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Abstract 

A decrease in soil pH causes the concentration of exchangeable aluminium (Al) in soil 

to increase which is toxic to plants and binds to the essential plant nutrient phosphorus 

(P), making it less available. Oxidised acid sulfate soils have pH values <4 and based on 

observations in the field it was hypothesised that decreased exchangeable Al and 

increased available P following compost application could be attributed to: the 

functional group profiles of organic acids from composting different materials; the 

increase in pH from the neutralisation of acidity by compost and/or addition of P from 

compost application.  Further, it was hypothesised that these changes to ASS chemistry 

will result in increased yield following compost application in the field.  

In the laboratory, no correlations were found between any measured, compost derived 

functional group and a decrease in Al and/or maintenance of P concentration in a 

solution akin to ASS.  A very strong relationship was found, however, between the 

decrease in Al and maintenance of P in the solution and the total P concentration of the 

compost.  

Four laboratory incubation experiments in actual ASS determined the influence of 

functional groups, pH and P addition resulting from compost application to ASS. Lime 

without compost had the greatest influence on the exchangeable Al concentration and 

no additive benefit of co-application of lime with compost was found. Filtercake 

compost had the greatest effect on available P concentration, regardless of the co-

addition of lime or P.  In the presence of compost and lime, adding P did not have a 

benefit to exchangeable Al, pH or available P.    

Field experiments confirmed that filtercake compost was effective in increasing soil pH 

and plant available P, decreasing exchangeable Al. Saleable yield, dry matter yield and 

leaf P of baby corn also increased.   

The results indicate that compost is a conceptually viable ameliorant of ASS.  It is 

thought that calcium phosphates in filtercake compost are dissolved at low pH resulting 

in a binding of Al by P and further P being made available for plants.  
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Abbreviations and relevant definitions 

Absorption – the penetration and incorporation of one substance by another 

(Canarache, Vintila, Munteanu, & Vlntila, 2006).  
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1 Introduction 

It is known that as soil pH decreases below 5 the availability of aluminium (Al) in the 

soil solution increases (Bromfield, Cumming, David, & Williams, 1983).  The resulting 

elevated concentrations of Al3+ are toxic to plants and through binding with phosphorus 

(P), as phosphate (PO4
3-), insoluble precipitates are formed, leading to deficiencies in P, 

a plant essential nutrient (Do et al., 2004; Fan & Mackenzie, 1994; Ibrikci et al., 2005; 

Lindsay, Frazier, & Stephenson, 1962; Mkhabela & Warman, 2005). 

Acid sulfate soils (ASS), following oxidation of the naturally occurring soil mineral 

pyrite (FeS2), have a pH <4 and as low as 2 (Bloomfield & Coulter, 1974; Dent & Pons, 

1995). Addressing this problem is seen as a priority because potential or actual ASS 

cover between 12 million ha (Shamshuddin et al., 2014; van Breemen, 1980) and 24 

million ha (Ritsema et al., 2000) globally, including vast tracts of land in developing 

countries in SE Asia. 

A number of strategies (e.g. soil draining/leaching, flooding, phosphorus saturation, 

application of lime, growth of crops suited to the environment) to mitigate these effects 

have been proposed and tested but for various reasons these are not always feasible in 

the field. It has, however, been previously demonstrated that amending acidic soils (pH 

4-5.5) with compost can decrease the concentration of Al3+ (Haynes & Mokolobate, 

2001; Liu & Hue, 2001; Schefe, Patti, Clune, & Jackson, 2008). It is expected that this 

may be effective in ASS too. A mechanistic explanation for the action of compost on 

acid soils is through the binding of Al3+ by organic acids, especially tricarboxylic acid 

cycle intermediates (e.g. malate and citrate) (Berek, Radjagukguk, & Maas, 1995; 

Canarache et al., 2006; Chen & Liao, 2016; Hue et al., 1986)with the decrease in Al3+ 

possibly having a positive influence on P availability. These hypotheses have received 

limited testing in actual ASS (Dang, Mosley, Fitzpatrick, & Marschner, 2016a, 2016b). 

This project sought to quantify the benefits of compost application in ameliorating the 

effects of increased exchangeable Al and decreased available P associated with ASS and 

to understand the mechanisms by which this takes place in ASS used for agricultural 

production. In the Mekong Delta of Vietnam ASS are prevalent and severely limit crop 

growth potential.  
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The use of compost as a source of organic material may be a key advancement in 

agricultural and environmental sustainability in this region due to its low cost and ease 

of manufacture locally. This region will therefore be the focus of this project. 

Based on reported observations, a series of laboratory trials tested the hypothesis that 

compost can be used to ameliorate the effects of increased Al and decreased P in ASS. 

Once an understanding of the mechanisms was established, field trials were designed to 

assess improved management practices.  

The project aimed to: 

1. Characterise composts based on a number of parameters, including organic acid

content, and relate that to the source material of the compost and the likely

ameliorative benefit in ASS (Chapter 3)

2. Quantify the ameliorative benefit of compost in decreasing the availability of Al3+

and increasing the availably of plant available P in ASS and identify possible

mechanisms of action (Chapter 4)

3. Quantify the productive benefit of this amelioration in the field on crop growth and

yield (Chapter 5)
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2 Review of literature 

2.1 Background 

2.1.1 Soil phosphorus  

Phosphorus (P) is an essential macronutrient commonly added to soil in agricultural 

systems as fertiliser (Busman, Lamb, Randall, Rehm, & Schmitt, 2002). Phosphorus 

plays a critical role in nucleotide synthesis as a constituent of deoxyribonucleic acid 

(DNA) and ribonucleic acid (RNA), energy movement in cells as part of the molecule 

adenosine-triphosphate (ATP) and it is involved with intracellular signalling (Dunstan, 

Zhou, & Seibel, 2004; Nelson & Cox, 2005). Phosphorus stimulates early plant growth 

and hastens crop maturity (Busman et al., 2002), and can limit normal plant growth if 

not supplied to the plant at sufficient concentrations (Chien, Prochnow, Tu, & Snyder, 

2011; Ibrikci et al., 2005; Schefe et al., 2008). Phosphorus is absorbed by plant roots, 

mainly as H2PO4
- in acid soils, using metabolic energy (Ryan & Rashid, 2006). 

 

As an essential part of many plant physiological processes a decrease in plant available 

P impairs leaf appearance, biomass portioning and root development which in turn 

increases plant susceptibility to disease and ultimately impacts upon yield (Lynch, 

Lauchli, & Epstein, 1991; Rodriguez, Santamaria, & Pomar, 1994; Wong & Swift, 

1995). As P is mobile in the plant, deficiency symptoms occur first on older leaves and 

can delay crop maturity (Ryan & Rashid, 2006). 

 

In natural systems, P is not found in its elemental form because it is highly reactive in 

the presence of oxygen. It is found as different forms of phosphate, such as PO4
3-, 

HPO4
2-, H2PO4

-, H3PO4 (Busman et al., 2002). Phosphate mostly exists as H2PO4
- 

between pH 2 and 7, and as H3PO4 when the pH is less than 2 (Lindsay, 1979). It is 

most available to plants as HPO4
2- between pH 4.7 and 5.5 (Lindsay, 1979; Martini, 

Kochhann, Gomes, & Langer, 1977). Phosphorus is the most limiting mineral nutrient 

in almost all soils (Ryan & Rashid, 2006). Minable P deposits are distributed throughout 

the world, with the largest reserves found in Morocco, China and the USA as rock 

phosphate (Cordell, Drangert, & White, 2009). 
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Phosphorus in soil can be allocated to three broad pools (Busman et al., 2002; Moody, 

Speirs, Scott, & Mason, 2013; Ryan & Rashid, 2006). Solution P is the primary source 

of P for plants which diffuses through the soil solution to plant roots. It is quite a small 

pool and is usually found as PO4
3- (Moody et al., 2013). The critical issue for plants, 

therefore, is that the soluble-P pool is adequately maintained by replenishment from 

other pools (Ryan & Rashid, 2006). Sorbed P is that which is adsorbed onto the surfaces 

of iron (Fe) and Al oxy-hydroxides by strong covalent bonding or weak electrostatic 

forces which relatively easily release P into the solution pool as concentration gradients 

allow (Moody et al., 2013). Adsorption of PO4
3- generally reaches a maximum between 

pH 2 and 4 (Mokolobate, 2000; Parfitt, 1979; Ryan & Rashid, 2006). Fixed P relates to 

very insoluble inorganic and organic compounds resistant to mineralisation which can 

remain in the soil for many years (Busman et al., 2002). All of these P pools exist in 

equilibrium by the forward and reverse processes sorption/desorption, 

precipitation/dissolution, mineralisation/immobilisation (Moody et al., 2013).  

 

As with other nutrients, when P is removed from the soil by crops, it needs to be 

replaced from sources such as plant residues, manures or chemical fertiliser (Smith, 

1982). Phosphorus fertiliser in a synthetic form has become conventional in most 

western countries to meet the nutritional requirements of crops. It is often not 

economical, however, in developing tropical countries because of the high rate of P 

fixation, scarcity of capital, and high fertiliser and transport costs (Lynch et al., 1991; 

Mokolobate & Haynes, 2003).  

 

In acid soils only 5-20% of applied P fertiliser is able to be utilised by crops in the first 

year after application due to the strong retention of P as insoluble Al-PO4
3- precipitates, 

which are not plant available (Busman et al., 2002; Dalton, Russell, & Sieling, 1952; Do 

et al., 2004), giving rise to the term “P fixation” (Jobe, Tsai, & Hseu, 2007; Ryan & 

Rashid, 2006). Soils with higher levels of organic matter, however, are reported to 

generally have a lower level of P fixation (Do et al., 2004).  

 

  



 

5 

2.1.2 Soil aluminium  

As the most abundant metal and third most abundant element in the earth’s crust, 

aluminium (Al) is a major part of all mineral soils (Frink, 1972). At mildly acidic or 

neutral pH values, Al is primarily in the form of oxides and/or aluminasilicates 

(Kochian, 1995). As pH decreases, Al3+ is liberated. Species of Al can be categorised 

as: monomeric (Al3+, Al(OH)2+, Al(OH)+
2) (Alcordo & Rechcigl, 1993; Fageria, 1992), 

polymeric (Alx(OH)y
(3x-y)+) (Sparks, 2003), polynuclear Al13 (Larsen, Kerven, Bell, & 

Edwards, 1995), and Al as low molecular weight organic complexes (Kochian, 1995).   

 

If soil pH decreases below 4.5, the rate of Al dissolution increases (Cook, Hicks, 

Gardner, Carlin, & Froggatt, 2000). An equilibrium exists between H+ and Al3+ meaning 

that as the soil becomes more acidic, more Al will be dissolved from solid-phase pools 

including exchangeable, organically complexed, clay mineral lattices and primary 

minerals (Naramabuye & Haynes, 2007; Seatz & Peterson, 1964). Three moles of H+ 

are consumed for each mole of Al3+ released (Seatz & Peterson, 1964), as is illustrated 

with the dissolution of the soil mineral gibbsite (Equation 2.1) (Essington, 2015).  

 

Al(OH)3 + 3H+  Al3+ + 3 H2O  

 

This means that below pH 4.5, Al will mostly exist as Al3+ (Cook et al., 2000) as shown 

in Figure 2.1, unless there is a high concentration of organic matter, in which case there 

may be a larger proportion of Al as organic complexes (Thomas, 2006). There is a 

strong negative correlation between the yield of Al susceptible crops and soil Al3+ 

concentration (Berek et al., 1995; Farina, Sumner, Plank, & Letzsch, 1980; Ritchie & 

Robson, 1989). The activity of Al3+ is considered to be a better predictor of Al 

phytotoxicity than either soil pH, exchangeable Al concentration or percent 

exchangeable Al saturation (Adams & Lund, 1966; Robson, 1989). As these other 

methods quantify/include other forms of Al but only Al3+ is related to plant response 

due to the relationship between Al3+ and H+, the most important growth-limiting factor 

for plants in acid soils is Al3+ (Berek et al., 1995; Cameron, Ritchie, & Robson, 1986; 

Foy, 1984; Wong & Swift, 1995) and it is therefore an important factor limiting food 

production in many countries (Kochian, 1995).   

 

Equation 2.1 
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The primary symptom of Al toxicity is the rapid inhibition of root growth. This occurs 

within 1-2 hours of exposure, indicating that Al first inhibits root cell expansion and 

elongation, and over time root cell division (Jones, 1998; Kochian, Hoekenga, & Piñros, 

2004; Wright, 1989). The site of Al toxicity is localised to the root apex but once Al is 

inside the root, there are many potential sites for the reactive Al3+ to target including the 

cell wall, plasma membrane structures, cytoskeleton and nucleus (Kochian et al., 2004).  

In addition to the effect on roots, Al toxicity also impacts legumous species through a 

decrease in the abundance of rhyzobia which are required as part of the symbiosis which 

fixes atmospheric nitrogen for use by the plant (Wright, 1989).  

 

An increase in Al3+ concentration may also result in the loss of plant available P from 

the soil solution by chemical and physical adsorption and precipitation, which each 

decrease the concentration of P accessible for plant uptake (Burkitt, 2002; Haynes & 

Mokolobate, 2001; Iyamuremye & Dick, 1996).   

 

 

 

 

Figure 2.1 – Effect of pH on Al solubility. From Mokolobate (2000) 
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2.1.3 Soil phosphorus and aluminium  

Highly weathered acid soils are generally P deficient as they contain large amounts of 

Al oxides which have the ability to adsorb P onto their surfaces (Mokolobate & Haynes, 

2003). They also form plant unavailable Al-PO4
3- compounds by precipitation with the 

products of the dissolution of Al containing compounds (Equation 2.2) (Iuliano, 

Ciavatta, & De Tommaso, 2008; Moormann, 1963). In experiments by McDowell and 

Condron (2001), Al and Fe oxides had the greatest effect on increasing P sorption and 

decreasing P desorption.  

 

α-Al(OH)3 + H3PO4   AlPO4. 2H2O + H2O   

 

To illustrate the magnitude of the problem, Kardos (1964) outlined the process in the 

following terms: If PO4
3- is added to a soil high in Al3+ at pH 4 in the form of a soluble 

fertiliser at a rate of 224 kg of P2O5 per hectare, the PO4
3- will form a variscite-like 

compound (Al(OH)2H2PO4). It can be calculated that the PO4
3- concentration would 

then decrease from 7 x 10-3 to 1.5 x 10-6 M, a reduction in concentration of 99.98 % 

(Kardos, 1964). This relationship between P and Al3+ can also be seen in Figure 2.2. 

Further, whilst mycorrhiza increase the efficiency of P uptake, therefore effectively 

decreasing the external P requirement of many crop species (Ryan & Rashid, 2006), the 

abundance of these fungal species are decreased at high Al3+ concentrations (Robson & 

Abbott, 1989). Beneficial effects of root symbiosis with arbuscular mycorrhizal fungi 

can be explained in part by greater effective root surface areas provided by fungal 

hyphae to explore greater volumes of soil and to overcome mineral nutrient and water 

depletion zones near active root surfaces (Cardoso, Boddington, Janssen, Oenema, & 

Kuyper, 2006; Clark & Zeto, 2000). In addition, small diameter fungal hyphae may 

penetrate soil pores and make contact with soil particles/ cavities that roots and/or root 

hairs would not otherwise be able to contact (Clark & Zeto, 2000). The mycorrhiza may 

also excrete substances or have the ability to make some mineral nutrients more 

available for root/hyphal uptake increasing the availability of P from nonlabile sources, 

that is, sources that are normally considered not to be plant available in the short term. 

(Cardoso et al., 2006; Clark & Zeto, 2000).  

  

 Equation 2.2 
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Figure 2.2 – Solubility of several PO43- compounds showing that varisite becomes 
less soluble as pH declines resulting in more PO43- being bound in this form when 
in the presence of Al3+, but an increased solubility of Ca- PO43- compounds if they 
are present. From Lindsay (1979) 
 

2.1.4 Soil organic matter  

It has been demonstrated previously that the application of compost to soil improves 

some physical properties such as porosity, water-holding capacity, aggregate stability 

and bulk density (Gallardo-Lara & Nogales, 1987; Hargreaves, Adl, & Warman, 2008), 

increases soil microbial activity and supplies macro and micronutrients (Hargreaves et 

al., 2008). Furthermore, the decomposition of organic material (i.e. composting) results 

in the production of organic acids, with greater decomposition leading to an increase in 

organic acid concentration (Naramabuye & Haynes, 2006a). Organic acids are 

compounds of set molecular weight and structure, comprised of carboxylic acid 

functional groups which may be aliphatic (straight chain) or phenolic (ring structure) 

type compounds (pers comm Casssandra Schefe March 1, 2018). 
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2.1.5 Soil aluminium, phosphorus and organic matter  

The use of organic matter in acid soils to decrease Al toxicity and to complex Al with P 

has been reviewed previously (e.g. Guppy et al., 2005; Iyamuremye & Dick, 1996; 

Quilty & Cattle, 2011). Decomposition of organic matter can lead to decreased 

phytotoxic Al concentrations in the soil by directly increasing soil pH, which results in 

the precipitation of Al3+, by releasing soluble humic material (Haynes & Mokolobate, 

2001) or decomposition products, such as Ca (Meriño-Gergichevich, Alberdi, Ivanov, & 

Reyes-Díaz, 2010), which can complex Al3+. These organically complexed Al species 

are less toxic to plants (Wong & Swift, 1995). 

 

The specific influence and interaction of organic acids, as a key component of organic 

matter, with P and Al in acid soils has been previously investigated (Bolan, Naidu, 

Mahimairaja, & Baskaran, 1994; Lin & Su, 2010; Perrott, 1978; Sibanda & Young, 

1986) and reviewed by Jones (1998). The number and position of carboxyl groups 

(COOH) has been identified as the most influential factor in binding Al3+ because of 

their propensity to form a 5- or 6- bond ring structure with Al (Berek et al., 1995; 

Harrold & Tabatabai, 2006; Hue et al., 1986; Ritchie & Robson, 1989). The observed 

relationship can be explained in soils with a pH above 4.8 (being the pKa of COOH 

(Black, 2010)), by the dissociation of the COOH group, allowing sorption via 

electrostatic interaction with Al3+ (Yasuda, 1959). The order of efficacy of selected 

common organic acids is considered to be citrate > oxalate > malate > acetate (Earl, 

Syers, & Mclaughlin, 1979; Hue et al., 1986; Jones, 1998). This is due to the number 

and position of carboxyl groups (Hu, Tang, & Rengel, 2005; Kpomblekou-A & 

Tabatabai, 1994). Figure 2.3 illustrates a possible configuration of a selection of 

common organic acids, including citrate, oxalate, malate, acetate, showing the number 

of COOH groups associated with each (Hue et al., 1986).  
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One type of stable adsorption called lignand exchange involves the formation of inner-

sphere surface complexes between the anion and one or more sites on the adsorbent,  

(Canarache et al., 2006). A ligand is an atom, ion or molecule that acts as an electron-

donor partner in one or more coordinated bonds (Canarache et al., 2006). The product is 

known as a chelate if the ligand is an organic compound (Canarache et al., 2006). 

Ligand exchange is a type of specific adsorption (Burchill et al., 1981) which is not 

sensitive to electrolyte concentration but is sensitive to pH (Greenland, 1971). The 

anion penetration of the coordination shell and incorporation into the surface hydroxyl 

layer cannot easily be displaced (Greenland, 1971) which makes it very stable. The 

strength of the functional group-Al3+ bond is determined by the electron-donating power 

of the Rn- ligand (McBride, 1994).  Brady and Weil (1996) suggest that soils which are 

high in organic matter have lower levels of P fixation due to organic acids masking P 

fixation sites, organic acids serving as organic anions and occupying potential P fixation 

sites, or certain organic acids chelating Al and Fe rendering these metals unavailable for 

reaction with P. 

Figure 2.3 – A possible configuration of a selection of 
common organic acids showing the number of COOH 
groups associated with each. From Hue, Craddock, 
and Adams (1986) 
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There is a risk, however, that a biologically active decomposing organic material with a 

high cation exchange capacity will adsorb a large proportion of applied P fertiliser 

(Gagnon, 2004). In contrast amendments with a higher P concentration (e.g. poultry 

litter (Robinson & Sharpley, 1996)) appear to be effective because they can supply P. 

Singh and Jones (1976) identified that organic residues having a total P concentration of 

< 0.3% increased PO4
3- sorption. Agbenin and Igbokwe (2006) suggested that when 

application of inorganic P is compared to co-application of inorganic and organic P, the 

impression is given that there is less P fixation because PO4
3- is mineralised from 

organic matter and this is fixed by the soil which leads to a relative increase in the 

availability of P in the soil following fertiliser addition.  

2.2 Introduction to acid sulfate soils  

When flooded soils containing pyrite (FeS2) dry out the concentration of O2 increases 

and they produce sulfuric acid and are known as acid sulfate soils (ASS). Once formed, 

ASS have a pH < 4.0 (Bloomfield & Coulter, 1974; Dent, 1986) which makes them an 

extreme type of acid soil (pH < 5.5) (Kochian et al., 2004). Whilst the effect of less 

acidic soils on agricultural production  and the strategies to ameliorate them are well 

understood (Adams, 1984; Pons, 1972; Robson, 1989; von Uexküll & Mutert, 1995), 

the same depth of understanding does not currently exist for ASS.    

 

Acid sulfate soils are typically associated with former mangrove forests that once 

covered 75% of coastlines in tropical and subtropical countries (Moormann, 1963). 

Worldwide, there is estimated to be between 12 million ha (Shamshuddin et al., 2014; 

van Breemen, 1980) and 24 million ha (Ritsema et al., 2000) of land where the topsoil is 

severely acid, or has the potential to become acid, if the thin layer of peat and non-

sulfidic alluvium is allowed to oxidise by draining (Figure 2.4). Countries which are 

badly affected by ASS include Sierra Leone, Senegal, Indonesia, Sarawak (Dent & 

Pons, 1995; van Mensvoort & Dent, 1998), the coastal plains of Southern China (Wang 

& Luo, 2002), Western Africa, Malaysia, Thailand, and Vietnam (Shamshuddin et al., 

2014).  
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Around half of actual and potential ASS are found in densely populated South and 

Southeast Asia where both food and arable land tend to be scarce (Dent, 1986). There 

are an estimated 200,000 – 250,000 ha of ASS in the Red River Delta in the North of 

Vietnam (Can, 1981). In addition, between 1.6 million ha (Sterk, 1992; To, Le, & 

Nguyen, 1992) and 1.7 million ha (Hoa, Tinh, Astrom, & Cuong, 2007) of the Mekong 

Delta region of Vietnam is also estimated to be affected by potential or actual ASS 

(Figure 2.5). This is particularly problematic because the combined area of these delta 

regions is responsible for growing 70% of Vietnam’s rice which provides 80% of the 

carbohydrates and 40% of the protein in an average Vietnamese person’s diet 

(International Rice Research Institute, 2013) 

 

The global population is predicted to continue to grow to 9.3 billion by 2050 and almost 

10.1 billion by 2080 (Fischer, Shah, & van Velhuizen, 2002). This will require farmed 

land to at least be maintained, if not increased, to feed the existing and growing 

population. Taking into account the impact of decreased access to arable land due to 

urban sprawl resulting from rural-urban migration, the use of ASS lands which have 

already been cleared may become more necessary to meet food production needs 

(Azman, Jusop, Ishak, & Ismail, 2014). The remainder of this chapter will examine the 

reasons why ASS are a problem and possible ameliorative measures.  

 

 

 

 

Figure 2.4 – Map showing the distribution of acid sulfate soils, from Ljung, 
Maley, Cook, and Weinstein (2009). 
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2.3 The formation of acid sulfate soils 

In tidal swamps and marshes (i.e. under anaerobic conditions), bacteria decompose 

abundant organic matter, reduce sulfur (S) from tidewater and iron (Fe) from sediment 

(Bloomfield & Coulter, 1974) to pyrite (FeS2), which may reach concentrations in the 

soil of 15% by mass (Dent & Pons, 1995). Pyrite is stable under reducing conditions 

whilst covered by water, peat or freshwater alluvium (potential ASS), but when 

drainage brings oxygen into these previously waterlogged soils, pyrite is oxidized to 

sulfuric acid (actual ASS) (Azman et al., 2014; Ljung et al., 2009; Satawathananont, 

Patrick, & Moore, 1991). This results in the production of acid exceeding the 

neutralising capacity of the parent material which in turn results in the pH falling as low 

as 2 (Bloomfield & Coulter, 1974; Ritsema et al., 2000; van Mensvoort & Dent, 1998). 

The series of pyrite oxidation reactions may be simplified to Equation 2.3 which shows 

the simplified reaction of 1 mole of  pyrite producing 4 moles of acid (Satawathananont 

et al., 1991; Shamshuddin et al., 2014; Thomas, Fitzpatrick, Merry, & Hicks, 2003; van 

Mensvoort & Dent, 1998). 

 

4 FeS2 + 15 O2 + 14 H2O → 4 Fe(OH)3 + 8 SO4
2- 

+ 16 H
+ 

   

 

 

Figure 2.5 – Map of the Mekong Delta of Vietnam showing distribution of 
acid sulfate soils, from Do, Tinh, Nguyen, and Linh (2004) 

(1) 
 (2) 

(3) 
(4) 

(1) 
 

(2) 
 

(3)

(4) 
 

Equation 2.3 
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Acid sulfate soils and their associated problems can be caused by drought and 

geomorphic processes but can also be man made during land reclamation activities 

(Dent & Pons, 1993), and the range of crops that can be grown under these acidic 

conditions is restricted and yields, even in tolerant crops, are negatively impacted (Dent, 

1986). 

2.4 The impact of acid sulfate soils 

Due to low pH, ASS have a negative impact on buildings by dissolving concrete and 

steel (van Holst & Westerveld, 1972), and due to the combined effects of low pH and 

corresponding high Al concentration, ASS also have a negative impact on farmed and 

wild fish stocks (Callinan, Fraser, & Melville, 1992; Cook et al., 2000; Jones, 2000), 

grazing animal production systems (Dent & Pons, 1993; Sammut & Lines-Kelly, 2000), 

and on cropping systems (Dent & Pons, 1993; Sammut & Lines-Kelly, 2000).  

 

Some of the significant growth-limiting factors for crops grown in ASS include greatly 

increased concentrations of plant available aluminium (Al), iron (Fe) and manganese 

(Mn) which lead to toxicities in plants (Attanandana & Vacharotayan, 1981; Bloomfield 

& Coulter, 1974; Ritsema et al., 2000). Deficiencies of plant-essential nutrients, such as 

phosphorus (P), calcium (Ca), magnesium (Mg), molybdenum (Mo) and potassium (K), 

are also common under these conditions (Do et al., 2004; Foy, 1984; Wright, 1989).  

 

In general, the roots of plants damaged by low pH are short, thickened, less abundant, 

discoloured (brown to grey colour instead of white) and possess fewer root hairs (Foy, 

1984; Islam, Edwards, & Asher, 1980; Kamprath, 1984) which decreases the amount of 

water taken up by the plant (Gonzalez-Erico, Kamprath, Naderman, & Soares, 1979; 

Matsumoto, Yamamoto, & Devi, 2001). This in turn leads to a decrease in nutrient 

uptake and growth by the plant. As a result of the pH of ASS being so low (pH <4), 

these effects are more pronounced than in less acidic soils. In addition, the increased 

acidity leads to increased mobility of heavy metals which presents a substantial risk to 

human health through ecosystem contamination from run off into waterways which are 

fished, used to irrigate crops and as drinking water sources (Ljung et al., 2009). 
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If an acid or potentially acid layer is present within 60 cm of the soil surface, crop 

options are limited to grassland in temperate regions and to cassava, coconut, pineapple, 

sugarcane, sweet potato, oil palm, and rubber in the tropics (Dent, 1986).   

The importance of Fe and Mn toxicity in this discussion is not discounted, however, a 

number of authors have previously looked specifically at these problems (e.g. Becker & 

Asch, 2005; Foy, 1984; Moore Jr, Attanandana, & Patrick, 1990; Ritchie & Robson, 

1989). The focus of this review of literature will therefore remain on the availability and 

interaction of Al and P in ASS. 

2.5 Strategies to address the impact of acid sulfate soils on production 

A number of strategies have been proposed to address the identified issues associated 

with both Al toxicity and P fixation in ASS. These have included: soil 

draining/leaching, flooding, phosphorus saturation, application of lime, growth of crops 

suited to the environment and application of organic matter.  

2.5.1 Draining/leaching soils 

Soil draining/leaching works by draining the soil to encourage oxidation of pyrite 

before allowing a large amount of water to leach Al3+ and H+ from the soil. This process 

is ultimately repeated until all of the pyrite within the rooting zone has been oxidised 

and the Al3+ and H+ are leached out. Leaching of ASS is realistically only an option in 

areas with high rainfall or access to large amounts of irrigation water.  

 

Soil draining/leaching is achieved by the formation of raised beds with a series of 

ditches 30-60 cm wide which leaves a bed 60-100 cm wide and about 9 m long where 

the crop is grown (Xuan, Quang, & Tri, 1981). During a heavy rainfall event or 

irrigation cycle, Al3+ and H+ on the ridges wash into the ditches and out into the canals 

which removes these from the soil (Vo-Tong, 1992). It has been reported by Moormann 

(1963) that after several years, it is possible for H+ and Al3+ to be leached from the soil 

and the land to be productive for less tolerant crops again. High organic matter in the 

soil may improve soil leaching in heavy clay soils due to increased porosity and 

structural stability, accelerating the removal of  acidity (Do et al., 2004).   
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Regular cultivation activities on beds also increase leaching (To et al., 1992) with H+ 

and Al3+ removed faster and with less water. This is attributed to an increase in 

oxidation and the large pores which are formed, allowing for faster movement of water 

through the soil carrying acid and metals away efficiently (To et al., 1992). A similar 

effect was observed by Sterk (1992) who reported that during the dry season in 

Southern Vietnam cracks in the clay appeared and allowed for a high bypass flow which 

is able to quickly carry away acid and soluble Al from the surface layer of soil where 

oxidation is highest. Over time these cracks decreased in size as the clay expands which 

means that more rainfall is lost to surface run off (Sterk, 1992).  

 

Whilst yield will always be less on ASS compared to most other soils, an almost 

doubling of yield in sugarcane is said to have been reported by Sen, Duong, Guong, 

Hung, and Trinh (1987) following the installation of shallow drainage channels (Dent & 

Pons, 1993). This result is common, with Xuan et al. (1981) reporting a doubling in rice 

yield in the first year after installation of a shallow drainage system, and a two-to-four 

fold yield increase from 0.2-0.5 t/ha to 1.5-2.0 t/ha two years after installation by 

farmers participating in the trial. The installation of drainage channels is effective in 

improving yield on ASS by facilitating the removal of acid and exchangeable Al 

through being carried in water to a river or canal.  The soil will continue to produce 

more acid, which is carried away from the field efficiently through the movement of 

water in the channels, until all of the pyrite has been oxidised. 

 

Disturbed ASS are, however, clearly significant sources of acidity into waterways 

(Cook et al., 2000) resulting in a decrease in canal/river pH and increase in Al3+ 

concentration (Phong, Tuong, Phu, Nang, & Hoanh, 2013; Vo-Tong, 1992). The 

drainage water from ASS can therefore cause huge crop and fish stock losses 

downstream (Dent & Pons, 1993, 1995). Heavy metals found in drainage water are also 

a concern for the off-site health of people, plants, fish and animals (Cook et al., 2000; 

Khouma & Toure, 1981). For these reasons, soil leaching/drainage is not considered a 

sustainable approach to broad scale ASS management.   
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2.5.2 Flooding soils 
By contrast, potential ASS with buried sulphitic clays can be managed by maintaining 

the water table above the sulphitic layer to prevent oxidation. As flooding increases the 

pH towards neutrality (Dent & Pons, 1995), free Al3+ in solution forms Al(OH)3 which 

limits the opportunity for it to bond with P, and P is desorbed (Satawathananont et al., 

1991). 

 

It has been reported that re-submerging of sulfuric material can lead to re-formation of 

pyrite and pH increase to re-form hypersulfidic and hyposulfidic materials due to the 

action of sulfate-reducing bacteria (Kölbl, Marschner, Fitzpatrick, Mosley, & Kögel-

Knabner, 2017). Low availability and/or low biodegradability of organic carbon, 

however may limit the activity of sulfate reducers in re-saturated sulfuric material. 

(Kölbl et al., 2017). Flooding is not a universal solution as maintenance of a constant 

high water table is obviously difficult if there is a pronounced dry season and irrigation 

water is unavailable (Dent, 1986; Dent & Pons, 1995). Rice is also the only major crop 

which can grow under these water logged conditions (Bloomfield & Coulter, 1974).  

2.5.3 Chemical saturation of soils with phosphorus 

Phosphorus saturation occurs when potential P binding sites are completely occupied by 

P fertiliser. It has been reported by Sanchez and Uehara (1980) that in certain areas of 

Japan and Latin America, soils did not respond well to P fertiliser applications until 

rates in the order of 500 to 1,000 kg P/ha were applied. Similar practices are understood 

to be used by some farmers on ASS in Southern Vietnam (pers. comm. Chau Minh 

Khoi, March 2016, Can Tho, Vietnam). Younge and Plucknett (1966), who undertook a 

6 year field experiment on Hawaiian Oxisols, applying rates of around 1000 kg P/ha as 

superphosphate, described this approach as "quenching" the high P fixation capacity of 

the soil. These massive applications were then supplemented with annual maintenance 

rates of about 60 kg P/ha and subsequently supported high yields of pastures and crops 

(Younge & Plucknett, 1966). This kind of large initial input is considered to be a capital 

investment which can be amortized over several years (Sanchez & Uehara, 1980). It is, 

however, a very expensive approach and requires access to large volumes of P fertiliser. 

This also presents an environmental problem if the soil is subjected to reducing 

conditions and the P is desorbed (Satawathananont et al., 1991) and released into water 

ways.  
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2.5.4 Application of lime to soils 

Liming is the process of adding an alkaline material to the soil, providing a base such as 

carbonate or hydroxide that reacts with H+ to increase pH (Cregan, Hirth, & Conyers, 

1989; Singer & Munns, 1991). It has been shown that there is a correlation between pH, 

Al3+ concentration and P fixation (Haynes, 1984; Haynes & Mokolobate, 2001; 

Naramabuye & Haynes, 2006b). This is reinforced by the findings of 

Charoenchamratcheep, Tantisira, Chitnuson, and Sin-Aiem (1981), Kardos (1964), and 

Sanchez and Uehara (1980) who suggest that since the availability of A13+ for reaction 

with PO4
3- controlled by the H+ concentration (because Al3+ is released as a neutralising 

response to a high H+ concentration), phosphorus precipitation (fixation) can be 

decreased by increasing the pH of the soil. Lime (CaCO3) works by reacting with H+, 

releasing CO2 gas and water, with Ca2+ adsorbed onto the soil surface (Equation 2.4).  

 

CaCO3 + 2H+  CO2 + H2O + Ca2+   

 

Common liming materials include CaCO3 (limestone) and CaCO3.MgCO3 (dolomite) 

(Cregan et al., 1989); while quick or burnt lime (CaO), hydrated or slaked lime 

(Ca(OH)2), and magnesia (MgO) are used to a lesser extent (Cregan et al., 1989; Singer 

& Munns, 1991). Some industrial waste products can be used as liming materials. The 

benefits of using waste products include “cheapness” and “bonus nutrients”, such as P 

in sewage sludge and K in kiln dust (Cregan et al., 1989). Disadvantages of using 

wastes, however, include the chemical variability, generally high application rates, 

inconsistent availability and handling challenges (Cregan et al., 1989).  

 

Trials conducted on an ASS in the Mekong Delta, however, have confirmed the 

experience in other tropical areas that lime alone had no effect on growth limiting 

aspects of ASS, but when combined with N and P fertiliser, the efficiency of the N and 

P application increased (Can, 1981). In an experiment by Attanandana & Vacharotayan 

(1981) liming improved the efficiency of combined N and P fertilisation in a Thai 

Rangsit soil (pH ≈ 3.9), but it did not eliminate its primary P-deficiency (yield effect 

shown in Table 2.1).  

 

 

 

Equation 2.4 
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Yield response to lime has been found to be related to decrease in Al3+ concentration for 

wheat (Martini et al., 1977), corn (Gonzalez-Erico et al., 1979), sweet potato, sugarcane 

and Napier grass (Kamprath, 1984).  Kamprath (1984) argued that primary 

consideration should therefore be given to addressing growth limiting factors (i.e. Al3+ 

concentration) rather than necessarily liming to a pH of 7. Friesen, Miller, and Juo 

(1980) also found that increased maize shoot yield was closely related to decrease in 

exchangeable Al saturation in the soil solution, with maximum shoot yield at rates of 

lime which were sufficient to raise the pH to around 5. The effect of lime application on 

yield in ASS and acid soils is shown in Table 2.1 and Table 2.2.  

 

These observations are likely to be related to the fact that maximum yield was obtained 

by Martini et al. (1977) in plots with a pH between 4.8 and 5.8 (1:1 water) and at pH 5.3 

by Samonte and Ocampo (1977). This may suggest that a slightly acidic environment is 

required to liberate P from Ca, or to make other growth limiting nutrients more 

available, and that liming to neutrality is therefore not cost effective. Another 

explanation could be that at a higher pH other yield limiting factors came into effect 

such as an increase in the incidence of the crop diseases Take All (Gaeumannomyces 

graminis) and soil-borne mosaic in wheat (Martini et al., 1977).  

 

Whilst liming acid soils to pH 5.5 or 6.0 may eliminate Al toxicity and supply Ca,  

generally resulting in increases in plant growth and P uptake (Azman et al., 2014; 

Kamprath, 1984; Sanchez & Uehara, 1980), the required application rates are often 

uneconomic. Lime requirements for ASS vary according to the reserves of pyrite and 

the desired rooting depth of the crop. As explained above liming to neutrality is not 

always cost effective. An investigation by Wang and Luo (2002) supports this, reporting 

that between 143.5 t/ha and 2687.5 t/ha of lime was required to neutralise an ASS which 

had an initial pH of 3.5. In many parts of SE Asia, South America and Africa, economic 

and logistic reasons make high rates of lime application impractical for use by resource 

poor farmers (Haynes & Mokolobate, 2001; Mokolobate, 2000; Moormann, 1963). 

Therefore there is a need to identify alternative methods of increasing plant available P 

and decreasing exchangeable Al in ASS. 
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Table 2.1 – Effect of lime on the growth/yield of various crops in acid sulfate soils  
Soil Crop Initial pH Treatments Change in yield Location Paper 

ASS Wheat, 
barley, oats 4.8 (1:2.5 water) 0, 3, 6 t/ha CaO 

Average increase of 15 and 
21% for 3 and 6 t/ha of calcite 
respectively compared to  
0 t CaO/ha 

Sweden Öborn (1993) 

ASS Rice 3.5 (1:1 water) 5 t/ha 

25-53% increase in yield 
compared to no lime 
(depending on rice variety) 
resulting in yields of up to  
5.3 t/ha. 

Philippines Ponnamperuma and 
Solivas (1981) 

ASS Rice 4.55 (1:2.5 water) 
No lime, lime to 
pH 4.5 and to pH 
5.5 

Increase of 72% when limed to 
pH 4.5. This gave a grain yield 
of up to 3.5 t/ha. 

Senegal Khouma and Toure 
(1981) 

ASS Rice 3.9(extract not given) 13 t/ha marl 44% increase in yield due to 
marl application in a pot trial Thailand Attanandana and 

Vacharotayan (1981) 

ASS Rice 4.0(extract not given) 0, 6.25, 12.5 and 
18.75 t/ha marl 

132%, 146% and 117% 
increase in yield with 6.25, 
12.5 and 18.75 t/ha applied 
respectively compared to no 
lime 

Thailand Charoenchamratcheep 
et al. (1981) 

ASS Rice 3.4(1:2.5 water) 

Control, 4 t/ha 
ground 
magnesium lime, 2 
t/ha hydrated lime 

Increase of 41% and 30% 
respectively. With the 
maximum yield 3.53 t/ha. 

Malaysia Azman et al. (2014) 

 
 
 
 
 



 

21 

Table 2.2 – Effect of lime on the growth/yield of various crops in acid soils  
Soil Crop Starting pH Treatments Change in yield Location Paper 

Acid Corn 4.8(1:1 water) 0, 3, 7.5, 15 and 
22.5 t/ha CaCO3 

Increase of 21, 25, 25 and 
11.5% in yield respectively to 
a maximum of approx. 4 t/ha. 

Philippines Samonte and Ocampo 
(1977) 

Acid Wheat 4.5(1:1 water) 3.5, 7, 14, 28 t/ha 
limestone 

Increase of 29, 38, 43 and 41% 
compared to control up to  
2.8 t/ha 

Brazil Martini et al. (1977) 

Acid Rice 4.6(extract not 
given)  

0, 1, 2, 4 and  
8 t/ha CaCO3 

Increase of 45, 54, 77 and 81% 
respectively raising yield to a 
maximum of 4.5 t/ha in the  
4 t CaCO3/ha treatment. 

Brazil (Gonzalez-Erico et 
al., 1979) 
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2.5.5 Growth of crops suited to the environment  

Sugarcane has been reported to grow in pH 3.5-5 soil (Truong, Duong, & Vo-Tong, 

1992; Vo-Tong, 1992). Eucalypts (Horst et al., 2006; Sterk, 1992; Vo-Tong, 1992), 

watermelons, melaleucas (Vo-Tong, 1992), bananas and pineapples (Sterk, 1992) are 

also each reported to grow in ASS. Further, certain plant species are known to respond 

to insufficient concentrations of PO4
3- and/or Al toxicity (Kochian et al., 2004) by 

excreting organic molecules, with the magnitude of this defence mechanism reported to 

be directly proportional to the external Al3+ concentration (Jones, 1998). (Ma, Ryan, & 

Delhaize, 2001)Citrate, oxalate and malate are some of the commonly released organic 

acid anions that can form sufficiently strong complexes with Al3+ to protect the roots of 

many species of Al tolerant plants (Ma et al., 2001). Some plant species, such as Al-

tolerant triticale (×Triticosecale Wittmack), rapeseed (Brassica napus), oats (Avena 

sativa), radish (Raphanus sativus) and rye (Secale cereale) release both malate and 

citrate (Ma et al., 2001) which act to complex Al3+. Secretion continues as the root apex 

moves through an acid soil to replace the organic acids that diffuse away from the root, 

or are broken down by microorganisms (Ma et al., 2001).    

 

Growth of crops suited to the environment is not a definitive solution to the problem of 

ASS though. If the climate or market demands are not suitable for a tolerant crop, it will 

not be a viable farming enterprise. Whilst these limitations can possibly be exploited 

through plant breeding, it may also be possible to mimic these plant responses through 

the addition of materials containing the same organic acids.  

2.5.6 Application of organic matter to soils  

Several workers have demonstrated the benefits of organic matter applications in the 

improvement of acid soils (Wong & Swift, 1995). In addition to improving soil leaching 

in heavy clay soils, as mentioned earlier (Do et al., 2004), organic materials such as 

crop residues, animal manures and compost have been shown to decrease exchangeable 

Al (Liu & Hue, 2001), increase available P (Iyamuremye & Dick, 1996) and increase 

yield in less acidic soils (Naramabuye & Haynes, 2007). In ASS, organic matter has 

been shown to decrease exchangeable Al (Khoi, Guong, Trung, & Nilsson, 2010; Viễn, 

Gương, Đông, & Phượng, 2006), although not extensively, and increase available P and 

crop growth (Thăm, Phượng, Thắm, & Viễn, 2009; Thuy & Viễn, 2008; Viễn et al., 

2006).  
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The action of organic matter on ASS used for agricultural production may occur 

through one of a range of mechanisms because organic matter is a broad classification 

of materials. These mechanisms may be similar or different to those mechanisms in less 

acidic soils.  

 

The addition of green manures and animal wastes to acid soils has been shown to 

decrease Al3+ and increase yields (Berek et al., 1995; Hue & Amien, 1989). Green 

manure is the product of growing a crop specifically for the purpose of adding it as 

organic matter to the soil (Cherr, Scholberg, & McSorley, 2006; Fageria, 2007; Medhi 

& De Datta, 1996). Whilst green manure has been shown to have benefits to ASS, 

including increasing the reducing conditions, decreasing toxin concentrations and 

leading to an increase in plant available P (Toure, 1981), it is of limited usefulness 

because it takes time and resources to grow an ASS-tolerant crop for use as the organic 

matter source. Furthermore, biomass produced may not be significant in effectively 

ameliorating the site. Biosolids and farm yard manure contain a high concentration of P 

resulting from consumption of food products by humans living in cities and towns 

and/or by intensively housed animals. These are, however, generally a waste product 

with limited usefulness (Naramabuye & Haynes, 2007). Codling (2014) reported that 

whilst there is a risk of heavy metal accumulation from long term biosolid application, 

plant available P and tissue P can be increased by more than 200% up to 24 years after 

application compared to a control. Yield gains of more than 200% have also been 

achieved with farm yard manure application (Otinga et al., 2013). One of the big 

problems is that these materials are bulky and present considerable risks in spreading 

disease.  

 

The process of composting, however, decreases material volume, kills pathogens (Chan, 

Dorahy, & Tyler, 2007; Senesi, 1989), eliminates odour, concentrates nutrients (Kuo, 

Ortiz-Excobar, Hue, & Hummel, 2004), decreases risk of organic matter being 

phytotoxic or resulting in sorption of P (Handreck, 1996) and can utilise almost any 

organic waste product. Compost is the product of a process by which organic materials 

are microbiologically transformed under aerobic conditions for a period of no less than 

6 weeks (Standards Australia, 2012). In this process, micro-organisms transform 

putrescible organic matter into CO2, H2O and a series of stable, complex compounds, 

with the breakdown essentially a step-wise reduction of complex substances to simpler 

compounds (Campbell, 2007; Mudhoo, Mohee, Unmar, & Sharma, 2011; Tuomela, 
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Vikman, Hatakka, & Itävaara, 2000). As a result of the broad definition, there are a 

range of products derived from organic matter called “compost” which are available for 

use in agricultural and horticultural production systems. These include materials derived 

from municipal solid waste (MSW) (Jimenez, Garcia, Espino, & Moreno, 1993; Means, 

Starbuck, Kremer, & Jett, 2005), residential and commercial garden waste (Chan et al., 

2007), animal manure (Vu, Tran, & Dang, 2007), animal processing waste (i.e. from 

abattoir/meatworks) (Arvanitoyannis & Ladas, 2008) and plant processing waste (e.g. 

sugarcane filtercake) (Mokolobate, 2000). Additionally, there are composts to which 

worms have been introduced to assist in the breakdown of organic material 

(vermicompost) (Atiyeh, Arancon, Edwards, & Metzger, 2000) as well as composts 

which have a source of phosphate added (phosphocompost) (Gallardo-Lara & Nogales, 

1987).  

 

Results of organic matter application to acid soils and ASS are shown in Table 2.3. The 

use of compost (Table 2.4) results in similar yield from a lower application rate 

compared to the application of non-composted materials (Table 2.3). This is most likely 

due to the way in which composting decreases overall volume of material (Chan et al., 

2007), concentrating nutrients and liming compounds, but also through the production 

of organic acids (Hue et al., 1986).  

 

There is voluminous research on the chemical mechanisms of the decrease in PO4
3- 

fixation due to organic matter application in less acidic soils (Haynes & Mokolobate, 

2001). There are also some reports on the action of organic matter broadly in decreasing 

the environmental impacts of ASS (Dang et al., 2016b; Jayalath, Mosley, Fitzpatrick, & 

Marschner, 2016; Kölbl et al., 2017; Michael, Fitzpatrick, & Reid, 2015; Mosley, 

Willson, Hamilton, Butler, & Seaman, 2015; Yuan, Fitzpatrick, Mosley, & Marschner, 

2015). There are limited reports, however, on the mechanisms by which organic matter 

acts to decrease the deleterious effects of ASS on agricultural production.  The 

mechanisms by which organic matter acts to ultimately increase agricultural outputs on 

ASS are therefore unclear. The contribution of organic acids to bind Al3+, direct 

increase in pH, and addition of P in the applied material are three avenues which are 

considered worthy of further investigation in ASS.  
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Table 2.3 – Effect of organic matter on growth/yield of a variety of crops grown in 
acid or acid sulfate soils. 

Soil Crop Treatments Change in yield  Location Paper 

ASS Rice NPK +/- 2 t/ha 
biosolids 

Average increase of 4% 
compared to no biosolids up to 
5.82 t/ha 

Vietnam Do et al. 
(2004) 

Acid Maize 

0, 25, 50 and 75% 
of 26 kgP/ha as 
FYM + 
complementary 
application of TSP 

Increase of 13, 17, 43 and 41% 
respectively compared to  
26 kgP/ha as TSP with a 
maximum of 5.34 t/ha 

Sub-
Saharan 
Africa 

Otinga et al. 
(2013) 

Acid Corn 0, 10 and 20 t/ha 
grass residue 

Increase of 32% and 40% 
respectively giving a maximum 
yield of 3.5 t/ha 

South 
Africa 

Naramabuye, 
Haynes, and 
Modi (2008) 

Acid Corn 0, 10, 20 t/ha cattle 
manure 

Increase of 124% and  
216% respectively up to 7.9 t/ha  

South 
Africa 

Naramabuye 
et al. (2008) 

 
Table 2.4 – Effect of compost on growth/yield a variety of crops grown in acid or 
acid sulfate soils.  

Soil Crop Treatments Change in yield  Location Paper 

ASS Mungbeans 

3 t/ha of  
Vermicompost 
Pig manure compost 
Biogas compost 
Rice straw compost 
Mushroom compost 

Compared to no compost 
an increase of 153%, 204%, 
148%, 58%, and 29% 
respectively. With pig manure 
yielding 4.8 t/ha DMY 

Vietnam Becker et al. 
(2008) 

Acid Maize 5 t/ha mixed 
compost 

Increase of 35% compared to 
no compost to a maximum of 
5.38 t/ha 

Ethiopia 

Negassa, Abera, 
Friesen, 
Deressa, and 
Dinsa (2001) 

Acid Tomatoes 188 t/ha sugarcane 
filtercake 

Increase in yield of 1600% 
compared to no compost from 
2.16 t/ha to 36.7 t/ha. 

America Stoffella and 
Graetz (2000) 

Acid Baby corn  

NPK, 50% NPK as 
inorganic + 50%N as 
vermicompost, 50% 
NPK as inorganic + 
50% as FYM 

Decrease in yield of 9 and  
11% respectively for 
vermicompost and FYM 
decreasing yield from 0.83 t/ha 
to 0.73 t/ha for FYM1.  

India  Sharma and 
Banik (2012) 

Acid Rice 

NPK, 50% NPK as 
inorganic + 50%N as 
vermicompost, 50% 
NPK as inorganic + 
50% as FYM 

A 50% substitution with 
vermicompost increased yield 
by 28% and FYM by 30%, 
raising yield from 2.39 t/ha for 
the control to 3.12 t/ha for the 
FYM treatment.   

India  Sharma and 
Banik (2012) 

                                                 
1 Decrease in yield attributable to a decrease in agronomic-use efficiency of P2O5 and K2O. 
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2.5.6.1 Application of organic acids in compost  
Through the biochemical transformation of biodegradable organic matter by 

microorganisms (Said-Pullicino, Erriquens, & Gigliotti, 2007) composting produces 

several types of humic substances including organic acids (Hue et al., 1986) which have 

functional groups (Seatz & Peterson, 1964) that may act on ASS in the same way that 

they have been found to in less acidic soils (Haynes & Mokolobate, 2001).  

 

Humic substances are clusters of organic materials with different molecular weights 

which have resulted from the actions of microorganisms and enzymes during the 

breakdown of organic matter (Zhou, Selvam, & Wong, 2014). Humic substances have 

variable charges and contain a variety of functional groups such as carboxylic, phenolic 

and hydroxylic compounds but normally have one or more aromatic nuclei connecting 

more than one reactive functional groups of the outer most structure (Zhou et al., 2014).  

Humic substances are known to play an important role in soil chemistry due to their 

ability to affect the water holding capacity, pH and nutrient dynamics in soil. (Zhou et 

al., 2014). There are two ways humic substances are generated: (1) lignin derivatives are 

oxidized from side chains of lignin constitute the core structure of humic substances 

under microbial activities, and (2) monomers are polymerized through microbial 

metabolism. Therefore, the composting mix containing higher contents of lignin may 

accelerate the formation of stable humic substances (Zhou et al., 2014).. 

 

(Said-Pullicino et al., 2007; Zhou et al., 2014)It has been demonstrated in vitro using a 

less acidic soil that Al3+ adsorption by humic acids can be increased (Lin & Su, 2010).  

In addition, PO4
3- adsorption has been shown to be decreased (Bolan et al., 1994; Schefe 

& Tymms, 2013) with the addition of organic acids containing COOH. Citrate and 

malate are reported to decrease Al phytotoxicity by forming Al-organic complexes (Hue 

et al., 1986). Oxalate, however, is reported to be able to displace PO4
3- from sorption 

sites on soil and then form stable soluble complexes with Al in solution, which may 

limit reprecipitation with PO4
3- (Figure 2.6) (Bhatti, Comerford, & Johnston, 1998). 

Similarly, tartrate is reported to decrease PO4
3-sorption through a combined dissolution-

competitive sorption effect (Earl et al., 1979). After Al3+ is complexed, the biological 

toxicity risk is decreased (Drake, 1964; Walker, Clemente, & Bernal, 2004) because 

complexes of Al with di- and tri-carboxylic organic acids are not absorbed by roots or 

transported across membranes (Kochian et al., 2004).  
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Whilst it is acknowledged that with a pKa of 4.8 (Black, 2010), COOH is less likely to 

be a key factor in ASS due to the pH being less than 4, other functional groups present 

an avenue for investigation due to theoretical differences in pKa, and therefore 

differences in activity at pH <4. Functional groups with lower pKa values would need to 

be identified and better understood as part of this process because, for example, maleic 

acid has a much lower pKa value (1.9) than malic acid (3.46), but there are both 

dicarboxylic acids (Harrold & Tabatabai, 2006). Specifically in ASS, Khoi et al. (2010) 

suggested that polymeric Al can link negatively charged functional groups of organic 

molecules together, decreasing their solubility by flocculation and in doing so 

decreasing the concentration of Al3+ in solution.  

 

Physical blockage of possible PO4
3- binding sites by sorbed organic acids was 

investigated in acid soils by Agbenin and Igbokwe (2006) who found that PO4
3- sorption 

decreased linearly with manure application. The authors suggest that there were specific 

soil sorption sites organic acids were sorbed to which PO4
3- appeared incapable of 

replacing.  Similarly, Mokolobate and Haynes (2003) hypothesised that humic 

substances from household compost were specifically adsorbed onto surfaces of Fe and 

Al oxides thus blocking adsorption of subsequently added PO4
3- and increasing its 

availability to plants.   

 

 

 

Figure 2.6 – Effect of organic matter on colloid surfaces to prevent the binding of 
phosphorus (P) through the blockage or removal of binding sites on metals (M) by low 
molecular weight organic acids (LOA).  From Guppy, Menzies, Moody, and Blamey (2005) 
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Some discussion around aromatic groups can also be found in the literature but the 

results of experimentation appear to indicate that organic acids with many carboxyl 

groups such as citric and oxalic acid are more effective at increasing the available P 

concentration in the soil solution (Hu et al., 2005; Kpomblekou-A & Tabatabai, 1994).    

Changes in the functional group abundance of a given compost over the duration of 

composting have been reported previously (Ait Baddi et al., 2004; García, Hernández, 

& Costa, 1992; Spaccini & Piccolo, 2007a, 2007b, 2008), and variation of the macro 

and micro nutrient content between composts derived from different source materials 

(feedstocks) has been described, as reviewed by Quilty and Cattle (2011). Little work 

appears to have been conducted, however, investigating the functional group profiles of 

composts of different feedstocks, noting that the more decomposed the feedstock, the 

more humic substances are likely to be present (Naramabuye & Haynes, 2006b), and 

that leguminous and non-leguminous plant feedstocks (Berek et al., 1995), for example, 

may yield different results due to their higher nitrogen concentration which would 

ultimately be a confounding variable.  

 

Understanding the functional group profiles of the organic acids in composts is 

therefore important in terms of predicting its efficiency in application. It has been 

reported by Zhou et al. (2014) that (Hue et al., 1986)there is no uniform agreement on 

the structures and dynamics of the components of humic substances in the final products 

of composting, mainly as a consequence of the differences in the composting substrate 

and operating conditions. (Zhou et al., 2014) 

 

2.5.6.2 Change in pH through compost application  

An increase in soil pH is regarded as a major benefit of compost use on acidic soils, 

with increases in pH of 1.5 units reported (Chan et al., 2007; Hargreaves et al., 2008). 

Biomass and yield benefits of a rise in pH have been previously described in this review 

as being an increase in P availability by decreasing PO4
3- fixation as Al precipitates due 

to a decrease in the availability of Al3+ in response to a lower H+ concentration (Aitken, 

Moody, & Dickson, 1995; Cregan et al., 1989; Liu & Hue, 2001). An increase in soil 

pH is one way in which the addition of organic residues to acid soils reduce the 

phytotoxicity of Al3+. 
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It has been found that the application of organic matter to an acid soil raised the pH 

from 4.1 to 4.5 within the first 6 weeks after application (Naramabuye et al., 2008).  

This result was partly attributed to the decarboxylation of organic acids, with the 

consumption of protons a result (Naramabuye et al., 2008). A corresponding decrease in 

the concentration of phytotoxic exchangeable Al species due to the precipitation of Al 

as hydroxyl-Al then resulted from the increased pH (Naramabuye et al., 2008). 

Mokolobate (2000) found that 10-20 t/ha of organic matter application led to a 

significant increase in pH and a decrease in exchangeable Al. This result was attributed 

to several factors: a high CaCO3 concentration in sugarcane filtercake compost; a high 

proton consuming capacity of humic material in household compost and 

decarboxylation of organic acids during composting of grass residues used in their 

experiment (Mokolobate, 2000). Limestone is often added to the diets of cattle, pigs and 

layer poultry, and much of this is excreted in their manure, further increasing its CaCO3 

content  (Naramabuye & Haynes, 2006b). It has been shown that in ASS, the addition of 

organic matter addition as part of a wet-dry-wet-dry cycle can improve energy supply 

for sulfate reducers which results in an increase in pH during the wet period and lead to 

a higher pH in the oxidation period (Jayalath et al., 2016). 

 

Changes in pH resulting from application of compost may occur via a variety of 

mechanisms: 

1. Specific adsorption of humic material/organic acids on Al hydrous oxides may lead 

to a release of OH- (Hue et al., 1986; Iyamuremye & Dick, 1996) with OH- then 

neutralising acidity.  

2. Organic matter represents a return of alkaline material due to a positive ash alkalinity. 

Noble, Zenneck, and Randall (1996) found that leaf litter, for example, increased pH 

proportionally to the ash alkalinity of the litter added. Furthermore, CaCO3 is added to 

some organic materials which enables them to effectively consume H+. For example, 

CaCO3 is an important component of filtercake since it is used to flocculate impurities 

out of the juice produced by milling harvested cane (Doherty & Edye, 1999; 

Mokolobate & Haynes, 2002a). 

3. Ammonification of organic N without nitrification results in a consumption of H+ 

(Naramabuye & Haynes, 2006b) when poorly composted material is applied to the soil.  
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Through an increase in pH resulting from one of a range of mechanisms, it is possible 

that Al concentration can be decreased and P concentration increased in ASS through 

addition of organic matter.  

 

2.5.6.3 Application of phosphorus in compost 

From their review of the competitive sorption between P and organic matter in soil, 

Guppy et al. (2005) concluded that the apparent decrease in PO4
3- sorption after organic 

matter application is not related to competition for decomposition products of organic 

matter but is instead the result of P released from organic matter. Whilst mineralisation 

will be less at low pH due to a lower population of mineralising microbes (Robson & 

Abbott, 1989), chemical solubilisation of inorganic phosphate compounds in compost 

will take place due to the low pH (Lindsay, 1979), although some of this will be 

immediately fixed by Al.  

 

It is important to note, however, that addition of organic amendments does not always 

lead to an increase in soil P as organic amendments may be derived from source 

materials of variable composition and P status (Schefe et al., 2008). Whilst application 

of highly humified materials such as compost can increase solution P concentration in 

an acid soil (Schefe et al., 2008), incubation studies have also demonstrated that a 

biologically active decomposing organic material may adsorb and immobilise a large 

proportion of applied P fertiliser (Gagnon, 2004).  

 

As mentioned earlier, Singh and Jones (1976) quantified that organic residues having 

total P concentrations of < 0.3% increased PO4
3- sorption. Any PO4

3- which is 

mineralised from organic matter will quickly complex with fixation sites, decreasing the 

PO4
3- adsorption capacity and increasing the availability of P in the soil following 

fertiliser addition (Agbenin & Igbokwe, 2006; Mokolobate & Haynes, 2003). Further, 

the trails of Nguyen et al. (2017) indicated that increased rice yield was due to a 

decrease in Al toxicity from precipitation with P. In their trails, Nguyen et al. (2017) 

investigated the application of P fertiliser to decrease exchangeable Al and Fe, thereby 

improving the rice growth and yield. They found that at the end of the season there was 

a decrease in soil Al and Fe in plots that had P rates above 40 kg P2O5/ha.  
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It is possible that enough P is released from added organic matter to precipitate Al3+ 

from the soil solution as well as make more P available to plants.  This may happen 

through the solubilisation of compounds at the low pH of the ASS which are not soluble 

at higher pH values. Such an effect may be observed following the application of a 

compost which is high in calcium phosphates which are insoluble at a neutral pH in 

water but would solubilise at low pH (Greenwald, Redish, & Kibrick, 1940).  

The calcium phosphate compounds which, if present, would be likely to solubilise first 

are Monocalcium phosphate monohydrate (MCPM) and Monocalcium phosphate 

anhydrous (MCPA) (Table 2.5 and Figure 2.2). These two are likely to be the first to 

solubilise due to their relatively high log (K) value (Table 2.5). 
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Table 2.5 – Existing calcium orthophosphates and their major properties from 
Dorozhkin (2009) 

Compound Chemical formula 
Solubility 
at 25 ºC,  
log(K) 

Solubility 
at 25 ºC 

(g/L) 

pH 
stability in 

aqueous  
solutions at 

25°C 
Monocalcium phosphate 
monohydrate (MCPM) Ca(H2PO4)2·H2O -1.14 ~ 18 0.0 – 2.0 

Monocalcium phosphate 
anhydrous (MCPA) Ca(H2PO4)2 -1.14 ~ 17 [c] 

Dicalcium phosphate 
dihydrate (DCPD), mineral 

brushite 
CaHPO4·2H2O -6.59 ~ 0.088 2.0 – 6.0 

Dicalcium phosphate 
anhydrous (DCPA), mineral 

monetite 
CaHPO4 -6.90 ~ 0.048 [c] 

Octacalcium phosphate (OCP) Ca8(HPO4)2(PO4)4·5H2O -96.6 ~ 0.0081 5.5 – 7.0 
α-Tricalcium phosphate  

(α-TCP) α-Ca3(PO4)2 -25.5 ~ 0.0025 [a] 

β-Tricalcium phosphate  
(β-TCP) β-Ca3(PO4)2 -28.9 ~ 0.0005 [a] 

Amorphous calcium phosphate 
(ACP) 

CaxHy(PO4)z·nH2O, 
n = 3–4.5; 15–20% H2O 

[b] [b] ~5-12d 

Calcium-deficient 
hydroxyapatite (CDHA)[e] 

Ca10-x(HPO4)x(PO4)6-x(OH)2- 
[f] (0<x<1) 

~ -85.1 ~ 0.0094 6.5 – 9.5 

Hydroxyapatite (HA) Ca10(PO4)6(OH)2 -116.8 ~ 0.0003 9.5 – 12 
Fluorapatite (FA) Ca10(PO4)6F2 -120.0 ~ 0.0002 7 – 12 

Tetracalcium phosphate 
(TTCP), mineral 

hilgenstockite 
Ca4(PO4)2O -38 – 44 ~ 0.0007 [a] 

 
[a] These compounds cannot be precipitated from aqueous solutions. 
[b] Cannot be measured precisely. However, the following values were found: 25.7 ± 0.1 
       (pH = 7.40), 29.9 ± 0.1 (pH = 6.00), 32.7 ± 0.1 (pH = 5.28). 
[c] Stable at temperatures above 100°C. 
[d] Always metastable. 
[e] Occasionally, CDHA is named as precipitated HA. 
[f] In the case x = 1 (the boundary condition with Ca/P = 1.5), the chemical formula of CDHA  
       looks as follows: Ca9(HPO4)(PO4)5(OH). 
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2.6 Conclusion 

The deleterious effects of ASS on agricultural production are a consequence of the low 

pH leading to a high concentration of Al3+ and the low concentration of plant available 

P. In acid soils composts have been shown to increase pH, and decrease Al3+ and 

increase plant available P concentrations. Similar observations have been made in ASS. 

Composts are known to have different chemical and physical characteristics and the 

profile of organic acids which they contain differs based on the feedstock organic 

material. Although the effect of organic acids on less acidic soils has been well 

researched the effect of organic acids on ASS is not well documented. It is hypothesised 

that the effects of composts on solution Al and P concentrations at pH <4 and in actual 

ASS, will be attributable to the functional group profile of the organic acids resulting 

from the different materials used to produce composts; the changes in pH resulting from 

the neutralisation of acidity and/or the direct addition of P resulting from organic matter 

addition. Further, it is hypothesised that plant biomass and yield will increase as a 

consequence of the application of composts bringing about changes in ASS chemistry 

through one of more of the identified mechanisms.  
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3 Compost characterisation and functional group evaluation  

3.1 Introduction  

Application of compost to acid sulfate soil (ASS) has been reported to increase pH, 

decrease the exchangeable Al concentration (Khoi et al., 2010), increase available P 

concentrations and increase growth in some crops such as maize (Thuy & Viễn, 2008; 

Viễn et al., 2006). In acid soils a range of similar benefits to crop growth resulting from 

organic amendment application have also been reported previously (Haynes & 

Mokolobate, 2001; Iyamuremye & Dick, 1996; Mokolobate & Haynes, 2002b). Some 

authors have pointed to definitive explanations as to which components of organic 

amendments are responsible for this effect on acid soils, such as carboxylic acids in 

compost (Hue, 1991; Schefe, Kappen, & Pigram, 2011; Schefe, Kappen, Zuin, Pigram, 

& Christensen, 2009). Whilst other possible mechanisms have been described in general 

terms, for example, catechol-type bonding of aromatic compounds (McBride, 1994), the 

number and position of carboxyl groups appear to be the most important factors (Hu et 

al., 2005; Kpomblekou-A & Tabatabai, 1994). No definitive mechanism of action of 

compost, however, has been identified, or a direct evaluation of the effect of compost on 

available Al and P concentrations made in an ASS used for agricultural production. The 

behaviour of compost in ASS may be different to acid soils because the pH is much 

lower and the Al and Fe concentrations are typically much higher.    

 

Changes in functional group characteristics of singular composts over the duration of 

the composting process have been reported previously (Inbar, Chen, & Hadar, 1991; 

Plaza, Senesi, Polo, & Brunetti, 2005; Spaccini & Piccolo, 2007b, 2008; Wershaw, 

Leenheer, Kennedy, & Noyes, 1996) and many authors have reported the macro and 

micro nutrient variation between composts derived from different source materials 

(feedstocks) (as reviewed by Quilty & Cattle, 2011).  

 

Owing to the current limitations in the structural analysis of organic acids, most 

successful approaches to characterisation take advantage of at least two complimentary 

analytical techniques (Chesworth, 2008). Firstly, Solid State Nuclear Magnetic 

Resonance (13C NMR) has been previously used to characterise the functional group 

profile of compost or compost like materials (Celi, Schnitzer, & Nègre, 1997; Chefetz, 

Hatcher, Hadar, & Chen, 1996; Jouraiphy et al., 2008).  
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This technique is often used because it enables fast, high resolution capture of 

information about the proportion of functional groups present within a sample. 

Secondly, X-ray photoelectron spectroscopy (XPS) is a surface analysis technique 

which has also been reported in compost characterisation in the past (Meesuk et al., 

2013; Xu, Xia, Huang, Gu, & Chen, 2011). XPS and 13C NMR have been used together 

in the past in the structural characterisation of humic acids (Monteil-Rivera, Brouwer, 

Masset, Deslandes, & Dumonceau, 2000; Yang, Shu, Wang, Xing, & Tao, 2011) and 

the investigation of complex organic materials such as ligno-cellulosic substrates 

isolated from wheat straw and bran (Gauthier et al., 2002) and poly ethylene-co-vinyl 

acetate (EVA)-sugarcane composites (Tavares, Stael, Gorelova, & De Menezes, 2001).  

 

There are, however, a number of limitations associated with both solid state 13C NMR 

and XPS. These include the low natural abundance of 13C (about 1.1%) in soil organic 

matter and the impact of paramagnetic species such as iron, copper, and nickel on the 

signal intensity which compromises quantitation is if this loss of signal is not equal for 

all resonances in the spectrum (Mathers et al., 2000). There are also limitations of XPS 

including a restriction to the upper 10 to 15 nm of the sample surface and the 

requirement for ultra-high vacuum conditions to avoid any contamination of the surface 

by adsorbates from the ambient atmosphere (Kruse et al., 2015).  

 

By bringing these functional group characterisation methodologies together with basic 

chemical characterisation and evaluation, using a solution that mimicked the pH, Al, Fe 

and P concentration of ASS soil, the objective of this experiment was to determine 

whether any functional groups in compost were able to decrease Al and increase P 

under ASS conditions. Iron (Fe) was included in the experimental solution because 

although Al-P relations have a significant effect on plants (Cameron et al., 1986; Foy, 

1984; Rodriguez et al., 1994; Wong & Swift, 1995), the concentration of Fe is known to 

be high in ASS and the potential that there is a complimentary or antagonistic effect 

from Fe on Al-P relations in the presence of compost cannot be discounted.   

 

It was hypothesised that there is a relationship between one or more functional groups 

in compost, as measured by 13C NMR and/or XPS and the Al/Fe/P concentration 

recovered from a solution prepared in the laboratory to be akin to the soil solution of an 

ASS.  
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3.2 Materials and methods 

Material acquisition  

Eighteen composts, or compost like, materials were obtained from retail stores, 

wholesale suppliers or direct from the location of production primarily in the “Sydney 

Basin” (New South Wales, Australia). Products were determined to be “compost” or 

“compost like” based on their adherence to parameters set out in Australian Standard 

4454-2012 (Standards Australia, 2012) even if the product was not formally certified as 

meeting this standard. These products took the form of mixed feedstock composts, 

mono-feedstock composts and factory by-products which had been through some form 

of biological degradation over a period of time. Materials sourced were intended to 

represent a diversity of product forms and feedstocks.  

 

Methodology for compost characterisation  

Whilst it is common practice when studying humic acids to fractionate the material 

based on charge prior to analysis, questions concerning the quantitative relationship 

between the analysed fragments and the initial material have been raised (Mathers et al., 

2000; Monteil-Rivera et al., 2000). For this reason, all analyses in this study were 

performed, in triplicate, on raw, dried and crushed samples not on extracts.  

 

On receipt of composts, three sub-samples were taken and either dried in a fan forced 

oven at 40 oC for 48 hours, in a fan forced oven at 105 oC for 48 hours or in a vacuum 

oven under -700 psi of pressure with a stream of nitrogen at 60 oC for 48 hours. Drying 

samples in a vacuum oven under nitrogen at low temperature was intended to decrease 

the risk of oxidative degradation of samples which may have impacted upon the 

accuracy of functional group characterisation. The set of sub samples dried at 105 oC 

were used to validate the use of the vacuum oven as a means of removing all of the 

water from each sample. Samples from different drying methods were used for the 

analyses outlined in Table 3.1. All analyses used composted material which was 

screened to pass a 2 mm sieve which in some cases were further crushed to pass a  

0.063 mm sieve to meet the requirements of each method. In addition to the analyses 

outlined in Table 3.1, two other measures of compost elemental composition were 

undertaken.  
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The first made use of the 1:5 soil to water extract solution that was used for 

determination of pH and EC which, after these were measured, the extract was 

centrifuged at 4000 rpm, syringed filtered (0.45 um Bonnet Teflon filters) and the 

filtrate analysed for Al, Fe, Na, S and P by ICP-OES. This gave a measure of the water 

soluble concentration of these elements. A sample of <2 mm compost was also ashed at 

400 oC for 24 hours to obtain total Al and Fe concentrations. Ashed samples were 

weighed (1-2 g) into digestion tubes with 5mL concentrated HNO3 and heated in a 

digestion block at 200 oC until brown gas was no longer visible . Once digestion was 

complete, the solution was filtered through Whatman No. 42 filter papers and a 1:5 

dilution made and metals were analysed by ICP-OES and reported in Table 3.2. 

Table 3.1 –Sample preparation and characterisation analyses completed on 
samples of the 18 composts which were used to evaluate efficacy of composts in 
removing Al and Fe, and maintaining P in a solution akin to acid sulfate soils.  

Analyte Method* Particle size 
(mm) 

Drying conditions Comments 

Total C 7A5 2 60 oC, vacuum, -700psi Leco 2000 
pH 4A1 2 air dry (40 oC) Glass electrode 
EC 3A1 2 air dry (40 oC)  

Kjeldahl P 9A3a 2 60 oC, vacuum, -700psi Flow injection  
analysis  

Kjeldahl N 7A2b 2 60 oC, vacuum, -700psi Flow injection  
analysis 

Colwell P 9B1 2 60 oC, vacuum, -700psi   

CEC 15D3** 2 60 oC, vacuum, -700psi 1 M NH4OAc  
at pH 4.8 

13C NMR 
(CP/MAS) 

- 0.063 60 oC, vacuum, -700psi Bruker Advance 
III 300 Solid State 

XPS - 0.063 60 oC, vacuum, -700psi Thermo Scientific 
ESCALAB250X 

* (Rayment & Lyons, 2011) 
** Modified from Rayment and Lyons (2011) based on Ross and Ketterings (2011).  
 
 
 
 
 
 
 
 
 
 
 
 
 



 

38 

Methodology for compost evaluation  

The mechanism by which compost acts on Al and P concentrations under conditions 

akin to those of an ASS soil solution was evaluated by weighing masses of 0.1, 0.2, and 

0.5g of < 2 mm air-dry compost into separate 50mL centrifuge tubes in quadruplicate. 

These masses were chosen based on the results of a preliminary investigation which 

showed a measurable response range when added to a 100ppm solution of Al/Fe/P 

(results not shown). To the compost was added 20mL of a 0.1 M HCl + 0.1M potassium 

hydrogen phthalate buffer (pH 3) + 100 mgP/L, 100 mgFe/L and 100 mgAl/L solution, 

as KH2PO4, FeSO4.7H2O and Al(NO3)3.9H2O respectively. Masses of 0.2 g of each 

compost were also weighed into tubes with 20 mL of a 0.1 M HCl + 0.1 M potassium 

hydrogen phthalate buffer (pH 3) only, to be used as reference samples. Tubes of 

compost and solution were then shaken for 16 hours, centrifuged at 4000 rpm for  

10 mins and syringe filtered (Bonnet 0.45 µm Teflon filters) before determination of 

metal concentrations in the solution by ICP-OES (Varian 710-ES ICP Optical Emission 

Spectrometer). It is acknowledged that delineation between dissolved and particulate Al 

is operational, and filter type and pore size (e.g. 0.45 versus 0.025 µm) significantly 

influence dissolved Al measurements (Srinivasan, Viraraghavan, & Subramanian, 1999) 

and the determination of P concentration (Sinaj et al., 1998). Concentrations of Al/Fe/P 

recovered at the conclusion of the 16 hour shake are expressed as mgAl/L, mgFe/L and 

mgP/L respectively.   

 

Data analysis 

Following sample analysis by Solid State 13C NMR (cross polarisation magic angle 

spinning (CP/MAS)) integrals generated from Bruker Topspin were normalised by 

dividing the integral by a normalisation ratio calculated from the mass of each sample. 

Atomic percentage (AT%) was determined following sample analysis by XPS by 

deconvoluting the spectra using the Thermo Scientific Avantage software package.  

 

Data were statistically analysed in GenStat 18 (VSN International, 2016) using linear 

mixed models to determine the predicted means for each response variable and the least 

significant difference value for each mass of each measured element. Data were further 

analysed using a linear mixed model dropping value technique to determine which 

predictor variables had a significant relationship with response variables. Firstly all 

predictor and response variables were analysed for correlation using summary statistics 

functionality in GenStat 18 (VSN International, 2016).  



 

39 

Data for correlations was inputted in the form of integrals from 13C NMR; AT% from 

XPS; raw data from compost chemical characterisation and the average of four 

replicates of Al, Fe and P measurements expressed in terms of recovered 

mg[Al,Fe,P]/L. Using cut offs of > 0.3 and < -0.3 the thirteen predictor variables which 

correlated most strongly with Al, Fe and/or P concentrations were selected. Each of 

these were analysed as univariates in a linear mixed model analysis. A dropping value 

of < 0.25 was used to determine which variables would be included in the multivariate 

analysis for each element. The largest dropping value was removed following each 

multivariate analysis until only variables with a dropping value < 0.05 remained in the 

model. This was then used to determine those predictor variables which were 

significantly related to response variables.   
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Table 3.2 – Summary of feedstock and chemical attributes of dried and crushed raw samples of 18 characterised composts. Methods of 
analysis in Table 3.1.  

Compost 
ID Feedstock Colwell P 

(mgP/g) 
Total C  

(%) 
Total N  

(%) 
Total P 

(%) C:N ratio N:P ratio pH 
(1:5 water) 

EC 
(mS/cm) 

CEC 
(cmolc/kg) 

A Greenwaste, cow manure and 
chicken manure 1.79 23.75 1.60 0.466 14.84 3.43 8.32 2.01 9.96 

B Greenwaste and cow manure 0.50 30.34 0.94 0.185 32.28 5.08 6.66 0.42 2.97 

C Grape marc, greenwaste, 
stable bedding 

1.63 16.61 1.38 0.39 12.04 3.54 7.31 2.01 8.41 

D Pine bark, spent coffee 
grounds, biosolids 0.34 17.23 1.15 0.254 14.98 4.53 7.66 0.89 6.82 

E Pornch, grease trap, 
greenwaste, biosolids 

1.45 16.04 1.68 0.976 9.55 1.72 6.78 0.85 5.15 

F Cow manure, mushroom 
compost, greenwaste 1.38 12.95 0.52 0.245 24.90 2.12 7.7 1.00 8.41 

G Mushroom compost 0.51 29.46 2.51 1.14 11.74 2.20 6.65 5.54 15.5 
H Greenwaste and biosolids 1.28 6.13 0.32 0.183 19.16 1.75 7.89 0.40 3.72 
I Greenwaste and biosolids 1.79 21.03 1.72 0.795 12.23 2.16 6.76 1.39 9.96 
J Greenwaste and biosolids 1.34 22.04 1.71 0.822 12.89 2.08 6.44 1.33 7.46 
K Cow manure 2.09 24.27 1.91 0.735 12.71 2.60 8.28 4.55 15.5 
L Cow manure 1.61 17.18 1.30 0.633 13.22 2.05 8.8 2.96 7.46 
M Cow manure 0.86 24.46 1.38 0.312 17.72 4.42 7.71 1.44 9.38 
N Cow manure 1.73 17.18 1.55 0.797 11.08 1.94 8.27 2.91 15.6 
O Greenwaste 0.93 26.89 1.36 0.269 19.77 5.06 7.56 1.03 9 
P Greenwaste 0.89 22.81 1.24 0.259 18.40 4.79 7.53 0.96 2.97 
Q Sugarcane filtercake 1.88 32.83 1.13 1.7 29.05 0.66 7.66 0.36 3.72 
R Sugarcane filtercake 1.80 27.91 1.40 1.03 19.94 1.36 6.89 0.83 9.38 



 

41 

3.3 Results and discussion 

When measured by 13C NMR, it can be seen (Table 3.3) that compared to other 

composts, E, G, M and O all had integrals > 0.25 in the region of 183-165 ppm which 

corresponds to COO (Pretsch, Bühlmann, & Badertscher, 2009). This is the group to 

which an increase in pH, decrease in exchangeable Al and increase in available P 

resulting from compost application to acid soils is attributed (Bolan et al., 1994; Lin & 

Su, 2010; Schefe & Tymms, 2013).  

 

Whilst compost H had a high P concentration and was lower in Al and Fe (Figure 3.2, 

Table 3.6) than other composts at the conclusion of the experiment, it did not have large 

peak areas in the regions corresponding to COO. This supports the notion that COOH 

may not be the cause of the observed effects of compost on ASS. Further, as compost G 

had high peak areas (Table 3.3, Figure 3.1) in every recorded region, it is difficult to 

attribute the high %P maintenance to any particular functional group.  

 

Differences between composts E, G, M and O, and compost H can be clearly seen in 

Figure 3.1. Whilst composts E, M and O had large peaks in the regions corresponding to 

COO (Figure 3.1), these, did not have particularly low Al/Fe or high P concentrations at 

the conclusion of the experiment (Table 3.6 and Figure 3.2).   

 

 

 

 

 

 

 

 

 

 Figure 3.1 – Comparison of the 13C NMR spectra for E, G, H, M and O 
showing the key features of these composts which were found to have 
been most effective in cumulatively decreasing Al and Fe and increasing 
P in a solution akin to the soil solution of an acid sulfate soil. 

G 
M 

O 
E 
H 
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Whilst the results of experimentation appear to indicate that organic acids with many 

carboxyl groups such as citric and oxalic acid are more effective at increasing the 

available P concentration in the soil solution (Hu et al., 2005; Kpomblekou-A & 

Tabatabai, 1994) some discussion around aromatic groups can be found in the literature. 

It may, therefore, be worth considering the abundance of C-aromatic functional groups 

present in these composts. When Table 3.3 is interrogated, however, it can be seen that 

the composts with the highest abundance of C-aromatic it is composts B, F, G, M and O 

but of these only compost G (Figure 3.2) has a particularly high P maintenance, and not 

composts have an especially high removal of Al or Fe indicating that this is no likely to 

be the mechanism by which these composts are acting on ASS in the field.  

 

As measured by XPS, composts G and K were found to have a large AT% at the 

binding energy corresponding with C-O-H, C-O-C (Table 3.4). Composts G and L, 

however, had equal highest AT% at the binding energy corresponding to C=O. This, 

therefore, does not provide further clarification about the functional groups of organic 

acids which cause the observed effects in ASS.  

 

Surface chemistry of carbon materials depends on the presence of atoms which are not 

carbon or hydrogen like oxygen, nitrogen, phosphorus, chlorine that may affect acid–

base characteristics of carbon and modify their electrochemical and catalytic properties 

(Puziy, Poddubnaya, Socha, Gurgul, & Wisniewski, 2008). Oxygen-containing surface 

groups confer hydrophilic and cation exchange properties, nitrogen-containing carbons 

show enhanced anion exchange properties and catalytic activity in red–ox reactions, and 

phosphorus-containing carbons display specific characteristics including enhanced 

oxidation stability (Puziy et al., 2008). Furthermore, through Ca-Al interactions, it has 

been proposed that the high surface concentration of Ca may play a role in amelioration 

of Al toxicity (Meriño-Gergichevich et al., 2010). In this experiment, Al removal 

closely followed surface concentration of Ca and thus may be evidence of this 

mechanism of decreasing Al concentration in ASS.  Compost H, however, was shown 

(Table 3.5) to have the highest concentration of silicon (Si) which Elisa, Ninomiya, 

Shamshuddin, and Roslan (2016) suggests can bind with H+ to produce monosilicic acid 

(H4SiO4) which it is suggested could then complex with Al3+. 

(Puziy et al., 2008) 
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The NMR results shown in Figure 3.1 and Table 3.3, and the XPS results for surface 

carbon structures and surface presence of other elements on the of these finely ground 

composts, shown in Table 3.4 and Table 3.5 respectively, therefore provide further 

detail of the nature of these characterised composts. This may provide useful data for 

future investigations, especially those concerned with a comparison between composts 

derived from different feedstocks, as this type of research does not appear to have been 

widely published.  

 

It can be seen (Table 3.2) that compost B has the highest C:N and N:P ratios of the 18 

composts which were characterised. Compost E had the lowest C:N ratio and third 

lowest N:P ratio, with the two filtercake composts having the lowest N:P ratios. A low 

C:N indicates a more mature compost product (Bernai, Paredes, Sanchez-Monedero, & 

Cegarra, 1998; Huang, Wong, Wu, & Nagar, 2004; Ko, Kim, Kim, Kim, & Umeda, 

2008) and a more mature compost is likely to result in less nutrient drawdown 

(Handreck, 1996) and a lower biological oxygen demand (Raviv, 2005).  
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Table 3.3 – 13C NMR spectral integrals normalised for mass (i.e. functional groups /g compost) for the 18 composts used in this 
experiment 

 
 
 

Chemical shift  
range (ppm)  

and functional  
group structure 

A B C D E F G H I J K L M N O P Q R 

210-183 
C=O 0.005 0.032 0.004 0.036 0.055 -0.001 0.058 0.016 0.031 0.014 -0.009 -0.016 0.077 0.03 0.095 0.056 0.012 0.015 

183-165 
COO 0.175 0.154 0.216 0.169 0.289 0.181 0.533 0.132 0.124 0.233 0.244 0.15 0.261 0.237 0.32 0.175 0.127 0.122 

165-145 
CO0.75H0.5 0.168 0.341 0.212 0.214 0.284 0.174 0.366 0.166 0.118 0.235 0.176 0.119 0.293 0.133 0.358 0.199 0.103 0.09 

145-90 
C-arom 0.593 1.291 0.86 0.767 0.941 1.156 1.326 0.615 0.402 0.891 0.721 0.535 1.035 0.642 1.232 0.752 0.596 0.469 

90-50 
H CO0.75H0.5 1 2.056 1.649 1.201 1.423 1.001 2.477 0.908 0.579 1.567 1.672 1.307 1.665 1.359 1.943 1.225 1.344 0.979 

50-25 
CH1.5 0.454 0.62 0.452 0.352 0.334 0.499 0.61 0.287 0.206 0.488 0.46 0.252 0.541 0.32 0.692 0.348 0.221 0.225 

25-6 
CH3 0.225 0.266 0.242 0.132 0.153 0.288 0.296 0.119 0.098 0.23 0.269 0.167 0.186 0.157 0.247 0.132 0.114 0.103 
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Table 3.4 – Peak binding energies (eV), corresponding functional group structures list, and AT% of each for 18 composts used in this 
experiment as determined by XPS 

Peak Binding 
Energy and 
Structure 

A B C D E F G H I J K L M N O P Q R 

284.9 –285.04 
C-H, C-C 41.95 39.95 25.37 38.14 23.25 35.13 32.87 27.58 36.29 37.48 40.16 27.02 41.45 36.82 44.22 39.53 50.44 47.65 

286.41 –286.73 
C-O-H, C-O-C 12.08 13.68 12.42 12.74 11.51 10.53 16.88 9.54 13.03 13.04 15.72 12.98 13.77 13.54 14.24 12.6 12.94 14.09 

287.9 –288.13 
C=O 2.61 2.68 3.59 2.6 3.08 1.04 5.03 1.94 2.19 2.8 4.13 5.03 2.08 4.12 2.76 2.96 3.59 4.09 

288.58 –289.59 
O-C=O 2.55 2.88 2.65 2.25 2.42 3.31 3.83 2.49 2.86 2.58 2.83 1.99 2.97 2.5 2.56 2.2 2.52 2.6 
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Table 3.5 – Surface concentration of elements determined by XPS reported as a percentage of total surface elements (AT%) from the 18 
composts.  

 O1s C1s Si2p N1s Mg1s Al2p Na1s Fe2p Ca2p K2s P2p Cl2p 
A 33.18 49.93 7.65 2.47 0.38 3.27 0.3 0.43 1.03 0.79 0.22 0.34 
B 34.34 51.07 7.22 2 0.42 3.29 - 0.45 0.67 0.54 - - 
C 42.46 34.77 11 2.97 0.89 4.41 0.23 0.47 0.92 1.49 0.25 0.14 
D 36.13 45.57 10.07 2.14 0.27 3.29 0.35 0.29 0.71 0.94 0.1 0.14 
E 44.72 31 11.4 3.02 0.68 5.11 0.5 0.9 1.09 0.85 0.73 - 
F 39.88 39.46 11.03 2.14 0.63 4.29 0.21 0.39 0.79 0.81 0.18 0.19 
G 33.86 51.45 5.36 4 0.66 0.66 0.45 - 2.25 0.5 0.55 0.26 
H 44.8 31.56 14.42 2 0.49 4.07 0.19 0.54 0.84 0.7 0.31 0.09 
I 35.99 44.76 10.89 2.78 0.49 2.46 0.33 0.44 0.83 0.66 0.31 0.07 
J 35.49 45.99 9.62 2.71 0.67 2.79 0.28 0.45 0.93 0.54 0.34 0.18 
K 30.46 54.13 5.22 3.27 0.66 1.94 0.39 0.28 1.14 1.1 0.73 0.68 
L 40.96 36.83 9.44 2.9 0.89 4 0.61 0.45 1.56 1.24 0.5 0.6 
M 33 50.97 8.25 2.44 0.32 2.87 0.19 0.27 0.73 0.66 0.21 0.1 
N 34.18 48.15 5.92 3.29 0.51 3.67 0.3 0.48 1.02 1.34 0.8 0.35 
O 30.32 55.02 6.75 2.31 0.4 2.9 0.2 0.23 0.84 0.69 0.21 0.14 
P 34.67 47.79 9.55 2.03 0.54 3.05 0.25 0.25 0.7 0.64 0.3 0.23 
Q 26.55 63.44 2.96 1.09 0.56 1.76 - 0.23 1.75 - 1.65 - 
R 27.19 62.17 3.2 2.44 0.37 1.79 - 0.26 1.35 - 1.22 - 
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The results of functional group analysis, expressed in terms of recovered Al/Fe/P in 

mg/L and presented in Table 3.6, show that in general terms increasing compost rate 

decreased Al/Fe concentration. Composts G and Q consistently induced changes in 

Al/Fe/P concentrations resulting in a lower Al and Fe concentration than other composts 

and were significantly different from other composts at each mass (Table 3.6).  

 

Composts G and Q had significantly higher concentrations of P at the conclusion of the 

experiment at the 0.2 and 0.5g rates respectively (Table 3.6). This suggests that an 

attribute contributing more P to the system which is common to both compost G and Q, 

may be important in immobilising Al and Fe and liberating P. This could be a reflection 

of the higher P content of compost materials. Composts A, B, D, F, H, M, O and P, 

however, appear to have had the opposite effect with these decreasing the available P 

concentration with increasing rate of compost addition. Similarly, composts B and H 

had significantly higher Al and Fe concentrations at all masses (Table 3.6).  This is 

consistent with the findings of Singh and Jones (1976) who showed that a total P 

concentration of < 0.3% resulted in an immobilisation of P from organic amendment 

addition, irrespective of functional groups, with composts D, F, H, O and P having a 

total P < 0.3% and compost M having a concentration of 0.312%.  

 

An illustrative comparison of the %Al and Fe removed and %P maintained in the 

presence of 0.2g compost, is made in, Figure 3.2, Figure 3.3 and Figure 3.4. At 0.2 g the 

composts which had a good overall effect (Figure 3.2) in terms of the percentage Al/Fe 

removed and percentage P retained were G, K, N, Q and R. Compost G was mushroom 

compost, composts K and N were composted cow manure, and composts Q and R were 

sugarcane filtercake.  Similar responses were recorded for composts I and J but not H, 

although each of these were made using greenwaste and biosolids. Composts K, L, M 

and N, each made with cow manure, however, followed a similar pattern to each other, 

as did greenwaste derived composts O and P.  

 

The results shown in Figure 3.2 have been normalised to % total C and % total P in 

Figure 3.3 and Figure 3.4 respectively. It can be seen that when normalised to % total C 

(Figure 3.3) compost H stands out in terms of P maintained but not Al or Fe removed.  

No one feedstock, however, was consistently more effective than another in terms of 

maintaining P and decreasing Al/Fe.  
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The normalisation process substantially dropped the P maintained value for compost G 

but this normalisation process did not have an impact on the results of the other 

composts.  

 

Normalising the results of the compost evaluation (Table 3.6) to % total P (Figure 3.4) 

showed compost H as having a higher P maintenance than without the normalisation.  

There was no obvious shift towards any particular feedstock with compost B 

(greenwaste and animal manure) showing the second highest P maintenance, and 

compost F (mixture of cow manure, mushroom compost and greenwaste) third. The 

greenwaste composts came in fourth with respect to P maintenance, and a cow manure 

compost (compost M) came in fifth.  None of these composts had XPS or NMR results 

of significance. Most other composts showed similar results, in relative terms, to those 

which were un-normalised but were still variable relative to each other, indicating that P 

is not the factor which is driving the observed changes.  

 

The high available P concentrations of composts K, N, Q and R could explain the 

observed change in Al, Fe and P in this experiment as some fractions of P could have 

bound to Al and/or Fe resulting in a higher concentration of P.  Composts G, K, and N 

also had the highest CEC values which means that Al, for example, could be exchanged 

onto the compost surface more easily. Whilst composts G and K performed well overall, 

compost N did not, therefore CEC cannot be pointed to as the single cause of the 

observed results either.  

 

The output of the statistical analysis is not shown, but correlations between 13C NMR 

integrals, XPS AT%, chemical properties of raw compost and the results of the 

functional group evaluation indicated that the solution Al concentration in the 

experiment was negatively correlated with total N (%) and total P (%) (p = 0.003 and < 

0.001 respectively); solution Fe concentration was negatively correlated with total C 

(%) and total P (%) (p < 0.001 for both); and solution P concentration was positively 

correlated with EC, Total N(%), and total P (%) (p < 0.001, 0.046 and < 0.001 

respectively) and negatively (p < 0.001) correlated with compost Fe concentration (as 

recorded from ashed samples). No functional groups were shown to have a strong 

correlation with the solution concentrations of Al, Fe or P.  
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Table 3.6 – Recovered Al/Fe/P (mg/L) from a solution akin to the soil solution of an acid sulfate soil to which three rates of 18 composts 
were added. Different letters within one element at one rate denote significant differences, however LSD (P < 0.05) can be used to test all 
treatment combinations for each element.  0.2 g + buffer shown for comparative purposes only.  
Analyte Al Fe P 
Compost 

rate 0.1 g 0.2 g 0.2 g 0.5 g 0.1 g 0.2 g 0.2 g 0.5 g 0.1 g 0.2 g 0.2 g 0.5 g 

Treatment 
Compost ID 

Al/Fe/P Al/Fe/P Buffer Al/Fe/P Al/Fe/P Al/Fe/P Buffer Al/Fe/P Al/Fe/P Al/Fe/P Buffer Al/Fe/P 

A 52.6 bcde 37.2 bcde 1.84 16.8 cde 71.9 abc 56.7 bcd 3.01 20.2 def 62.4 a 52.6 b 30.9 52.8 fghi 
B 61.4 ab 50.3 ab 3.45 33.4 ab 72.3 abc 58.2 bcd 1.41 28.7 cdef 62.7 a 49.8 b   5.3 33.8 i 
C 52.4 bcde 37.8 bcde 0.53 17.6 cde 71 abc 57.9 bcd 0.91 25.5 cdef 66.1 a 61.2 b 30.1 71.6 def 
D 59.6 b 46.4 bc 2.21 28.7 ab 74.6 abc 61.7 bcd 2.26 35 bcd 62.5 a 49.4 b 10.6 38 hi 
E 50 bcde 34.7 cde 2.77 14.6 cde 70.6 abc 57.7 bcd 3.11 26.7 cdef 68.5 a 65.1 b 61.2 78.5 cdef 
F 62.3 ab 49 b 1.22 28 abc 78.6 ab 69.7 ab 1.73 49.2 b 69.8 a 61.6 b 20.2 56.6 efghi 
G 39.2 ef 27.3 e 0.27   8.56 d 51 cd 39.8 e 0.81 13.3 fg 73.5 a 103.6 a 110.5 197.5 b 
H 67.1 a 63.7 a 4.35 49.9 a 80.4 a 78 a 5.7 66.2 a 68.1 a 63.4 b 12.1 47.8 gh 
I 49.9 bcde 36 bcde 3.45 17.3 cde 65 abc 51.2cde  3.17 22.3 def 57.1 a 54.4 b 46.4 66.5 efgh 
J 49.2 bcde 35.4 bcde 3.6 16.3 cde 64.8 abc 51.4 cde 3.01 20.2 def 58.9 a 56.2 b 50.7 74.3cdefg  
K 44.6 cde 28.3 e 0.86   9.8 de 70.8 abc 57.5 bcd 2.43 19.1 defg 67.2 a 70.5 b 59.1 101 c 
L 51.6 bcde 34.4 cde 1.01 15 cde 75.4 abc 65.9 abc 4.82 39.4 bc 64.4 a 61.5 b 44.4 78.4cdef  
M 52.1 bcde 39.9 bcde 1.75 19.8 bc 68.7 abc 55.7 bcde 1.81 20 def 57.5 a 49.8 b 19.9 47.5 ghi 
N 43.1 def 29.9 d 1.19 11 de 64.4 abc 58.3 bcd 11.3 23.7cdef  52.2 a 58 b 52.9 84.6 cde 
O 54.5 abcd 40.1 bcde 1.82 20.6 bcd 70 abc 53.5 cde 1.34 18.2 efg 57.9 a 47.5 b 15.6 41.8 hi 
P 57.9 abc 43.2 bcd 1.77 26.8 bc 71.8 abc 56.3 bcde 1.98 31 cde 59.2 a 47.3 b 13 40.9 hi 
Q 30.2 f 12.5 f 4.89   4.7 e 45 d 22.2 f 3.11   4.3 g 62.4 a 67.9 b 148.1 243.3a 
R 45.3 cde 29 e 4.14   9.5 d 61.3 bc 46.8 de 2.48 16.6efg  58.7 a 58.7 b 74.4 98.9 cd 
 LSD: 13.78 LSD: 16.26 LSD: 29.21 
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Figure 3.2 – % removal of Al and Fe, and % maintenance of P in solution containing 100ppm Al/Fe/P and 0.2 g compost relative to the 
concentration of Al/Fe/P in the control.  Data represented based on the mean of four experimental replicates and one analytical replicate 
of each.  Complete error bar shows one standard deviation around the mean. 
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Figure 3.3 – % total C normalised % removal of Al and Fe, and % maintenance of P in solution containing 100ppm Al/Fe/P and 0.2 g 
compost relative to the concentration of Al/Fe/P in the control.  Data represented based on the mean of four experimental replicates and 
one analytical replicate of each and normalised to % total C by dividing the mean % removal/maintenance by the %C value as shown in 
Table 3.2.  Complete error bar shows one standard deviation around the mean. 
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Figure 3.4 – % total P normalised % removal of Al and Fe, and % maintenance of P in solution containing 100ppm Al/Fe/P and 0.2 g 
compost relative to the concentration of Al/Fe/P in the control.  Data represented based on the mean of four experimental replicates and 
one analytical replicate of each and normalised to % total P by dividing the mean % removal/maintenance by the %C value as shown in 
Table 3.2.  Complete error bar shows one standard deviation around the mean. 
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3.4 Conclusion  
Changes in Al, Fe and/or P concentration were not correlated to the relative abundance 

of any particular chemical functional groups. Whilst it is acknowledged that the NMR 

and XPS spectra do not give a pure COOH concentration, this indicates that there is 

unlikely to be a relationship between COOH and decrease in Al and/or Fe and 

maintenance of P, in contrast to the findings of others in acid soils. This is likely to be 

because at pH 3 COOH, with a pKa of 4.8 (Black, 2010), the carboxylic acid group will 

be almost fully protonated, with a ratio of 0.016:1, as represented by the Henderson-

Hasselbalch Equation (Equation 3.1) showing the ratio of  RCOO- : RCOOH at pH 3.  

𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑝𝑝𝑝𝑝 + log
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−]
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝] 

3 = 4.8 + log
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−]
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝] 

3 − 4.8 = log
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−]
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝] 

−1.8 = log
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−]
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝] 

log 0.016 = log
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−]
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝] 

0.016
1

=
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−]
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝] 

 
Equation 3.1 

 

Several parts of these analyses, however, showed a very strong relationship between the 

observed effects of compost addition to a solution akin to ASS and the compost total P 

concentration. In addition, under these simulated conditions, surface Si also presented 

as a potential explanation for binding Al3+, via specific adsorption following the 

formation of monosilicic acid with H+.  

 

There is no obvious relationship between any particular feedstock and the maintenance 

of P and/or removal of Al and Fe from the solution (Figure 3.2).  The reason for this 

finding is unclear and remains an opportunity for further investigation. 
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One of the limitations of this experiment was that although four functional group 

characterisation methodologies were planned in order to enable cross checking of 

functional group characterisation, only two produced any data. The two methodologies 

not reported here were FTIR on raw crushed samples (Schefe, 2006), and a 

thermochemolysis gas chromatography–mass spectrometry (GC-MS) method utilising 

tetra-methyl-ammonium-hydroxide (TMAH) in a tube furnace reaction followed by 

fraction identification using GC-MS (Amir et al., 2006; Grasset, Guignard, & Amblès, 

2002; Guignard, Lemée, & Amblès, 2005). Owing to technical difficulties which could 

not be overcome, no data was able to be reported from characterisation using these 

methods. Whilst scanning of raw samples is reported (Schefe, 2006) it is thought that 

the FTIR may not have worked because the sample was not fractionated, combined with 

KBr and pelletised as is described in most literature (Ait Baddi et al., 2004; Amir, 

Hafidi, Merlina, Hamdi, & Revel, 2004; Celi et al., 1997; Inbar et al., 1991). The 

sample was not fractionated because questions concerning the quantitative relationship 

between the analysed fragments and the initial material have been raised (Monteil-

Rivera et al., 2000), and the facilities to pelletise samples were not available. The full 

description of the methods which were employed are outlined in Appendix 1 where it 

can be seen that extensive problem solving was also unsuccessfully attempted to 

identify why useful data were not able to be generated using the TMAH – GC-MS 

method. 

 

Another limitation of the methodology described in this chapter was that the system in 

this experiment was static not dynamic as it would be in the field.  It did not, for 

example, take account of the potential for more Al to be released after some was bound 

by the effects of the compost, or the movement or changes in P pools and their sizes.  

 

As carboxylic acids were not found to be effective in decreasing Al and maintaining P 

in conditions akin to ASS, potentially due to the low pH decreasing the dissociation of 

COOH to COO-, it is possible that the release of P is a mechanism by which compost 

increases available P and decreases exchangeable Al in ASS used for agricultural 

production. Although not investigated as part of this experiment, it is also possible that 

an increase in pH resulting from compost application could be an effective mechanism, 

as is described in the literature in acid soils.  
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4 Laboratory evaluation of the mechanisms by which 
composts ameliorate acid sulfate soils  

4.1 Introduction  

Whilst the ameliorative effects of organic matter application to acid soils has been 

attributed to the functional groups of organic acids such as carboxylic acids (Hue, 1991; 

Hue & Licudine, 1999; Iyamuremye & Dick, 1996; Schefe et al., 2011; Schefe et al., 

2009), this was not able to be confirmed in the ASS like conditions in the experiment 

described in Chapter 3. This may be due to the very low pH values found in ASS, at 

which COOH cannot dissociate. The role of compost in affecting ASS through 

increasing pH was not able to be investigated in the experiment described in Chapter 3 

but the results of this experiment do not preclude the possibility that this is an important 

mechanism for amelioration of ASS used for agricultural production. Furthermore, the 

relationship between decreases in Al concentration and the total P of the composts in 

Chapter 3 suggest that the direct addition of P to the system through compost 

application may be the dominant mechanism. The ameliorative effectiveness of compost 

on ASS due to changes in soil pH and P concentration was therefore assessed through a 

series of incubation experiments, as described in this chapter. The experimental design 

took account of the fact that biological or chemical degradation of compost over time 

(Diacono & Montemurro, 2010; Tuomela et al., 2000) may affect these results.  

 

It is hypothesised that increasing COOH concentration through compost application will 

not lead to a decrease in Al and increase in P in ASS, but that exchangeable Al and 

available P concentrations will change over time following compost application. It is 

further hypothesised that the rate of alkali addition is a key driver in increasing P and 

decreasing Al concentration in the presence of contestant rate of compost. Finally, it is 

hypothesised that increasing available P addition whilst holding compost rate and alkali 

constant will lead to an increase in soil available P.  
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Therefore, four incubation experiments were established in actual ASS to:  

a) confirm that increasing COOH concentration associated with compost application 

does not lead to a decrease in Al and increase in P in ASS, and to investigate whether 

exchangeable Al and available P concentrations change over time following compost 

application (Incubation experiment 1),  

b) determine if changing the rate of alkali addition increases P and decreases Al at a 

constant compost application rate (Incubation experiment 2), 

c) determine if keeping the alkali concentration constant whilst changing compost rate 

increases P and decreases Al (Incubation experiment 3),   

d) determine if increasing available P addition whilst holding compost rate and alkali 

constant leads to an increase in soil available P (Incubation experiment 4).   

 

4.2 Materials and methods 

Experimental materials  

Four compost treatments (cow manure compost, sugarcane filtercake compost, coffee 

skin compost and a control of no compost) were applied to an acid sulfate soil in plastic 

containers in the laboratory. The three composts were chosen based on descriptions in 

literature of compost observed to work on ASS (Khoi et al., 2010; Thăm et al., 2009; 

Thuy & Viễn, 2008; Viễn et al., 2006). These composts are also readily available in the 

region of interest in Vietnam which increases the likelihood of adoption after the 

conclusion of the experiments.  

 

The coffee skin compost was collected from the Vietnamese highlands (close to Da Lat 

City, Vietnam) after on farm composting of coffee waste for a period of at least 6 

months. The cow manure compost was sourced from a dairy farm in Can Tho City, 

Vietnam following composting on farm for a period of at least 3 months. The sugarcane 

filtercake compost was sourced from the stockpile of a sugar factory in the town of Nga 

Bay, Hau Giang, Vietnam. The soil was collected from a field near the town of Vi 

Thanh, Hau Giang, Vietnam. The soil was characterised as a Typic Sulfaquept (USDA 

Soil Taxonomy) and exhibited a pH1:5 water 3.79 and an exchangeable Al concentration 

of 973 mg/kg. Therefore, the soil was representative of an ASS under agricultural 

production. Soil and compost chemical analysis in Table 4.5. 
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Experiment establishment  

In each of the four incubation experiments round 500mL plastic containers were three-

quarters filled with moist (24% moisture by weight) homogenised ASS (232 g) sieved 

to < 5mm, producing a soil surface area of 78.54 cm2.  The compost rates chosen in 

these experiments sought to represent an experimental range which can be translated to 

practical field application (Nziguheba, Palm, Buresh, & Smithson, 1998).  In Incubation 

experiments 1, 2 and 3 a P source (H3PO4) was mixed with all treatments at a rate of 

0.0387 mL H3PO4/container as 5 mL of solution pipetted into each container. This gave 

an application rate of P equivalent to 60 kg P2O5/ha (26 kg P/ha) which is the 

recommended rate for corn grown in the field (pers comm Do Ba Tan August 4, 2015).  

The Vietnamese standard unit used for P application is P2O5 so maintaining this unit 

enables the findings to be easily understood by Vietnamese researchers. Treatments 

were replicated four times in a completely randomised design. In each experiment soil 

and compost +/- P and lime (CaCO3) (19.63 mmol OH-/g ± 0.033), were mixed with a 

stainless steel stick and moistened to a mass equivalent to 60% field capacity 

(Mokolobate & Haynes, 2002b). Twice per week during the experimental period, 

moisture in the container was checked by weighing, with deionised water added to the 

predetermined mass if required.   
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Incubation experiment 1 establishment and analysis  

Details about the methodology common to each incubation experiment, including this 

one, can be found under the headings of Experimental materials, Experiment 

establishment, Chemical analytical methods, and Statistical analytical methods on pages 

47, 48 and 49.  Air dried compost was added to the soil at rates equivalent to 1, 2.5, 5, 

7.5 or 10 t/ha (Table 4.1), based on surface area. Lids were fitted loosely to the 

containers and the experiment remained on the bench in the lab for 30 days at room 

temperature (approximately 28  ± 4 oC). Immediately after the establishment the 

experiment, after each of 10 and 20 days, and again at the conclusion of the experiment, 

a 20 g sample of moist soil was taken from each container and dried at 85 oC 

(ASSMAC, 1998) for 24 hours and crushed to pass a 2mm sieve for analysis.  

 

Table 4.1 – Summary of treatments in Incubation experiment 1.  
Treatment  
Number Compost Compost rate  

(air dry) (t/ha)  
Compost rate  

(air dry) (g/container)  
1 Cow manure 1 0.79 
2 Cow manure 2.5 1.96 
3 Cow manure 5 3.93 
4 Cow manure 7.5 5.89 
5 Cow manure 10 7.85 
6 Filtercake  1 0.79 
7 Filtercake  2.5 1.96 
8 Filtercake  5 3.93 
9 Filtercake  7.5 5.89 
10 Filtercake  10 7.85 
11 Coffee skin 1 0.79 
12 Coffee skin 2.5 1.96 
13 Coffee skin 5 3.93 
14 Coffee skin 7.5 5.89 
15 Coffee skin 10 7.85 
16 Control 0 0 
17 Control 0 0 
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Incubation experiment 2 establishment and analysis  

Details about the methodology common to each incubation experiment, including this 

one, can be found under the headings of Experimental materials, Experiment 

establishment, Chemical analytical methods, and Statistical analytical methods on pages 

47, 48 and 49.  Air dry compost (< 2 mm) at rate of 5 t/ha (surface area equivalent) and 

one of three rates of CaCO3 (0 – 1.33 g/container) (Table 4.2) were added to the 

compost before application to standardise the absolute concentration of alkali added in 

each container based on the original concentration of alkali in sugarcane filtercake 

compost. One treatment contained a rate of alkali equivalent to the concentration of 

alkali in the filtercake compost at 5 t/ha, and the other treatments contained the 

equivalent ash alkalinity of filtercake compost applied at 7.5 t/ha and 10 t/ha 

respectively. The experiment remained in containers with loosely fitted lids for 14 days 

at room temperature based on the findings in Incubation experiment 1 that there was no 

significant change in pH, exchangeable Al or available P over the course of 30 days. 

Immediately after the establishment the experiment, and again at the conclusion of the 

experiment, a 20 g sample of moist soil was taken from each container and dried at  

85 oC (ASSMAC, 1998) for 24 hours and crushed to pass a 2mm sieve for analysis.  

 

Table 4.2 - Summary of treatments in Incubation experiment 2 
Treatment  
Number Compost Compost rate  

(air dry) (t/ha)  
Target total alkali 

(mmol OH-/g) 
CaCO3 rate  

(g/container) 
1 Cow manure 5 23.86 0.07 
2 Filtercake 5 23.86 0 
3 Coffee skin 5 23.86 0.10 
4 Cow manure 5 35.80 0.66 
5 Filtercake 5 35.80 0.60 
6 Coffee skin 5 35.80 0.70 
7 Cow manure 5 47.71 1.26 
8 Filtercake 5 47.71 1.19 
9 Coffee skin 5 47.71 1.30 
10 No compost 0 23.86 1.19 
11 No compost 0 35.80 1.79 
12 No compost 0 47.71 2.39 
13 Control 0 * 0 
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Incubation experiment 3 establishment and analysis  

Details about the methodology common to each incubation experiment, including this 

one, can be found under the headings of Experimental materials, Experiment 

establishment, Chemical analytical methods, and Statistical analytical methods on pages 

47, 48 and 49.  Air dry compost (< 2 mm) was added at rates of 2.5, 5 and 7.5 t/ha 

(surface area equivalent) (Table 4.3). Treatments had a rate of CaCO3 added to the 

compost before application to standardise the absolute concentration of alkali added in 

each container based on the original concentration of alkali in sugarcane filtercake 

compost. The experiment remained in containers with loosely fitted lids for 14 days at 

room temperature. Immediately after the establishment the experiment, and again at the 

conclusion of the experiment, a 20 g sample of moist soil was taken from each container 

and dried at 85 oC (ASSMAC, 1998) for 24 hours and crushed to pass a 2mm sieve for 

analysis.  

 

Table 4.3 - Summary of treatments in Incubation experiment 3 
Treatment  
Number Compost Compost rate  

(air dry) (t/ha)  
Target total alkali  

(mmol OH-/g) 
CaCO3 rate  

(g/container) 
1 Cow manure 2.5 35.75 1.23 
2 Filtercake 2.5 35.75 1.19 
3 Coffee skin 2.5 35.75 1.24 
4 Cow manure 5 35.75 0.66 
5 Filtercake 5 35.75 0.60 
6 Coffee skin 5 35.75 0.70 
7 Cow manure 7.5 35.75 0.10 
8 Filtercake 7.5 35.75 0 
9 Coffee skin 7.5 35.75 0.15 
10 No compost 0 35.75 1.79 
11 Control 0 * 0 
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Incubation experiment 4 establishment and analysis  

Details about the methodology common to each incubation experiment, including this 

one, can be found under the headings of Experimental materials, Experiment 

establishment, Chemical analytical methods, and Statistical analytical methods on pages 

47, 48 and 49. Treatments received an application of air dry compost (< 2mm) at a rate 

of 5 t/ha (surface area equivalent) and a rate of CaCO3, or CaCO3 only (i.e. ‘no 

compost’ treatment) which standardised the absolute concentration of alkali added in 

each container based on the original concentration of alkali in sugarcane filtercake 

compost (Table 4.6). A P source (H3PO4) was added to all treatments at a rate of 0, 

5.15, 7.73, or 10.3 mgP/container as H3PO4, which is equivalent to 6.56, 9.84 and  

13.11 kgP/ha, pipetted at 0-8.39mL/container (Table 4.4). The experiment remained in 

containers with loosely fitted lids for 15 days at room temperature. This incubation 

experiment ran one day longer than Incubation experiments 2 and 3 because crucibles 

for drying soil samples were not available on day 14.  Immediately after the 

establishment the experiment, and again at the conclusion of the experiment, a 20 g 

sample of moist soil was taken from each container and dried at 85 oC (ASSMAC, 

1998) for 24 hours and crushed to pass a 2mm sieve for analysis.  
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Table 4.4 - Summary of treatments in Incubation experiment 4 
Treatment 

number Compost Compost rate  
(air dry) (t/ha)  

Target total alkali 
(mmol OH-/g) 

P addition 
(mgP/container) 

Dilute H3PO4 rate 
(ml/container) 

1 Cow manure 5 23.86 - 0 
2 Cow manure 5 23.86 5.15 0 
3 Cow manure 5 23.86 7.73 2.58 
4 Cow manure 5 23.86 10.3 5.15 
5 Filtercake 5 23.86 - 0 
6 Filtercake 5 23.86 5.15 1.05 
7 Filtercake 5 23.86 7.73 3.62 
8 Filtercake 5 23.86 10.3 6.2 
9 Coffee skin 5 23.86 - 0 

10 Coffee skin 5 23.86 5.15 3.16 
11 Coffee skin 5 23.86 7.73 5.73 
12 Coffee skin 5 23.86 10.3 8.31 
13 No compost 0 23.86 - 0 
14 No compost 0 23.86 5.15 3.24 
15 No compost 0 23.86 7.73 5.81 
16 No compost 0 23.86 10.3 8.39 
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Chemical analytical methods  

Initial chemical characterisation of composts and soil was by measurement of pH by 1:5 

soil to water extract and glass electrode; EC by 1:5 soil to water extract with conductivity 

cell and meter; Bray II available P by Houba, Van der Lee, and Novozamsky (1995); and 

exchangeable Al by method 16-5.3 of Barnhisel and Bertsch (1982). Total organic C was 

determined by a modified version of Walkley and Black according to Method 4.5 of Houba 

et al. (1995); and total N and total P by method 2.3 of Walinga, van Vark, Houba, and van 

der Lee (1989). COOH was determined by the Ca(OAc)2 method described by Schnitzer 

and Gupta (1965). Ash alkalinity of compost and CaCO3 was determined by the method 

described by Condon, Black, and Conyers (2005), and CaCO3 additions in each incubation 

experiment were calculated using Slattery, Ridley, and Windsor (1991) and Mahler and 

McDole (1994).  Soil and compost chemical attributes are outlined in Table 4.5.  

Table 4.5 – Chemical attributes of soil and composts used in Incubation 
experiments 1, 2, 3 and 4. 

 pH EC 
(dS/m) 

BrayII P 
(mg/kg) 

Exch. Al 
(mg/kg) 

Total  
P (%) 

Total 
C (%) 

Total 
N (%) 

COOH 
(meq/g) 

Ash Alkalinity 
(mmol OH-/g) 

Coffee skin 6.54 0.67 122.4 2.05 0.14 72.23 2.93 0.36 5.55 
Cow manure 7.42 2.40 4943.4 29.1 1.1 54.28 2.18 0.59 5.74 

Filtercake 6.36 5.48 3348.3 13.25 1.54 26.66 1.37 0.18 6.07 
Soil 3.79 1.12 8.24 973.6 0.06 14.9 0.378 0.37 5.22 

Fractionation of P was completed by a method based on Kruse, Negassa, Appathurai, 

Zuin, and Leinweber (2010) and Condron, Cornforth, Davis, and Newman (1996), 

which are adapted from Hedley, Stewart, and Chauhan (1982).  A 0.5 g sample of each 

material was weighed in quadruplicate, 30 mL double distilled water was added and 

shaken for 18 hours. Tubes were centrifuged and the supernatant decanted for analysis. 

Subsequent extractions were completed sequentially with 30 mL of 0.5 M NaHCO3 (pH 

8.5), 0.1 M NaOH, and 1 M H2SO4 for 18 hours each. An additional four replicates had 

a 1M HCl extraction after NaOH instead of H2SO4 to investigate impact of different 

acids on P extraction. After each extraction, the decanted supernatant was analysed for 

P concentration by the colourimetric method of Murphy and Riley (1962). The fractions 

which this process intended to elicit from one another were: readily available P with 

H2O; labile inorganic and organic P sorbed on soil minerals using NaHCO3; inorganic 

and organic compounds held more strongly by chemisorption to Fe and Al components 

of soil surfaces using NaOH; apatite type minerals and occluded P using HCl; and 

stable organic P forms and relatively insoluble inorganic P compounds using H2SO4 

(Potter, Jordan, Guedes, Batmanian, & Han, 1991). 
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It can be seen (Table 4.6) that as a proportion of the total, most of the P in the coffee 

skin compost is water soluble suggesting that the P which is there will be very plant 

available. In the cow manure compost 31% of the P is NaHCO3 soluble, with HCl 

soluble and H2SO4 soluble fractions making up another 23% and 25% respectively 

indicating that some P will be more accessible to plants than other. The filtercake 

compost is approximately half HCl soluble and half H2SO4 indicating that except under 

quite acidic conditions the P in this compost will not be plant available. Finally, 

although small overall, the soil contains approximately half NaOH soluble P which is 

expected because the pH is 3.79 so most P will be Fe and Al bound.  

Table 4.6 – Phosphorus fractions of raw soil and compost used in Incubation 
experiments 1, 2, 3 and 4 as determined by a method based on Kruse et al. (2010) 
and Condron et al. (1996), adapted from Hedley et al. (1982). Value in brackets 
represents one standard deviation around the mean) 

 Water P 
(mg/L) 

NaHCO3 P 
(mg/L) 

NaOH P 
(mg/L) 

HCl P 
(mg/L) 

H2SO4 P 
(mg/L) 

Total 
(mg/L) 

Coffee skin 4.35 (0.09) 1.46 (0.19) 1.38 (0.08) 1.08 (0.05) 1.16 (0.06) 9.43 
Cow manure 26 (0.36) 59.6 (1.23) 12.3 (0.41) 43.4 (1.69) 46.78 (4.42) 188.04 

Filtercake 0.14 (0.06) 15.7 (0.51) 10.7 (0.40) 194 (11.02) 193.2 (7.23) 413.74 
Soil 0.00 (0.005) 1.19 (0.13) 4.34 (0.35) 1.44 (0.1) 1.21 (0.1) 8.18 

Immediately after the establishment of each incubation experiment, and again at the 

conclusion of each experiment, a 20 g sample of moist soil was taken from each 

container and dried at 85 oC (ASSMAC, 1998) for 24 hours and crushed to pass a 2mm 

sieve. Chemical methods during experimental phase were pH, Bray II available P and 

exchangeable Al.  In Incubation experiment 1, additional sampling was made according 

to the same method after each of 10 and 20 days. 

 

Statistical analytical methods  

In Incubation experiment 1, data were statistically analysed in GenStat 18 (VSN 

International, 2016) using linear mixed models to determine the predicted means for 

each response variable and the least significant difference value for each treatment 

combination. Analysis was completed on natural log transformed data for available P 

and initial values in each analysis were set to positive. The effect of day on 

exchangeable Al, available P concentration and pH was investigated to determine if 

there was a significant difference between the aggregate values for each.  
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Analysis of significant changes associated with each response variable was then 

performed for Day 0 data with graphical representations illustrating the predicted means 

for each response variable. Least significant differences are reported in terms of 

comparison to the control and comparison of all other treatments to each other. Data 

were further analysed using a linear mixed model dropping value technique to 

determine which predictor variables had a significant relationship with response 

variables.   

 

In Incubation experiments 2, 3 and 4, data were statistically analysed in GenStat 18 

(VSN International, 2016) using linear mixed models to determine the predicted means 

for each response variable, and the least significant difference value for each treatment 

combination, with initial values set to positive.  Analysis of each response variable was 

performed on Day 0 data, based on the findings in Incubation experiment 1 that there is 

no significant change in available P, exchangeable Al or pH (1:5 water) over 30 days. 

Each graphical representation illustrates the predicted means for each response variable.  

Least significant differences are reported in terms of comparison to the control and 

comparison of all other treatments to each other.  
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4.3 Results and discussion 

Incubation experiment 1 findings 

Time, up to 30 days after application of the treatments to the experimental soil, had no 

significant effect on available P or exchangeable Al (Table 4.7). Whilst pH was found to 

be significantly different between days, the difference between the largest and smallest 

mean values varied by 0.3 pH units which, given the soil pH was around 3.8, is not 

considered to be biologically significant (Page, 2014). This indicates that the chemical 

effect of the compost on the experimental soil, with respect to these three parameters, 

occurred immediately after application.  For this reason, only Day 0 data have been 

analysed in detail for this experiment. In Incubation experiments 2-4 samples were 

taken on Day 0 and after 14/15 days. Even though there was not expected to be any 

change over 14/15 days, taking a second set of measurements verified that the aspect of 

compost application to ASS being investigated was not impacted upon by time.  

 

Table 4.7 – Mean aggregate concentration of available P, exchangeable Al, and pH 
across all treatments in the experiment at Day 0, 10, 20 and 30 in Incubation 
experiment 1 respectively. LSD (p < 0.05) shown applies to individual rows.  

 Day LSD  0 10 20 30 
Available P 

(mg/kg) 124 111 106 108 n.s 

Exchangeable Al 
(mg/kg) 711 781 846 780 n.s  

pH (1:5 water) 3.74 3.61 3.88 3.91 0.0628 
 

Compost type and rate had a significant effect on the available P concentration (Figure 

4.1), with filtercake and cow manure treatments significantly higher than the control (0 

t/ha) and treatments containing coffee skin, except for 1 t/ha of cow manure compost. 

This result could be explained by the higher Bray II P concentration in these composts 

(Table 4.5). This explanation extends to why filtercake may have resulted in a 

significantly higher concentration of available P than cow manure at the corresponding 

2.5, 5, 7.5 and 10 t/ha rates and therefore why it is that filtercake compost is more 

effective at increasing available P in ASS.  Mokolobate and Haynes (2003) postulate 

that it is the release of P from compost which results in an increase in the soil available 

P which may be from the solubilisation of calcium phosphates in the filtercake compost 

(Greenwald et al., 1940).  
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This response fits with the hypothesis, and the findings in Chapter 3, that COOH is not 

likely to be the cause of the decrease in exchangeable Al and increase in available P 

following compost application to ASS, as COOH concentration was highest in cow 

manure followed by coffee skin (Table 4.5). As there is no direct evidence that organic 

acid anions are in an acidic form in compost it is possible that when applied to ASS the 

COOH will not be effective in decreasing exchangeable Al and increasing available P.  

The response trend, however, follows closely that of the concentration of total P and ash 

alkalinity (Table 4.5).    

 

Regardless of the rate at which coffee skin compost was applied, it had no effect on the 

concentration of available P (Figure 4.1), however, this is likely to be due the order of 

magnitude lower P concentration applied in this compost (Table 4.8). For fitercake and 

cow manure composts, there were 47 and 66% increases respectively in the available P 

concentration between 2.5 t/ha and 5 t/ha. Filtercake showed a significant increase 

between 0, 1 and 2.5 t /ha and the increase from 2.5 t/ha to 5 t/ha was also significant. 

No significant difference between 5t/ha and 7.5 t/ha for filtercake was observed but 

there was another significant increase in available P concentration between the 7.5 t/ha 

and 10 t/ha rates.  For cow manure, there was a significant difference between each of 

2.5, 5 and 7.5 t/ha but then no change between 7.5 and 10 t/ha. These rate effects may 

indicate that a factor corresponding to an increase in soil available P is concentration 

dependant but that there may be an upper limit for cow manure. For example, the 

mechanism which acts to increase available P may be related to the blocking of certain 

binding sites (Iyamuremye & Dick, 1996) with organic P while binding of H3PO4 

continues at other sites. Available P concentration continues to increase with increasing 

application (Figure 4.1) because filtercake compost releases a larger quantity of acid 

soluble P compared to cow manure compost at very low pH values (Table 4.6). 
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Table 4.8 - Budget of applied P expressed in terms of Total P and Bray II P within 
each container in Incubation experiment 1. 

 Field rate 
(t/ha) 

Container rate 
(g/container) 

Total-Total P 
(mg/container) 

Total-Bray II 
P 

(ug/container) 
Cow manure 1 0.79 147.8 0.058 
Cow manure 2.5 1.97 160.8 0.116 
Cow manure 5 3.93 182.4 0.213 
Cow manure 7.5 5.90 204.0 0.311 
Cow manure 10 7.86 225.7 0.408 
Coffee skin 1 0.79 140.3 0.020 
Coffee skin 2.5 1.97 142.0 0.022 
Coffee skin 5 3.93 144.7 0.024 
Coffee skin 7.5 5.90 147.5 0.026 
Coffee skin 10 7.86 150.2 0.029 
Filtercake 1 0.79 151.3 0.045 
Filtercake 2.5 1.97 169.5 0.085 
Filtercake 5 3.93 199.7 0.151 
Filtercake 7.5 5.90 230.0 0.216 
Filtercake 10 7.86 260.2 0.282 

Soil - 232 - - 
 

 

 
Figure 4.1 – Available P measured by the Bray II method (Houba et al., 1995) on 
Day 0 (approximately 1 hour after experiment establishment) comparing the effect 
of compost type and rate (t/ha) in Incubation experiment 1. LSD (p < 0.05) 
applicable to all treatment interactions.   
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In general, the effect of increasing compost application was a decrease in exchangeable 

Al concentration (Figure 4.2).  Coffee skin compost treatments when applied at 1, 2.5 

and 5 t/ha were not significantly different from each other but were different from 0 

t/ha, and from 2.5 and 10 t/ha, which were also different from each other.  Cow manure 

at 2.5 t/ha was not different from 1 and 5 t/ha, but 1 and 5 t/ha were different from each 

other and 7.5 and 10 t/ha. Filtercake treatments were all significantly different from 

each other. This is consistent with Dee, Haynes, and Graham (2003) who applied rates 

of filtercake compost equivalent to 10 and 20 t/ha and also showed a strong effect of 

filtercake application in decreasing Al concentration. In their experiment treatments of 

10 and 20 t/ha of fly ask and boiler ash raised the pH significantly above the filtercake 

treatments but at 20 t/ha the filtercake compost did not have a significantly different 

exchangeable Al concentration to the fly ash treatments. Similarly, the 20 t/ha filtercake 

treatment in their experiment was not significantly different from the 20 t/ha rates of fly 

ash or boiler ash suggesting they were not just observing the effects of a change in pH 

on Al concentration. The effect observed in the present experiment and in that of Dee et 

al. (2003) could be the effect of solubilising calcium phosphates which originated from 

the process of sugar juice clarification (Doherty & Edye, 1999). Solubilisation of 

calcium phosphates is consistent with the results of compost P fractionation shown in 

Table 4.6 where it can be seen that filtercake compost has a relatively small 

concentration of water soluble P but a very high concentration of H2SO4 soluble P.  

Figure 4.2 – Exchangeable Al by Barnhisel and Bertsch (1982) on Day 0 (approx 1 
hour after experiment establishment) comparing the effect of compost type and 
rate (t/ha) in Incubation experiment 1. LSD (p < 0.05) applicable to all treatment 
interactions.  
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Filtercake compost application at the 10 t/ha rate resulted in a significantly lower soil 

exchangeable Al than 10t/ha of coffee skin and cow manure compost (Figure 4.2). 

Furthermore, 7.5 t/ha filtercake resulted in a lower soil exchangeable Al than 7.5 t/ha of 

coffee skin and 2.5 t/ha of cow manure was significantly lower than 2.5 t/ha of coffee 

skin.  Coffee skin at 7.5 and 10 t/ha were not different from cow manure and filtercake 

at 5 t/ha but each was found to be significantly different from cow manure and 

filtercake at 7.5 and 10 t/ha.  It appears, therefore, that filtercake and cow manure have a 

characteristic or characteristics, other than those which were measured, which coffee 

skin does not, which results in the observed changes in soil exchangeable Al and 

available P. Although this is unlikely to be COOH, given the pattern of results for Al 

concentration compared to COOH of each compost (Table 4.5) The effective 

mechanism may not be the same for all three composts, however, as cow manure and 

filtercake both has high % total P but the coffee skin compost did not, therefore unlike 

the trend in % total P being followed in relation to soil available P, this does not appear 

to be the likely mechanism for decrease in exchangeable Al concentration.  

 
It can be seen (Figure 4.3) that the pattern of increase in pH associated with increasing 

rates of filtercake and cow manure compost is close to that of the increase in 

concentration of available P (Figure 4.1) and fall in exchangeable Al (Figure 4.2) 

indicating that pH and P may be related, as is widely reported in acid soils (Haynes, 

1984) and that the effect on ASS from compost may therefore be through an initial 

increase in pH (Haynes & Mokolobate, 2001; Liu & Hue, 2001). This is consistent with 

the findings of Wong, Nortcliff, and Swift (1998) who found that two weeks after 

application of 1.5% w/w farm yard manure compost to an Oxisol from Burundi, a 

Spodosoi from Sumatra and an Ultisol from Cameroon, pHCaCl2 increased from 4.49 to 

5.55, 4.12 to 5.59 and 4.58 to 6.72 respectively. It can also be seen that the pattern of 

change for coffee skin and cow manure is not consistent with available P, exchangeable 

Al, or what would be expected from increasing rates of compost as it has been reported 

that increasing rates of compost leads to an increase in pH (Jobe et al., 2007). 

Furthermore, whilst statistically significant differences exist between treatments, the 

largest difference of only 0.44 pH units is between filtercake compost applied at 7.5 t/ha 

and the control. 
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It is not, however, considered to be biologically significant given that in this experiment 

the ASS system is operating at a pH under 4 with a large Al concentration and yield of 

most crops, including maize, is poor at pH 4.5 (Islam et al., 1980) and this is 

compounded with high concentrations of soil Al (Fox, 1979). The explanation for the 

spike in pH at the 5 t/ha rate (Figure 4.3) is not clear.  

Figure 4.3 – pH (1:5 soil to water) on Day 0 (approx 1 hour after experiment 
establishment) comparing the effect of compost type and rate in Incubation 
experiment 1. LSD (p < 0.05) applicable to treatment interactions for a single 
compost type, and letters only apply for comparison between rates of the same 
compost. 
 

The results of Naramabuye et al. (2008) were partly attributed to the decarboxylation of 

organic acids, with the consumption of protons a result and Mokolobate (2000) found 

that 10-20 t/ha of organic matter application led to a significant increase in pH and a 

decrease in exchangeable Al due to factors including the decarboxylation of organic 

acids during composting of grass residues used in their experiment.  In the present 

experiment, whilst the materials being used are decomposed (composted) further 

mineralisation leading to decarboxylation reaction resulting in increased pH cannot be 

dismissed as a possible explanation for observed results. 

 

An analysis of the relationship between predictor and response variables using the 

dropping-values method revealed that the response variable available P is significantly 

correlated with the predictor variables available P and exchangeable Al of the raw 

compost (results not shown).   
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The predictor variables COOH, available P, exchangeable Al and total P of the compost 

were all found to correlate with the response variable exchangeable Al.  Although the 

results are inconsistent with the results of Chapter 3 they support previous knowledge 

relating to the relationships between Al and COOH (Haynes & Mokolobate, 2001), and 

between compost P concentration and soil P concentration (Singh & Jones, 1976), 

which have each been identified as important factors in acid soil remediation  

 

Incubation experiment 2 findings 

The effect of applying a fixed rate of compost (equivalent to 5 t/ha) with varying rates 

of lime resulted in a significant increase in pH (1:5 water) compared to the control, only 

when lime was applied without compost, or cow manure and lime were applied together 

to give a total alkalinity of 47.71 mmol OH-/g (Figure 4.5a). This is a surprising 

outcome as it would be expected that the addition of a particular rate of alkali would 

result in a close to consistent change in pH (Kamprath, 1984). Whilst higher rates of 

alkali added to each compost followed an apparent upwards trend, no significant 

difference compared to the control was observed. The results showed that when lime 

was applied alone as the alkali source, at a rate of 47.71 mmol OH-/g, a significantly 

higher pH than at the lowest rate (23.86 mmol OH-/g) was recorded.  Further, lime 

alone resulted in a significantly higher pH than each of the compost and lime 

combinations at 23.86 and 35.8 mmol OH-/g, and higher than lime and either filtercake 

or coffee skin compost at 47.71 mmol OH-/g.  It is possible that this result can be 

explained by the lime which was combined with the organic matter adhering in such a 

way that it could not easily react with the soil, or the short (~1 month) duration of the 

trial did not allow sufficient time for reaction. It is considered more likely, however, 

that this may be at least partly explained by the results of an assessment of buffering 

capacity made using method 16D1 of Rayment and Lyons (2011) on samples of raw 

compost or soil (Figure 4.4). It was not until a rate of Ca(OH)2, equivalent to more than 

12 t/ha of lime, was applied that any change in the pH of the solution containing any of 

the composts or the soil was recorded (Figure 4.4).  The composts follow a similar trend 

to each other, and to the pH results shown in Figure 4.5a, which supports the idea that 

the composts are able to buffer changes in pH as is described by Jobe et al. (2007).  
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 Figure 4.4 – The effect of buffering capacity on pH when alkali is added to 
compost as determined by Method 16D1 of (Rayment & Lyons, 2011) using 
varying concentrations of Ca(OH)2 to estimate the buffering capacity of the 
soil/material. 
 
The decrease in exchangeable Al follows a trend which corresponds with the increase in 

pH resulting from the addition of the different combinations of compost and lime, with 

the lime only treatment resulting in a significantly lower concentration of Al than the 

lime plus any of the three composts at 23.86 and 35.8 mmol OH-/g alkali (Figure 4.4).   

 
The lowest concentration of available P (Figure 4.5c) resulted from the lime only 

treatment but with no change with increasing rate where, given the results for pH and 

exchangeable Al, it would be expected that P would increase with increasing pH and 

decreasing exchangeable Al (Toure, 1981). It was found, however, that there was a 

significant difference in available P for the cow manure treatments between the start and 

the finish (data not shown), and in the filtercake treatments between 24 and 36 mmol 

OH-/g (Figure 4.5c).  Filtercake, however, had a consistently and significantly higher 

available P concentration than cow manure which was consistently and significantly 

higher than coffee skin and lime only treatments. This could be due to the total P 

concentration of the filtercake compost from the calcium phosphates formed during the 

processing of sugar being solubilised (Dee, Haynes, & Meyer, 2002).  

 

It can be concluded from this experiment that filtercake had a benefit to available P 

where cow manure and coffee skin did not. Adding lime increased pH and decreased 

exchangeable Al, however, lime without compost was better than other treatments in 

decreasing exchangeable Al concentrations meaning that that Al-P complexation rather 

than pH induced change in Al concentration occur when only composts were used. This 

may be due to the buffering effect of the compost on increase in pH attributable to the 

addition of lime (Jobe et al., 2007).     
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Figure 4.5 – Effects of compost application to acid sulfate soil at a rate of 5 t/ha 
while varying the total applied alkalinity using lime at various rates on (a) pH, (b) 
exchangeable Al, and (c) available P, approximately 1 hour after application in 
Incubation experiment 2.  LSD (p < 0.05) bars show differences between all 
treatment combinations within each of pH, exchangeable Al, and available P 
respectively.  Control is marked with a circle against the y-axis. 
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Incubation experiment 3 findings 

By maintaining the concentration of total applied alkali whilst increasing the rate of 

compost, it can be seen that exchangeable Al (Figure 4.6a) and pH (Figure 4.6b) 

significantly increased and decreased respectively. Although not to the same magnitude, 

this is consistent with the results of Incubation experiment 2 which showed that the 

addition of compost to lime to give a particular total alkali addition resulted in a lower 

pH and a higher exchangeable Al than lime alone. The control (marked with a square 

against the y-axes) was soil only and did not include lime, whereas the 0, 2.5, 5 and 7 

t/ha compost application rates all included lime. Addition of lime to the soil showed an 

immediate decrease in exchangeable Al concentration and an increase in pH, which 

increased and decreased respectively, as compost application rate increased.  In this 

experiment it became clearer that the observations made in Incubation experiment 1 in 

relation to the effect of lime and compost were rate dependent, with an increasing 

amount of compost decreasing the efficacy of the lime component of the co-application 

to achieve a particular concentration of alkali.  This indicates that the compost may be 

buffering the effect of the lime addition which Jobe et al. (2007) suggests may result 

from the organic acids of various kinds in the compost.   

 

While in theory raising pH through the application of lime could result in Ca2+ 

competing for exchange sites with protons (and Al3+), potentially decreasing pH 

(Meriño-Gergichevich et al., 2010), for each Ca added in lime there are two OH- to 

consume two H+ meaning that pH would increase not decrease. It is also widely 

reported (Liu & Hue, 1996; van der Watt et al., 1991) that calcium fulvates provide 

significant benefit to soils outside of the immediate contact area, e.g. down the soil 

profile after surface application, where the zone is benefit from lime application is more 

limited.  Whilst in other studies (Liu & Hue, 1996; van der Watt et al., 1991) Ca-

fulvates have been specifically prepared under laboratory conditions, in this experiment 

it’s possible that the Ca-fulvates formed during the mixing of the compost and lime 

which may have buffered pH.  
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Available P concentration, however, appears to be changing independently of pH and 

exchangeable Al because, with increasing rate of compost, available P increases. This 

result is consistent with the concentration of total P in each compost (Table 4.5).  It 

would be expected, however, that if compost was supplying P to the system, then it may 

complex with Al3+ and decrease the apparent free Al concentration (Equation 2.2). This 

may be due to the compost buffering the effect of the lime, as discussed in relation to 

Figure 4.5, and some P is being complexed with Al, decreasing the concentration from 

the level that it would be otherwise, but the effect of the lime-compost interaction is 

greater overall.  This is supported by the fact that there appears to be a critical limit, 

with the three composts following very closely together in terms of exchangeable Al 

and pH, but with a divergence of the concentrations of available P, with coffee skin a 

flat line with the control (marked with a square against the y-axis) and the other 

composts increasing at a consistent rate (Figure 4.6).  Significant differences in 

available P were observed between coffee skin and filtercake composts at 2.5t; between 

coffee skin and cow manure, and coffee skin and filtercake at 5 t/ha and all composts 

different from each other at 7.5t.   

 

Available P concentrations (Figure 4.6c) for coffee skin did not change significantly 

with increasing rate of compost application but cow manure changed significantly 

between from 0 and 2.5 t/ha and from 2.5 to 5 t/ha. Filtercake compost increased Bray II 

available P significantly with each increase in compost rate.  While no significant 

differences for pH and exchangeable Al were observed between composts, all composts 

showed a significant decrease in pH between 0 and 2.5 t/ha and from 2.5 to 7.5 t/ha. 

Similarly, exchangeable Al increased significantly for all composts between 2.5 and 5 

t/ha and between 5 and 7.5 t/ha. Given that decreasing pH leads to increased 

concentration of exchangeable Al it is likely that a decrease in pH is linked to an 

increase in exchangeable Al (Seatz & Peterson, 1964).  
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Figure 4.6 – Effect of alkali application to acid sulfate soil at a fixed rate while varying the 
rate of compost on (a) pH, (b) exchangeable Al,  and (c) available P, approximately 1 hour 
after application in Incubation experiment 3.  LSD (p < 0.05) bars show differences 
between all treatment combinations within each of pH, exchangeable Al, and available P 
respectively. Control is marked with a single square against the y-axis.   
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Incubation experiment 4 findings 

When alkali addition and compost rate are fixed there is no biologically significant 

change in the available P concentration associated with any of the composts with 

increasing rate of applied P (Figure 4.7a). This most likely points to the fixation of the 

forms of inorganic P which were added in the H3PO4 solution which bind easily, 

compared to the organic and inorganic P originating from the compost. This binding 

may be to Al or Fe based compounds in the soil solution, which may include Fe oxide 

minerals (e.g. jarosite, schwertmannite at low pH values and amorphous Fe(OH)3 at pH 

values close to neutral (Lindsay, 1979)) which have a range of affinities for binding P in 

different forms (Kleeberg & Grüneberg, 2005).  Significant differences in available P 

were observed between 5.15 mgP/container and the 0, 7.73 and 10 mgP/container 

treatments (P application of 5.15, 7.73 and 10 mgP/container equivalent to around 6.5, 9 

and 13 kgP/ha). The only other significant change was for the pH of the cow manure 

treatments where the 5.15 mgP/container rate was found to be significantly lower than 

all other rates of P with that compost but this too is not considered a meaningful change 

when compared to the overall trends, as shown in Figure 4.7.  Significant changes were 

observed between composts, however, and these values were approximately equal to the 

treatments with the same rates of compost and total alkali applied in Incubation 

experiment 2 (Figure 4.4). This validates the data in both experiments because the same 

combinations of lime and compost gave approximately the same result.   

 

It can be concluded from this incubation experiment that the addition of more available 

P has no effect on any of the measured parameters but it is recognised that this is 

dependent on the form of P added.  
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Figure 4.7 – Effect of alkali and compost application to acid sulfate soil at a fixed rate 
while varying the rate of added available P using a dilute H3PO4 solution on (a) pH, (b) 
exchangeable Al, and (c) available P, approximately 1 hour after application in 
Incubation experiment 4.  LSD (p < 0.05) bars show differences between all treatment 
combinations within each of pH, exchangeable Al, and available P respectively. 
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4.4 Conclusion  

From these four incubation experiments, it can be concluded that lime without compost 

has the greatest influence on decreasing exchangeable Al concentration and there 

appears to be no additive benefits of co-application with compost as might be expected. 

In fact, the concentration of exchangeable Al increase with increasing rates of compost 

when total alkali is kept as a constant with lime, which is possibly due to the 

displacement of exchangeable Al. It appears, however, that each of the composts used in 

these experiments has a high pH buffering capacity. In the presence of compost and 

lime, adding P did not have a benefit to exchangeable Al, pH or available P which is 

most likely due to the forms of P in the added solution binding quickly with the Al and 

Fe in the soil.  It can also be concluded from these experiments that filtercake compost 

had the greatest effect on available P concentration regardless of the addition of lime or 

additional P despite cow manure having a greater Bray II P concentration (Table 4.5). 

This is likely to be due to the solubilisation of calcium phosphate compounds in the 

filtercake composts under acidic conditions (Table 4.6) (Alvarez, Evans, Milham, & 

Wilson, 2004). Further, lime addition did not make a difference because the pH was 

never increased to a point that stop dissolution of the P in the filtercake which yielded 

carbonates to the system as another reaction product.  In order to examine the impact of 

these changes in soil chemistry on yield, it is necessary to establish a field trial. A field 

trial also enables assessment of the relevance of this work in a Vietnamese farming 

context.   
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5  Vietnamese field trial  

5.1 Introduction  
Incubation experiment 1 (Chapter 4) confirmed the findings of the compost 

characterisation (Chapter 3) that there is no clear relationship between COOH groups 

and observed changes in acid sulfate soil (ASS) chemistry resulting from the application 

of compost. Whilst the addition of compost or lime, or both, to ASS were found 

(Incubation experiments 2 – 4) to lead to a decrease in the concentration of 

exchangeable Al compared to the control, the effect of lime in increasing pH and 

decreasing Al concentration was found to be diminished by co-application with 

compost, which is consistent with the literature (Bloom, 2000). The addition of lime 

alone led to the greatest decrease in exchangeable Al, followed by compost and lime, 

and finally compost alone (filtercake > cow manure > coffee). The application of 

filtercake compost led to the largest increase in soil available P, with one possible 

explanation for this being the greater amount of acid soluble P in filtercake compost 

which is liberated at the low pH values of ASS (Dee, Haynes, & Meyer, 2002). The 

results of the experiments in Chapter 4 also suggested that cow manure and filtercake 

composts may decrease exchangeable Al and increase available P by first bringing 

about an increase in pH. This is consistent with the findings of Wong et al. (1998) who 

found that two weeks after application of 1.5% farm yard manure compost to an Oxisol 

from Burundi, a Spodosoi from Sumatra and an Ultisol from Cameroon, pHCaCl2 

increased from 4.49 to 5.55, 4.12 to 5.59, and 4.58 to 6.72 respectively.  

 

Each of the composts in Incubation experiments 2 and 3 in Chapter 4 decreased the 

exchangeable Al to a minimum of around 150-200 mg/kg when applied in conjunction 

with lime. When applied alone to give an applied concentration of 47.71 mmol OH-/g, 

lime alone decreased exchangeable Al to 11 mg/kg in Incubation experiment 2. 

Kamprath (1984) reported that growth in corn decreased when the concentration of Al3+ 

in the soil solution increased above 4 ppm (mg/kg) and Tan and Binger (1986) reported 

a decrease in dry matter yield of 41% with a rise in Al concentration from 0 ppm to 50 

ppm (added as AlSO4) in their experimental growth media. This suggests that even with 

a decrease in exchangeable Al from around 750-1000 mg/kg to 150-200 mg/kg, plant 

growth in the field may still be limited by Al3+. Although generally discussed in relation 

to rice production in ASS, i.e. under reducing conditions, (Moore & Patrick, 1989; 

Tanaka & Navasero, 1966) Mn is also discussed in oxidised systems (Willett, 

Crockford, & Milnes, 1992).   
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Therefore, while the scope of this project was restricted to Al – P relations it is 

acknowledged that the possibility that Mn and Fe are factors in this system cannot be 

discounted.   

 

This experiment investigated the effect of one of three composts (cow manure compost, 

sugarcane filtercake compost and coffee skin compost) on soil chemistry and the 

resultant effect on plant growth in an ASS. This experiment aimed to address the 

hypotheses that in an actual ASS in the field: 

a) compost and lime together would give a lower exchangeable Al than compost alone 

but not as low as lime alone;  

b) application of filtercake compost with or without lime and/or additional P would 

lead to the largest soil available P and plant total P when compared to other 

composts; 

c) superphosphate (CaH4P2O8) applied at a rate equivalent to the available P of cow 

manure compost with or without lime would not give a larger soil available P than 

cow manure or filtercake compost; 

d) an increase in yield will result from a decrease in exchangeable Al and increase in 

available phosphorus from treatment applications.  

 

5.2 Materials and methods 
Experiment site description  

The experiment was established in a field in the Vietnamese province of Hau Giang, 

near the town of Vi Thanh (9° 41' 0.24'' N, 105° 20' 31.308'' E) in March 2015. The soil 

was characterised as a Typic Sulfaquept (USDA Soil Taxonomy) and exhibited a 

pH1:5 water 3.79 and an exchangeable Al concentration of 973 mg/kg. Therefore, the soil 

was representative of an ASS under agricultural production. The plots were formed on 

38 m x 1.5 m raised beds with a 0.6-1 m wide water filled ditch between them. Two 

18m plots were assigned to each raised bed with a 1m buffer between treatments in the 

centre of the field and a 0.5 m buffer at the end of each bed. One additional raised bed 

was allowed as a buffer at each end of the field (Figure 5.1).  Each plot was split into 

two subplots of 13.5 m2. A rat-resistant fence was installed around the whole 

experiment to mitigate the risk of rodent damage.   
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In the cropping season prior to the experiment maize was grown in the absence of 

fertiliser to ensure spatial uniformity of the site, including the buffers (site described in 

detail below).  At the time this crop was harvested an assessment of spatial variability 

was made by taking a 1 m2 sample of biomass from each of the 20 raised beds, moving 

across the beds in “V” shape to the centre of the opposite side of the field and then back 

to the starting edge on the far side from the starting point.  

 

A soil sample was taken from each plot in the same “V” shaped pattern by combining 

three 4 cm diameter x 20 cm deep soil cores to ensure soil chemical attributes were 

homogenous. Each composite sample was mixed and a 20-30 g subsample was dried at 

85 oC (ASSMAC, 1998) for 24 hours. pH was measured by 1:5 soil to water extract 

using a glass electrode, available P by Bray II (Houba, Van der Lee, & Novozamsky, 

1995) and exchangeable Al by method 16-5.3 of Barnhisel and Bertsch (1982).  

 

Experimental materials  

Three composts, cow manure, sugarcane filtercake and coffee skin, as used in Chapter 

4, were applied in this experiment. Collection of cow manure compost took place on 

two separate occasions as some compost was lost, presumed eaten by insects or rodents 

in the field, requiring that more compost be acquired to replace that which went missing 

from the first consignment. These composts have been identified as cow manure (A) 

and cow manure (B) respectively. Cow manure (A) was the same compost used in the 

incubation experiments described in Chapter 4.  As there was a delay of several months 

in establishing the field trail, it is assumed that the coffee skin compost, especially, 

continued to decompose in the field ahead of application to the field, leading to an 

increase in non-mobile nutrient concentration, including P, per unit mass. 
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Compost and unamended soil were characterised for pH, EC by 1:5 soil to water extract 

with conductivity cell and meter, Bray II available P, exchangeable Al, total organic C 

by a modified version of Walkley and Black according to Method 4.5 of Houba et al. 

(1995), and total N and total P by Method 2.3 of Walinga, van Vark, Houba, and van 

der Lee (1989). Ash alkalinity was determined on samples of the composts used in 

Chapter 4 by the same methods described in Chapter 4.  Characterisation of soil and 

compost chemical attributes can be found in Table 5.1.  The effective neutralising 

capacity of lime was determined by method 19A1 of Rayment and Lyons (2011) with 

calibration using of NaOH using KHC8H4O4 as described in method 4D1 of  Rayment 

and Lyons (2011) and found to be 93.8% (± 13.8) and 70.1% (± 8.7) CaCO3 equivalent 

respectively for the two bags of lime used.  

Table 5.1 – Initial chemical characteristics of the field soil and composts used in 
the field experiment in Hau Giang province, Vietnam  

 pH  
(1:5 water) 

EC  
(mS/cm) 

Bray II P  
(mg/kg) 

Total  
P (%) 

Total  
N (%) 

Organic  
C (%) 

Ash alkalinity 
(mmol OH-/g)* 

Coffee skin 5.45 2.33 1516 0.45 3.07 68.21 5.55 
Cow manure (A) 6.66 5.40 3451 1.15 2.24 48.44 5.74 
Cow manure (B) 7.52 2.98 2376 0.72 1.29 35.04 - 

Filtercake 6.67 5.26 2856 1.97 1.64 35.42 6.07 
Soil 3.79* 1.31* 8.24* 0.06* 0.378* - 5.22 

* Values used from analysis of samples reported in Chapter 4. 

 

Experiment establishment  

As shown in Table 5.2, the treatments in this experiment were based on a full-factorial, 

split plot design, applied in a way which sought to emulate the way a farmer would 

apply the components of the treatments (compost, lime and synthetic fertiliser).  

Following on from the treatments and findings in Chapter 4, there were three composts 

(cow manure, coffee skin and filtercake). In parallel to these, however, a 

superphosphate treatment was applied at the same rate of available P as 5t/ha of the 

compost with the highest available P (cow manure) to determine if a soil chemistry and 

plant yield response was due to increased P directly, or some other factor.  As the 

experiment sought to mimic farmer practice, however, all treatments received an 

application of superphosphate as part of a synthetic fertilisation regime, including the 

treatment founded on superphosphate.  
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Three days before sowing, moist compost at a rate equivalent to 5 t compost/ha (oven 

dry), or 45.8 kg/ha of superphosphate (based on 9% total P) giving a P application 

equivalent to the available P of 5 t/ha cow manure (A) (4943.4 mg P/kg as determined 

in Chapter 4), +/- 1.5 t/ha of CaCO3 (Table 5.2) was mixed together in a bowl, scattered 

and incorporated to a depth of approximately 15 cm using a handheld hoe tool. The 

applied rate of CaCO3 was chosen to standardise the alkali addition of the no compost 

treatments to that of 5 t/ha filtercake compost. Control treatments were also cultivated 

to avoid disturbance effects. As with the experiments described in Chapter 4, the rate of 

5 t/ha was chosen because of its ability to be practically translated to use by farmers 

(Nziguheba, Palm, Buresh, & Smithson, 1998).  

 

The day before sowing, half the subplots received a basal application of 60 kg P2O5/ha 

(26 kg P/ha) in the form of superphosphate applied as a granular product. The 

superphosphate used for the +/- basal P “a” treatments (Table 5.2) was applied as a 

powdered product based on a total P2O5 of 16% as shown on the label, in keeping with 

farmer practice.   

 

Control treatments of CaCO3 with no compost and soil only, were also included, each 

+/- a basal application of 60 kgP2O5/ha (26 kg P/ha). All treatments (Table 5.2) were 

replicated four times to give a total of 40 experimental plots in a 20 x 2 plot layout 

using existing raised beds with the +/- P treatments overlayed to create the “a” and “b” 

subplots in a completely randomised split-plot design (Figure 5.2).  

 

Following application of all treatments and prior to sowing, a composite soil sample of 

three 4 cm diameter x 20 cm deep cores was collected from each subplot to give a Day 0 

data point. These samples were taken to the lab where a 20-30 g subsample was dried at 

85 oC (ASSMAC, 1998) for 24 hours. Analysis was for pH, Bray II available P, and 

exchangeable Al concentration.   
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Table 5.2 – Detail of treatments within the field experiment in Hau Giang 
province, Vietnam.  Sub-treatments a and b designate with and without addition of  
60 kg P2O5/ha basal P (26kg P/ha). Rates expressed in terms of the equivalence in 
t/ha for compost and lime, and kg/ha for superphosphate of applications to 
experimental plots.  

Treatment Compost +/- P* Compost Rate  
(oven dry) (t/ha) 

Superphosphate** 
(kg/ha) 

Lime 
(t/ha) 

1a Cow manure + 5 - 1.5 1b Cow manure - 
2a Cow manure + 5 - - 2b Cow manure - 
3a Coffee skin + 5 - 1.5 3b Coffee skin - 
4a Coffee skin + 5 - - 4b Coffee skin - 
5a Filtercake + 5 - 1.5 5b Filtercake - 
6a Filtercake + 5 - - 6b Filtercake - 
7a Superphosphate + - 45.8 1.5 7b Superphosphate - 
8a Superphosphate + - 45.8 - 8b Superphosphate - 
9a Control + - - 1.5 9b Control - 
10a Control + - - - 10b Control - 

* Based on a total P content of 16% P2O5 (applied as a granular product) 
** Based on a total P content of 9% P (applied as a powdered product) 
 

.  
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Figure 5.1 – Truncated field plan showing the layout of field trial treatments on raised beds with irrigation channels 
between.  A 0.5 m buffer existed at both ends of the plots and a 1 m buffer between plots on one bed.  Lines running 
through the centre of plots distinguish with and without basal P subplots.  
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Figure 5.2 – Complete experimental plot layout based on 20 raised beds with irrigation channels between them. The thick line in the centre 
indicates a 1m wide buffer and the two thin lines delineate +/- basal P applications with the “a” subplots receiving an application of P 
equivalent to 60 kg P2O5/ha (26 kg P/ha) in keeping with local farmer practice.  
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Baby corn (Zea mays) seeds were sown in five rows in each bed in a 25 x 25 cm grid. 

Water was introduced into the ditches between the beds and maintained 10 cm below 

the height of the raised bed (Figure 5.3), as is common practice for farmers, for the first 

40 days of the cropping season, with water rising to the plant roots by capillary rise. 

When the salinity in the river water became too high (EC of approximately 20 mS/cm) 

after 40 days, plots were hand watered on alternate days using ground water (EC of 

approximately 0.6 mS/cm).  Nitrogen and potassium fertiliser were applied to every plot 

at a rate equivalent to 30 kg N/ha, and 12 kg K2O/ha (equivalent to 9.96 kg K/ha) (pers 

comm Do Ba Tan, August 4, 2015) 3, 5, 15, 20 and 30 days after sowing 

 

 

Figure 5.3 – Field site after baby corn seeds were sown, showing depth of water in 
irrigation channels in the foreground.  
 

 

 

 

 

 



 

90 

Experiment sampling  

After 64 days, a composite soil sample of three 4 cm diameter x 20 cm deep cores was 

collected from each subplot. It is acknowledged that with lime incorporation to 10 cm 

assessing the impact would have been best done by splitting the sampling into a 0-10cm 

and 10-20cm to examine the surface and deeper root zone changes. Taking more soil 

samples would, however, have taken too many resources (doubling analytical time and 

cost). It is further acknowledged that this strategy risks compromising seeing smaller 

changes in chemical chemistry due to dilution effects. These samples were taken to the 

lab where a 20-30 g subsample was dried at 85 oC (ASSMAC, 1998) for 24 hours. 

Analysis was for pH, Bray II available P, and exchangeable Al. On the same time (day 

64 and approximately the time of silking), the ear-leaf blade was removed from plants 

within the centre 8 m of the 2nd and 4th rows of each subplot (Mallarino, 1996).  These 

samples were weighed and leaves counted before being dried at 65 oC and analysed for 

total P by digestion in concentrated H2SO4 and a KSO4-CuSO4 catalyst mixture for 3 

hours at 375 oC (Mallarino, 1996) followed by determination of P colorimetrically 

(Murphy and Riley (1962). At the conclusion of the experiment, fresh saleable yield and 

dry matter yield of above ground plant material including ears of corn, were also 

determined on plant material dried at 65 oC for 48 hours.   

 

Experiment data analysis  

Data were statistically analysed in GenStat 18 (VSN International, 2016) using linear 

mixed models to determine the predicted means for each response variable, and the least 

significant difference value for each treatment combination comparison.   The effect of 

day on exchangeable Al, available P and pH concentrations was investigated to 

determine if there was a significant difference between the aggregate values for Day 0 

and Day 64.  Analysis of significant differences associated with each response variable 

was then performed for Day 0 and Day 64 data with each graphical representation 

illustrating the predicted means for each response variable.  Initial values were set to 

positive in the analysis which was structured as basal P application, nested within lime 

application, nested within compost (i.e. compost/lime/P).  A least significant difference 

(LSD) level of 5% was used. Least significant differences were calculated for every pair 

of treatment combinations in the experiment to determine significant differences.  
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5.3 Results and discussion 
Effect of compost application over time 

There was a significant decrease in exchangeable Al found between the mean of all 

composts on Day 0 and Day 64 (Table 5.3). There was also a significant increase in pH 

but there was no change in available P over the course of the experiment. It is possible 

that the decrease in exchangeable Al is a direct result of the increase in pH based on the 

known relationship between pH and exchangeable Al  

 
Table 5.3 – Aggregated analysis of samples taken from 0-20 cm in all plots, to 
reflect anticipated rooting depth, on day 0 and Day 64 showing the change in 
exchangeable Al, Bray II P and pH values, with LSDs for each over time.  

 Day  LSD 0 64 
Exchangeable Al  

(mg/kg) 859.8 774.4 61.13 

Available P (Bray II)  
(mg/kg) 72.44 72.11 n.s 

pH (1:5 water) 3.66 3.906 0.06841 
 
 
Effect of compost on the soil 

Despite coming from the same farm, it is clear that cow manure (A) and cow manure 

(B) are not similar in their action on the soil, with significant differences in pH (Figure 

5.4a) and exchangeable Al (Figure 5.4c) resulting from treatments which included cow 

manure (B) but not cow manure (A). Cow manure compost (A) was the same compost 

used in the lab experiments in Chapter 4.  The differences between composts (A) and 

(B) could be due to a number of factors linked to the immaturity of cow manure (B), 

which was in bags on the farm where the field experiment was undertaken for only one 

week, compared to cow manure compost (A) which was in bags on the farm for around 

seven months along with the bags of filtercake compost and coffee skin compost. It is 

known that composts decrease in mass by up to 50% (Chan et al., 2007) during 

composting, leading to a change in the ratio of nutrients which are not metabolised 

(Brady & Weil, 1996; Singer & Munns, 1991). Mathur, Owen, Dinel, and Schnitzer 

(1993), however, found that immature manure composts also contained 50% less water-

soluble nutrients than raw manures. This means that although the experiment was 

designed to only have one cow manure compost, cow manure composts (A) and (B) had 

different properties and as such have been considered separately in the discussion 

below. 
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The only instance where there may be a relationship between two response variables for 

one compost is with respect to pH and exchangeable Al for cow manure (B)  

(Figure 5.4a and 5.4c). Here the +P, +lime treatment is significantly different from both 

the -P, -lime and +P, -lime treatments for pH. The +P, +lime is also different from  

-P, -lime for exchangeable Al. This is consistent with the general understanding of Al-

pH chemistry (Essington, 2015) whereby adding lime will lead to such an increase in 

pH (Cregan et al., 1989) and a decrease in Al3+ according to Figure 2.1.  The same 

result may not have been observed for cow manure (A) due to its lower initial pH or, as 

Naramabuye and Haynes (2006b) reported, application of the less mature cow compost 

(B) may have led to an increase in pH through ammonification of organic N without 

nitrification.  

 

The same, however, does not appear to be true for coffee skin compost where the  

-P, +lime treatment resulted in a significantly greater pH than -P, -lime but there was no 

significant corresponding decrease in exchangeable Al (Figure 5.4a and Figure 5.4c).  

The absence of a decrease in exchangeable Al may be due to the lower available P 

concentration which could be acting on Al in parallel to the changes in pH resulting 

from the addition of lime.  In both cases, the lime is likely to have played a key part in 

the increase in pH so it is surprising that +P + lime did not increase pH significantly for 

coffee skin, where -P +lime did because lime should increase pH and adding P should 

bind Al (Iuliano et al., 2008). In moist soil at pH 3.66 the concentration of CaPO4 

compounds is likely to be very small (Moreno, Gregory, & Brown, 1966; Pan & 

Darvell, 2009; Pinto, Tabaković, Goff, Liu, & Adair, 2011), however, the concentration 

of Ca2+ and HPO4
- will be very high so adding P fertiliser should result in a decrease in 

the Al3+ concentration.  

 

It is also important to note that +lime made no significant difference to the pH of the 

other compost treatments or to the soil without any compost. The former is consistent 

with the results of Incubation experiment 2 (Chapter 4) which showed compost +lime 

was not significantly different from the control, except for cow manure (cow manure 

(A) in this experiment) and the highest rate of lime in that experiment. In the 

experiments described in Chapter 4, however, the addition of lime to soil without 

compost resulted in a significant increase in pH but that did not occur in the field 

experiment where there was no change in pH. The explanation made for the former was 

that the compost buffered the pH effect of the lime application.  
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It is also possible that there was an increase in pH in the field but that the sampling 

regime employed did not detect this due to a misalignment of timing and/or depth of 

sampling, or because soil from untreated layers masked the effects of treatments. While 

in the laboratory the lime was mixed evenly through the soil in the field it was surface 

applied and incorporated to 10 cm coarsely with a hoe.  

 

Soil samples in the field, however, were taken to 20 cm meaning that the lime will not 

have reacted with all of the soil in the sample. Liu and Hue (2001) also found that when 

lime was surface applied to a highly weathered acid Ultisol with a pH1:1 in water of 4.44, 

the pH was only increased in the top 15 cm. It is therefore not anticipated in this case 

that there will have been substantial movement of lime down the soil profile (Gonzalez-

Erico et al., 1979). Furthermore, due to the relative insolubility of lime Day 0 

measurements of pH, and other changes related to pH, were expected to be very small. 

 

With respect to available P at Day 0, the only significant difference found was for the 

application of superphosphate instead of compost. It is the -P, -lime treatment, however, 

that has the highest available P, which given a pH of approximately 3.6 and an 

exchangeable Al around 900 mg/kg for the treatment, is inconsistent with what would 

be expected from the literature (Iuliano et al., 2008). This suggests that the 

solubilisation processes result in several products containing P some of which are not 

easily bound and others which are due to the specificity of binding sites, as described by 

Guardado, Urrutia, and Garcia-Mina (2007). A solubilisation product in this system 

which may be easily bound is H2PO4
-, resulting from the dissolution of monocalcium 

phosphate monohydrate which is highly soluble at the pH of this soil (Dorozhkin, 2009; 

Lindsay, 1979). 

 

It is also surprising that the -P, -lime treatment when applied with superphosphate had a 

higher available P than the +P and/or +lime treatments (Figure 5.3b). When lime is 

applied it would be expected to decrease the concentration of Al3+ which could bind 

with P which should lead to the additional added P increasing the soil available P 

(Haynes, 1984). It need to be recognised, however, that as superphosphate has the 

chemical form Ca(H2PO4)2, it will quickly bind with Al3+ forming a varisite like product 

(Iuliano et al., 2008).  
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It is also possible that the way in which the superphosphate, as a replacement for 

compost, was applied as a powder, reacted differently with the soil, compared to the 

superphosphate applied as the basal +/-P treatment which was granulated.  It is known 

that different superphosphate products have different P profiles (Mullins, 1988) and 

whilst it would be expected that a granule would dissolve and react more slowly with 

the Al in the soil than a powder it has been found that available P declines at a relatively 

constant rate regardless of product solubility (Gikonyo, Zaharah, Hanafi, & Anuar, 

2010). From this it could be inferred that the reactivity of the P source does not have a 

significant effect on the complexation with Al. In addition, although the formulation of 

fertiliser has changed over time, Hagin (1957) found that powdered P fertiliser and 

granular P fertiliser did not react differently in the soil.  Further, Haynes (1982) found 

that the addition of lime to a soil high in Al created more binding sites for P which is 

suspected to have occurred through the formation of insoluble polymeric hydroxy-Al 

cation species.  This range of possible explanations leaves some questions about the 

interactions between lime and compost. 

 

In this experiment cow manure (B) +P, +lime led to the lowest Al concentration 

whereas in Incubation experiment 2 in Chapter 4, any compost +lime gave a result 

which was significantly higher than the soil only treatment. Furthermore, in that 

experiment there was no significant difference in exchangeable Al3+ concentration 

between the composts. Whilst the finding that +P, +lime decreased Al concentration is 

more consistent with the literature (Friesen et al., 1980; Kamprath, 1984), it is 

inconsistent with Incubation experiment 2 (Chapter 4). This could be because of an 

untested aspect of cow manure (B), as it was cow manure (A) that was used in the 

laboratory experiments described in Chapter 4. It appears, however that cow manure (A) 

has a greater pH buffering capacity which is consistent with the earlier discussion in 

relation to cow manure (A) not leading to an increase in pH where cow manure (B) did, 

and therefore not leading to a change in Al concentration.  



 

95 

 

Figure 5.4 – Soil chemical characteristics at Day 0 showing the effect of 
combinations of compost, lime and P application on pH (a), Bray II available P 
(b), and exchangeable Al (c) respectively. Letters above columns designate 
significant (p < 0.05) differences within each compost but not between 
composts.   

c 

a 

b 
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The results after 64 days (Figure 5.5 – Soil chemical characteristics after 64 days 

showing the effect of combinations of compost, lime and P application on pH (a), Bray 

II available P (b), and exchangeable Al (c) respectively. Letters above columns 

designate significant (p < 0.05) differences within each compost but not between 

composts.  ) show that for superphosphate treatment, the +P, +lime treatment had the 

highest pH, the highest available P, and an exchangeable Al concentration which was 

equally low with the -P, +lime treatment.  This is consistent with the general 

understanding of P, Al, pH interactions (Haynes & Mokolobate, 2001). Similarly, for 

the filtercake compost treatment the highest pH values were associated with the +lime 

treatments, and the lowest exchangeable Al concentrations were also exhibited by these 

treatments, but P concentrations were not significantly different between -P, -lime; +P, -

lime and +P, +lime.  One way to explain the results of the +P, +/-lime treatments is that 

over time the +lime treatments react with H+ increasing pH and leading to less Al being 

solubilised from soil minerals, resulting in a greater concentration of free P in the soil 

solution through less binding.  In the -lime treatments, however, pH is maintained at a 

low level resulting in the dissolution of calcium phosphates in the compost. Adding P to 

this in the +P treatment supplements the P which is not bound from the compost.   

 

For coffee skin and cow manure (B) the +P, -lime treatments resulted in significantly 

more available P than -P, +lime. For cow manure (B), however, the +P, +lime treatment 

was significantly less. Whilst the +P addition could reasonably be the cause of an 

increase in available P, at pH 3.8-4.2 it would be expected that lime would increase soil 

available P as well, however, as discussed above, there is evidence to explain the 

observed results. In the micro-environment around the lime and P fertiliser, it is possible 

that calcium phosphates will form. As the pH outside of that micro-environment is in 

the range of pH 3.5-4 and there is regular application of water, it is not expected that 

these compounds would remain undissolved for very long.  Haynes (1982), however, 

found that the addition of lime to a soil high in Al created more binding sites for P 

which is suspected to have occurred through the formation of insoluble polymeric 

hydroxy-Al cation species such as gibbsite with maximum adsorption of PO4
3- slightly 

below pH 4 and is related to the minimum solubility of Al in soils between pH 5 and 7.  

These polymeric hydroxy-Al species formed following liming are considered to be 

generally unstable and subject to change in response to changing pH (Haynes, 1982).  
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With respect to available P (Figure 5.5 – Soil chemical characteristics after 64 days 

showing the effect of combinations of compost, lime and P application on pH (a), Bray 

II available P (b), and exchangeable Al (c) respectively. Letters above columns 

designate significant (p < 0.05) differences within each compost but not between 

composts.  b), each of the coffee skin, cow manure (A) and (B), and filtercake, -P, -lime 

treatments were not significantly different from +P, +lime but as discussed above, this is 

not consistent with literature and suggests that the liming capacity of each compost may 

be sufficient in its own right in conjunction with the P in the compost and soil without 

additional lime which causes a significant decrease in available P for cow manure (B).  

Incubation experiment 2 (Chapter 4) showed that if compost is added to lime, the effect 

of lime is diminished, but there was no evidence in that experiment that the addition of 

lime to compost would diminish the effect of compost (Haynes, 1982).  

 

Available P resulting from the application of superphosphate -P, -lime was the highest 

for these treatments on Day 0 whereas +P, +lime was highest on Day 64. This could be 

because the superphosphate at Day 0 complexed with Ca in the micro environment 

around the lime +P. Over time, however, this environment shifted due to lime reacting 

with the soil the Al-P interactions took over and P availability was decreased by P 

fixation and precipitation with Al as is common in ASS (Moormann, 1963). None of the 

other significant differences between treatments on Day 0, however, were the same as 

those on Day 64.  
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Figure 5.5 – Soil chemical characteristics after 64 days showing the effect of 
combinations of compost, lime and P application on pH (a), Bray II available 
P (b), and exchangeable Al (c) respectively. Letters above columns designate 
significant (p < 0.05) differences within each compost but not between 
composts.   

c 

a 

b 
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Effect of compost on plant growth 

With the exception of filtercake compost, soil available P at Day 64 (approximately the 

time of silking) did not correlate with an increase in saleable yield or dry matter yield. 

Further, the filtercake +P, +/-lime treatments were not significantly different from each 

other for total leaf P or saleable yield, but were for dry matter yield (Figure 5.7).  

 

For the control, coffee skin and filtercake composts, there was a positive relationship 

between saleable yield and dry matter yield (Figure 5.6 and Figure 5.7a/b) which is 

consistent with the literature (Fan & Mackenzie, 1994; Gavito & Miller, 1998), but this 

was not true for the other composts. Whilst a direct comparison has not been determined 

statistically, the -P, +lime coffee skin treatment and the +P, +lime filtercake treatment 

appear to be the highest yielding treatments (338.22 and 343.78 kg/ha respectively) 

which, based on the results of the incubation trials, is unexpected because the coffee 

skin compost treatment did not have a high soil available P or plant total P compared to 

other treatments at the conclusion of the experiment. The coffee skin compost did, 

however, have a high % total N concentration which may provide some explanation of 

the observed results.  Filtercake also did not exhibit the expected ameliorating effects as 

in Incubation 1, Chapter 4.  At the same time, this is an expected result because 

filtercake +P, +lime had the highest P uptake and dry matter yield, therefore it stands to 

reason that it would have the highest yield. This experiment yielded 7 to 343 kg saleable 

yield / ha for the control -P, - lime, and filtercake +P, +lime, respectively.  The dry 

matter yield was found to be 454 to 1738 kg/ha for superphosphate -P, -lime, and 

filtercake  +P, +lime, respectively. Coffee skin -P/+P, +lime yielded surprisingly well 

given the results from the laboratory experiments in Chapter 4 with both treatment 

having a significantly higher yield than -P, -lime, and near equivalence in yield to 

filtercake +P, +lime.  This is possibly due, in part, to the coffee skin having three time 

as much P as in the laboratory experiments as a result of continued decomposition in the 

field between these experiments.   
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There is no clear relationship between soil available P and leaf P, with both samples 

taken on day 64 (Figure 5.5b and Figure 5.7c, respectively).  The total P in plant 

material per plot ranged from 0.0037 kg P2O5/ha to 0.0168 kg P2O5/ha (0.0016 to 

0.0073 kg P/ha) for cow manure with -P, -lime, and filtercake with +P, +lime, 

respectively (Figure 5.7c).  There is also no clear relationship between pH or 

exchangeable Al and yield.  Corn yield is reported to be decreased when the Al3+ 

concentration in the soil solution is above 4 ppm (Kamprath, 1984) with a 41% decrease 

in dry matter yield reported following an increase in Al in experimental growth media, 

added as AlSO4, from 0 to 50 ppm (Tan & Binger, 1986).  

 

The reported critical P concentration in the ear leaf of corn at tassling is between 0.16% 

(Smyth & Cravo, 1990) and 0.33% (Locke & Hanson, 1991) (equivalent to 0.37 to 

0.76% P2O5). All of the treatments, including the control were at or above this 

concentration (Figure 5.7c). This indicates that this soil already contains enough P for 

normal plant development and that another nutrient limitation or the EC of the irrigation 

water used up to 40 days after sowing is likely to have contributed to plant stunting and 

subsequently delayed maturity, with little or no corn cobs at day 64 where baby corn 

harvest would normally be expected to take place between days 50 and 60 after sowing.   
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Figure 5.6 – Regression plot showing the relationship between saleable yield (kg/ha) and 
dry matter yield with data points shown representing the mean of the four replicates for 
each treatment.  
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Whilst there were some big gains in dry matter and saleable yield following compost 

application, as explained above it appears that P in the soil was sufficient to meet the 

nutritional needs of the plant, based on the critical leaf P concentration being met in all 

treatments. The most significant effect on yield, however, appears to be due to the 

addition of lime, which has been observed by many others before including Farina et al. 

(1980), Fox (1979) and Friesen et al. (1980). In addition to decreasing Al concentration 

they attributed the increase in yield following liming to factors such as addressing a 

deficiency in Ca and Zn (Friesen et al., 1980). It is possible, therefore, that the observed 

dry matter and saleable yield increases observed in the present experiment are 

attributable to changes in the concentrations of other deficient of toxic elements 

resulting from the addition of lime.  
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5.4 Conclusion  
This experiment confirmed that filtercake compost is very effective at increasing soil 

pH, plant available P concentrations and decreasing exchangeable Al concentrations, 

resulting in increased saleable yield, dry matter yield and leaf P.   

 

In general terms, at Day 0 Cow manure (B) had the highest pH, superphosphate had the 

highest Bray II P, and Cow manure (B) had the lowest exchangeable Al. After 64 days, 

however, filtercake and superphosphate had the highest pH, cow manures (A) and (B) 

and filtercake had the highest Bray II P, and filtercake had the lowest exchangeable Al.  

These results only partially translated to yield with coffee skin and filtercake having the 

highest saleable yields, cow manure (B) and filtercake having the highest dry matter 

yields and filtercake having the highest total % leaf P.  

 

This experiment suggests that filtercake most likely ameliorates the deleterious effects 

of low plant available P and toxic levels of Al in ASS through the solubilisation higher 

acid soluble fractions which may include calcium phosphates. The fact that adding lime 

to cow manure (B) appears to decrease its efficacy in increasing available P but has no 

effect on available P versus the -lime treatments for coffee skin, cow manure (A) and 

filtercake composts, suggests that there is an effect of lime on compost P which needs to 

be further investigated before the mechanism by which compost acts on ASS used for 

agricultural production can be definitely determined. It is possible that this is due to the 

formation of certain Ca-P precipitates from lime and the P in compost.   The results of 

this experiment are consistent with the literature where it is reported that treatments 

with lime have a consistently lower exchangeable Al than those without. With respect to 

the relationship between soil available P and yield, dry matter yield and plant P, there 

appears to be a relationship between these only for filtercake and superphosphate. These 

results need to be considered in the context of possible confounding due to adequate 

initial soil P for plant growth and salinity. The effects of exchangeable Al and. EC, 

however, cannot be separated from the treatments and analysis undertaken in this 

experiment.  
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6 General discussion  
Introduction  

The objective of this research was to establish how the characteristics of composts relate 

to the amelioration of ASS by decreasing exchangeable Al and increasing plant 

available P in the soil, with the aim of improving crop yield. The effect of the functional 

groups of organic acids, changes in pH resulting from the neutralisation of acidity 

and/or the direct addition of P from compost application, were each investigated as 

possible mechanistic explanations of the ameliorative effects of compost on ASS.  

 

Do the organic acids in compost ameliorate ASS? 

Composts are known to have different chemical and physical characteristics (Quilty & 

Cattle, 2011). The compost characterisation described in Chapter 3 showed that the 

profile of organic acids which the composts produced differ based on the organic 

material used to produce the compost, as expected.  Although the effect of carboxylic 

acids on less acidic soils is well known (Lajtha & Harrison, 1995; Schefe & Tymms, 

2013), it appears that COOH is not the main cause of the ameliorative effects of 

compost on ASS (Chapter 3 and Incubation experiment 1, Chapter 4). There was no 

relationship found between the abundance of any functional groups and the measured 

Al/Fe/P concentration (Chapter 3) and the relationship between COOH and Bray II 

available P or exchangeable Al was weak (Chapter 4). It is probable that the  

pH < 4 of ASS means that the COOH, with a pKa of 4.8 (Black, 2010), is not able to act 

on ASS in the same way as it does on acid soils because less COOH is in the dissociated 

(i.e. acidic) form which is required to retain exchangeable Al (Lin & Su, 2010; Yasuda, 

1959). A limitation of the methodology described in Chapter 3 to determine the effect of 

organic acids in ameliorating ASS was that the system in this experiment was static not 

dynamic as it would be in the field. It did not, for example, take account of the potential 

for replenishment of the exchangeable Al pool by further oxidation of pyrite, after some 

was bound by the effects of the compost. Further confirmation of the presence and 

action of other functional groups in composts, at low pH values and in the dynamic 

environment of an actual ASS should therefore be the focus of future research.   
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Does compost ameliorate ASS through a liming effect? 

From the four incubation experiments described in Chapter 4 it was concluded that lime 

without compost had the greatest influence on exchangeable Al concentration. This is in 

contrast to Liu and Hue (2001) who reported that composts (yard waste and nitrohumus) 

with the addition of lime increased pH and decreased Al more than compost alone, but 

not differently from lime alone in a highly weathered acid Ultisol with a pH1:1 water 4.44. 

The measured changes in soil chemistry in the laboratory (Chapter 4) did not, however, 

consistently carry through to the spoil chemistry in the field (Chapter 5) even though in 

the laboratory rates were applied at 1x, 1.5x and 2x that in the field and an equivalent 

product was used. Cow manure (B) +lime showed a 12% increase in pH compared to 

the lime only treatment on Day 0, although there was also no clear corresponding 

change in exchangeable Al and available P. After 64 days, however, there was no 

apparent difference between the lime only treatment and any other treatment. The field 

observations suggest it is possible that the ameliorative capacity of a 5 t/ha application 

of any of the composts used in this project +/- 1.5 t/ha lime can be consumed through 

the dynamic process of continued pyrite oxidation and the subsequent increase in 

exchangeable Al and decrease in available P which as described by McElnea, Ahern, 

and Menzies (2002) and therefore this is not a sufficiently high rate for ASS even with 

the co-application of compost.  It is also possible that the abundance of Al in the soil 

solution in the field was high enough to form compounds which P was then bound to, as 

described by Haynes (1982). 

 

It was seen in Incubation experiment 1 (Chapter 4) that the pattern of increase in pH 

associated with increasing rates of filtercake and cow manure composts was close to 

that of the rise in available P and fall in exchangeable Al. The pattern of pH change 

across the three composts and the soil also followed closely with that of the variation in 

ash alkalinity between these materials. This indicates that these factors are related, as is 

widely reported in acid soils (Haynes, 1984) and that the effect on ASS from compost 

may therefore be through an initial increase in pH (Haynes & Mokolobate, 2001; Liu & 

Hue, 2001). This is consistent with the findings of Wong et al. (1998) who found that 

two weeks after application of 1.5% w/w farm yard manure compost to an Oxisol from 

Burundi, a Spodosoi from Sumatra and an Ultisol from Cameroon, pHCaCl2 increased 

from 4.49 to 5.55, 4.12 to 5.59 and 4.58 to 6.72 respectively.  
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The interactions between compost and lime addition in the different experiments 

indicates that more complicated reactions are taking place requiring more work to 

understand these interactions in ASS. Further work should include treatments which 

raise the soil pH > 5 through greater addition of organic matter or CaCO3, to examine 

whether at these rates the mechanism by which compost acts to decrease the deleterious 

effects of ASS is clearer, as growth of most agriculturally significant species is 

optimised between pH 5 and 7.  

  



 

107 

Does compost ameliorate ASS through the effect of P addition?  

The correlations between total P and decrease in Al concentration in the experiment 

described in Chapter 3 support the suggestions made by Guppy et al. (2005) that 

compost ameliorates acid soils through the addition of P. Chapter 3 went on to show, 

however, that it must be organic P or non-labile P as adding P fertiliser does not give 

the same benefit. Further, the four incubation experiments described in Chapter 4 

concluded that filtercake compost had the greatest effect on available P concentration 

regardless of the addition of lime or additional P which carried through to the Day 64 

field trial results. This result is considered likely to be due to the high total P 

concentration and the high acid soluble P concentration in the filtercake compost 

compared to other composts.   

 

The profile of P fractions (Table 4.6) of soil following amendment with the various 

composts used in the incubation experiments in Chapter 4 indicated that it is only under 

acidic conditions, however, that the P in filtercake compost is released suggesting the 

effect is due to the dissolution of calcium phosphates which originate from the use of 

CaCO3 and H3PO4 in the processing of sugar (Dee et al., 2002; Doherty & Edye, 1999).  

Cow manure compost had a much higher proportion of water soluble P which would 

have bound quickly to Al in the soil, indicating that addition of P is not the mechanism 

by which cow manure compost most likely acts on ASS used for agricultural 

production.   

 

More detailed work characterising calcium phosphates using a technique such x-ray 

absorption near edge structure (XANES) spectroscopy would enable greater clarity to 

be obtained regarding the species which are present and their likely solubilities in 

conditions under pH 3 resulting from H2SO4 and other acids associated with ASS.  X-

ray fluorescence (XRF) spectroscopy may also add to this understanding through 

provision of greater details on P content and spatial variability.  
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How do these results relate to corn yield and plant-P? 

Chapter 5 showed that with respect to the relationship between soil available P and 

yield, dry matter production and plant P concentrations there appeared to be a 

relationship between these only for filtercake and superphosphate. It is possible that this 

experiment was confounded by levels of P in the soil which were already sufficient to 

meet plant requirements, based on the fact that even the control treatments reached and 

exceeded the concentrations of leaf P which are considered to be critical for corn (Locke 

& Hanson, 1991; Smyth & Cravo, 1990). It is known that this experiment was 

confounded by the high EC of irrigation water which stunted plant growth and delayed 

maturity.    

 

There were significant increases in dry matter and saleable yield in the field experiment 

described in Chapter 5, as explained above, however, it appears that P in the soil was 

sufficient to meet the nutritional needs of the plant, based on the critical leaf P 

concentration being met in all treatments. The most significant effect on yield, however, 

was in response to the addition of lime, which has been observed by many others 

including Farina et al. (1980), Fox (1979) and Friesen et al. (1980). In addition to 

decreasing Al concentration they attributed the increase in yield to factors such as 

addressing a deficiency in Ca and Zn (Friesen et al., 1980). Given that there was not a 

close corresponding change in the bulk soil pH recorded, the effect may be the result of 

changes in chemistry in the rhizosphere and not necessarily in the soil as a whole and it 

is therefore possible that the observed dry matter and saleable yield increases in the 

present experiment are attributable changes in the concentrations of other deficient (e.g. 

Ca, Mg and/or Mo(Meriño-Gergichevich et al., 2010)) or toxic (e.g. Mn) elements 

(Meriño-Gergichevich et al., 2010) brought about by the addition of lime.  
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Suggestions for future research 

Further characterisation of composts by analytical methods such as FTIR and/or 

thermochemolysis–gas chromatography–mass spectrometry (GC-MS) using tetra-

methyl-ammonium-hydroxide (TMAH) (as described in detail in Appendix 1) in 

conjunction with parallel laboratory, glasshouse and field trials on ASS would add 

clarity as to whether it is accurate to report that compost functional groups play little or 

no role in ameliorating ASS through compost application. Functional groups with lower 

pKa values would need to be identified and better understood as part of this process. 

Determination of water soluble C would also have been useful in better understanding 

the role of organic matter in this system.  

 

One of the main outcomes of this work is that there is a consistent and strong 

relationship between the observed effect of compost application and compost total P 

concentration (Chapter 3, Chapter 4 and Chapter 5). Further work should focus on 

which calcium phosphate species are most abundant in a range of composts and which 

ones solubilise most easily in ASS. X-ray diffraction (XRD) is a technique which has 

been reported as having been used in calcium phosphate characterisation of other 

materials in the past (Alvarez et al., 2004; Fulmer, Ison, Hankermayer, Constantz, & 

Ross, 2002), and is one of the characterisation techniques reviewed by Kruse et al. 

(2015). This method of characterisation could be complimented by 31P NMR and XPS 

surface analysis with a focus on P, or XANES. This may also help explain the +/- lime 

interactions that appear to be working in the field. 
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7 Conclusion 
The research conducted here has focused on a Vietnamese farming system as it will be 

developing countries that are likely to be most challenged by ASS in the future as they 

will require these areas to produce food. The work reported in this thesis confirms that 

the use of compost as an ameliorant of ASS is conceptually a viable solution to the 

aforementioned problem.  The work has demonstrated that composts are capable of 

releasing available P at low pH, possibly due to dissolution of P from calcium 

phosphates, which may be effectively decreasing Al3+ concentration due to the 

formation of Al and P precipitates whilst adding to the P availability for plants. The 

amelioration of some of the deleterious effects of ASS were shown to improve yield of 

corn in the field.  Since compost did not always outperform lime and the effects of lime 

and compost were not additive, however, more complicated reactions may be taking 

place, requiring more work to understand the interactions between lime and compost in 

ASS. A detailed understanding of these interactions is required to definitively determine 

the mechanism or mechanisms by which composts act on ASS used for agricultural 

production.  
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Appendices  

Appendix 1 – Additional methods attempted as part of compost 
characterisation in Chapter 3 
 
Off-line pyrolysis - gas chromatography/mass spectrometry using tetra-methyl-
ammonium-hydroxide 

Introduction 

Thermochemolysis gas chromatography–mass spectrometry (GC-MS) using tetra-

methyl-ammonium-hydroxide (TMAH) is a method for identification of organic 

compounds which has been described extensively using one of three processes – 

CuriePoint Pyrolysis (Dignac, Houot, & Derenne, 2006; Frazier, Kaplan, & Hatcher, 

2005; Gauthier et al., 2002; Kuroda & Nakagawa-izumi, 2005; Lehtonen, Peuravuori, 

Pihlaja, Trubeskaya, & Trubetskoj, 2009; Shiyu & Lucia, 2004; Xiaoli, Shimaoka, 

Qiang, & Youcai, 2008; Yamamoto, Kayanne, & Yamamuro, 2001), sealed tube 

reactions (Chefetz, Chen, Clapp, & Hatcher, 2000; Kaelin, Huggett, & Anderson, 2006; 

McIntyre, Wressnig, & McRae, 2007; Shadkami & Helleur, 2009), and tube furnace 

reactions (Amir et al., 2006; Grasset et al., 2002; Guignard et al., 2005; Schefe, 2006).  

Gauthier et al. (2002) reinforced this as a useful methodology by comparing the analysis 

of organic material treated and untreated with TMAH.  

 

Chapter 3 of this thesis described the characterisation of 18 composts or compost like 

materials in terms of organic acid content/composition, utilising NMR and XPS 

together with traditional wet-chemistry techniques (e.g. pH, total P, etc).  This 

experiment, had, however, been designed to include characterisation using TMAH (25% 

in H2O) GC-MS.  

 

Methods 

Samples were dried in a vacuum oven under -700 psi of pressure with a stream of 

nitrogen at 60 oC for 48 hours, ground to pass a 0.5 mm sieve and 1g (± 0.01 g) was 

weighed into a conical flask which fitted the heating apparatus (Figures A1-A3). The 

sample was then immersed with 2 mL TMAH (25% in H2O) and allowed to sit for 

10mins before being dried under a stream of nitrogen. The conical flask was then fitted 

to an apparatus constructed to be contained within a modified gas chromograph (GC) 

oven which sat inside a fume cupboard (Figure A1-A3). The pyrolysis was then 

completed under a stream of nitrogen gas at 100 mL/min, with the temperature raised at 
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5 oC/min, to a maximum of 400 oC where it was held for 30 minutes. The effluent gas 

was bubbled through two sequential iced flasks containing 25mL of chloroform each 

(Figure A3).  The same method was attempted used with dichloromethane (DCM) as 

the condensing liquid.  Samples were analysed in full in duplicate. 

 

  
Figure A1 – Apparatus used for fractionation and collection of organic acids with a 
modified gas chromograph oven  
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Figure A2 – Conical flask containing the sample and TMAH (25% in H2O) 
connected to the apparatus within a modified gas chromograph oven.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3 – Condensation flasks in ice baths. Whole apparatus, including flasks 
and gas chromograph oven, contained within a fume cupboard  
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As there were issues with the physical stability of the glass apparatus within the 

modified GC oven access to a tube furnace at UNSW, Australia was arranged.  A glass 

apparatus was manufactured by Custom Blown Glassware, Sydney, Australia to fit 

within the tube furnace (Figure A4).  The apparatus featured a 1 m borosilicate tube 

with a ground glass cap (Figure A5) at one end which could be removed to put the 

sample of compost immersed in TMAH (25% in methanol) in a 5 mL beaker into the 

tube.  A stopcock was added at the other end to control the flow of nitrogen gas (Figure 

A6).  The collection flasks were fitted and used in a similar way to those use with the 

GC oven, containing chloroform and in an ice bath (Figure A7).   Samples which were 

pyrolised using this set up were: 

• 1mL diesel in DCM in the tube furnace, heated from 30 oC to 400 oC at 4 oC /min, 

and held it for 30 minutes  

• 1mL diesel in DCM with 1mL TMAH (25% in methanol) in the tube furnace, 

heated from 30 oC to 400 oC at 4oC /min and held for 30 minutes 

• 0.1g of a compost in 1 mL TMAH (25% in methanol) in the tube furnace, heated 

from 30 oC to 400 oC at 4oC /min and held for 30 minutes 

 

Following sample collection using both set-ups the chloroform was evaporated using a 

Buchi Rotovap and the sample analysed using GC-MS based on the following 

parameters –  Starting temperature: 100 oC, Ramp rate: 4oC/min, Final temperature:  

300 oC, Hold: 10 minutes. MS inlet: 250 oC, Pressure: 10.523 psi, Total flow: 24 

mL/minute, Septum purge: 3 mL/minute, Split: 20:1, Solvent delay: 2.5 minutes, 

Column flow 1 mL/minute at 10.5 psi.  

 

Multiple samples were pyrolised using both pieces of apparatus but no reliable result 

was able to be obtained from the GC-MS. It is most likely that no reliable result was 

able to be obtained because the pyrolysis process either did not adequately cleave the 

large organic acids, or that the cleaved organic acids were so volatile that they escaped 

through the chloroform containing flasks and out to the waste.  It’s also possible that the 

use of the Buchi Rotovap volatilised parts of the sample which were intended for 

measurement. It is considered unlikely that the issue was with the GC-MS section of the 

analysis.  Despite various problem solving efforts, however, it was not possible to 

determine the cause of the lack of a reliable result.    
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Figure A4 – Apparatus from Custom Blow Glassware, Sydney, being used in a 
tube furnace at UNSW, Australia.  

 

 
Figure A5 – Removable ground glass cap which was removed to insert 5 mL 
beaker containing a sample and TMAH (25% in methanol), and collection flasks.  
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Figure A6 – Stopcock at one end of the 1 m borosilicate tube to control nitrogen 
gas flow  
 
 
 

 
Figure A7 – Condenser flasks containing chloroform in an ice bath. Waste gas 
taken to an external extraction unit 
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Fourier Transform Infrared Spectroscopy (FTIR) 

As NMR and XPS require equipment of a large scale and cost, Fourier Transform 

Infrared Spectroscopy (FTIR) was also included as a characterisation methodology 

which could be used near the field. A number of authors (e.g. Ait Baddi et al., 2004; 

Amir et al., 2004; Amir, Hafidi, Merlina, & Revel, 2005; Celi et al., 1997; Inbar et al., 

1991; Wershaw et al., 1996) describe the extraction of humic acids and/or peletisation 

of the sample with KBr prior to FTIR scanning, however scanning is also reported on 

raw samples (Schefe, 2006). 

 

As part of the characterisation activities described in Chapter 3, a small amount of the 

sample was dried and ground to pass a 0.5 mm sieve. The samples was then placed on 

the diamond of a PerkinElmer Spectrum Two FT-IR Spectrometer and a reading made.  

Samples were analysed in triplicate, with cleaning using 70% ethanol undertaken 

between samples. 

 

Outputs were analysed using the PerkinElmer Spectrum 10 spectroscopy software but as 

with the TMAH/GC-MS characterisation described above it was not possible to elicit 

anything tangible from the results. 
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