The NH3 volatilization and greenhouse gas emissions as affected by nitrogen 

and biochar amendments under water stress condition 

The Ammonia (NH3) volatilization is one of the major N loss pathways in BRS 

rehabilitation due to the strong acid-base reaction at high pH (Chen et al. 2010). The 

biochar amendment in both DAP+AC and DAP+PC treatments decreased (P< 0.05) 

cumulative NH3 volatilization compared with DAP treatment (Fig. 6.3), while 

incorporation of acidic biochar (DAP+AC) had higher (P< 0.05) impact on reducing NH3 

volatilization than alkaline pine biochar (DAP+PC) treatment. The stronger mitigating 

effect of AC biochar on NH3 volatilization can be explained by its higher NH4/NH3 

absorption capacity and reducing effect on pH values of highly alkaline BRS. Chen et al. 

(2013) showed the interaction of changes in pH and adsorption capacity induced by 

biochar application regulated the availability and dynamics of applied N to BRS amended 

with mineral fertiliser.  

As the majority of NH3 volatilization in this experiment occurred in the first three weeks 

of the experiment, which all treatments were under the same moisture regime, there were 

no differences between NH3 volatilization under different water stress conditions. 

Therefore, only one data set is reported for NH3 volatilization (Fig. 6.3) from all moisture 

regimes. These results are consistent with those of Chen et al. (2010) who reported a loss 

of 40 to 90% of applied N, as mineral fertiliser, via NH3 volatilization in the alkaline BRS 

within the first seven days of the experiment. The formation of micro-pores in the internal 

layers of biochars during the pyrolysis, may increase their capacity to strongly fix 

available cations in the soil solution phase (Chan and Xu 2009). However, the rate of 

release (or desorption) of this fixed NH4/NH3 from biochar internal surfaces 

(unextractable by 2 M KCl) in response to changes in ionic composition of the soil 
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solution (via mineral dissolution/precipitation reactions, leaching losses, external nutrient 

inputs, plant uptake etc.) and wetting and drying cycles, warrants further investigation in 

terms of nutrient availability and supplying capacity. 

Past research has shown the type and number of microbial species involved in nutrient 

availability, transformation and cycling in BRS play a critical role in rehabilition 

performance on BRS (e.g. Banning et al. (2011) and Goloran et al. (2014c). This was also 

observed in our study where, contrary to our initial hypothesis, a rapid increase (over a 1 

– 2 month period) microbial activity increased, especially with respect to nitrification and 

denitrification. Furthermore, biochar application increased (P< 0.05) cumulative N2O 

emissions in both DAP+AC and DAP+PC compared with DAP treatment. There were no 

significant differences in N2O emissions among different moisture regimes, although 

50% WHC showed slightly higher (P> 0.05) cumulative N2O emissions (Table 6.4). The 

N2O-N / NH3-N ratios in all treatments were closely related to the cumulative NH3 

volatilisation with the lower ratios observed in DAP and DAP+PC compared with CK 

and DAP+AC treatments. 

The cumulative net CO2 emissions were regulated by both biochar application and 

moisture levels. Comparing different treatments showed that AC amendment 

significantly (P< 0.05) increased net CO2 emissions compared with other treatments, 

while the differences between DAP+PC, DAP and CK treatments were not statistically 

significant (Table 5). Although these results are in agreements with findings by Jones et 

al. (2012) who reported a C limitation for microbial CO2 production in bauxite residue, 

the reason behind different CO2 production rates after AC and PC biochars application to 

BRS remains unclear. The lower moisture regimes (7.5% and 20% WHC) also produced 

significantly higher net CO2 emissions than treatments with higher moisture levels (50% 
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and 40% WHC). The results indicated higher (P< 0.05) NH3-N / net CO2 ratios in DAP 

compared with biochar applied treatments, with higher (P< 0.05) ratios in DAP+PC than 

DAP+AC. In contrast to this, N2O-N / net CO2 ratios in DAP+AC and DAP+PC were 

higher (P< 0.05) than DAP and CK treatments. 

Comparing daily N2O emissions between root zone and total growth chamber area during 

days 25 to 31 of the experiment showed significantly lower (P< 0.05) N2O emissions form 

root zone of DAP+AC as affected by plant roots and their exudates, while no significant 

differences observed in other treatments (Fig. 6.4). On the other hand, daily CO2 

emissions from the rhizosphere during the same period of time indicated higher (P< 0.05) 

CO2 emissions for all treatments. The increase in microbial respiration has been reported 

as one of the main indicators of successful remediation of contaminated soils (Dawson et 

al. 2007). The resulting CO2 produced within the BRS profile can partially dissolve in 

water to form carbonic acid (H2CO3) and subsequently ameliorate alkaline BRS by 

reducing pH (Santini et al. 2015). 
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Fig. 6.3: Cumulative NH3 volatilization and N2O emission from Water stress treatments 

during the experimental period. Vertical bars are standard error of three replicates. CK = 

Control; DAP = Di-ammonium phosphate; DAP + AC = Di-ammonium phosphate + 

acidic aged biochar; DAP + PC = Di-ammonium phosphate + pine biochar. 
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Table 6.5: The cumulative NH3-N volatilization and N2O-N and net CO2 emissions at 

water stress treatments 

Moisture Treatment 

NH3-N 

volatilization        

(mg kg-1) 

N2O-N 

emission       

(mg kg-1) 

Net CO2 

emission       

(mg kg-1) 

N2O-N / 

NH3-N ratio 

NH3-N / Net 

CO2 ratio 

N2O-N / Net 

CO2 ratio 

50% 

WHC 

 

CK 0.36 d* 0.005 e 76.68 def 0.013 bc 5×10-3 e 7×10-5 f 

DAP 87.30 a 0.073bcd 77.63 cde 0.001 e 1.13 b 0.001 bcdef 

DAP + AC 17.12 c 0.361 a 205.19 a 0.021 a 0.08 e 0.002 ab 

DAP + PC 65.61 b 0.144 b 60.36 ef 0.002 e 1.14 b 0.003 a 

40% 

WHC 

 

CK 0.36 d 0.006 e 58.56 f 0.017 ab 0.01 e 1.3×10-5 f 

DAP 87.30 a 0.037 d 60.00 ef 0.001 e 1.45 a 
6.4×10-5

 

cdef 

DAP + AC 17.12 c 0.349 a 210.21 a 0.020 a 0.08 e 0.002 bc 

DAP + PC 65.61 b 0.115 bc 77.32 cde 0.002 e 0.88 cd 0.001 bcde 

20% 

WHC 

 

CK 0.36 d 0.003 e 82.32 bcd 0.009 cd 4×10-3 e 4×10-5 f 

DAP 87.30 a 0.036 d 97.68 b 0.001 e 0.90 cd 3.7×10-5 ef 

DAP + AC 17.12 c 0.358 a 218.13 a 0.021 a 0.08 e 0.002 bc 

DAP + PC 65.61 b 0.114 bc 89.76 bcd 0.002 e 0.74 d 0.001 bcde 

7.5% 

WHC 

 

CK 0.36 d 0.003 e 84.40 bcd 0.006 d 4×10-3 e 3×10-5 f 

DAP 87.30 a 0.040 cd 95.56 bc 0.001 e 0.91 c 4.4×10-5 def 

DAP + AC 17.12 c 0.354 a 221.28 a 0.021 a 0.08 e 0.002 bc 

DAP + PC 65.61 b 0.115 bc 83.49 bcd 0.002 e 0.79 cd 0.001 bcd 

* Means followed by different letters within a column indicate significant differences 

between the treatments at P< 0.05. The net cumulative CO2 emissions were the difference 

between total CO2 emissions and plants’ CO2 consumption. CK = Control; DAP = Di-

ammonium phosphate; DAP + AC = Di-ammonium phosphate + acidic aged biochar; 

DAP + PC = Di-ammonium phosphate + pine biochar; WHC = Water holding capacity. 
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Fig. 6.4: Daily N2O and CO2 emission from total growth chamber (a) and root zone (b) 

of different treatments during 25 to 31 days of experiment. Vertical bars are standard error 

of three replicates. CK = Control; DAP = Di-ammonium phosphate; DAP + AC = Di-

ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium phosphate + 

pine biochar. 

 

6.3.4. Dissolved organic C and N and inorganic C concentrations as affected by 

nitrogen and biochar amendments under water stress condition 

Low availability of organic forms of C and N is one of the main limiting factors for 

microbial activity within bauxite residue sand. This, in turn, could cause strong 
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competition between plants and microbial communities for these nutrients (Banning et al. 

2011, Santini et al. 2015). Dissolved organic C (DOC) concentrations (Table 2.6) in the 

rhizosphere were influenced by the imposed amendment treatments, moisture levels and 

treatment interactions. Interestingly, CK and DAP+PC exhibited the highest and lowest 

(P< 0.05) DOC concentrations compared with other treatments by the end of the 

experiment, respectively. The 20% WHC moisture level also showed the highest (P< 

0.05) DOC concentration among all imposed moisture regimes. In contrast to the 

rhizosphere, DOC concentrations in root-free zones were largely influenced by the 

amendment treatments, with no significant effect due to moisture content. Application of 

biochars and mineral fertiliser in DAP+AC, DAP+PC and DAP treatments decreased (P< 

0.05) DOC concentrations in comparison with CK by the end of the experiment.  

The concentration of inorganic C (IC) in all root and root-free zones were very high 

(Table 6.6). This high concentration can be attributed to residual soluble and precipitated 

(e.g. CaCO3) carbonates (CO3
2−) and bicarbonates (HCO3

−) as by-products of the Bayer 

process. Treatments that received DAP and/or biochar tended to contain less IC than the 

control, suggesting these amendments have consumed some of the IC or converted it to 

different forms. For example, the addition of AC would be expected to consume some 

CO3 to produce HCO3 and ultimately CO2, which could be lost to the atmosphere. This 

process is consistent with greater loss of CO2 from treatment receiving AC addition 

(Figure 6.4). The presence of Ca could also reduce soluble IC through precipitation of 

CO3 as CaCO3. It has been reported that bauxite processing residue (mainly red mud) 

sequester CO2 through atmospheric carbonation and the efficiency of this process largely 

depends on bauxite type and disposal methods (Yadav et al. 2010, Si et al. 2013). 

However, the application of biochars and mineral fertiliser to BRS generally released the 

sequestered C and decreased IC contents in all three root zones (Table 6.6). This provides 
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strong evidence that CO2 dynamics in residue sand differs to that in residue mud in that 

BRS encourages CO2 emissions while residue mud can reduce CO2 emissions. This 

outcome warrants further attention, particularly in designing RSA cover systems.  

The concentrations of dissolved organic N (DON) in root zone and root-free zone 1 at the 

end of experiment were strongly influenced by the imposed amendment treatments, 

moisture levels and treatment interactions. Lower moisture regimes (7.5% and 20% 

WHC) decreased (P< 0.05) DON levels compared with treatments that had higher 

moisture contents (50% and 40% WHC). However, there were no significant differences 

between DON concentrations in all moisture levels at root-free zone 2 by the end of 

experiment. The highest concentration of DON in all three layers observed in DAP+AC 

(P< 0.05) followed by DAP+PC, DAP and CK treatments, respectively. 
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Table 6.6: Dissolved organic C and N and inorganic C concentrations at root zone and 

root-free zones of water stress treatments at the end of experiment 

Moisture Treatment 
DOC        

mg kg-1    
(RZ) 

DOC        
mg kg-1      
(RFZ1) 

DOC          
mg kg-1          
(RFZ2) 

DON       

mg kg-1          
(RZ) 

DON       

mg kg-1          
(RFZ1) 

DON       

mg kg-1          
(RFZ2) 

IC          
mg kg-1          

(RZ) 

IC          
mg kg-1          
(RFZ1) 

IC          
mg kg-1          
(RFZ2) 

50% 

WHC 

 

CK 15.4bc* 
16.8ab

c 
20.3 a 0.2 f 0.3 f 0.4 e 92.8 a 95.2ab 95.3 a 

DAP 1.7 g 2.7efg 2.3 ef 6.3 de 9.8 cd 8.6 cd 67.3 e 73.7de 67.7 c 

DAP + 

AC 
9.8 d 14.2bc 

8.0cde

f 
21.3 a 26.1 a 23.4 b 

75.2cd

e 
88.4ab

c 
82.9ab 

DAP + 

PC 
1.0 g 1.7 g 3.0def 11.6 c 11.8 c 10.3 c 

82.5ab

c 
82.2cd

e 
79.1bc 

40% 

WHC 

 

CK 16.5ab 20.6ab 21.8 a 0.1 f 0.2 f 0.3 e 89.2ab 
94.0ab

c 
83.2ab 

DAP 1.9 g 2.7efg 2.8def 5.4 de 5.9 de 5.3 d 71.6de 73.3 e 67.1 c 

DAP + 

AC 
9.8 d 14.2bc 

8.0cde

f 
17.2 b 23.0 a 24.3ab 81.7bcd 

83.6bc

de 
75.2bc 

DAP + 

PC 
1.0 g 1.7 g 3.0def 8.4 cd 7.9cde 7.6 cd 

83.8ab

c 
89.5ab

c 
79.4bc 

20% 

WHC 

 

CK 23.0 a 22.2 a 18.7ab 0.1 f 0.2 f 0.3 e 
84.5ab

c 
96.7 a 81.0 b 

DAP 11.8cd 
10.0cd

e 
11.9bc 3.3 ef 3.8 ef 5.1 d 

75.7cd

e 
72.9 e 74.6bc 

DAP + 

AC 
5.5 ef 10.9cd 10.7cd 8.6 cd 16.7 b 28.0 a 78.7bcd 83.2cd

e 
74.2bc 

DAP + 

PC 
2.6 fg 2.6fg 2.3 ef 6.0 de 7.8cde 10.6 c 

84.6ab

c 
85.2abc

d 
76.1bc 

7.5% 

WHC 

 

CK 8.8 de 13.9bc 9.4cde 0.1 f 0.2 f 0.3 e 
83.0ab

c 
89.8ab

c 
81.1 b 

DAP 9.2 de 4.9defg 
6.0cde

f 
6.8 d 5.7 de 5.0 d 87.1ab 

89.8ab

c 
76.2bc 

DAP + 

AC 
1.0 g 1.2 g 1.2 f 7.2 d 11.2 c 23.7 b 65.5 e 61.0 f 51.6 d 

DAP + 

PC 
2.9 fg 9.6cdef 

7.5cde

f 
5.4 de 7.9cde 9.4 c 86.5ab 

90.5ab

c 
85.0ab 

* Means followed by different letters within a column indicate significant differences 

between the treatments at P< 0.05. CK = Control; DAP = Di-ammonium phosphate; DAP 

+ AC = Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium 

phosphate + pine biochar; WHC = Water holding capacity; DOC = Dissolved organic C; 

DON = Dissolved organic N; IC = Inorganic C; RZ = Root zone; RFZ1 = Root-free zone 

1; RFZ2 = Root-free zone 2. 
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6.3.5. Microbial biomass C and N concentrations as affected by nitrogen and biochar 

amendments under water stress condition 

The rapid establishment and development of a functional microbial community is critical 

in succession of an early ecosystem in terms of nitrogen fixation, organic matter turnover 

and mycorrhizal symbiosis (Chapin et al. 1994, Hodkinson et al. 2002, Banning et al. 

2011). The interaction between microorganisms and plant roots, particularly within the 

rhizosphere, may increase plant productivity through improving nutrient supply, while it 

may increase competition for C and N courses in nutrient limited systems (Van Der 

Heijden et al. 2008, Jones et al. 2010).  

The microbial biomass C concentrations in the current experiment showed a consistent 

pattern in all root and root-free zones which was affected by both treatments and moisture 

levels as well as their interactions (Table 7). The results showed significant (P< 0.05) 

differences between MBC concentrations of different treatments, in all three root zones, 

with highest MBC values in the DAP treatment followed by DAP+PC, DAP+AC and CK 

treatments. These results are in agreement with the findings of Jones et al. (2010) which 

reported an increase in microbial activity following addition of organic composts to BRS. 

Jones et al. (2012) demonstrated that the combine application of organic materials and 

inorganic fertiliser to BRS had positive effects on plant growth and microbial biomass 

and activity, while MBC concentration remained extremely low (<30 mg microbial C 

kg−1), which is in consistent with the findings of this study. Previous studies also indicated 

that that extreme pH values may restrict microbial community diversity by imposing 

stress on colonizing microorganisms (Fierer and Jackson 2006, Cookson et al. 2007), 

however, reducing the pH value of BRS by applying AC resulted in lower MBC 

concentration as compared with DAP treatment. This can be attributed to the lower 
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microbial capacity for nutrient immobilisation and less competitive interactions between 

soil microorganisms and plant roots in the biochar amended treatments.  

Comparing different moisture levels indicates that reducing moisture regimes from 50 – 

40% WHC to levels below 20% WHC can decrease MBC concentrations in rhizosphere 

and root-free zones, suggesting higher plant–microbial competition for nutrients at lower 

moisture regimes. The results also showed a significant correlation (P< 0.05) between the 

MBC and MBN concentrations of all treatments. In a similar way, reducing moisture 

regimes to levels below 20% WHC generally decreased MBN concentrations, with 

highest and lowest (P< 0.05) concentrations observed in DAP and CK treatments, 

respectively. Root exudates may also improve rhizosphere bacterial populations by 

providing carbon sources, energy and nutrients for microbial growth (Whipps and Lynch 

1990), which may explain higher MBC and MBN concentrations in rhizosphere than root-

free zones of our experiment. 
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Table 6.7: Microbial biomass C and N concentrations at root zone and root-free zones of 

water stress treatments at the end of experiment 

Moisture Treatment 
MBC        

mg kg-1  
(RZ) 

MBC        
mg kg-1      
(RFZ1) 

MBC          
mg kg-1          
(RFZ2) 

MBN       

mg kg-1          

(RZ) 

MBN       

mg kg-1          

(RFZ1) 

MBN       

mg kg-1          

(RFZ2) 

50% 

WHC 

 

CK 3.6 k* 2.0 i 1.1 h 0.6 i 0.4 g 0.3 i 

DAP 83.0 a 62.4 a 59.1 a 12.7 b 9.7 b 7.1 b 

DAP + 

AC 
29.1fgh 15.2 fghi 10.0 efgh 9.0 cd 7.8 c 5.2 c 

DAP + 

PC 
32.3 fg 25.5 defg 24.2 bcd 8.0 def 6.1 d 4.4 cd 

40% 

WHC 

 

CK 3.6 k 2.0 i 1.3 h 0.5 i 0.4 g 0.3 i 

DAP 77.5 b 49.9 ab 48.6 a 17.0 a 13.6 a 8.1 a 

DAP + 

AC 
19.1 hi 15.3 fghi 13.8 defg 6.9 f 5.3 de 3.2 f 

DAP + 

PC 
52.2 c 44.6 bc 34.4 b 7.4 ef 4.6 e 4.0 de 

20% 

WHC 

 

CK 5.0 jk 4.6 i 3.9 gh 1.1 i 0.8 g 0.7 hi 

DAP 43.8cde 36.9 cde 22.8 cde 9.6 c 6.2 d 4.3 de 

DAP + 

AC 
15.7 ij 8.6 hi 5.7f gh 7.2 f 5.0 de 2.1 g 

DAP + 

PC 
36.2 ef 27.0 def 15.5 defg 5.5 h 4.6 e 3.5 ef 

7.5% 

WHC 

 

CK 5.5 jk 4.8 i 3.2 gh 1.0 i 0.8 g 0.6 hi 

DAP 50.2cd 40.1 bcd 35.0 bc 8.7 de 6.1 d 4.2 de 

DAP + 

AC 
22.0ghi 11.2 ghi 5.4 fgh 5.9 gh 2.2 f 1.3 h 

DAP + 

PC 
38.0def 22.1 efgh 17.8 def 6.5 fg 5.3 de 4.1 de 

* Means followed by different letters within a column indicate significant differences 

between the treatments at P< 0.05. CK = Control; DAP = Di-ammonium phosphate; DAP 

+ AC = Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium 

phosphate + pine biochar; WHC = Water holding capacity; MBC = Microbial biomass C; 

MBN = Microbial biomass N; RZ = Root zone; RFZ1 = Root-free zone 1; RFZ2 = Root-

free zone 2. 
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6.3.6. Soil total N and C concentrations as affected by nitrogen and biochar 

amendments under water stress condition 

Type of amendment and level of imposedmoisture content significantly (P< 0.05) 

influenced Total N concentrations in the rhizosphere and root-free zones (Table 2.7). The 

amendment of biochars to BRS increased (P< 0.05) total N in comparison with DAP 

addition alone, with higher values in DAP+AC than DAP+PC treatments (Table 6.8). 

This finding may be attributed to N immobilization (Goloran et al. 2014c) and fixation of 

dissolved N in biochar internal surfaces which may reduce N loss form biochar amended 

BRS. The highest and lowest (P< 0.05) total N concentrations in biochar applied 

treatments observed in root-free zone 2 and rhizosphere layers, respectively, which 

indicate the positive effect of root exudates and biochar interactions on facilitating 

organic N turnover and N uptake by plant roots. However, the differences between total 

N concentrations in different root zones for DAP and CK treatments were not statistically 

different. Results also indicated reducing the moisture levels from 50% to 7.5% WHC 

generally decreased total N contents.  

Biochar application significantly increased (P< 0.05) total C concentration compared with 

DAP and CK treatments. The increase in C content (more than four times) due to biochar 

application observed in the current study is in consistent with the results of previous 

investigations on organic amendment to BRS (Weber et al. 2007, Thiyagarajan et al. 

2011). Similar to the total N results, AC amendment showed higher total C concentrations 

than PC in all root and root-free zones. However, in contrast to total N observations under 

water stress condition, changing moisture regimes from 50% toward 7.5% WHC 

generally had no significant effect on total C concentrations. The importance of Organic 

C in rehabilitation of degraded soils is well-recognised, principally from its contribution 
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to nutrient cycling and improved physical properties (An et al. 2010, Jones et al. 2010, 

Zhu et al. 2016). For BRS, the most important contribution from organic C would be in 

terms of nutrient availability and cycling given its lack of fine (clay-sized) material which 

could form water-stable aggregates. 
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Table 6.8: Total N and C concentrations at root zone and root-free zones of water stress 

treatments at the end of experiment 

Moistu

re 
Treatment 

Total N    

mg kg-1          

(RZ) 

Total N    

mg kg-1          

(RFZ1) 

Total N    

mg kg-1          

(RFZ2) 

Total C        
g kg-1       
(RZ) 

Total C        
g kg-1       

(RFZ1) 

Total C          
g kg-1           

(RFZ2) 

50% 

WHC 

 

CK 6.2 h* 6.1 h 6.2 j 1.5 f 1.5 e 1.5 d 

DAP 32.5 ef 33.0 ef 31.6 g 1.4 f 1.4 e 1.4 d 

DAP + 

AC 
75.1 a 91.2 a 115.7 a 10.0 b 17.0 a 12.8 a 

DAP + 

PC 
40.7 de 45.4 cd 46.7 e 6.6 e 6.4 d 6.5 c 

40% 

WHC 

 

CK 6.2 h 6.4 h 6.4 j 1.6 f 1.5 e 1.5 d 

DAP 36.2 ef 35.9 def 36.4 fg 1.4 f 1.3 e 1.3 d 

DAP + 

AC 
56.7  b 71.3 b 94.7 b 11.5 a 11.7 b 11.6 ab 

DAP + 

PC 
28.7 fg 29.3 fg 31.2 gh 6.1 e 6.4 d 6.4 c 

20% 

WHC 

 

CK 5.5 h 5.4 h 6.1 j 1.5 f 1.6 e 1.6 d 

DAP 23.0 g 22.5 g 23.2 hi 1.4 f 1.4 e 1.4 d 

DAP + 

AC 
49.7 bc 65.0 b 79.7 c 9.0 bc 9.0 c 10.4 b 

DAP + 

PC 
36.3 ef 38.4 def 39.7 efg 6.4 e 6.6 d 6.7 c 

7.5% 

WHC 

 

CK 5.7 h 6.4 h 6.0 j 1.4 f 1.4 e 1.5 d 

DAP 23.2 g 22.7 g 24.1 i 1.4 f 1.3 e 1.3 d 

DAP + 

AC 
45.7 cd 53.0 c 65.2 d 8.0 cd 9.3 c 8.1 c 

DAP + 

PC 
39.0 de 41.6 de 43.3 ef 7.4 de 8.2 c 7.9 c 

* Means followed by different letters within a column indicate significant differences 

between the treatments at P< 0.05. CK = Control; DAP = Di-ammonium phosphate; DAP 

+ AC = Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium 

phosphate + pine biochar; WHC = Water holding capacity; RZ = Root zone; RFZ1 = 

Root-free zone 1; RFZ2 = Root-free zone 2. 
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6.3.7. Plant biomass and nitrogen uptake as affected by nitrogen and biochar 

amendments under water stress condition 

The findings of this study indicated that the application of AC significantly (P< 0.05) 

increased aboveground ryegrass biomass compared with other treatments (Table 6.9). 

This suggests acidic biochar is more beneficial for plant establishment and growth in 

highly alkaline BRS. Although DAP+PC and DAP treatments had lower aboveground 

biomass than DAP+AC, both treatments significantly (P< 0.05) improved plant growth 

compared with the control, especially for lower moisture levels. This is in consistent with 

the findings of Goloran et al. (2014c) who reported an improvement in ryegrass growth 

after combine application of biochar and N fertiliser to BRS.   The negative correlation 

between plant growth and microbial biomass content in treatments with inorganic 

fertiliser application (DAP, DAP+AC and DAP+PC) suggested that plant–microbial 

nutrient competition would have slowed plant growth in this nutrient limited 

environment. 

The water stress scenarios for this experiment were designed to simulate water-

availability limitations experienced in the southwestern Australian region, with water 

levels close to ryegrass wilting point at 7.5% WHC moisture content. It has been reported 

that biochar amendment to BRS would increase its mircoporosity (Jones et al. 2010), 

thereby potentially increasing available water for plant covers, improve plant 

establishment in a water-limited environment and the capacity of plant for drought 

survival (Banning et al. 2014). The imposed water-stress treatments in this study resulted 

in deceasing aboveground biomass with decreasing moisture contents. This may shift the 

major plant growth limitation from nutrient availability to water availability (Banning et 

al. 2014) as well as increasing salinity in the upper BRS profile due to capillary rise of 

saline pore water and subsequent evaporation. In contrast, water stress had no consistent 
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effect on belowground biomass contents among all treatments. The AC amendment along 

with CK treatment generally had higher root biomass contents than DAP+PC and DAP. 

The high root biomass content in CK treatment may be attributed to ryegrass biological 

response to N limitation in order to take up available soil nutrients (Chen et al. 2003, 

Chen et al. 2004). The low aboveground and high belowground biomass contents in CK, 

resulted the lowest (P< 0.05) shoot / root biomass ratio in this treatment in comparison 

with DAP+AC, DAP+PC and DAP treatments. The shoot / root biomass ratio is a 

reflection of both the growth conditions of plant and the nutrient supply status of the soil 

with lower ratios when soil nutrition is deficient (Zhang and Cao 1992).  

The addition of inorganic DAP exhibited the lowest (P< 0.05) root development among 

all treatments, while the combination of synthetic fertilizer with acidic biochar application 

in DAP+AC treatment significantly (P< 0.05) increased ryegrass root length compared 

with CK and alkaline biochar application in DAP+PC treatment. The decline of ryegrass 

root biomass with single application of mineral fertiliser (DAP) was consistent with the 

findings Bowman (2003) and Goloran et al. (2014c). Reducing moisture levels from 50% 

to 7.5% WHC generally decreased treatments’ root length (except in DAP+AC treatment 

which showed its highest root length at 20% WHC). Considering the low root 

development in DAP, the results also indicated that this treatment had highest (P< 0.05) 

plat biomass / root length ratio among all treatments.  

The fertiliser application significantly (P< 0.05) increased plant N concentrations 

compared with CK treatment, while the differences between biochar amended treatments 

(DAP+AC and DAP+PC) and DAP were not statistically significant. However the 

application of acidic biochar (DAP+AC) increased (P< 0.05) plant N uptake when 

compared with alkaline biochar (DAP+PC) and fertiliser only (DAP) amendments. This 
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finding is in contrast with the observations of Jones et al. (2010, 2012) who reported a 

poor nutrient uptake by plants grown in BRS even after the combine application of 

organic and inorganic nutrient sources. Although, 7.5% WHC showed lowest plant N 

uptake, but the effect of water stress on N uptake and its concentration in plat tissues was 

not consistent within the investigated treatments. 
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Table 6.9: Plant biomass and nitrogen (N) uptake at water stress treatments 

Moisture Treatment 

Shoot* 

biomass        

(mg pot-1) 

Root 

biomass       

(mg pot -1) 

Shoot / 

Root 

biomass 

ratio              

Root 

length        

(m pot -1) 

Plant 

biomass / 

Root length 

(mg m-1) 

Plant N 

concentr

ation       

(mg g-1) 

Plant N 

uptake      

(mg pot -1) 

50% 

WHC 

 

CK 
191 

cdef** 
71 abc  2.7 fg 22.8 bc 11.5 g 13.2gh 3.4 d 

DAP 233 bcdef 52 bcde 4.5 bcd 14.8 cde 19.3 bcdef 29.2d 8.2 bc 

DAP + 

AC 
402 ab 51 bcde  7.9 abc 22.8 bc 19.9 bcdef 34.2abc 15.5 a 

DAP + 

PC 
321 abc 51 cde  6.3 abc 22.1 bc 16.8 cdefg 29.5d  10.8 b 

40% 

WHC 

 

CK 232 bcdef 83 ab 2.8 fg 27.8 b 11.3 g 12.2h 3.8 d 

DAP 
253 

abcde 
53 bcde 4.8 bcde 12.7 def 24.1 bc 30.5cd 9.4 bc 

DAP + 

AC 
404 ab 43 cde 9.4 a 22.9 bc 19.5 bcdef 36.4a 16.2 a 

DAP + 

PC 
236 bcdef 30 e 7.9 ab 18.6 cd 14.3 efg 33.7abc 9.0 bc 

20% 

WHC 

 

CK 154 ef 63 abcd 2.4 g 14.3 cde 15.2 defg 14.8fg 3.1 d 

DAP 173 def 57 bcde 3.0 defg 10.9 def 21.1 bcde 30.6cd  7.0 c 

DAP + 

AC 
450 a 97 a 4.6 cdef 40.0 a 13.7 fg 35.2ab  19.4 a 

DAP + 

PC 
266 

abcde 
40 de 6.6 abc 

19.1 

bcd 
16.0 cdefg 31.6bcd  9.5 bc 

7.5% 

WHC 

 

CK 143 f 47 cde 3.0 defg 7.1 ef 26.8 b 16.2 f 3.0 d 

DAP 226 bcdef 27 e 8.4 a 5.2 f 48.7 a 35.3ab 8.8 bc 

DAP + 

AC 
272 abcd 97 a 2.8 efg 16.2 cde 22.8 bcd 23.4e  8.6 bc 

DAP + 

PC 
210 cdef 43 cde 4.9 bcd 18.4 cd 13.8 defg 31.7bcd 8.0 bc 

* The data reported according to plant dry weight. 
** Means followed by different letters within a column indicate significant differences 

between the treatments at P< 0.05. CK = Control; DAP = Di-ammonium phosphate; DAP 

+ AC = Di-ammonium phosphate + acidic aged biochar; DAP + PC = Di-ammonium 

phosphate + pine biochar; WHC = Water holding capacity. 
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6.3.8. Mineral N and microbial biomass C and N in relation to the investigated 

biochemical properties in different treatments and moisture levels. 

Stepwise linear regression was used to identify the most appropriate variables to model 

mineral N and microbial biomass C and N contents at different treatments and moisture 

levels, using biochemical properties measured at the end of experiment. The NO3
- 

concentration in CK treatment was largely controlled by pH, while total N and DON were 

the more influential parameters in DAP, DAP+PC and DAP+AC treatments (Table 6.10). 

The NH4
+ concentrations were mainly affected by pH in DAP+AC and CK treatments, 

however DON and total N were the dominant controlling factors in DAP and DAP+PC 

treatments, respectively. The MBC and MBN contents were related to different 

biochemical properties in different treatments. While DAP and DAP+PC treatments were 

generally affected by EC and organic C and N, the MBC and MBN contents in CK and 

DAP+AC treatments were controlled by mineral N availability and pH, respectively. 
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Table 6.10: Regression equations between NO3
-, NH4

+, MBC and MBN concentration 

and biochemical properties of different treatments at the end of experiment 

Treatments Equation R2 

CK 

NO3
- = -6.4 + 0.8 (pH) -  0.1 (NH4

+) 0.30* 

NH4
+ = -33.5 + 4.7 (pH) – 2.5 (NO3

-) 0.27* 

MBC = 15.8 – 0.01 (EC) – 1.0 (NH4
+) – 3.4 (NO3

-) – 0.1 

(IC) 
0.64** 

MBN = 3.0 – 0.002 (EC) – 0.2 (NH4
+) – 0.7 (NO3

-) – 0.01 

(IC) 
0.67** 

DAP 

NO3
- = -9.5 + 0.5 (Total N) + 0.9 (DON) 0.51* 

NH4
+ = 9.4 – 0.4 (DON) 0.40* 

MBC = 100.1 – 2.5 (DOC) – 0.1 (EC) 0.35* 

MBN = 5.3 + 0.4 (Total N) – 0.03 (EC) 0.71** 

DAP + AC 

NO3
- = -5.2 + 1.2 (DON) + 1.0 (NH4

+) 0.84** 

NH4
+ = -22.6 + 0.01 (EC) + 3.3 (pH) 0.41* 

MBC = 151.8 – 16.4 (pH) – 0.3 (DON) 0.27* 

MBN = 60.5 – 6.3 (pH) – 0.6 (NH4
+) – 0.1 (NO3

-) 0.53* 

DAP + PC 

NO3
- = -21.8 + 2.0 (DON) + 0.7 (Total N) 0.56* 

NH4
+ = 5.0 – 0.01 (EC) + 0.04 (Total N) 0.39* 

MBC =  4.8 – 0.5 (NO3
-) – 1.3 (DOC) + 0.5 (IC) 0.53* 

MBN = 7.3 – 0.01 (EC) 0.25* 

Significance levels: *P< 0.05, **P< 0.01; All units reported as mg kg-1 except EC (μs cm-

1) and pH; CK = Control; DAP = Di-ammonium phosphate; DAP + AC = Di-ammonium 

phosphate + acidic aged biochar; DAP + PC = Di-ammonium phosphate + pine biochar; 

MBC = Microbial biomass C; MBN = Microbial biomass N; DOC = Dissolved organic 

C; DON = Dissolved organic N; IC = Inorganic C.  

 

The NO3
- and NH4

+ concentration in different moisture levels generally related to the 

DON and DOC concentrations as well as pH of treatments (Table 6.11). The results also 

showed that MBC and MBN contents in higher moisture levels (above 20% WHC) 

generally regulated by the availability of organic C and N, while under low moisture 

regimes (7.5% WHC) the EC of treatment mainly controlled the MBC and MBN 

concentrations. 
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Table 11: Regression equations between NO3
-, NH4

+, MBC and MBN concentration and 

biochemical properties of treatments in different moisture levels at the end of experiment 

Moisture 

levels 
Equation R2 

50%  

water holding 

capacity 

NO3
- = -216.3 + 1.6 (DON) + 26.3 (pH) 0.81** 

NH4
+ = 6.3 – 0.1 (DOC) – 0.03 (NO3

-) 0.31* 

MBC = 142.3 – 1.0 (IC) – 2.0 (DOC) – 0.6 (NO3
-) 0.69** 

MBN = 17.9 – 0.1 (IC) + 0.1 (DON) - 0.2 (DOC) 0.67** 

40%  

water holding 

capacity 

NO3
- = 8.0 + 1.1 (DON) – 0.4 (DOC) 0.79** 

NH4
+ = 6.1 – 0.05 (DOC) + 0.001 (Total C) + 0.03 (Total 

N) 
0.33* 

MBC = -2.0 – 1.7 (DOC) + 8.5 (NH4
+) 0.65** 

MBN = 125.4 – 0.5 (DOC) – 13.7 (pH) 0.63** 

20%  

water holding 

capacity 

NO3
- = -197.0 + 1.4 (DON) + 24.8 (pH) – 0.3 (DOC) 0.88** 

NH4
+ = 7.6 – 0.1 (DOC) – 0.001 (Total C) + 0.1 (Total N) 0.62** 

MBC = 8.0 – 1.0 (DOC) – 0.7 (DON) + 4.5 (NH4
+) 0.67** 

MBN = 40.7 – 0.2 (DOC) + 0.5 (NH4
+) – 4.6 (pH) 0.52* 

7.5%  

water holding 

capacity 

NO3
- = -302.1 + 0.3 (Total N) + 36.2 (pH) + 0.9 (DON) 0.76** 

NH4
+ = 5.2 + 0.2 (DON) – 0.1 (NO3

-) 0.27* 

MBC = -21.9 – 0.1 (EC) + 4.4 (NH4
+) + 0.5 (IC) 0.38* 

MBN = 9.7 – 0.02 (EC) + 0.1 (NO3
-) 0.32* 

Significance levels: *P< 0.05, **P< 0.01; All units reported as mg kg-1 except EC (μs cm-

1) and pH; MBC = Microbial biomass C; MBN = Microbial biomass N; DOC = Dissolved 

organic C; DON = Dissolved organic N; IC = Inorganic C. 

 

6.4 Conclusion 

The findings of the present study indicated that biochar amendments, especially with 

acidic characteristics, have a significant potential to be considered as a sustainable 

rehabilitation strategy in highly alkaline BRS environment. Biochar amendments 

decreased cumulative NH3 volatilization, while increased cumulative N2O emissions and 

NH4
+ retention in BRS, with better rehabilitation performance in AC than in PC. The 

application of AC increased aboveground ryegrass biomass compared with other 
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treatments suggesting its efficiency as an amendment to provide stability for plant growth, 

especially in low moisture levels and under drought stress conditions. The results 

suggested a positive effect of root exudates and biochar interactions on facilitating N 

turnover and uptake by plant roots in biochar amended treatments, due to higher total N 

concentrations in their rhizosphere layer than root-free zones. Decreasing the moisture 

levels of treatments from 50% toward 7.5% WHC generally decreased their aboveground 

biomass, total N content and MBC concentrations. Further field experiments are required 

to extend the findings of this glasshouse pot study. In order to achieve sustainable BRS 

rehabilitation, more research into optimum biochar application rates is needed. The 

application of polymerase chain reaction (PCR)-based molecular methods for detecting 

the diversity and abundance of N functional genes may also provide critical information 

into complicated interactions in the rhizosphere in BRS. 
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Chapter 7 

Summary, Conclusions and Recommendations for Future Work 

 

7.1 Summary  

Land degradation is accelerated by intensive agricultural practices and increasing mining 

activities to meet the need by the increasing world pollution in the past decades. Soil 

pollution of heavy metals is one of common phenomena, partly as a result of increasing 

mining activity. On the other hand, a large volume of mining residues produced from 

refinery processes and deposited in the storage areas pose a significant threat to the 

surrounding environment if it is not dealt with properly. There is an urgent need to reduce 

the availability of heavy metals in soils and improve nutrient status for successful 

rehabilitation of the degraded lands. Amendments of different organic (biosolids, 

composts, biochars etc.) and inorganic materials (lime, fertilizers etc.) have been used to 

improve soil chemical, physical and biological properties in degraded lands. Among 

different organic sorbents as amendments, biochar has recently attracted substantial 

attention due to its potentially beneficial effects on sustainable agriculture and acting as 

an effective sorbent for reducing the bioavailability of organic or inorganic contaminants. 

Although some studies indicated that the high sorption capacity of biochars enables them 

to reduce bioavailability of pollutants in contaminated soils, still, the role of biochars as 

reliable amendment remains controversial and unresolved. Additionally, the mechanisms 

which regulate pollutants or nutrient sorption by biochars (pyrolytic, wildfire or 

prescribed burning) in soil-biochar systems are not fully understood. Therefore, this thesis 

has been an exploration of the impacts of biochars on pollutant immobilisation and 
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dynamics of applied N fertilizer added as di-ammonium phosphate (DAP) to bauxite-

processing residue sand (BRS).  

As a result, this project aimed to investigate the effect of amendments of different 

biochars (forest fire-generated chars vs pyrolytic biochars) on degraded lands (e.g. 

agricultural soils, BRS) for the availability of pollutants or nutrients based on their 

mechanistic interactions in a soil-biochar system, using different experimental 

approaches (sorption isotherms, incubation and glass house pot trial) and a suit of 

spectroscopic techniques including NMR, FTIR, and Raman. 

This study was mainly designed on basis of finding the best amendments for three main 

strategies (prevention, mitigation, and rehabilitation) in degraded lands. Therefore, the 

first and second experiments are mainly focused on prevention and mitigation of toxic 

metals in contaminated soils (Chapter 3) and N loss in BRS (Chapters 4, 5 and 6).  The 

first study (Chapter 3) investigated the impacts of different biochars and their roles in the 

sorption of heavy metals in soil systems. To the best of my knowledge, this is the first 

study characterizing the functional groups on surface edges of forest fire-generated 

biochars in comparison with pyrolystic biochars. The results have clearly demonstrated 

that that the biochars produced under pyrolysis conditions (greenwaste and blue mallee) 

were more efficient in the sorption of metals (Cu2+ and Ni2+) than those generated by forest 

fire [aged acidic char (AC) and fresh burnt char (FC)]. All spectral (NMR, FTIR and 

Raman) analyses, showed that forest fire biochars have higher woody components 

(aromatic functional groups) and lower polar groups (e.g. O-alkyl C) compared with the 

pyrolytic chars. The polarity index was greater in the pyrolytic chars (0.99-1.34) than in 

the fire-generated chars (0.98-1.15), while aromaticity was lower in the former than in 

the latter. Fourier transform infrared (FTIR) and Raman spectroscopies indicated the 
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binding of carbonate and phosphate with both Cu2+ and Ni2+ in all chars, but with a greater 

extent in pyrolytic than forest fire-generated chars.  

The BRS is the primary growth medium for rehabilitating Alcoa’s residue storage areas 

in south-west Western Australia. To establish a self-sustaining vegetation cover is a key 

guiding principle for Alcoa’s continued production of alumina, which can accomplish the 

objectives of physical stability, pollution control, minimizing alkaline water discharge, 

and removal of threats to human beings. By 2030, it is expected that Alcoa will need to 

have rehabilitated >1200 ha of residue storage areas (RSAs); however, the inherently 

hostile characteristics (high alkalinity, salinity and sodicity, low organic matter and 

nutrients and high hydraulic conductivity) of residue sand pose severe limitations for 

establishing sustainable plant cover systems. The successful rehabilitation of RSAs is 

highly dependent on reducing residual alkalinity, the use of effective sources of nutrients, 

and the maintenance of supply of available nutrients for plant growth and development. 

An incubation study has shown that a substantial proportion (> 80%) of N applied was 

lost through NH3 volatilization with a short period of time after application. Therefore, 

increasing N use efficiency is critical for developing sound and economic strategies for 

revegetating the bauxite-processing residue disposal areas. Biochar, a carbon (C)-rich 

organic amendment, has been suggested to have the potential to improve water and 

nutrient retention in soil. However, little is still known about the effect of biochar 

amendment on N use efficiency in the alkaline BRS environment. Therefore, an 

incubation experiment (Chapter 4) was carried out to examine the impact of biochars with 

different characteristics on N retention and dynamics in BRS. Results have shown that 

the N loss via NH3 volatilization from BRS was much lower from the forest fire-generated 

acidic biochar (AC) treatment (24% of DAP-N added) than the alkaline biochars 

(greenwaste; Jarrah; mallee) treatments (76-80% of the DAP-N added). The AC treatment 
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can retain about 73% of N added to BRS, compared with < 25% in alkaline biochar 

treatments. This can be attributed to the acidic nature and the greater NH4
+-N sorption 

capacity.  These results imply acidic biochar can be used as an effective amendment for 

increasing N use efficiency by plants growing in alkaline BRS.  

In rehabilitation of BRS, the sustainability of the vegetation cover will in part depend on 

the ability of residue sand to supply nutrients for plant uptake. Low nitrogen (N) 

availability and use efficiency in BRS hinder the successful establishment of vegetation 

in highly alkaline environments.  The third study (Chapter 5) aimed to investigate of 

effects of different biochars (particularly acidic biochar) on neutralising alkalinity, 

reducing N loss, increasing N retention and plant growth in BRS. The effects of biochar 

amendments in combination with nitrogen-phosphorus (DAP) fertilization, on rigid 

ryegrass (Lolium rigidum) growth and N dynamics in highly alkaline BRS were 

investigated in a pot experiment. The BRS was applied unamended (Control) or amended 

with either DAP fertilizer only (at rate of 2.7 t ha-1) or DAP fertilizer and organic materials 

(Aged acidic (AC) or Pine (PC) biochars) at a rate of 5% v/v. The ryegrass N uptakes, 

mineral N concentrations, N losses through NH3 volatilization and N2O emissions as well 

as residual N contents were monitored and quantified throughout the experimental period 

(116 days). The BRS amendment with AC and DAP fertilizer resulted in the highest plant 

dry matter, leaf N concentration and N uptake, which were significantly higher (P < 0.05) 

than other treatments, suggesting the potential of AC to improve N fertiliser retention in 

BRS and enhance N use efficiency. Further, although the AC incorporation showed 

higher N2O emissions compared with the PC treatment, the AC amendment increased 

residual N and mineral N contents due to its acidic pH and lower NH3 volatilization. The 

applied AC reduced the alkalinity of BRS and consequently provided a better 

environment for nitrifying and denitrifying microorganisms through higher sorption and 
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retention of NH4
+-N in the exchange sites. Overall, combined application of AC biochar 

with DAP fertilizer may improve plant growth and enhance N use efficiency for ryegrass 

establishment in bauxite processing residue storage areas.  

Although beneficial effect of biochar on reducing N loss in the early stages of BRS 

rehabilitation has been observed in previous investigations, the underlying mechanisms 

of this complicated process, particularly the interactions between applied biochar and 

plant roots in rhizospheric area is largely unknown. In the fourth study (Chapter 6), the 

glasshouse pot study (116 days), the coupled effects of biochar amendments and water 

stress on rehabilitation performance of BRS and N bioavailability at rhizospheric and 

root-free zone areas were investigated. The BRS was applied unamended (Control) or 

amended with either DAP fertilizer (at rate of 2.7 t ha-1) or DAP fertilizer and biochars 

(Aged acidic (AC) or Pine (PC) biochars) at a rate of 5% v/v under five moisture regimes 

(leaching, 50%, 40%, 20% and 7.5% water holding capacity). The amendment of BRS 

with AC and PC biochars increased NH4
+ retention in all root and root free layers, while 

only AC application decreased their pH and EC values. The biochar amendments also 

decreased cumulative NH3 volatilization compared with fertiliser only treatment, with 

higher reduction effect of aged acidic than alkaline pine biochar. However, biochar 

application increased cumulative N2O emissions compared with DAP treatment, with no 

significant differences among different moisture regimes. The Control treatment and 20% 

water holding capacity (WHC) moisture level showed the highest dissolved organic 

carbon (C) concentrations compared with other treatments and moisture regimes in 

ryegrass rhizospheric layer, while the highest dissolved organic N concentration observed 

in DAP+AC treatment. Reducing moisture levels below 20% WHC may generally 

decrease MBC concentrations and activity in rhizosphere and root-free zones of all 

treatments, while total N contents of treatments generally decreased by reducing moisture 
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levels from 50% toward 7.5% WHC. The DAP+AC treatment increased plant N uptake 

when compared with DAP+PC and DAP amendments, while water stress application on 

different treatments showed a general decease in aboveground biomass toward lower 

moisture contents.  

 

7.2 Conclusions 

The major conclusions can be drawn from this thesis as follows: 

1) Based on the spectral (NMR, FTIR and Raman) and chemical analysis, the chars 

manufactured under pyrolysis conditions (GW and BM) with higher proportions of polar 

functionality are more effective in metal sorption than those produced by forest fire (AC 

and FC) with higher aromaticity. This could mostly be attributed that pyrolytic chars have 

greater quantities of O-containing functional groups which results in higher 

concentrations of metal-binding functionalities compared with forest fire-generated 

chars. 

2) The aged acidic biochar significantly reduced NH3 volatilization from BRS and 

increased NH4
+-N retention in BRS compared with the addition of alkaline biochars and 

the control without biochar addition. The NH3 volatilisation was mainly driven by the 

acid-base reaction, while the greater NH4
+-N sorption in acidic biochar might also have 

contributed to the reduction in NH3 volatilization.  

3) There are large amounts of the oxygen-containing functional groups such as phenolic 

–OH, carboxyl C=O and N−H stretching groups on the surface of acidic biochar. These 

functionalities played the primary role in diffusion of NH4
+ into aged acidic char due to 

hydrogen bonding and electrostatic interaction.  
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4) The biochar amendments, especially with acidic characteristics, have a significant 

potential to be considered as a sustainable rehabilitation strategy in highly alkaline BRS 

environment. Biochar amendments decreased cumulative NH3 volatilization, while 

increased cumulative N2O emissions and NH4
+ retention in BRS, with better 

rehabilitation performance in AC than PC.   

5) The application of AC increased aboveground ryegrass biomass compared with other 

treatments suggesting its effectiveness in providing stability for plant growth, especially 

in low moisture levels.  

6) The results suggested a positive effect of root exudation and biochar interactions on 

facilitating N turnover and uptake by plant roots in biochar amended treatments, due to 

higher total N concentrations in their rhizosphere layer than root-free zones. Decreasing 

the moisture levels of treatments from 50% toward 7.5% WHC generally decreased their 

aboveground biomass, total N content and MBC concentrations.  

 

7.3 Future work 

This PhD work has provided the crucial information on the chemical interactions and 

mechanisms of different biochars (forest fire or pyrolytic)-heavy metal and -N in biochar-

soil and biochar-BRS systems. These findings have greatly improved the understanding 

of the fate and dynamics of toxic metals or nutrient (N) in degraded soils with and without 

the influence of biochars. This work also unravelled the mechanisms, and the key factors 

associated with biochar control over the N use efficiency and N loss (NH3 volatilisation 

or N2O emissions), which will help develop the management strategies and assessing 

ecological conditions crucial for achieving a sustainable ecosystem in the RSAs. 
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However, there is a particular need for future investigation in the following important 

areas: 

 A field work is required to assess both immobilization of heavy metals in the 

contaminated environments such as polluted soils and increasing nutrient 

availability in BRS; 

 To achieve sustainable BRS rehabilitation, more research into optimum biochar 

application rates is needed;  

 The application of polymerase chain reaction (PCR)-based molecular methods 

and next general sequencing technologies for detecting the diversity and 

abundance of N functional genes may also provide critical information into 

complicated interactions in BRS rhizospheric area; 

 Biological transformations of N sources in the rhizosphere of BRS growth media 

that would optimize N availability in BRS critical for improved plant-nutrient 

interactions;  
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