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Abstract  

Phosphorus (P) is a limiting nutrient for crops in many parts of the world, especially in 

the tropics, due to low P availability in soils. Biochar has attracted increasing attention 

as a potential soil conditioner, due to its ability to increase P availability in soils. 

However, how biochar contributes to P availability and influences P transformation in 

soils is largely unknown. This PhD research project (a) investigated changes in biochar 

characteristics as a function of feedstock type and pyrolysis temperature, including 

biochar chemical composition and structures; (b) assessed P availability in four biochar 

thermosequences and P transformation during pyrolysis using a sequential extraction 

scheme in combination with 
31

P NMR studies; (c) assessed the ability of different 

biochars to retain phosphate and investigated corresponding retention mechanisms, and 

(d) investigated effects of biochar amendments on P availability and transformation in 

tropical soils under precisely-controlled laboratory conditions, over a short time period 

(12 weeks), and under field conditions over a longer time period (≥1 years).  

 

Peanut shell and sugarcane derived biochars had greater ash and mineral content, in 

comparison to the wood (oak and pine) derived biochars, indicating their greater 

potential to be utilized as a nutrition supplement. With increasing pyrolysis temperature 

(350 to 900 °C), the electrical conductivity and aromaticity of the studied biochars 

consistently increased. Their ash and mineral contents and pH increased with increasing 

pyrolysis temperature in the low temperature range, especially between 350 and 500 °C, 

but the extent of the changes in these parameters at higher temperatures were much 

smaller.  
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There was little or no (≤ 20 µg g
−1

) dissolved organic P found in the produced biochars, 

but the persistence of dissolved orthophosphorus and pyrophosphorus was observed. 

There was a quadratic correlation between available orthophosphorus content and 

pyrolysis temperature for biochars derived from oak, pine and sugarcane. The fitted 

optimal pyrolysis temperature for maximising available orthophosphorus content in 

these biochars was 520, 490, and 556 °C, respectively. A linear correlation was fitted 

for peanut shell derived biochars and pyrolysis at 350−450 °C maximised their available 

orthophosphorus content. Pyrolysing between 350 and 500 °C, peanut shell derived 

biochars had a greater content of available orthophosphorus compared to those from the 

other feedstock materials. Peanut shell derived biochars also contained labile 

pyrophosphates, and their contents decreased with increasing pyrolysis temperature. 

During pyrolysis, stabilization of orthophosphorus and decomposition of labile 

pyrophosphorus were dominant in the P transformation occurring at low temperatures 

(≤550 °C), while decomposition of pyrophosphorus and concurrent immobilization of 

orthophosphorus by forming precipitates with Ca-containing compounds predominantly 

occurred at high temperatures (≥600 °C). 

 

A biochar derived from Mallee and produced at 720 °C showed a considerable ability to 

adsorb phosphate from phosphate solutions (100 and 200 mg P L
−1

). Approximately 55% 

of retained P in the phosphate solution (200 mg P L
−1

) could be released to the solution 

again. After being mixed with a sandy clay loam soil collected from the tropical area in 

northern Queensland, this biochar increased the P retention capacity of the soil by 17%. 

The FTIR spectra showed that its CaCO3 component provided P adsorption sites.  
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Under well-controlled laboratory conditions, the application of pine derived biochars 

produced at 400, 600, and 800 °C did not affect the Colwell P content of a Grey 

Vertosol soil collected from a tropical sugarcane farm in northern Queensland, during a 

12-week period. However, the application of peanut shell derived biochars produced at 

400, 600, and 800 °C significantly increased the Colwell P content of the soil, when 

applied with phosphate fertiliser, compared to the control soil amended with phosphate 

fertilizer alone. Without phosphate fertiliser, only the application of peanut shell derived 

biochar produced at 400 °C increased the Colwell P content of the soil among all six 

studied biochars. Biochar amendments did not influence the content of NaHCO3-

extractable organic P in the soil, but its content of NaOH-extractable organic P 

decreased with the amendment of the pine derived biochar produced at 400 °C and the 

peanut shell derived biochars produced at 400 and 600 °C.  

 

The biochar-induced decrease in the content of organic P, accompanied by an increase 

in the Colwell P content, was also observed under field conditions ≥1 year after 

incorporation, in a Tenosol soil amended with a biochar derived from mulga wood and 

produced at 550 °C, collected from a tropical sugarcane farm in northern Queensland. 

However, no significant difference in the P sorption capacity of soils as indicated by 

phosphate sorption index was observed between tropical agricultural soils (the Tenosol 

soil or a Ferrosol soil) with and without the amendment of the biochar derived from 

mulga wood or mixed native hardwood and produced at 550 °C.  

 

From these results, it is concluded that biochars, especially those produced at high 

temperatures, are suitable for C sequestration, while biochars derived from P-rich 

feedstock and produced between 400 and 500 °C are suitable as a source of available P, 
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providing both orthophosphates and pyrophosphates. The content of available P in 

biochar would be its major contribution to the increase in P availability in soils after 

application. The CaCO3 component in biochar will provide adsorption sites for 

orthophosphates, thereby enhancing the retention of phosphate fertiliser applied into 

soils, but the biochar-provided benefit to P adsorption will diminish over time. The 

Fe/Al-associated organic P in soils is more easily decomposed in the presence of 

biochar, in comparison to labile organic P.  
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Chapter 1 

1 

Chapter 1 Introduction 

 

1.1 Background 

Phosphorus (P) is an essential element for plant growth, but the low availability of P in 

soils has been a key limiting factor for agricultural production in many parts of the 

world (Kamh et al., 1999), especially in the tropics. Tropical soils generally have 

deficient available P, strong soil acidity and high P fixation, due to high weathering and 

leaching loss, which together constrain soil P fertility and plant productivity (Cardoso 

and Kuyper, 2006; Sanchez et al., 2003). To maintain crop production, c.a. 15 million 

tons of elemental P are applied globally to P-limited agricultural land each year (Wang 

et al., 2012), but P acquisition by plants rarely exceeds 20% of the total fertiliser P 

applied (Friesen et al., 1997), mainly due to strong P fixation in soils.  

 

Phosphorus fertiliser is mainly derived from mined rock phosphate which is a non-

renewable resource. Current models suggest that supplies of rock phosphate may be 

depleted before the end of this century, as global demand for P will continue to increase 

over the next 50 years, in response to population pressure (Streubel et al., 2012). If we 

are to increase P availability in soils and enhance sustainable P use, then it is necessary 

to focus efforts on seeking P fertiliser replacements and, also, on improving the 

properties of soils, thus rendering stable P available to plants. 

 

Biochar is a carbon (C)-rich material produced through biomass thermochemical 

reactions. It has attracted increasing attention in recent years as a result of its great 

potential in providing solutions to environmental and agricultural issues. Organic C in 
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biomass is converted into the form of char with long half-life under certain thermal 

decomposition conditions (Cheng et al., 2008). This means that C can be kept in the 

solid state so as to decrease the amount of C released into atmosphere, mitigating global 

warming (Lehmann, 2007; Masek et al., 2013). Biochar can directly introduce nutrients 

to soils (Hossain et al., 2011), adjust soil pH (Brewer et al., 2011), enhance soil porosity 

(Masulili et al., 2010), increase the cation exchange capacity (CEC) of soils (Sparkes 

and Stoutjesdijk, 2011) and stimulate plant growth (Bhattacharjya et al., 2016; Jones et 

al., 2016). Despite the great potential of biochar as a soil amendment, its impact is 

dependent strongly on biochar type. In spite of extensive studies, till today, how biochar 

affects nutrient cycling processes in soils is still largely unknown.  

 

1.2 Aims and objectives 

The aim of this PhD research project was to investigate P availability and 

transformation in tropical soils amended with biochar, in order to elucidate the 

associated mechanisms that operate during the amendment. To achieve this aim, the 

following objectives were adopted:  

(a) to characterise different biochars as a function of feedstock type and pyrolysis 

temperature, 

(b) to assess P availability in different biochars and P transformation during pyrolysis, 

(c) to assess biochar ability to retain phosphate and associated mechanisms, and  

(d) to investigate biochar ability to increase P availability in tropical soils and potential 

mechanisms. 

 

1.3 Research questions and hypotheses  

The general framework of this research project is depicted in Fig. 1.1, including 

research questions, hypotheses and corresponding experimentation. 
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Fig. 1.1 Conceptual framework of research question and hypotheses 

 

Question Hypothesis Experimentation 

How much 

phosphorus (P) will 

be introduced to soils 

with biochar 

application and in 

which forms? 

Can biochar retain 

phosphate? 

How does biochar 

increase P availability 

in tropical soils? 

Biochar properties are 

determined by both 

feedstock type and 

pyrolysis temperature. 

Which is more 

important for biochar 

properties, feedstock 

type and/or pyrolysis 

temperature? 

Biochar properties as 

a function of 

feedstock type and 

pyrolysis temperature 

The content of P in 

biochar varies with 

feedstock type and 

pyrolysis temperature, 

and orthophosphorus 

is dominant in all 

phosphorus species. 

Quantity and 

chemical nature of 

biochar P 

Not all biochars are 

able to retain 

phosphate.  

Biochar ability to 

adsorb phosphate and 

the associated 

mechanisms. 

Biochar amendments 

increase P availability 

in soils mainly via 

introducing P 

available for plant 

uptake. 

Biochar effects on P 

availability and 

transformation in 

tropical soils: short- 

and long-term studies. 
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1.4 Thesis structure 

The structure of this thesis is shown in Fig. 1.2. 

 

Fig. 1.2 Flow diagram of this PhD research project and the structure of this thesis 
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Chapter 2 Literature review of influence of biochar on 

available soil phosphorus: A meta-analysis 

 

2.1 Introduction 

A number of studies have shown that biochar amendments exhibit significant, but quite 

disparate effects on P availability in soils. For instance, the application of a biochar 

derived from the pyrolysis of lodgepole pine wood at 600 °C at 1% and 4% (on a weight 

basis) was found to decrease P availability in the soil (Warnock et al., 2010). A similar 

decrease was also reported by Nelson et al. (2011). Conversely, applications of biochars 

sourced from different feedstocks and manufactured over a range of pyrolysis 

temperatures (260–600 °C) were found to increase the availability of P in the soils (e.g. 

Cui et al., 2011; Parvage et al., 2013; Revell et al., 2012a; Revell et al., 2012b; Schnell 

et al., 2012). However, the relationship between biochar properties and its effect on P 

availability in soils is largely unknown. 

 

In this study, the key factors leading to improved P nutrition in soils following biochar 

amendments were unravelled using a meta-analysis approach. Specifically, the effects 

of biochar properties (i.e. feedstock type, pyrolysis temperature), application dose and 

environmental conditions (i.e. soil texture, initial available P level in soils and P 

fertiliser type) on soil P availability were examined. 
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2.2 Material and methods 

2.2.1 Data sources 

Data were compiled from the literature reports where the amount of available P in the 

soil amended with biochar against the biochar-unamended control soil were compared. 

Publications until February 2016 were searched via the Web of Science and Google 

Scholar databases using the keywords “biochar” or “charcoal” or “char” and 

“phosphorus” and “soil”. In identified studies, only those studies where available P was 

presented as Olsen P, Cowell P, Mehlich−3 P and Bray−1 P were included in this 

analysis. Reporting variances of data was preferable but not essential. Eventually, 184 

comparisons of control−treatment data in total, from 16 publications, were selected. 

These data formed a database for meta-analysis and included 87 comparisons from 

incubation experiments, 64 comparisons from pot trials and 33 comparisons from field 

trials (Supplemental Table 1). The data relating to (a) biochar properties (feedstock type, 

pyrolysis temperature, and pH) and application dose, (b) soil properties (soil texture, 

initial P availability and pH), and (c) experimental conditions (study type, experiment 

duration and fertiliser type) were recorded from each study. Plot Digitizer 2.6.6 

software was used to extract data points in cases where data were presented in figures in 

the original publications. 

 

2.2.2 Data treatment and definition of categories 

Before analysis, data were standardised for comparison. Biochar application doses that 

were reported only in terms of mass per area (t ha
–1

) were converted to a percentage of 

dry weight ratio, by assuming a soil layer depth of 15 cm and a soil bulk density of 1.5 g 

cm
–3

. Where pyrolysis temperatures were provided as a temperature range, the 

maximum temperatures were chosen as the peak pyrolysis temperatures. The pH values 

measured with CaCl2 were made comparable with that measured with deionized water 
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using the formula 𝑝𝐻𝑤𝑎𝑡𝑒𝑟  = 0.400 + 1.028 × 𝑝𝐻𝐶𝑎𝐶𝑙2
 (Gavriloaiei, 2012). Mehlich–3 P 

and Bray–1 P were transformed with the formula Olsen P = 5.69 + 0.46 × Mehlich–3 P 

and Olsen P = 11.4 + 0.44 × Bray–1 P, respectively, in order to make them comparable 

to Olsen P (Kleinman et al., 2001). The formula Olsen P = 1.02 + 0.35 × Colwell P was 

used in the Colwell P transformation (Moody et al., 2013). Standard errors were 

transformed to standard deviations by multiplying by √𝑛, where n is the number of 

replicates. If the variance was not available, a standard deviation of 10.12% was 

assigned to a mean (Luo et al., 2006).  

 

The selected data were grouped into nine categories: (i) experiment type, (ii) experiment 

duration, (iii) biochar feedstock type, (iv) peak pyrolysis temperature applied during 

biochar manufacture, (v) biochar pH vs. soil pH, (vi) biochar application dose, (vii) soil 

texture, (viii) soil P availability, and (ix) form of P fertilisers applied. Three types of 

experiments were involved in this analysis, incubation experiment, pot trial and field 

trial. Experimental time frames were subdivided into four sub-categories: (i) ≤30 d, (ii) 

31–90 d, (iii) 91–365 d, and (iv) >365 d. Biochar feedstocks were further subdivided 

according to source type: (a) lignocellulosic waste (corn cob, peanut shell), (b) 

wastewater sludge, (c) biowaste (animal bone), (d) manure (from poultry, swine or 

cattle), (e) herbaceous plants (straws, grasses), and (f) wood (acacia, pine, mango, 

willow, municipal wood waste, bark, olive tree pruning). The pyrolysis temperature 

category was subdivided according to the highest treatment temperature achieved in the 

pyrolysis (300–400, 401–500, 501–600, ≥700 °C). Biochar pH vs. soil pH was grouped 

into nine sub-categories: (i) acidic vs. acidic, (ii) acidic vs. neutral, (iii) acidic vs. 

alkaline, (iv) neutral vs. acidic, (v) neutral vs. neutral, (vi) neutral vs. alkaline, (vii) 

alkaline vs. acidic, (viii) alkaline vs. neutral, and (ix) alkaline vs. alkaline , after 

biochars and soils were divided into three groups, respectively, based on their pH values 
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(acidic, <6.5; neutral, 6.5–7.5; alkaline, >7.5). When categorizing the biochar 

application dose (on a dry weight basis), the data were subdivided into four categories: 

<1, 1–<2, 2–<5, 5–10 % (dry weight ratio). Soil texture had three subdivisions: (i) 

coarse (loamy sand, sand, sandy loam), (ii) medium (loam, clay loam), and (iii) fine 

(clay, fine loam, silty clay, loamy clay). Initial soil P availability was grouped into four 

sub-categories (very low, low, medium and high) (AgVita Analytical, 2016). The ranges 

of the amount of available P in soils in each sub-category of initial soil P availability 

group are listed in Table 2.1. In some studies, inorganic or organic P fertiliser was 

applied; including single phosphate and the combination of nitrogen (N), P and 

potassium (K).  

 

Table 2.1 Ranges of the amount of available P in soils in each sub-category in initial 

soil phosphorus (P) availability group, obtained from AgVita Analytical 

Soil available P 
Sub-category in initial soil P availability group 

Very low Low Medium High 

Colwell P (mg kg
–1

)  <10 10–30 30–120 >120 

Olsen P (mg kg
–1

) <5 5–10 10–25 >25 

Mehlich–3 P (mg kg
–1

) <10 10–20 20–70 >70 

Bray–1 P (mg kg
–1

)  <20 20–35 >35 

 

2.2.3 Meta-analysis 

A meta-analysis was conducted to characterise the response of P availability in soils to 

biochar amendments. Following Borenstein et al. (2007), an effect size was calculated 

as a natural log-transformed response ratio: 

RR = ln (XT / XC) 

where XT represents the mean of the biochar amendment group and XC the mean of the 

unamended control group. The standard deviations of both groups were used as 

measures of variance. The effect size of each group was calculated by a random effects 
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model, where the effect size is weighted in inverse proportion to its variance. Groups 

with fewer than three comparisons of data were excluded from the analysis. Wastewater 

sludge with only two comparisons of data was excluded from the biochar feedstock 

group, as were neutral vs. neutral and neutral vs. alkaline from the biochar pH vs. soil 

pH group. The mean effect size of each category and its 95% confidence interval (CI) 

were calculated using Excel 2010. However, in order to test if selected studies were 

similar enough to warrant combination, the variations in effect sizes were examined 

prior to estimating mean effect sizes and their 95% CIs (Hedges et al., 1999).  

Mean percentage changes in the amount of available P in soils were used to present the 

results. The mean percentage change was obtained by exponentially transforming the 

mean to obtain the relative change ((expRR – 1) × 100). All figures were expressed as 

the mean percentage change and 95% CI for each group. When the percentage change 

was positive, the improvement of P availability in soils by the biochar amendments was 

considered to be significant. The differences in the amount of available P in soils for 

two groups were considered significant when their CIs did not overlap. 

2.3 Results and discussion 

2.3.1 Overall response of the amount of available P in soils to biochar amendments 

The reported biochar amendments increased, on average, the amount of available P in 

soils by 35% across all experimental types (Fig. 2.1A). Outcomes were comparable for 

field, glasshouse and incubation experiments. The mean change in the amount of 

available P in soils obtained from trials with plants tended to be lower than those from 

the incubation experiments (30% vs. 38%), presumably due to removal of available P 

through plant uptake, but the differences were not significant. 



Chapter 2 

10 

0 20 40 60 80 100

(A) Experiment 

type

(B) Experiment 

duration

Pot & Field trial

Field trial

Pot trial

Incubation

Changes in the amount of available P in soils (%)

Mean(184)

(87)

(64)

(33)

(97)

Mean

<=30 d

3190 d

91d

>365 d

(184)

(64)

(56)

(56)

(8)

 

Fig. 2.1 Influence of biochar amendments on the amount of available phosphorus (P) in 

soils with respect to (A) experiment type and (B) experiment duration. Symbols 

represent average changes of the percentage from control with 95% confidence intervals. 

The numbers shown in parentheses correspond to observations in each group on which 

the meta-analysis is based. 

 

Experimental duration influenced the change of the amount of available P in soils 

responding to biochar amendments (Fig. 2.1B). The highest increase in the amount of 

available P in soils was found in studies conducted for 91–365 d (74%), while the 

lowest was in those conducted for more than one year (10%), indicating the effect of 

biochar amendments on P availability in soils changes over time. Studies conducted for 

less than 90 d obtained around 24% of the increase in the amount of available P in soils.  

 

2.3.2 Influence of biochar properties and dose 

The application of manure derived biochars resulted in the highest increase in the 

amount of available P in soils (116%) compared with biowaste and herbaceous plant 

derived biochars (c.a. 40%) (Fig. 2.2A), presumably due to their large amount of P 
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inputs into soils (Marchetti and Castelli, 2013; Uzoma et al., 2011a; Van Zwieten et al., 

2013). Applications of biowaste derived biochars which had a greater P content than 

manure derived biochars, however, brought a significantly smaller increase in P 

availability in soils, possibly due to their inherent Ca content (Siebers et al., 2014). The 

lower contribution was also attributed to the higher alkalinity of the soils used in these 

studies, which did not create an optimum acidic environment for P dissolution (Warren 

et al., 2009). Neither lignocellulosic waste nor wood derived biochars impacted the 

available P content of soils with a 95% CI overlapping zero. These results demonstrate 

that feedstock type affects the effect of biochar on P availability in soils.  
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Alkalinevs. Neutral
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(182)

 

Fig. 2.2 Influences of (A) biochar feedstock type, (B) peak pyrolysis temperature 

applied during biochar manufacture, and (C) biochar pH vs. soil pH on changes in the 

amount of available phosphorus (P) in biochar-amended soils. Symbols represent 

average changes of the percentage from control with 95% confidence intervals. The 

numbers shown in parentheses correspond to observations in each group on which the 

meta-analysis is based. 
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The change in the amount of available P in soils varied with biochar type as a function 

of production temperature (Fig. 2.2B). The highest mean percentage change in the 

amount of available P in soils was observed in studies using biochars manufactured at 

401–500 °C (59%), indicating an optimum pyrolysis temperature range for biochar 

manufacture to efficiently increase P availability in soils. Biochars manufactured 

between 300 and 400 °C or between 501 and 600 °C had a similar effect on the increase 

in the amount of available P in soils with a mean change of 28%. However, the 

difference in mean percentage change of the amount of available P in soils between 

401–500 °C biochars and 501–600 °C biochars was not statistically significant. 

Applications of biochars manufactured at ≥700 °C slightly increased the amount of 

available P in soils, but the resulting mean percentage change (10%) was significantly 

lower than that induced by biochars manufactured between 401–500 °C.  

 

Biochars produced at high temperatures tend to be alkaline (Novak et al., 2009c; Peng et 

al., 2011). Applications of alkaline biochars will increase soil pH through a liming 

effect (Glaser et al., 2002; Zhao et al., 2014), consequently enhancing soil P availability 

(Xu et al., 2013). This was further supported by a greater increase in soil P availability 

being detected in alkaline biochar cases (Fig. 2.2C). On the other hand, high pyrolysis 

temperatures (>500 °C) would improve crystallization of amorphous minerals, allowing 

the formation of stable metal forms (Cao and Harris, 2010; Zhao et al., 2013), and 

consequently resulting in a lower amount of available P (Cantrell et al., 2012; Uchimiya 

and Hiradate, 2014; Uchimiya et al., 2015). Both aspects might be responsible for few 

changes in P availability found in the soils amended with biochars produced at high 

temperatures. 
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A significant mean change in the amount of available P in soils was found in studies 

using neutral or alkaline biochars, while applications of acidic biochars did not change 

the amount of available P in soils (Fig. 2.2C). Alkaline biochars increased the amount of 

available P in soils by an average of 71% when applied into acidic soils, 72% for neutral 

soils and by 28% when the studied soils were alkaline. However, there was no 

significant difference among soils with different acidity when being treated with 

alkaline biochars.  

 

It was reported that soil P availability increased with increasing biochar application 

dose (Macdonald et al., 2014; Revell et al., 2012b; Zhai et al., 2015), however this 

response is not consistent across all studies (Kelly et al., 2015; Parvage et al., 2013; 

Warnock et al., 2010). The result of this study showed that the increase in soil P 

availability induced by biochar amendments did not increase with increasing biochar 

application dose (Fig. 2.3). The mean increase in the amount of available P in soils was 

only 5% when biochar was applied at 2–<5%. Biochars included in this application dose 

group were mainly derived from lignocellulosic waste (24 out of 38) and wood (10 out 

of 38), which skewed the data. The increase was 113% when biochar was applied at 1–

<2%. It should be noted, however, that the 95% CI for the 1–<2% application spanned 

34% to 238%. High variability in the mean change of the amount of available P in soils 

for the 1–<2% group might come from the large range of P content in biochars involved 

in this group, from 0.02 to 33 g P kg
–1

. The failure of determining a clear correlation 

between biochar application dose and changes in soil P availability in this study is 

mainly due to the low increase found in the 2–<5% group (Fig. 2.3) and the great 

variability in the amount of available P in the reported biochars (Supplemental Table 1).  
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Fig. 2.3 Influence of biochar application dose on changes in the amount of available 

phosphorus (P) in biochar-amended soils. Symbols represent average changes of the 

percentage from control with 95% confidence intervals. The numbers shown in 

parentheses correspond to observations in each group on which the meta-analysis is 

based. 

 

2.3.3 Influence of soil properties and P fertiliser  

Applying biochar into fine textured soils significantly increased the amount of available 

P in soils (35%) compared to coarse textured soils (10%; Fig. 2.4A). Compared to fine 

and coarse textured soils, medium textured soils exhibited the highest increase in the 

amount of available P (38%) after biochar amendments, but there was no significant 

difference between medium textured soils and coarse or fine textured soils. O’Halloren 

et al. (1985) reported that NaHCO3-extractable P was significantly and negatively 

correlated to the sand content of soils, which was closely linked to microbial activity 

(Huffman et al., 1996). This limitation is also probably due to a higher loss of P 

leaching as water percolates through sandy soils (Cross and Schlesinger, 2001). 
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Fig. 2.4 Influence of (A) soil texture and (B) initial soil P availability on changes in the 

amount of available phosphorus (P) in biochar-amended soils. Symbols represent 

average changes of the percentage from control with 95% confidence intervals. The 

numbers shown in parentheses correspond to observations in each group on which the 

meta-analysis is based. 

 

The biochar effect on the mean change in the amount of available P was related to initial 

P availability in soils, although there was no significant difference among soils with 

different initial P availabilities (Fig. 2.4B). Compared to control soils, biochar 

amendments did not significantly influence the amount of available P in soils with a 

very low initial P availability (Olsen P < 5 mg kg
–1

 or Mehlich–3 P < 10 mg kg
–1

). In 

the initial soil P availability category, 39 comparisons were located in the very low 

group and 36 of these were obtained from studies using soils with a high P fixation 

ability, such as a calcareous soil reported by Alburquerque et al. (2015) and Chintala et 

al. (2014). The high inherent fixation may explain the lack of response observed in soils 

with a very low initial P availability, indicating a limited ability of biochar to reduce 

strong P fixation in soils. However, biochar amendments significantly increased the 

amount of available P in soils with a low initial P availability (Olsen P, 5–10 mg kg
–1

; 
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Colwell P, 5–30 mg kg
–1

; or Mehlich–3 P, 10–20 mg kg
–1

) by an average of 23%. This 

latter effect was nearly doubled in the soil with a medium initial P availability (Olsen P, 

10–25 mg kg
–1

; or Bray–1 P, 20–35 mg kg
–1

) by an average of 52%, although the 95% 

CI spanned 18% to 94% in this case.  

 

The effectiveness of biochar amendments for increasing the amount of available P in 

soils was influenced by the form of co-applied P fertiliser (Fig. 2.5). The individual 

application of biochar significantly increased the amount of available P in soils, by 71% 

(in comparison to the unamended soils). Co-applications with organic fertiliser further 

increased this figure to 89%, although this observed difference was not statistically 

significant. Decomposition of organic fertiliser co-applied with biochar resulted in the 

production of organic acids that could dissolve precipitated P in biochar or soils 

(Laboski and Lamb, 2003; Mendes et al., 2014). The enhanced phosphatase activity 

following organic fertiliser application to soils (Garg and Bahl, 2008; Jindo et al., 2012) 

or decreased P loss via runoff (Prost et al., 2013) has also been attributed to biochar 

amendments giving a greater soil P availability. No effect of biochar on the amount of 

available P in soils could be observed in cases where either single P or NPK fertiliser 

was applied in combination with biochar; the mean change was close to zero and 27%, 

respectively. The application of inorganic P fertiliser combined with biochar entirely or 

partly masked biochar effect on soil P availability because of its large quantity of 

available P input. In this study, the application dose of phosphate alone was generally 

found to be higher than via NPK, except as reported by Yamato et al. (75 kg P ha
–1 

through NPK fertiliser, Yamato et al., 2006). 
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Fig. 2.5 Influence of P fertiliser type on changes in the amount of available phosphorus 

(P) in biochar-amended soils. Symbols represent average changes of the percentage 

from control with 95% confidence intervals. The numbers shown in parentheses 

correspond to observations in each group on which the meta-analysis is based. N, 

nitrogen; K, potassium. 

 

2.4 Conclusions  

Biochar could provide a practical option to meet the challenge of global P depletion. 

The application of biochars derived from a feedstock with high P, but low Ca contents 

and produced between 401−500 °C would lead to a considerable increase in P 

availability in soils. Alkaline biochars were more effective than neutral or acidic 

biochars in increasing P availability in soils after application, possibly due to 

interactions with native soil P, improving phosphatase activity, or P dissolution from 

soils. More long-term field experiments are required to shed light on the ongoing 

change in the availability of P and the mechanisms governing the dynamics of P 

biochemistry in soils after biochar application. 
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Chapter 3 Methodologies 

 

3.1 Laboratorial biochar manufacture 

The biochars used in the experiments reported in Chapters 4, 5 and 7 were 

manufactured at laboratory scale, using slow pyrolysis technology in a horizontal tube 

furnace (HTF 80/12–3/1, Laboratory Equipment Pty. Ltd., Australia) under oxygen-free 

conditions (Fig. 3.1). Pyrolysis temperatures were controlled using three Eurotherm 

3216 PID controllers (Eurotherm, Australia) to maintain a hot zone 300 mm long 

having temperature uniformly within 5 °C. The heating rate was 10 °C min
–1

 with a 

residence time of 1 h at the targeted peak temperature. The feedstock was cut into small 

pieces (2–3 cm) and oven-dried at 65 °C for one week before pyrolysis. The feedstock 

was loaded into the sample boat (30 cm long, 50 mm deep) made from stainless steel 

and then the loaded boat was placed in the middle of the furnace to make sure that all 

feedstock in the boat was pyrolysed at the same temperature. The furnace was purged 

continuously with high purity dinitrogen gas at a flow rate of 2 L min
–1 

for 30 min 

before pyrolysis and at 0.5 L min
–1 

during pyrolysis. Once the pyrolysis was completed, 

the furnace was shut off and the produced biochar was allowed to cool down in the 

furnace overnight in a flowing nitrogen atmosphere (0.5 L min
–1

). After cooling, the 

biochar was stored in plastic containers under a nitrogen atmosphere before analysis.  
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Fig. 3.1 Slowly pyrolysis system for laboratorial biochar manufacture 

 

In order to test the consistency of the pyrolysis system in biochar manufacture, the 

biochar manufacture was repeated once under identical conditions using peanut shell in 

a range of pyrolysis temperatures from 350 to 900 °C. Linear correlation analyses were 

conducted for the two sets of produced biochars to determine the correlation in biochar 

properties. The correlation results (Table 3.1) showed that the measured parameters of 

the biochars from the two sets were significantly correlated to each other with 

correlation coefficients of all above 0.8, except for the fixed matter content with 0.714, 

indicating that the pyrolysis system used in this research project was reliable for the 

production of repeatable biochars. Therefore, given the limited time and feedstock 

available, there was no replication of the manufacture of biochars from oak, pine and 

sugarcane. For peanut shell derived biochars, the characterisation results presented in 

this thesis were only from the first set. 
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Table 3.1 Linear correlation between properties of peanut shell derived biochars from two 

repeated manufactures (n = 12) 

Properties 
Correlation 

coefficient 
p value 

Yield 0.994 0.000 

Volatile matter 0.846 0.001 

Fixed matter 0.714 0.009 

Ash 0.910 0.000 

pH  0.940 0.000 

Total carbon (C) 0.836 0.001 

Total nitrogen (N) 0.938 0.000 

Organic phosphorus (P) 0.848 0.000 

P fractions from sequential extractions 

H2O extractable P 0.899 0.000 

NaHCO3 extractable P 0.813 0.001 

NaOH extractable P 0.886 0.000 

HCl extractable P 0.971 0.000 

Residual P 0.964 0.000 

S1 and S2: parameter value of the biochar pyrolyzed at the same temperature from the first 

and second set, respectively. 

 

3.2 Laboratory analyses 

3.2.1 Biochar analyses 

Before analysis, biochar samples were homogenised and ground to <1 mm with a mortar and 

pestle. Except for biochar yield and total C, nitrogen (N), hydrogen (H) and oxygen (O) 

contents, duplicate samples from one biochar batch were taken for analysis. 

 

Yield 

Biochar yields are given as feedstock recovery and expressed as a percentage of weight of 

dry feedstock. 
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Proximate analysis 

The modified thermal analysis method (ASTM D1762–84) was employed to characterise 

biochar samples. Moisture was determined by calculating the weight loss after heating 

samples at 105 °C in porcelain crucibles in an oven for 24 h to constant weight. Volatile 

matter was determined as the weight loss after heating the crucibles used for the moisture 

determination with lids at 450 °C in a muffle furnace for 1 h. Ash content was also measured 

as the residual remaining after heating the crucibles used for the volatile matter determination 

at 750 °C in uncovered crucibles in a muffle furnace for 6 h. The fixed matter content was 

calculated by the difference in moisture, ash and volatile matter contents. 

 

Elemental analysis 

Total C and N contents of biochar samples were determined by dry combustion using a 

TruMac CN analyser (Leco Corporation, USA). The analyses of total H and O contents were 

conducted on a Delta V
TM

 Advantage isotope ratio mass spectrometer (Thermo Scientific, 

USA) with a front-end TC/A oven system (Thermo Scientific, USA) operated at 1400 °C for 

the thermal conversion of samples. Contents of the other major and trace elements were 

determined using an inductively coupled plasma–optical emission spectrometer (Optima 

8300, PerkinElmer, USA) after digesting samples in nitric acid and perchloric acid (HNO3–

HClO4) (Olsen and Sommers, 1982). The reported results of elemental composition in this 

thesis are all on a dry basis. 
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pH and electronical conductivity (EC) 

Biochar pH and EC were measured using a biochar-to-water ratio of 1:30. After 30 min 

shaking on an end-to-end shaker, the suspensions were allowed to stand for 0.5 h and the 

values of pH and EC were then read using a combined pH/EC meter (labCHEM–Cond/pH, 

TPS, Australia). 

 

Phosphorus distribution 

Phosphorus distribution in biochar samples was determined using a sequential extraction 

method modified from the P fractionation method developed for soil samples (Hedley et al., 

1982). This modified method included a sequential extraction of biochar samples (0.5 g) with 

30 mL each of deionized (DI) water, 0.5 M sodium bicarbonate (NaHCO3, pH = 8.5), 0.1 M 

sodium hydroxide (NaOH) and 1 M hydrochloride acid (HCl). The concentration of 

orthophosphorus in all extracts was determined after the precipitation of organic matter by 

acidification. The concentration of hydrolysable P (e.g. pyro and polyphosphorus) in all 

extracts was measured by the sulfuric acid hydrolysis procedure according to the EPA 

method 365.3 (United States Environmental Protection Agency, 1978) and minus 

predetermined orthophosphorus. The total P concentration in all extracts was determined after 

persulfate oxidation. The difference between the concentrations of total P and the sum of 

orthophosphorus and hydrolysable P in all extracts was calculated to estimate their organic P 

concentration. Non-extracted P was determined following HNO3–HClO4 digestion (Olsen and 

Sommers, 1982). Phosphorus concentrations in the extracts were determined by the 

colorimetric molybdenum-blue method (John, 1970). 
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3.2.2 Soil analyses 

pH and EC 

Soil pH and EC were measured using a soil-to-water ratio of 1:5. After two hours shaking on 

an end-to-end shaker, the suspensions were allowed to stand for 0.5 h and the value of pH 

and EC were then read using a combined pH/EC meter (labCHEM–Cond/pH, TPS, Australia).  

 

Soil moisture and water holding capacity (WHC) 

Sub-samples taken from fresh soil samples were oven-dried at 105 °C for 24 h. The 

difference between the soil fresh weight and oven-dried weight was calculated to estimate the 

moisture content of the soil samples. Oven-dried soil weight was used in all calculations of P 

in fresh soil samples to obtain its content on a dry weight basis. 

 

Sub-samples were soaked in water overnight in WHC tubes, and then drained with cling film 

covering the top for 4.5 h. The saturated soils were then transferred into a metal tray and 

oven-dried at 105 °C for 24 h. The difference between the saturated soil weight and oven-

dried weight was calculated to estimate the WHC of the soil samples.  

 

Total P, organic P, available P and P fractionation 

Total P was determined using the HNO3–HClO4 digestion method (Olsen and Sommers, 

1982). Organic P in soil samples was determined according to Saunders and Williams (1955). 

Available P in soil samples was extracted using Colwell’s method (Colwell, 1987). The P 

fractionation scheme described by Hedley et al. (1982) was modified for use in this research 

project. This involved sequential extraction of a soil sample (0.5 g oven-dry equivalent) with 
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30 mL each of 1 M ammonium chloride (NH4Cl), 0.5 M NaHCO3 (pH = 8.5), 0.1 M NaOH 

and 1 M HCl. The concentration of inorganic P in all extracts was determined after the 

precipitation of organic matter by acidification, while the total P concentration in all extracts 

was determined after persulfate oxidation. The differences between the concentrations of total 

P and inorganic P in the NaHCO3 and NaOH extracts were calculated to estimate their 

organic P concentrations. Residual (non-extracted) P was determined following HNO3–

HClO4 digestion. The P concentration in all extracts was determined by the colorimetric 

molybdenum-blue method (John, 1970). 

 

Phosphate sorption index (PSI) 

Soil PSI was determined by the single phosphate addition method (Bache and Williams, 1971; 

Hughes et al., 2000). Briefly, 24.2 mL of 0.01 M potassium dihydrogen phosphate (KH2PO4) 

made in 0.01 M potassium chloride (KCl) was added to 5 g of an air-dried soil sample in a 

150 mL bottle (giving a P addition of 1.5 mg P g
–1

 soil) and the volume of solution was made 

up to 100 mL with the addition of 75.8 mL of 0.02 M KCl to maintain an approximately 

constant ionic strength of 0.02 M. Two drops of toluene were added to inhibit microbial 

activity. The tightly capped bottle was shaken on an end-to-end shaker for 18 h at room 

temperature. The suspension was then passed through a Whatman No. 42 filter paper and the 

filtrate was centrifuged at 4000 rpm for 15 min. The concentration of P remaining in the clear 

solution was determined by the colorimetric molybdenum-blue method (John, 1970). The 

difference between the initial and final amounts of P in the suspension was calculated to 

estimate the amount of P adsorbed by the studied soil. Soil PSI was reported by the quotient 

x/log c where x is the amount of P adsorbed by the soil (mg P 100 g
–1

 soil) and c is the final P 

concentration in the suspension (µmol L
–1

). 
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Microbial biomass P (MBP) 

Microbial biomass P was determined by the chloroform fumigation-extraction method 

described by Brookes et al. (1982). Briefly, 10 g (on an oven-dry basis) of fumigated and 

non-fumigated soil samples were extracted with 200 mL of 0.5 M NaHCO3 (pH = 8.5). In 

order to estimate the amount of inorganic P fixed by soils during the extraction, another 10 g 

of non-fumigated soil samples were weighted and extracted with 0.5 M NaHCO3 solution 

spiked with inorganic P. This P-added NaHCO3 solution was made by adding 1.0 mL of a 

solution of KH2PO4 containing 250 µg P to 200 mL 0.5 M NaHCO3 (pH = 8.5). The soil 

suspension was shaken on an end-to-end shaker for 30 min and then passed through a 

Whatman No. 42 filter paper. Phosphorus concentration in the extracts was determined by the 

colorimetric molybdenum-blue method (John, 1970). The content of MBP in the soil samples 

was calculated according to the following equation: 

𝑀𝐵𝑃 =  
25 × (𝑏 − 𝑎)

0.4 × (𝑐 − 𝑎)
 

where a is the amount of inorganic P extracted from the non-fumigated soil samples (µg P g
−1

 

soil), b is the amount of inorganic P extracted from the fumigated soil samples (µg P g
−1

 soil) 

and c is the amount of inorganic P extracted from the non-fumigated soil samples with 0.5 M 

NaHCO3 solution spiked with inorganic P (µg P g
−1

 soil). 

 

3.2.3 Microbial activity and acid phosphatase (AcPME) activity analyses 

Microbial activity in soil samples was measured using the fluorescein diacetate (FDA) 

hydrolysis method (Adam and Duncan, 2001; Green et al., 2006). Briefly, 1 g of fresh soil 

samples were placed in a 50 mL falcon tube and 40 mL of 60 mM potassium phosphate 

buffer (pH = 7.6) added. 0.5 mL of FDA stock solution (1000 µg FDA mL
–1

) was added to 
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start the reaction. Controls were prepared without addition of the FDA substrate. The tightly 

capped tube was then placed in a shaking incubator (TLM–570, Thermoline Scientific, 

Australia) at 100 rev min
–1

 at 37 °C for 3 h. Once removed from the incubator, 2.5 mL of 

acetone was added immediately to terminate the reaction. The suspension was then 

centrifuged at 4000 rpm for 15 min before passing through a Whatman No.42 filter paper. 

The filtrate was measured at 490 nm on a spectrophotometer (UV-1800, Shimadzu, Japan). 

The concentration of fluorescein released during the assay was calculated using the 

calibration graph.  

 

Measurement of AcPME activity in soil samples was undertaken according to the method 

described by Tabatabai and Bremner (1969). Briefly, 1 g of fresh soil samples were placed in 

a 50 mL tube and 4 mL of modified universal buffer (MUB; pH = 6.5), 0.25 mL of toluene 

and 1 mL of p-nitrophenyl phosphate (PNP) solution were added. Controls were also 

prepared for the assay. The capped tube was placed in an incubator (TLM–570, Thermoline 

Scientific, Australia) at 37 °C. After 1 h, 1 mL of 0.5 M calcium chloride (CaCl2) and 4 mL 

of 0.5 M NaOH was added immediately to terminate the reaction. The suspension was then 

passed through a Whatman No.42 filter paper. The filtrate was measured at 400 nm on a 

spectrophotometer (UV-1800, Shimadzu, Japan). The concentration of p-nitrophenol released 

during the assay was calculated using the calibration graph.  

 

3.2.4 Plant total P analysis 

The content of total P in leaf samples (oven-dried at 65 °C for 7 d) was also determined using 

the HNO3–HClO4 digestion method (Olsen and Sommers, 1982) followed by the colorimetric 

molybdenum-blue method (John, 1970).  
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Chapter 4 Characterisation of biochars derived from different 

feedstocks and produced at different pyrolysis temperatures 

 

4.1 Introduction 

There are great differences in the specific properties and structures of biochars produced from 

different feedstock materials and under different pyrolysis conditions (McBeath et al., 2014; 

Novak et al., 2009c; Peng et al., 2011; Ronsse et al., 2012). Before applying biochar to the 

environment, the properties of a biochar should be taken into account and explored in detail. 

Otherwise, applications of biochar might not lead to an environmental benefit or at worst 

might lead to environmental pollution (Doydora et al., 2011; Kloss et al., 2012; Warnock et 

al., 2010). Additionally, thorough investigations on the correlations between biochar 

feedstock type and manufacture conditions and its properties will guide the manufacture of 

biochar designed to tackle specific agricultural or environmental issues. Thus, the objective 

of the study in this chapter was to investigate how feedstock type and pyrolysis temperature 

influence biochar properties. 

 

4.2 Materials and methods 

4.2.1 Biochar feedstock and pyrolysis 

Four types of plant materials were used for biochar manufacture in this study: oak 

(Allocasuarina torulosa), pine (Pinus radiata), sugarcane and peanut shell. The oak and pine 

chips were collected from Brisbane, Australia. Sugarcane was collected from Bundaberg, 

Queensland, Australia and peanut shell was obtained from the Peanut Company of Australia, 

Kingaroy, Queensland, Australia. The feedstocks were pyrolysed, under a flow of dinitrogen 

gas (0.5 L min
−1

), at twelve different temperatures ranging from 350 to 900 °C in increments 
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of 50 °C. The heating rate in the tube furnace was 10 °C min
–1

. The biochar manufacture 

process was described in detail in Chapter 3. Ground biochars (<1 mm) were stored in plastic 

containers in a nitrogen atmosphere prior to characterisation. 

 

4.2.2 Yield and chemical analysis 

The yield, moisture, volatile matter, fixed matter and ash contents, elemental composition, 

pH and EC were determined for the biochar samples. The detailed determination methods 

were described in Chapter 3. The elemental recovery in biochar samples was calculated: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑏𝑖𝑜𝑐ℎ𝑎𝑟𝑠 (mg element g−1 biochar)

𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘𝑠 (mg element g−1 feedstock)
×  𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (%) 

 

4.2.3 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopy 

The FTIR spectra of all biochar samples were measured on a Perkin Elmer Spectrum Two IR 

spectrometer (Perkin Elmer, USA). A diamond crystal plate was used as a reflector. The plate 

was cleaned with isopropanol before and after each sample measurement. Spectra were 

acquired in the range of 450−4000 cm
−1

 at 4 cm
−1

 resolution. The data were collected and 

processed using the Perkin Elmer Spectrum 10 spectroscopy software. Peak assignment relied 

on literature reports (Colthup et al., 1990; Keiluweit et al., 2010; Okolo et al., 2015; 

Uchimiya et al., 2011) and is shown in Table 4.1. 
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 Table 4.1 FTIR Peak assignment of characteristic vibrations  

Wavenumber (cm
−1

) Peak assignment 

3660−3100 OH stretching vibration 

3000−2800 Aliphatic  CH3 and CH2 stretching vibration 

1700 C=O stretching vibration 

1600 Aromatic ring C=C stretching vibration 

1435 CH3 and CH2 deformation vibration 

1392 CO3 ion stretching vibration  

1375 CH3 and OH deformation vibration 

900−700 Aromatic CH wag vibration 

872 CO3 ion deformation vibration, aromatic CH bending vibration 

 

4.2.4 Solid-state 
13

C CPMAS NMR spectroscopy 

The chemical nature of C in biochar was studied using two biochar thermosequences 

obtained from oak and sugarcane and six biochars derived from pine and peanut shell at low, 

intermediate and high temperatures (400, 600 and 800 °C, respectively), using solid-state 
13

C 

CPMAS NMR spectroscopy. The NMR spectra of biochar samples were obtained using a 400 

MHz Varian Inova spectrometer (Varian Inc., USA) operating at frequency of 100 MHz and 

processed using the MestReNova 8.1.4 software package. To avoid interference from the ash 

component, all samples (1 g) to be analysed were washed with 0.1 M HCl solution (40 mL) 

by constant stirring for 1 h, rinsed three times with DI water and then dried in an oven at 

65 °C for 7 days (Uchimiya et al., 2011). Ash-free biochar samples were packed in a 7 mm 

diameter silicon nitride rotor and spun at 5,000 Hz at the “magic angle” (54.7°). The cross 

polarization sequence Xpolar1, contained within the VnmrJ 2.1B software package, was used 

with contact time of 2 ms, an acquisition time of 14 ms and a recycle delay of 2.5 s, and 8000 

transients were collected using a sweep width of 50 kHz. A Lorentzian line broadening 

function of width 20 Hz was applied to all spectra. The 
13

C chemical shifts were externally 

referenced to hexamethylbenzene.  
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A preliminary variable spin speed experiment was conducted on an ash free biochar prepared 

from sugarcane feedstock at 600 °C. Three additional CPMAS spectra were obtained at 

rotation speeds of 3,480, 4,410 and 5,300 Hz. A preliminary deconvolution/line fitting study 

(δ300−(−100) ppm) was undertaken for these CPMAS spectra. Initially, three common 

chemical shift regions (δ124, δ134 and δ116 ppm) on unweighted spectra were fitted using 

the deconvolution/line routine available in the MestreNova 8.1.4 software package. 

Subsequently, refinements included an additional resonance at ~δ148 ppm. The fitting of the 

5300 Hz data was repeated using a narrower simulation window (δ210−(−15) ppm).  

 

4.2.5 Statistical analyses 

The results are reported as averages of duplicate determinations, except for biochar yield and 

total C, N, H and O contents. Pearson’s correlation analysis was conducted for the 

relationships between the measured parameters. Factor analysis was conducted for all biochar 

properties determined in this study, with exception of the Al content, to distinguish the 

important components in various biochar properties. Excluding the Al content was due to its 

absence from two sugarcane derived biochars. Cluster analysis was conducted to divide 

biochars into different groups according to their principal components similarity obtained 

from the results of factor analysis, using the hierarchical clustering method. All statistical 

analyses were conducted using IBM SPSS statistics 22. The error bars in figures represent 

standard errors of duplicate determinations. 
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4.3 Results and discussion 

4.3.1 Yield 

Biochar yield decreased with increasing peak pyrolysis temperature. Among four feedstocks, 

peanut shell derived biochars always produced the highest yield, from 43% at 350 °C down 

to 30% at 900 °C, while oak yielded the least biochar at any temperature with the yield 

falling from 34% at 350 °C to 26% at 900 °C (Fig. 4.1). In comparison with wood, 

agricultural residues always gave a larger biochar yield, attributed to their higher lignin 

content or to the presence of large amounts of inorganics which favour charring reactions (Di 

Blasi et al., 1999). The yields of pine derived biochars obtained in this study were higher than 

the results reported by Ronsse et al. (2012), where the yields of pine derived biochars at 300, 

450, 600 and 750 °C were reported as 43.7%, 27.0%, 23.3% and 22.7%, respectively. This is 

believed to result from the lower heating rate (10 °C min
–1

) and the lower nitrogen flow rate 

(0.5 L min
–1

) in the current study. The yields of peanut shell derived biochars obtained in this 

study were higher than reported by Ahmad et al. (2012) (37% at 300 °C and 22% at 700 °C at 

a heating rate of 7 °C min
–1

 and a residence time of 3 h under a limited oxygen condition), 

due to the oxygen-free atmosphere used in the current study. Generally, the biochar yields 

obtained in this study are similar with those reported in the literature where the biochars were 

manufactured from the same feedstocks and under similar conditions (Masek et al., 2013; 

Novak et al., 2009c). 
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Fig. 4.1 Yield of biochars derived from oak, pine, sugarcane and peanut shell at twelve 

pyrolysis temperatures ranging from 350 to 900 °C 

 

The rate of weight loss was highest at 350 °C for all feedstocks, which lost 56–65% of their 

initial mass (Fig. 4.1). When the temperature increased from 350 to 500 °C, biochar yields 

decreased by 5% for oak and sugarcane derived biochars and by ca. 10% for pine and peanut 

shell derived biochars, while the decrease in biochar yields were around 3% for all feedstocks 

when the pyrolysis temperature further increased from 500 to 900 °C (Fig. 4.1). Biomass 

consists of hemicellulose, cellulose, lignin and minerals. The rapid weight loss at 

temperatures below 400 °C is mainly due to decomposition of hemicellulose and cellulose, 

while lignin decomposition is dominant above 700 °C (Yang et al., 2006). The slowest 

measured weight loss below 350 °C in this study was by peanut shell (56%) and was 
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attributed to having the lowest hemicellulose content (8%, Chamarthy et al., 2001) compared 

to the other feedstocks (25–35%, Benner et al., 1987; Sun et al., 2004).  

 

4.3.2 Proximate analysis 

The moisture content of the studied biochars was 2–5%. The volatile matter content 

decreased with increasing pyrolysis temperature (Fig. 4.2), due to carbonization of organic 

matter (Ahmad et al., 2012). For the biochars derived from wood chips (oak and pine), their 

volatile matter content decreased approximately from 65% to 30% when the temperature 

increased from 350 to 900 °C. This range was narrower for sugarcane and peanut shell 

derived biochars, where the volatile matter content decreased from 60% to 40% and 45%, 

respectively. Spokas et al. (2011) qualitatively identified sorbed volatile organic compounds 

on over 70 biochar samples. They found no clear dependence on feedstock of the sorbed 

volatile matter composition. They noted lower pyrolysis temperatures (≤350 °C) produced 

biochars consisting of short C chain aldehydes, furans and ketones, whereas biochars 

produced at high temperatures typically were dominated by sorbed aromatic compounds and 

longer C chain hydrocarbons. Volatile matter contained in biochar influences plant growth 

and microbial activity (Deenik et al., 2011; Deenik et al., 2010), which might be determined 

by its content and composition. It was proposed that phenolic compounds in the biochar 

manufactured at low temperature and with high volatile matter content stimulated microbial 

growth and the immobilization of plant-available N (Deenik et al., 2010); however, this 

biochar effect was only temporary (Deenik et al., 2011; Lehmann et al., 2011).  
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Fig. 4.2 Moisture, volatile matter, fixed matter and ash contents in biochars derived from (A) oak, (B) pine, (C) sugarcane and (D) peanut shell at 

twelve pyrolysis temperatures ranging from 350 to 900 °C 
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The change in the fixed matter content in the studied biochars was opposite to that of the 

volatile matter content, which increased with increasing pyrolysis temperature (Fig. 4.2), due 

to greater condensation of aromatic structures (Peng et al., 2011). When the temperature was 

raised from 350 °C to 900 °C, the fixed matter content in the produced biochars increased 

from 30% to 64% for woody materials, from 35% to 56% for sugarcane and from 28% to 42% 

for peanut shell.  

 

The change in biochar ash content with increasing pyrolysis temperature was similar among 

all four feedstocks (Fig. 4.2). The ash content of the biochars produced for this study tended 

to increase with increasing pyrolysis temperature between 350 °C and 500 °C and then little 

changes were observed at higher temperatures. However, the ash content varied considerably 

with feedstock. When being produced at the same pyrolysis temperature, it was the lowest in 

woody biochars (1.5–3%) and the highest in peanut shell derived biochars (7–12%), which 

was attributed to their high K content (Table 4.2).  

 

The results of the biochar proximate analysis obtained from this study suggest that the 

content of mineral elements in biochar is more influenced by feedstock composition than by 

pyrolysis temperature. However, their volatile matter content is predominantly controlled by 

pyrolysis temperature. Among plant materials, biochars derived from wood materials, 

especially at high temperatures, have greater potential as a C sink, while lignocellulosic 

agricultural wastes are more appropriate for biochar manufacture which aims to acquire soil 

nutrient supplements. 
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Table 4.2 Elemental composition of biochars derived from oak, pine, sugarcane and peanut shell at twelve pyrolysis temperatures ranging from 

350 to 900 °C 

Temperatures 

(°C) 

C N H O K Ca P Mg Na Fe Mn Al 

--------------------%------------------------ -------------------------------------------------------mg g
–1

------------------------------------------------------------- 

Oak 

25 49 0.23 5.9 43 1.1 1.7 0.5 0.4 0.5 0.16 0.09 0.03 

350 71 (49) 0.43 (64) 3.3 (19) 20 (16) 2.9 (93) 3.5 (71) 1.3 (87) 1.1 (96) 1.1 (80) 0.02 (3) 0.25 (98) 0.02 (23) 

400 73 (45) 0.39 (50) 3.2 (17) 19 (14) 3 (85) 3.7 (65) 1.3 (76) 1.2 (89) 1.2 (78) 0.01 (3) 0.27 (93) 0.03 (25) 

450 75 (44) 0.43 (54) 2.9 (15) 15 (10) 3.2 (85) 6.6 (113) 1.3 (73) 1.3 (92) 1.2 (79) 0.02 (4) 0.28 (91) 0.04 (38) 

500 80 (47) 0.46 (57) 2.8 (14) 12 (8) 3.5 (93) 8.9 (151) 1.4 (79) 1.5 (107) 1.4 (90) 0.03 (6) 0.32 (103) 0.05 (51) 

550 79 (45) 0.46 (56) 2.7 (13) 10 (7) 3.6 (95) 11.6 (191) 1.4 (74) 1.6 (110) 1.5 (95) 0.04 (7) 0.35 (112) 0.06 (58) 

600 80 (44) 0.36 (42) 2.3 (11) 8.2 (5) 3.4 (84) 8 (126) 1.3 (66) 1.4 (93) 1.4 (80) 0.03 (5) 0.31 (94) 0.05 (45) 

650 81 (43) 0.38 (43) 1.7 (8) 6.4 (4) 3.7 (89) 10.6 (163) 1.4 (70) 1.6 (101) 1.5 (84) 0.04 (6) 0.34 (101) 0.07 (56) 

700 78 (41) 0.37 (41) 1.4 (6) 6.3 (4) 4 (94) 11.3 (169) 1.7 (85) 2.1 (130) 1.7 (93) 0.05 (8) 0.45 (132) 0.03 (25) 

750 85 (44) 0.33 (36) 1.2 (5) 5.6 (3) 4 (93) 6.4 (95) 1.6 (77) 1.5 (93) 1.6 (89) 0.03 (4) 0.32 (93) 0.04 (33) 

800 82 (42) 0.34 (37) 0.9 (4) 5.2 (3) 4 (93) 8.7 (129) 1.6 (79) 1.6 (97) 1.6 (86) 0.03 (5) 0.35 (100) 0.05 (38) 

850 84 (44) 0.37 (41) 0.7 (3) 5.1 (3) 4 (94) 10.1 (151) 1.5 (76) 1.7 (105) 1.6 (89) 0.04 (6) 0.37 (108) 0.05 (44) 

900 83 (43) 0.39 (43) 0.6 (2) 4.6 (3) 4 (95) 11.6 (172) 1.8 (87) 2 (125) 1.7 (92) 0.05 (8) 0.42 (120) 0.08 (66) 

Pine             

25 52 0.24 6.2 42 0.9 2.1 0.19 0.5 0.13 0.13 0.17 0.19 

350 72 (57) 0.42 (70) 4.6 (30) 27 (26) 2.3 (103) 5.8 (116) 0.47 (100) 1.2 (105) 0.31 (99) 0.13 (40) 0.36 (85) 0.54 (118) 

400 74 (50) 0.43 (62) 4 (23) 25 (21) 2.6 (99) 6.1 (105) 0.49 (89) 1.3 (100) 0.34 (93) 0.19 (51) 0.4 (82) 0.64 (120) 

450 78 (48) 0.41 (54) 3.5 (18) 21 (16) 3.1 (108) 7.8 (121) 0.62 (103) 1.7 (117) 0.40 (101) 0.17 (42) 0.53 (97) 0.7 (119) 

500 81 (47) 0.44 (53) 3 (14) 15 (10) 3.2 (104) 7.8 (113) 0.65 (102) 1.6 (106) 0.42 (97) 0.17 (37) 0.57 (99) 0.68 (108) 

550 78 (43) 0.38 (45) 2.8 (13) 13 (9) 3.3 (103) 7.7 (108) 0.67 (101) 1.6 (99) 0.41 (92) 0.18 (39) 0.51 (86) 0.71 (109) 

600 81 (44) 0.38 (44) 2.4 (11) 8.9 (6) 3.4 (105) 8.2 (113) 0.68 (101) 1.7 (109) 0.44 (98) 0.18 (38) 0.59 (97) 0.72 (109) 

650 81 (43) 0.36 (41) 2.1 (9) 7.7 (5) 3.7 (112) 10.4 (140) 0.84 (121) 2.1 (130) 0.49 (105) 0.28 (58) 0.61 (98) 1.16 (170) 

700 81 (42) 0.31 (34) 1.4 (6) 6.4 (4) 3.4 (100) 7.3 (95) 0.65 (90) 1.7 (97) 0.40 (84) 0.15 (31) 0.52 (81) 0.65 (92) 

750 84 (43) 0.33 (36) 1.3 (5) 6.4 (4) 3.7 (109) 8.5 (110) 0.74 (103) 1.8 (107) 0.45 (93) 0.22 (44) 0.57 (88) 0.8 (114) 

800 80 (41) 0.29 (32) 1 (4) 5.5 (3) 3.5 (101) 7.5 (97) 0.69 (95) 1.7 (100) 0.42 (87) 0.17 (34) 0.61 (94) 0.7 (99) 

850 82 (42) 0.33 (36) 0.8 (3) 5.5 (3) 3.4 (98) 8 (103) 0.68 (94) 1.6 (95) 0.41 (86) 0.20 (41) 0.5 (78) 0.8 (113) 

900 84 (43) 0.35 (37) 0.7 (3) 4.6 (3) 3.8 (110) 8.6 (109) 0.75 (103) 1.9 (112) 0.48 (99) 0.17 (34) 0.65 (99) 0.69 (96) 
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Temperatures 

(°C) 

C N H O K Ca P Mg Na Fe Mn Al 

--------------------%------------------------ -------------------------------------------------------mg g
–1

------------------------------------------------------------- 

Sugarcane             

25 45 0.13 5.2 38 8 0.16 0.6 0.19 0.02 0.03 0.02 0 

350 75 (59) 0.37 (102) 3.3 (23) 19 (17) 16 (72) 0.58 (126) 1.6 (104) 0.64 (120) 0.07 (102) 0.11 (117) 0.09 (142) 0.01 (100) 

400 77 (55) 0.32 (79) 3.7 (23) 20 (17) 16 (65) 0.58 (114) 1.9 (110) 0.59 (101) 0.07 (92) 0.17 (161) 0.09 (128) 0.00 (83) 

450 79 (55) 0.30 (73) 3.3 (20) 16 (13) 14 (57) 0.64 (123) 1.8 (103) 0.64 (108) 0.06 (77) 0.19 (177) 0.07 (109) 0.01 (116) 

500 82 (55) 0.36 (82) 2.8 (16) 11 (9) 20 (74) 0.72 (134) 2.2 (121) 0.92 (148) 0.06 (72) 0.1 (85) 0.10 (134) 0.00 (26) 

550 85 (55) 0.33 (74) 2.6 (15) 9.1 (7) 18 (67) 0.62 (111) 2.2 (117) 0.77 (120) 0.07 (84) 0.1 (83) 0.09 (125) 0.00 (31) 

600 85 (54) 0.32 (70) 2.2 (12) 8.1 (6) 22 (79) 0.71 (125) 2.4 (122) 0.92 (139) 0.07 (84) 0.1 (83) 0.11 (139) 0.01 (44) 

650 79 (50) 0.31 (67) 1.7 (9) 7.3 (5) 27 (95) 0.92 (160) 2.4 (122) 1.31 (197) 0.06 (74) 0.11 (92) 0.11 (149) 0.01 (76) 

700 85 (53) 0.30 (65) 1.5 (8) 6.6 (5) 21 (75) 0.64 (111) 2.3 (119) 0.77 (116) 0.08 (93) 0.12 (97) 0.09 (114) 0.01 (46) 

750 86 (53) 0.36 (77) 1.1 (6) 6.8 (5) 20 (71) 0.71 (121) 2.3 (116) 0.89 (131) 0.06 (71) 0.12 (96) 0.1 (122) 0.01 (44) 

800 84 (51) 0.35 (74) 1.0 (5) 7.0 (5) 18 (61) 0.76 (127) 2.3 (112) 0.94 (135) 0.07 (80) 0.12 (98) 0.11 (134) 0.01 (82) 

850 83 (51) 0.39 (82) 0.8 (4) 6.7 (5) 18 (62) 0.72 (122) 2.4 (121) 0.84 (122) 0.07 (79) 0.12 (100) 0.1 (124) 0.02 (171) 

900 87 (52) 0.44 (92) 0.6 (3) 6.2 (4) 19 (64) 0.70 (116) 2.5 (122) 0.85 (122) 0.06 (68) 0.11 (86) 0.11 (140) 0.01 (91) 

Peanut shell             

25 48 1.2 5.6 39 7 2.1 0.6 1.3 0.4 0.8 0.03 0.9 

350 69 (61) 2.1 (75) 3.9 (30) 23 (26) 14 (82) 4.5 (91) 1.6 (112) 2.8 (97) 0.8 (92) 1.4 (75) 0.06 (82) 2.0 (101) 

400 72 (56) 2.0 (63) 3.7 (25) 24 (23) 16 (85) 5.3 (93) 1.8 (108) 3.2 (96) 1.0 (92) 1.6 (77) 0.07 (82) 2.4 (104) 

450 75 (55) 2.1 (60) 3.2 (20) 20 (19) 16 (78) 5.3 (87) 1.9 (105) 3.3 (93) 1.0 (91) 1.6 (70) 0.08 (82) 2.3 (96) 

500 76 (53) 2.1 (57) 3.0 (18) 16 (14) 19 (87) 6.4 (99) 2.3 (122) 4.0 (106) 1.1 (98) 2.2 (93) 0.09 (91) 3.3 (128) 

550 77 (52) 1.9 (51) 2.6 (15) 13 (11) 19 (86) 6.2 (93) 2.1 (108) 3.8 (96) 1.1 (94) 1.7 (71) 0.09 (84) 2.6 (99) 

600 75 (48) 1.7 (43) 2.1 (12) 12 (9) 19 (83) 5.8 (85) 2.1 (104) 3.5 (88) 1.1 (87) 1.8 (72) 0.08 (76) 2.7 (99) 

650 79 (51) 1.8 (44) 1.6 (9) 11 (9) 22 (95) 6.8 (98) 2.7 (133) 4.3 (107) 1.2 (96) 2.2 (87) 0.09 (85) 3.4 (122) 

700 78 (50) 1.5 (37) 1.4 (8) 9.5 (8) 19 (83) 6.2 (89) 2.1 (101) 3.8 (93) 1.1 (89) 1.9 (75) 0.09 (82) 2.8 (101) 

750 80 (50) 1.4 (35) 1.0 (5) 8.6 (7) 21 (88) 6.0 (85) 2.2 (107) 3.9 (93) 1.3 (101) 2.1 (80) 0.09 (82) 3.0 (108) 

800 78 (48) 1.2 (30) 0.8 (4) 8.5 (7) 21 (89) 6.4 (89) 2.1 (100) 3.9 (93) 1.3 (99) 2.1 (80) 0.10 (86) 3.1 (108) 

850 77 (47) 1.3 (31) 0.6 (3) 8.3 (6) 19 (80) 6.5 (90) 2.2 (102) 4.1 (95) 1.3 (96) 2.5 (95) 0.10 (89) 3.7 (129) 

900 76 (48) 1.3 (32) 0.5 (3) 8.6 (7) 18 (76) 6.3 (89) 2.4 (113) 3.9 (93) 1.1 (88) 2.6 (99) 0.11 (97) 3.8 (134) 

Numbers in parentheses are percentage of element recovery in biochars (%).  
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4.3.3 Elemental composition 

The changes in biochar elemental contents with increasing pyrolysis temperature followed 

the same trend for all four feedstock types (Table 4.2). Within each feedstock type, the C 

content of the biochars increased and the H and O contents decreased with increasing 

pyrolysis temperature, owing to the decomposition of aliphatic C groups and the retention of 

aromatic C groups (Peng et al., 2011). There was no consistent change in biochar N content 

with increasing temperature. It seems that biochar N content decreased with increasing 

temperature until a certain threshold temperature (800–850 °C in this study) was reached. 

After exceeding this threshold, not only biochar N content, but also N recovery increased 

with further temperature-increase. This may be related to the nitrogen atmosphere in which 

the biochar manufacture took place, however the mechanism underlying this change in the 

biochar N response has not been addressed in this study. The exact mechanisms for the 

change in biochar N need to be further studied. Minerals generally became more concentrated 

with increasing pyrolysis temperature, due to the increasing loss of organic matter.  

 

Although pyrolysis temperature influences biochar composition, feedstock composition is the 

predominant influence determining the biochar elemental composition (Table 4.2). Biochars 

derived from different feedstocks but pyrolysed at the same temperature had similar contents 

of C, H and O, due to the similar content in the feedstocks. However, total N content was 

always the highest in peanut shell derived biochars compared to those derived from other 

feedstocks at the same temperature, due to the high N content in peanut shell materials 

(1.2%). Peanut shell derived biochars generally had the highest content of all measured 

minerals, except for Na, of which the highest content was observed in oak derived biochars.  

Sugarcane derived biochars, in contrast, showed the lowest content of most measured 

minerals (i.e. Ca, Mg, Na, Mn and Al).  
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It is notable that the recovery of P did not decrease with increasing pyrolysis temperature, 

indicating that no P is lost during biochar manufacture. Takaoka et al. (1997) reported that P 

was not volatilized during the melting process but instead converted to a stable form 

Ca3(PO4)2. This indicates that the absolute total P content of biochar is not affected by 

pyrolysis temperature. The recovery of Fe was <50% in pine derived biochars and <10% in 

oak derived biochars (Table 4.2). In sugarcane and peanut shell derived biochars, however, 

Fe recovery was >70% (Table 4.2). Loss of Fe indicates that some Fe might be lost in a 

volatile form during pyrolysis. A potential mechanism for Fe loss would be via the 

production of iron pentacarbonyl, the reaction product of Fe and C monoxide previously 

observed in pyrolysis reactions (Etherington and Davies, 1978). However, the differences in 

Fe recovery between different feedstocks have not been further investigated here and require 

future investigation. Other measured minerals showed negligible loss during pyrolysis.  

 

The H/C and O/C atomic ratios measure the degree of aromaticity of biochar (Lehmann and 

Joseph, 2009), which in turn indicates its long-term stability. Biochar must degrade at some 

rate and may do so both abiotically and biotically (Zimmerman, 2010). Abiotic oxidation of a 

fresh biochar has been shown to lead to a decrease in the biochar’s pH and an increase in its 

cation exchange capacity (CEC), due to the chemisorption of O at unsaturated ring sites, 

leading to the formation of carboxylic acid derived functionality (Cheng et al., 2006). 

However, the greater the aromaticity of a biochar, the less its potential reactivity (Ameloot et 

al., 2013; Fuertes et al., 2010; Novak et al., 2009b). According to Visser (1983), a low H/C 

value of around 0.3 would indicate a substance with a very highly condensed aromatic ring 

system; a ratio of approximately 0.7 would be obtained from a noncondensed aromatic 

structure; values between 0.7 and 1.5 would be characteristic of a material whose basic unit 

consisted of an aromatic nucleus with an aliphatic side chain of up to 10 carbon atoms; a ratio 
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between 1.5 and 1.7 would indicate a cyclic aliphatic compound. In the case of an aromatic 

ring system, the lower the H/C ratio, the higher its degree of condensation (Visser, 1983). 

The H/C ratio for the four plant materials used in this study was around 1.4, reflecting their 

high aliphatic content. Pyrolysing these plant materials at 350 °C led to their H/C ratio being 

reduced to around 0.7 (Fig. 4.3), indicating the formation of aromatic structures. The ratio 

decreased further, to around 0.3, as the pyrolysis temperature increased to 600 °C (Fig. 4.3); 

indicating a high proportion of condensed aromatic structures. When the temperature was 

higher than 600 °C, the biochars obtained from plant materials might consist almost 

exclusively of highly condensed aromatic rings and this could contribute to long-term C 

sequestration in soils (Kuzyakov et al., 2014). 
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Fig. 4.3 Van Krevelen plot of four plant materials and their resulting biochars produced at 

various pyrolysis temperatures ranging from 350 °C to 900 °C with increments of 50 °C  
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The atomic ratio of O to C in the studied biochar feedstocks was around 0.6 (Fig. 4.3). As the 

pyrolysis temperature increased from 350 °C to 900 °C, the O/C ratio in the resulting 

biochars decreased dramatically from 0.3 to 0.04 approximately. This trend was similar 

amongst all four feedstocks (Fig. 4.3). Spokas (2010) proposed that the biochar with an O/C 

molar ratio of less than 0.2 is typically the most stable black C forms, possessing an estimated 

half-life of more than 1000 years, while the biochar with an O/C ratio of 0.2−0.6 has an 

intermediate half-life (100−1000 years). The ratio obtained in this study indicates that the 

half-life of the biochars manufactured for this study would be 100 years at least, suggesting a 

great potential of biochar for application in C sequestration. 

 

The decreases in the H/C and O/C atomic ratios as a function of pyrolysis temperature were 

similar among all four feedstocks (Fig. 4.3). As the pyrolysis temperature increased, both 

ratios gradually decreased due to the increasing degree of aromaticity in the biochars 

(Azargohar et al., 2014; Kim et al., 2012). Specifically, the O/C ratio changed from ca. 0.7 at 

350 °C to 0.1 at 900 °C and the H/C ratio changed from ca. 0.2 at 350 °C to 0.05 at 900 °C. 

When the pyrolysis temperature was not higher than 550 °C, the atomic H/C ratio vs. atomic 

O/C ratio for the biochars and their feedstocks were around 2 (Table 4.3), indicating that the 

principal processes are dehydration and depolymerisation (Keiluweit et al., 2010; Van 

Krevelen, 1950) occurring at the low temperature end of the biochar thermosequence. Both 

reactions resulted in the formation of small, volatile dissociation products, such as 

anhydroglucose units (Keiluweit et al., 2012; Shafizadeh, 1982). As the temperature 

increased above 550 °C, the loss of H was much quicker than the O loss (Table 4.3). This 

indicates that demethylation, leading to the formation of stable aromatic structures, dominates 

the pyrolysis of plant materials at higher temperatures (≥600 °C) in an oxygen-free 

environment. At 750 °C or higher, only demethylation is noted in the pyrolysis (Fig. 4.3).  
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Table 4.3 Linear regression equations between O/C and H/C atomic ratios for biochars and 

their feedstocks   

Temperature range Feedstock Equation r p value 

25–550 °C (n = 6) Oak Ratio(H/C) = 1.9 × Ratio(O/C) + 0.2 0.997 0.000 

Pine Ratio(H/C) = 2.1 × Ratio(O/C) + 0.1 0.998 0.000 

Sugarcane  Ratio(H/C) = 1.8 × Ratio(O/C) + 0.2 0.999 0.000 

Peanut shell Ratio(H/C) = 2.1 × Ratio(O/C) + 0.1 0.997 0.000 

600–900 °C (n = 7) Oak Ratio(H/C) = 7.4 × Ratio(O/C) – 0.2 0.979 0.000 

Pine Ratio(H/C) = 6.9 × Ratio(O/C) – 0.2 0.984 0.000 

Sugarcane  Ratio(H/C) = 11.1 × Ratio(O/C) – 0.5 0.862 0.013 

Peanut shell Ratio(H/C) = 5.7 × Ratio(O/C) – 0.4 0.930 0.002 

 

4.3.4 pH and EC 

Biochar pH varied greatly with feedstock, ranging from 5.4 to 9.5 (Fig. 4.4A). All biochars 

produced for this study were alkaline (>7), except pine derived biochars pyrolysed at 350 °C 

and 400 °C (5.4 and 5.8, respectively), indicating that a certain liming effect might be 

achieved with biochar applications into soils. The acidity of the 350 and 400 °C pine derived 

biochars is presumably attributed to oxygen functionalities contained in labile organic matter 

(Ronsse et al., 2012). It has been reported that the pH of rice straw and rice bran derived 

biochars negatively correlated with aliphatic O-alkylated carbons and anomeric O–C–O 

carbons, but positively correlated with fused-ring aromatic structures and aromatic C–O 

groups (Li et al., 2013). Furthermore, the lowest pH values were always found in pine 

derived biochars, for each pyrolysis temperature, probably resulting from lower quantities of 

alkali metals (Na, K, Ca and Mg), especially Na (Table 4.2), compared to the biochars 

derived from the other feedstocks.  
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Fig. 4.4 The (A) pH and (B) electrical conductivity (EC) of biochars derived from oak, pine, 

sugarcane and peanut shell at twelve pyrolysis temperatures ranging from 350 to 900 °C  

 

Low temperatures (≤500 °C) had a greater influence on biochar pH than high temperatures. 

Below 500 °C, higher pyrolysis temperatures increased biochar pH, whereas biochar pH 

tended to flatten out when the temperature exceeded 500 °C. This was consistent with the 

results obtained by Zhang et al. (2015), where the pH of wheat straw derived biochars 

increased significantly with increasing pyrolysis temperature, from 5.34 at 200 °C to 10.82 at 

400 °C, but with virtually no further increase when the temperature rose to 600 °C (pH 10.93). 
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This trend is the same as that observed in biochar ash content (Fig. 4.2) and there was a 

significant correlation between biochar pH and its ash content (Pearson’s r = 0.47, p < 0.01). 

The great impact of low pyrolysis temperature on biochar pH might be also as a result of the 

loss of organic acid functionality during pyrolysis, due to decarboxylation. The stabilization 

of the pH of biochars produced at high temperatures might result from the depletion of these 

groups. 

 

The EC of the biochars also varied with feedstock (Fig. 4.4B) and was significantly 

correlated with biochar ash content (Pearson’s r = 0.79, p < 0.01). Biochars derived from 

woods had low EC (52–183 µS cm
–1

), whereas biochars derived from sugarcane and peanut 

shell had very high EC (220–646 µS cm
–1

). This is in agreement with Kloss et al. (2012), 

who reported similar results for biochars derived from straw and woods. Increasing pyrolysis 

temperature greatly increased the EC of the biochars, especially for sugarcane derived 

biochars, for which the EC increased from 220 µS cm
–1 

at 350 °C to 609 µS cm
–1 

at 900 °C, 

presumably due to the decomposition of organic matter. The EC of oak and pine derived 

biochars increased by 61% and 83%, respectively, when the pyrolysis temperature increased 

from 350 °C to 900 °C, while the change was only 37% for peanut shell derived biochars. 

 

4.3.5 Principal component identification and biochar classification 

For the biochar property dataset, the Kaiser-Meyer-Olkin measure of sampling adequacy and 

the significance level of the Bartlett’s test of sphericity were 0.684 and 0.000, respecively, 

indicating that the data were adequate and suitable for factor analysis. The biochar properties 

involved in this factor analysis were principally grouped into three components. These three 

components explained 88.85% of the total variance. Principal component 1 (PC1) accounted 
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for 40.37% of the total variance, and it had a high loading for the contents of ash, Mn, K, Fe, 

N and P and EC. The contribution of principal component 2 (PC2) was 29.58%, resulting 

from the contents of O, H, C, volatile matter and fixed matter and pH. Principal component 3 

(PC3) explained 18.91% contributed by the contents of Ca, Na and Mg. The component 

matrix is shown in Table 4.4. Generally, the properties contained in PC1 relates to agronomic 

benefits which are introduced with biochar applications, especially in K, N and P. PC2 

mainly indicates its stability, while the content of Ca, Na and Mg in PC3 are always used to 

examine its liming power.  

 

Table 4.4 Component matrix for the biochar properties determined in this study 

Property 
Component 

1 2 3 

Ash   0.929
*
  0.135  0.244 

EC  0.850  0.385 –0.278 

Mn –0.864 –0.016  0.384 

K  0.856  0.291 –0.378 

Fe  0.833 –0.034  0.475 

N  0.813 –0.234  0.420 

P  0.799  0.423 –0.259 

O  0.175 –0.945 –0.164 

H  0.002 –0.920 –0.269 

C –0.308  0.841 –0.221 

Volatile matter  0.340 –0.866 –0.176 

Fixed matter –0.593  0.747  0.100 

pH  0.467  0.701  0.009 

Ca –0.391 –0.023  0.884 

Na  0.106 –0.010  0.799 

Mg  0.654 –0.011  0.721 

EC: electrical conductivity 
*
Bold numbers for high loadings. 
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Table 4.5 Component score of four biochar thermosequences based on the biochar properties determined in this study 

Component 
Pyrolysis temperature applied during biochar manufacture (°C) 

350 400 450 500 550 600 650 700 750 800 850 900 

 Oak 

1 –0.74609 –0.65937 –0.65926 –0.77639 –0.87685 –0.72076 –0.82433 –0.96298 –0.52163 –0.75858 –0.90578 –1.05309 

2   1.40271 1.40332   0.76421 0.28726 0.17235 –0.22836 –0.66412 –0.74681 –0.91129 –1.08754 –1.4569 –1.64489 

3 –0.49957 –0.42161 –0.13493 0.07771 0.39428 –0.00748 0.3157 0.71913 –0.0406 0.22263 0.34197 0.56451 

 Pine 

1 –1.26041 –1.21926 –1.16654 –1.09563 –1.04041 –1.10341 –1.22881 –0.9938 –1.06596 –1.1041 –1.03197 –1.17817 

2 2.40179 1.84486 1.05815 0.31867 0.26805 –0.20851 –0.51632 –0.61483 –1.01797 –0.97207 –1.20084 –1.40364 

3 –0.78095 –0.64485 –0.37956 –0.35248 –0.30525 –0.2337 0.05414 –0.30176 –0.18144 –0.19921 –0.21798 –0.09012 

 Sugarcane 

1 0.50360 0.79525 0.70225 1.16882 1.14012 1.37066 1.49668 1.13484 1.34479 1.18902 1.30092 1.30880 

2 1.28595 1.16071 0.72929 0.17255 –0.08638 –0.30528 –0.28836 –0.95483 –0.86136 –0.90242 –0.77734 –1.10114 

3 –1.28498 –1.30515 –1.31713 –1.26259 –1.36723 –1.29004 –1.04317 –1.33426 –1.23591 –1.13632 –1.11062 –1.21082 

 Peanut shell 

1 0.35062 0.51068 0.63497 0.87936 0.75315 0.84896 1.09296 0.88824 0.93087 0.81907 0.83131 0.95762 

2 2.00945 1.66140 1.16792 0.80990 0.40316 0.29126 0.08691 0.05688 –0.48851 –0.45774 –0.46915 –0.39014 

3 0.84227 1.07656 1.11781 1.64737 1.31692 1.35148 1.71530 1.41231 1.49787 1.50576 1.76334 1.75265 
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The scores of the three principal components were shown in Table 4.5.The agronomic benefit 

introduced with the biochar application increases with increasing the score of PC1 of the 

biochar. A higher score in PC2 means a lower stability. The higher score the biochar has in 

PC3, the more liming power it has. Oak and pine derived biochars were weak in the 

agronomic properties and the liming power. Sugarcane and peanut shell derived biochars had 

a considerable higher score in PC1, indicating their great potential in benefiting agronomy 

after applications. Peanut shell derived biochars also had the highest liming power which was 

the lowest in sugarcane derived biochars. The score of PC2 of each biochar thermosequence 

decreased with increasing pyrolysis temperature applied during the biochar manufacture, 

confirming that the pyrolysis temperature regulates the stability of the biochar.  

 

Cluster analysis results showed that all biochars from the four biochar thermosequences could 

be divided into four clusters (Fig. 4.5). Cluster 1 compromised of all sugarcane derived 

biochars with high PC 1 scores but low PC3 scores. The whole biochar thermosequence 

derived from peanut shell formed cluster 2, with the main contributions from PC1 and PC3. 

Cluster 3 and 4 were constituted of the biochar thermosequences derived from oak and pine 

with low scores of both PC1 and PC3. The low temperature end (i.e. 350–450 °C) of these 

two biochar thermosequences constituted cluster 3, while Cluster 4 included the biochars 

produced between 500 and 900 °C. The significant difference between cluster 3 and 4 was 

that cluster 3 had higher PC2 scores than cluster 4. These results emphasizes that the 

agronomic properties and liming power of a biochar might be principally correlated to the 

biochar feedstock type rather than pyrolysis temperature, but its stability is determined only 

by pyrolysis temperature.
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Fig. 4.5 The hierarchical clusters of four biochar thermosequences derived from oak (O), pine 

(P), sugarcane (S) and peanut shell (PS) and produced between 350 and 900 °C with 

increments of 50 °C   

Cluster 2 

Cluster 1 

Cluster 3 

Cluster 4 
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4.3.6 Structural analyses (FTIR and 
13

C CPMAS NMR)

The C structure of biochars was dependent on pyrolysis temperature more than their 

feedstock type (Fig. 4.6 and Fig. 4.7). The evolution of FTIR spectra within biochar 

thermosequences was similar among all four feedstock types. An increase in pyrolysis 

temperature from 350 °C to 600 °C led to a decrease in OH and C=O stretching vibration 

(3100−3660 cm
−1

 and 1700 cm
−1

, respectively), due to dehydration and decarboxylation

during pyrolysis. Both aliphatic CH3 and CH2 stretching and deformation vibrations 

(2800−3000 cm
−1

 and 1435 cm
−1

, respectively) also decreased with increasing pyrolysis

temperature within this temperature range. These decreases led to the formation and 

condensation of aromatic structures (Uchimiya et al., 2011). Strong aromatic C=C stretching 

vibration (1600 cm
−1

) had been observed in the biochar manufactured at 350 °C, which is

consistent with the H/C ratio result indicating the formation of aromatic structures in the 

biochars produced at 350 °C. This vibration was always present until the temperature 

exceeded 600 °C. The disappearance of aromatic C=C stretching vibration in the spectra of 

biochars manufactured at high temperatures is consistent with their low H/C ratio (<0.3) 

resulting from highly condensed aromatic structures. Once the pyrolysis temperature 

exceeded 650 °C, the biochar spectra became quite similar, resembling the spectrum of pure 

graphite and confirming the great potential of biochars produced at high temperatures in C 

sequestration. It was noteworthy that for peanut shell derived biochars, the aliphatic CH3 and 

CH2 groups (2800−3000 cm
−1

) appeared again at high pyrolysis temperatures (≥750 °C),

presumably as a result of decarboxylation leading to the formation of aliphatic hydrocarbons. 

In absence of aromatic C=C stretching vibration (1600 cm
−1

), the persistence of the peak

appearing at 872 cm
−1

, and an obvious appearance of the peak at 1392 cm
−1

 in the spectra of

biochars produced at high temperatures indicate the presence of inorganic carbonate salts. 

The progressively upward-shifted baseline of the high-temperature spectra with increasing 
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temperature is assigned to low-energy electron excitations of condensed aromatic structures 

(Keiluweit et al., 2010).  
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Fig. 4.6 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of 

biochar thermosequence obtained from (A) oak and (B) pine 
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Fig. 4.7 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of 

biochar thermosequence obtained from (A) sugarcane and (B) peanut shell 
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The 
13

C CPMAS spectra obtained for the biochars derived from oak and sugarcane, over the 

pyrolysis temperature range 350−900 °C, are provided in Fig. 4.8 and Fig. 4.9. The 
13

C 

CPMAS spectra obtained for the biochars derived from pine and peanut shell, at temperatures 

of 400, 600 and 800 °C, are provided in Fig. 4.10. Similarities in the spectra of the biochars 

derived from different feedstock materials are evident. These similarities indicate that the 

development of C functional groups in biochar is largely influenced by pyrolysis temperature, 

and largely independent of feedstock types. However, specific functional group analysis is 

hampered by the poor signal to noise and line broadening observed in most cases. For all 

feedstocks, the spectra of biochar produced at temperatures below 550 °C and above 650 °C 

show reduced signal to noise ratios. The reduction in signal intensity, in samples with a high 

C content, is attributable to a number of extraordinary long lived persistent free radicals 

(PFRs) in biochars produced at some temperatures. Paramagnetic relaxation greatly enhances 

the rate of nuclear relaxation, resulting in very short relaxation times, consequently 

broadening all resonances. Other authors have noted the reduction in signal to noise observed 

in the spectra of some biochars previously, although the temperatures at which PFRs are 

observed vary, presumably due to differences in the biochar manufacturing process (McBeath 

et al., 2014). Importantly, Liao and co-workers (2014) have recently reported electron 

paramagnetic resonance (EPR) studies on biochars produced between 200 and 500 °C for a 

number of different feedstocks. The range of g-factors observed in their study 

(2.0036−2.0053) suggested that the PFRs were O-centred radicals, as the g-factors were 

generally >2.0040. C−centred radicals would be expected to have g-factors <2.0030 and 

mixed O−centered and C−centered PFRs would be expected to have g-factors lying in the 

range 2.0030−2.0040 (Di Valentin et al., 2006; Hales and Case, 1981). It is likely that in this 

study, the paramagnetic relaxation effects being seen in the CPMAS spectra obtained for 

biochars produced at temperatures below 550 °C are attributable to the presence of similar 
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(O−centred) PFRs in the biochars. At temperatures greater than 550 °C these radical species 

are consumed in further pyrolysis processes. Therefore, spectra with a higher signal to noise 

ratio are obtained for biochars manufactured at temperatures above 550 °C, as dipolar 

relaxation dominates the relaxation terms for the nuclei in these biochar materials. The 

degradation of signal to noise for the CPMAS spectra of biochars produced at temperatures 

above 650 °C (Fig. 4.8 and Fig. 4.9) may indicate the emergence of a second family of PFRs 

at these elevated temperatures. No attempt has been made here to characterise any PFRs 

present in the high temperature biochars, however, given the reduced amount of oxygen 

present in the biochars manufactured at high temperatures, and their high degree of 

aromaticity, it would be unsurprising to find that these biochar materials showed EPR spectra 

with g-factors consistent with C−centred radical formation (i.e. g-factors < 2.0030). 

 



Chapter 5 

54 

 

Fig. 4.8 
13

C CPMAS NMR spectra of biochar thermosequence obtained from oak  
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Fig. 4.9 
13

C CPMAS NMR spectra of biochar thermosequence obtained from sugarcane 
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Fig. 4.10 
13

C CPMAS NMR spectra of biochar thermosequence obtained from pine and 

peanut shell. P400, P600 and P800: biochars derived from pine at 400 °C, 600 °C and 800 °C, 

respectively; PS400, PS600 and PS800: biochars derived from peanut shell at 400 °C, 600 °C 

and 800 °C, respectively. 
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The asymmetry seen in the lineshape of the broad aromatic resonances (and their flanking 

spinning side bands) in spectra obtained for biochars produced from pyrolysis in the range 

500−650 °C prompted us to conduct a series of variable spin speed experiment to see if 

resonances from additional functional groups were being masked by the large aromatic 

spinning side bands. Accordingly, three additional CPMAS spectra were obtained from the 

600 °C sugarcane derived biochar (Fig. 4.11). Rotation speeds of 3480, 4410 and 5300 Hz 

were chosen. The initial fitted regions, for the three rotation speeds, are shown in Fig. 4.12. It 

can be seen that there is a reasonable degree of agreement between the calculated spectra 

(magenta line) and the experimental spectra (black line). Relatively small residuals (grey line) 

were obtained in the simulations. However, there are clear areas where the fit is poor (see 

insets highlighted in Fig. 4.12). In particular, the prediction in the region ~δ148 ppm was a 

poor fit to the spectrum at the 4410 Hz and 5300 Hz spinning speeds. This region overlaps 

with other side bands at 3480 Hz. Fig. 4.13 shows archetypal 
13

C chemical shifts for carbon 

fragments of the types expected in condensed aromatics (Yamaji et al., 2016). Although 

oxygen is present in low concentration in biochars manufactured at 600 °C, it is anticipated 

that at least some oxygen that is present in the biochar material will be located within 

aromatic ether functionality. Because of the consistency of the poor fit of the three resonance 

model in that region of the spectra, the model was adjusted to include an additional resonance 

peak at ~δ148 ppm. In order to reduce the complexity of the calculation, a reduced spectrum 

window was fitted. The repeated fitting of the 5300 Hz data included this small resonance at 

~δ148 ppm (and appropriate spinning side bands). The result is shown in Fig. 4.14. The 

discrepancy in the fit obtained for the region ~δ148 ppm using this model is reduced in 

comparison to the three resonance model (Fig. 4.12). The fit obtained after dataset refinement 

with simulated annealing (200−1800 Hz line shape constraint) also shows a very low residual. 

However, it is noteworthy that the spinning sidebands in the region of the spectrum δ50−0 
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ppm were significantly broadened in all simulation attempts regardless of starting dataset. 

This suggests that the spinning side bands in this region are masking some intensity from a 

small number of residual alkyl groups. It was felt that further adjustment to the resonance 

model would only be appropriate if additional experimental data was obtained with a much 

greater level of signal to noise ratios than the current datasets. Therefore, no further 

refinements were attempted here. 

 

 

Fig. 4.11 
13

C CPMAS spectra of an ash free sample of the biochar derived from pyrolysis of 

sugarcane at 600 °C. All spectra were obtained at 100 MHz. Rotor spinning speeds were: 

3480 Hz, 4410 Hz, 5000 Hz and 5300 Hz, respectively. 
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Fig. 4.12 Initial fits obtained for spectra obtained for 
13

C CPMAS spectra of the biochar 

obtained from sugarcane at 600 °C, at three MAS spinning speeds. Spectra were fit to a 

model of three principal chemical shifts (δ124, δ134 and δ116 ppm) with appropriately 

spaced spinning side bands. Magenta line: the calculated spectra; Black line: the experimental 

spectra; Grey line: residuals. The discrepancy in the fit obtained for the regions ~δ148 ppm 

were highlighted (dashed boxes inset). 

Chemical shift (ppm) 
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Fig. 4.13 Characteristic 
13

C chemical shifts for small molecule analogues of biochar related 

compounds (Yamaji et al., 2016). 

 

 

Fig. 4.14 Narrow window simulation of the spectrum obtained for 
13

C CPMAS spectra of the 

biochar obtained from sugarcane at 600 °C, at 5300 Hz. The spectrum was fitted to a model 

of four principal chemical shifts (δ124, δ134, δ116 and δ145 ppm) with spinning side bands 

spaced at 5300 Hz intervals. Magenta line: the calculated spectra; Black line: the 

experimental spectra; Red line: residuals. The discrepancy in the fit obtained for the region 

~δ148 ppm is reduced in comparison to the three resonance model (black dashed boxes inset). 

However, considerable broadening is observed in the spinning side bands in the alkyl region 

of the spectrum (red dashed boxes inset). 

Chemical shift (ppm) 
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4.4 Conclusions 

Results from this study have demonstrated the suitability of biochar for C sequestration. The 

changes in biochar H/C and O/C atomic ratios and in FTIR and 
13

C NMR spectra showed that 

the increased aromaticity of the biochars was due to the dehydration mainly occurring at low 

temperatures and the decarboxylation and demethylation at high temperatures. Biochar 

elemental composition, especially for minerals, is fundamentally determined by biochar 

feedstock type, despite of the influence of pyrolysis temperature, while biochar structure is 

largely temperature-dependent. The biochar ash and mineral contents and pH increased with 

increasing pyrolysis temperature in the low temperature range, especially between 350 °C 

and 500 °C, but their changes at higher temperatures were much less.   
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Chapter 5 Influences of feedstock and pyrolysis temperature on 

phosphorus availability and transformation in plant derived 

biochars 

 

5.1 Introduction 

Biochar has been considered as a potential supplement to P fertiliser addition, due to its 

inherent content of P available for plant uptake (Siebers and Leinweber, 2013; Vassilev et al., 

2013; Wang et al., 2014). However, the quantity of available P contained in biochar varies 

greatly among different biochar types due to different feedstocks and pyrolysis conditions, 

particularly the pyrolysis temperature, applied during biochar manufacture (Cantrell et al., 

2012; Kloss et al., 2012; Zeng et al., 2013). Generally, biochars derived from meat and bone, 

sludge and manure, had more available P than those derived from plant materials (e.g. Bird et 

al., 2011; Guo et al., 2014; Khan et al., 2013; Weber et al., 2014). Research has shown that 

low pyrolysis temperatures favour high P availability in biochar (Mukherjee and Zimmerman, 

2013; Wu et al., 2012), but an increase in P availability in biochar with increasing pyrolysis 

temperature was also observed in some other studies (Uzoma et al., 2011b; Wang et al., 

2012). To date, there is still no consistent conclusion on the effect of pyrolysis temperature 

on P availability in biochar.  

 

The investigation into P transformation during the biomass pyrolysis will contribute to our 

understanding of how pyrolysis influences P availability in biochar. Uchimiya et al. (2014) 

reported that pyrolysis of biomass transformed the organic P contained in biochar feedstock 

to inorganic P. However, Xu et al. (Xu et al., 2016) suggested that orthophosphate contained 
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in biochar was polymerized during thermal treatment. However, P evolution during pyrolysis 

remains largely unknown.  

 

Against the above backdrop, the objective of the study in this Chapter was to investigate the 

effects of biochar feedstock type and pyrolysis temperature on the P chemical composition of 

the resulting biochars. This was accomplished using a sequential fractionation scheme and 

31
P NMR spectroscopy. 

 

5.2 Materials and methods 

5.2.1 Biochar feedstock and manufacture 

Four types of plant materials were used to manufacture biochars for this study: oak 

(Allocasuarina torulosa), pine (Pinus radiata), sugarcane and peanut shell. The oak and pine 

chips were collected from Brisbane, Australia. Sugarcane was collected from Bundaberg, 

Queensland, Australia and peanut shell was obtained from the Peanut Company of Australia, 

Kingaroy, Queensland, Australia.  

 

In order to study effects of feedstock and pyrolysis temperature on P composition in biochar, 

the four types of feedstocks were pyrolysed at twelve different temperatures, ranging from 

350 to 900 °C in 50 °C increments. For the study of the effect of pyrolysis temperature on P 

speciation in biochar, peanut shell was pyrolysed at fifteen different temperatures from 200 to 

900 °C in 50 °C increments. All pyrolyses were conducted in a tube furnace under a flow of 

dinitrogen gas (0.5 L min
−1

). The heating rate was 10 °C min
–1

, with a residence time of 1 h 

at each peak pyrolysis temperature. The biochar manufacture process was described in detail 
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in Chapter 3. Ground biochars (<1 mm) were stored in plastic containers in a nitrogen 

atmosphere prior to characterisation. 

 

5.2.2 Biochar P fractionation 

The P fractionation scheme described by Hedley et al. (1982) was modified for this study. 

The detailed determination process was described in Chapter 3. Overall, there were 13 

fractions (4 orthophosphorus fractions, 4 hydrolysable P fractions, 4 organic P fractions and 1 

non-extractable P fraction) obtained from each biochar sample.  

 

5.2.3 31
P NMR analysis of extracts from biochars 

For the peanut shell feedstock material and the resulting fifteen biochars, 5 g of samples were 

shaken overnight with 100 mL of extractant solution (0.5 M NaOH, 0.1 M EDTA, 1:1 v/v)  

on an end-to-end shaker (Cade-Menun and Preston, 1996; Uchimiya and Hiradate, 2014). 

The resulting suspension was then centrifuged at 10,000 rpm for 10 min, and the resulting 

supernatant filtered through a Whatman No. 42 filter paper. An aliquot of the filtrate (ca. 10 

mL) was kept for the determination of total P concentration of the filtrate after persulfate 

oxidation. The remaining filtrate was freeze dried for 
31

P NMR analysis. The NMR samples 

were obtained by dissolving 100 mg freeze-dried samples in 0.8 mL D2O. 
31

P NMR spectra 

were obtained at a frequency of 161.92 MHz on a 400 MHz Varian Inova spectrometer 

(Varian Inc., USA) with a dedicated 5 mm 
31

P probe. Spectra were recorded using a 45° pulse 

width, an acquisition time of 2.1 s with gated proton decoupling at 25 °C. A pulse delay time 

of 3 s was employed. Each spectrum was scanned 8,000 times, and a broadening factor of 

1.50 Hz was used in the Fourier transform procedure. Chemical shifts were determined with 

respect to external 85% H3PO4 solution. The total signal intensity and the fraction contributed 



Chapter 5 

65 

by each P compound were calculated by integration of the spectral signals using the 

MestReNova 8.1 software package. The general functional class of P compounds was 

identified from literature reports (Turner et al., 2003; Uchimiya and Hiradate, 2014) 

according to their chemical shift: phosphonates between 12 and 23 ppm, inorganic 

orthophosphate at approximately 6.1 ppm, phytate at 4–6 ppm, orthophosphate diesters 

between –1.0 and 2 ppm, pyrophosphate at approximately –4 ppm, inorganic polyphosphates 

around –20 ppm. Within the orthophosphate diesters, signals between 0.6 and 2.0 ppm were 

assigned to phospholipids and teichoic acids, while the signals between −1 and 0.6 were 

assigned to nucleic acids (McDowell et al., 2008).  

 

5.2.4 Statistical analyses 

The results are reported as averages of duplicate determinations. Pearson’s correlation 

analysis was conducted between P fractions and other biochar properties or P extracted with 

NaOH-EDTA. Due to the low content of organic P in the studied biochars, Pearson’s 

correlation analysis was only conducted between the changes in the percentage of extractable 

orthophosphorus fractions, dissolved hydrolysable P fractions and non-extractable P in the 

studied biochars as a function of pyrolysis temperature, based on two temperature regions 

(350−550 °C and 600−900 °C). All statistical analyses were conducted using IBM SPSS 

statistics 22.  

 

5.3 Results and discussion 

5.3.1 Phosphorus fractions in biochars 

Phosphorus found in plant materials is in both organic and inorganic forms (Webster, 1970). 

However, after pyrolysis, little or no dissolved organic P was observed in the biochars 
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derived from oak and sugarcane (Table 5.1), presumably due to decomposition of organic P 

contained in the biochar feedstock during pyrolysis, or transformation to other forms of non-

extractable organic P (Xu et al., 2016). In contrast, there was some adsorbed (i.e. NaHCO3-

extractable) organic P observed in the biochars derived from pine and peanut shell (Table 

5.1), presumably resulting from the cleavage of P-containing functional groups. The content 

of organic P observed in these biochars was at most 20 µg g
−1

, indicating the limited ability 

of biochar in providing labile organic P for mineralization. 
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Table 5.1 Phosphorus (P) fractionation in biochars derived from four types of feedstocks at twelve pyrolysis temperatures 

Temperature (°C) 350 400 450 500 550 600 650 700 750 800 850 900 

  Oak 

Orthophosphorus 

(µg g
–1

) 

H2O 108 89 37 36 33 34 21 15 24 17 9 7 

NaHCO3 52 88 117 110 124 126 138 126 148 121 92 67 

NaOH 78 23 23 18 20 18 23 20 21 16 15 9 

HCl 398 304 201 133 123 119 118 142 183 182 197 219 

Hydrolysable P 

(µg g
–1

) 

H2O 94 70 22 15 7 4 1 0 0 0 0 0 

NaHCO3 48 56 35 16 7 7 8 6 3 2 0 0 

NaOH 46 18 13 7 7 4 0 3 2 0 0 1 

HCl 0 7 0 3 0 0 7 0 0 0 0 0 

Organic P 

(µg g
–1

) 

H2O 0 0 0 0 0 0 0 0 0 0 0 0 

NaHCO3 3 0 0 3 0 7 2 0 5 3 0 4 

NaOH 0 2 3 0 0 2 2 1 3 1 2 1 

HCl 0 0 0 0 7 0 0 2 0 0 0 0 

Non-extractable P (µg g
–1

) 600 800 953 1031 1087 1076 1161 1215 1215 1251 1202 1191 

Total P (µg g
–1

) 1427 1459 1405 1371 1414 1397 1479 1529 1604 1594 1516 1498 

  Pine 

Orthophosphorus 

(µg g
–1

) 

H2O 35 30 22 20 21 15 11 9 8 9 7 5 

NaHCO3 21 27 34 39 37 39 43 42 38 41 35 32 

NaOH 88 47 12 8 8 7 7 6 5 4 3 3 

HCl 169 215 172 88 48 29 29 36 35 43 53 72 

Hydrolysable P 

(µg g
–1

) 

H2O 12 10 4 1 2 2 1 1 1 1 1 1 

NaHCO3 12 11 0 0 0 0 0 0 0 0 0 0 

NaOH 13 6 3 1 1 0 0 0 0 0 0 0 

HCl 10 10 6 6 2 0 0 2 2 3 3 2 

Organic P 

(µg g
–1

) 

H2O 0 0 0 0 0 0 0 0 0 0 0 0 

NaHCO3 0 0 11 19 13 12 20 16 11 19 17 20 

NaOH 0 1 0 0 0 0 0 0 0 0 0 0 

HCl 0 0 0 0 0 0 0 0 0 0 0 0 

Non-extractable P (µg g
–1

) 138 170 291 461 521 516 593 574 586 570 542 511 

Total P (µg g
–1

) 499 526 555 643 652 619 704 683 686 688 661 645 
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Temperature (°C) 350 400 450 500 550 600 650 700 750 800 850 900 

  Sugarcane 

Orthophosphorus 

(µg g
–1

) 

H2O 117 123 123 182 151 233 183 116 127 104 86 48 

NaHCO3 74 76 72 99 65 98 79 46 48 51 40 17 

NaOH 28 12 8 12 9 14 12 2 3 6 7 3 

HCl 203 163 108 115 64 125 124 84 130 122 132 96 

Hydrolysable P 

(µg g
–1

) 

H2O 79 82 55 50 59 48 35 38 9 0 0 2 

NaHCO3 22 21 15 10 5 5 10 14 2 0 0 0 

NaOH 16 6 1 0 0 0 0 1 3 0 0 0 

HCl 12 2 3 1 5 0 0 16 0 7 2 4 

Organic P 

(µg g
–1

) 

H2O 0 0 0 0 0 0 0 0 0 0 0 0 

NaHCO3 4 0 4 0 6 0 0 0 5 5 5 5 

NaOH 6 3 4 2 3 8 4 4 1 3 4 4 

HCl 0 0 0 0 0 0 0 0 0 0 0 0 

Non-extractable P (µg g
–1

) 1286 1540 1454 1805 2021 1963 1995 1900 2012 1869 2037 2115 

Total P (µg g
–1

) 1847 2029 1848 2276 2388 2495 2443 2221 2340 2166 2313 2294 

  Peanut shell 

Orthophosphorus 

(µg g
–1

) 

H2O 171 163 98 103 115 137 123 86 55 40 26 22 

NaHCO3 219 290 303 192 135 124 128 111 94 84 79 91 

NaOH 207 135 92 88 67 62 66 55 51 43 41 45 

HCl 516 830 1012 743 313 177 177 178 220 253 320 352 

Hydrolysable P 

(µg g
–1

) 

H2O 58 59 27 31 32 29 25 10 0 0 0 1 

NaHCO3 12 17 0 25 20 20 22 6 6 4 11 22 

NaOH 289 158 105 90 70 64 68 60 56 49 47 52 

HCl 94 100 63 28 15 13 13 7 9 0 4 8 

Organic P 

(µg g
–1

) 

H2O 0 0 0 0 0 0 0 0 0 0 0 0 

NaHCO3 0 0 9 0 0 0 0 0 0 4 14 8 

NaOH 0 0 0 0 0 0 0 0 0 0 0 0 

HCl 0 0 0 0 0 0 0 0 0 0 0 0 

Non-extractable P (µg g
–1

) 193 290 395 920 1360 1594 1686 1569 1618 1443 1573 1800 

Total P (µg g
–1

) 1757 2042 2104 2220 2127 2221 2308 2080 2108 1920 2114 2402 
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Inorganic phosphorus compounds in plant materials include phosphoric acid, di- or 

pyrophosphoric acid and polyphosphoric acid (Frank, 2013). After pyrolysis, pyro- and/or 

polyphosphorus, as indicated by hydrolysable P, still persisted in the resulting biochars as 

well as orthophosphorus (with the exception of the oak derived biochar pyrolysed at 850 °C), 

especially in the biochars manufactured at low temperatures (Table 5.1). The majority of 

dissolved orthophosphorus was associated with Ca/Mg components in biochars, as indicated 

by HCl-extractable orthophosphorus, for all four biochar thermosequences, while the 

distribution of hydrolysable P in extractable P pools varied with biochar feedstock type 

(Table 5.1).  

 

The labile orthophosphorus contained in biochar is that located in the H2O- and NaHCO3-

extractable P pools. The orthophosphorus in the H2O-extractable P pool is readily available 

for plant uptake. The orthophosphorus in the NaHCO3-extractable P pool is also readily 

utilized by plants after desorption. The content of labile orthophosphorus in biochars varied 

with both the peak pyrolysis temperature applied during biochar manufacture and the biochar 

feedstock type (Fig. 5.1). A quadratic correlation between labile orthophosphorus content and 

pyrolysis temperature was found in the biochar thermosequences derived from oak, pine and 

sugarcane, but there was a linear correlation for the peanut shell derived biochar 

thermosequence (Table 5.2). This suggests that the labile orthophosphorus content of biochar 

might be optimized at intermediate rather than low temperatures for certain feedstocks. The 

regression results indicated that the optimal pyrolysis temperatures for maximising labile 

orthophosphorus content of biochar is approximately 500−550 °C for wood and sugarcane 

derived biochars, while the optimal pyrolysis temperature of peanut shell is substantially 

lower: between 350 and 450 °C. These temperatures are in good agreement with other studies 

reporting a higher NaHCO3-extractable orthophosphorus content in the biochars produced 



Chapter 5 

70 

between 400 and 500 °C, depending on the biochar feedstock type, when compared to 

biochars produced at lower- or higher-temperatures (Bird et al., 2011; Hossain et al., 2011; 

Van Zwieten et al., 2010b).  
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Fig. 5.1 Effects of feedstock type and pyrolysis temperature on the content of labile 

orthophosphorus in biochars, indicated by the sum of H2O- and NaHCO3-extractable 

orthophosphorus obtained from sequential extraction 

 

Table 5.2 Regression equations between pyrolysis temperature (T) and labile 

orthophosphorus content of biochars (Pi) indicated by the sum of H2O- and NaHCO3-

extractable orthophosphorus obtained from the sequential extraction (n = 12) 

Biochar 

feedstock 
Equation r p value 

Fitted optimal T  

(°C) 

Oak Pi = −0.0005× T
2
 + 0.52 × T + 34 0.851 0.003 520 

Pine Pi = −0.0001× T
2
 + 0.098 × T + 35 0.959 0.000 490 

Sugarcane Pi = −0.0017× T
2
 + 1.89 × T – 277 0.853 0.003 556 

Peanut shell Pi = −0.63 × T + 642 0.959 0.000 n/a 
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The biochar thermosequence derived from pine always contained the least labile 

orthophosphorus (36−56 µg g
−1

), compared to the other three thermosequences (Fig. 5.1). 

When pyrolysed at ≤450 °C, the biochars derived from peanut shell contained twice as much 

labile orthophosphorus as the biochars derived from sugarcane (ca. 400 and 200 µg g
−1

, 

respectively). Between 500 and 700 °C, the content of labile orthophosphorus in the biochars 

derived from peanut shell decreased to an equivalent level to that obtained in the sugarcane 

derived biochars (200−300 µg g
−1

). While above 700 °C, the content of labile 

orthophosphorus was similar among the biochars derived from oak, sugarcane and peanut 

shell (100−200 µg g
−1

). Pearson’s correlation analysis showed that the content of labile 

orthophosphorus in the biochars significantly and positively correlated with their total P and 

ash contents and EC (r = 0.575, 0.479 and 0.549, respectively; p < 0.01), but negatively 

correlated with their Ca and Mn contents (r = –0.391 and –0.715, respectively; p < 0.01). 

These results indicate that pyrolysis of P-rich, but Ca/Mn-poor feedstocks or low temperature 

manufacture would lead to a high labile orthophosphorus content of the resulting biochars. 

 

There was some labile hydrolysable P in the biochars, extracted with H2O and NaHCO3, 

especially in the low-temperature (≤400 °C) derived biochars (ca. 100 µg g
−1

) (Table 5.1). 

Hydrolysis of pyro- and polyphosphate results in the formation of orthophosphate, thus also 

contributing to the introduction of available P to amended soils indirectly (Ahmad and Kelso, 

2001). Torres-Dorante et al. (2005) observed that pyrophosphate and polyphosphate were 

hydrolysed within 1 day in soil solution (in the absence of the solid phase). The hydrolysis 

resulted from the presence of enzymes for hydrolysing polyphosphates. Hydrolysis persisted 

for at least 15 days in the presence of the both liquid and solid phases, perhaps because of 

polyphosphate adsorption or precipitation within the solid phase. Xu et al. (2016) indicated 

that the polyphosphate in biochar may provide a prolonged supply of P to plants. The content 
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of labile hydrolysable P contained in the biochars studied here decreased with increasing 

pyrolysis temperature (Fig. 5.2). Moreover, an exponential correlation between labile 

hydrolysable P content and pyrolysis temperature was found in the thermosequences for 

biochars derived from oak and pine, while there was a linear correlation for the peanut shell 

and sugarcane derived biochar thermosequences (Table 5.3). These results indicate that low-

temperature biochars might also act as a slow-release P fertiliser in soils due to their labile 

hydrolysable P components, in addition to their adsorbed orthophosphate (Yao et al., 2013a). 
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Fig. 5.2 Effects of feedstock type and pyrolysis temperature on the sum of the content of 

H2O- and NaHCO3-extractable hydrolysable phosphorus (P) in biochars obtained from 

sequential extraction 
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Table 5.3 Regression equations between pyrolysis temperature (T) and labile hydrolysable P 

content in biochars (Phydro) indicated by the sum of H2O- and NaHCO3-extractable 

hydrolysable P obtained from sequential extraction (n = 12) 

Biochar feedstock           Equation        r p value 

Oak 𝑃ℎ𝑦𝑑𝑟𝑜 = 𝑒−0.016 ×𝑇       0.964 0.000 

Pine 𝑃ℎ𝑦𝑑𝑟𝑜 = 𝑒−0.006 ×𝑇       0.819 0.001 

Sugarcane           Phydro = −0.195 × T + 169       0.960 0.000 

Peanut shell           Phydro = −0.113 × T + 107       0.814 0.001 

 

During pyrolysis, P transformed between different P pools in the studied biochars; however, 

these transformations seem to be independent of biochar feedstock type (Fig. 5.3 and Fig. 

5.4). For all four biochar thermosequences used in this study, the main transformation 

occurring below 550 °C was from the extractable P pool to the non-extractable P pool, while 

orthophosphorus accumulation in HCl-extractable pool was dominant in P transformation 

occurring above 600 °C. The correlation results (Table 5.4) showed that the enlargement of 

the non-extractable P pool in the biochars produced at temperatures up to 550 °C was mainly 

contributed by diminishing the HCl-extractable orthophosphorus pools. The non-extractable 

P contained in the biochars might bond to organic carbon. Karrasch et al. (2010) indicated an 

interaction of phosphates and phosphonates with carbonaceous char due to the bond to 

aromatic carbons via oxygen. Dobele et al. (1999) indicated an interaction of phosphoric acid 

with the cellulose chains through the formation of new hydrogen bonds. The correlation 

results (Table 5.4) also showed that pyrolysis of biomass at low temperatures (≤550 °C) 

stimulated the decomposition of labile hydrolysable P and retained them in plant-available 

forms (NaHCO3-extractable orthophosphorus), consequently resulting in an increase in 

available P in the produced biochars. Operating the pyrolysis at high temperatures (>600 °C) 

still stabilized available P contained and decomposed hydrolysable P; however, the resulting 

orthophosphorus formed complexes with Ca, eventually leading to a decrease in available P 

in the produced biochars.  
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Fig. 5.3 Effect of pyrolysis temperature on percentage of phosphorus (P) fractions in total P 

contained in biochars derived from (A) oak and (B) pine, respectively 
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Fig. 5.4 Effect of pyrolysis temperature on percentage of phosphorus (P) fractions in total P 

contained in biochars derived from (A) sugarcane and (B) peanut shell, respectively
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Table 5.4 Pearson’s correlation coefficients for relations between the changes in the percentage of P fractions in the biochars as a function of 

pyrolysis temperature (T)  

 T H2O−Pi NaHCO3−Pi NaOH−Pi HCl−Pi H2O−Phydro NaHCO3−Phydro NaOH−Phydro HCl−Phydro 

 350−550 °C (n = 16) 

H2O−Pi −0.315
a
         

NaHCO3−Pi −0.225 −0.197        

NaOH−Pi −0.195 0.464 0.030       

HCl−Pi −0.627
**

 0.195 −0.174 0.218      

H2O−Phydro −0.468 0.588
*
 −0.569

*
 −0.111 0.537

*
     

NaHCO3−Phydro −0.463 0.340 −0.560
*
 0.485 0.578

*
 0.534

*
    

NaOH−Phydro −0.139 0.524
*
 0.510

*
 0.178 −0.399 −0.098 −0.412   

HCl−Phydro −0.402 0.379 0.783
**

 0.370 −0.109 −0.228 −0.271 0.813
**

  

Non-extractable P 0.742
**

 −0.626
**

 −0.144 −0.593
*
 −0.758

**
 −0.434 −0.480 −0.225 −0.476 

 600−900 °C (n = 28) 

H2O−Pi −0.507*
b
         

NaHCO3−Pi −0.719** 0.556**        

NaOH−Pi −0.747** 0.512* 0.560**       

HCl−Pi 0.699** −0.099 −0.394 −0.672**      

H2O−Phydro −0.365 0.878** 0.385 0.291 −0.049     

NaHCO3−Phydro −0.322 0.137 0.309 0.119 −0.443* 0.363    

NaOH−Phydro −0.403 0.242 0.213 0.457* −0.738** 0.187 0.379   

HCl−Phydro −0.090 0.205 0.092 0.181 −0.436* 0.390 0.703** 0.537**  

Non-extractable P 0.128 −0.814** −0.480* −0.077 −0.390 −0.778** −0.102 0.139 −0.072 
a
 Percentage changes were relative to the P fraction obtained from biochars manufactured at 350 °C; 

b
 Percentage changes were relative to the P 

fraction obtained from biochars manufactured at 600 °C. 

 Pi: orthophosphorus; Phydro: hydrolysable P. 

Significant levels: * p < 0.05 and ** p < 0.01. 
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5.3.2 31
P NMR analysis of peanut shell derived biochars 

The 
31

P NMR spectra showed that peanut shell materials contained NaOH-EDTA extractable 

orthophosphate (PO4
3−

, 6.1 ppm), phytate (4−6 ppm), phospholipids and teichoic acids (0.6−2 

ppm), nucleic acids (−1−0.6 ppm) and pyrophosphate (−4 ppm) (Fig. 5.5). During the 

pyrolysis, all extractable organophosphate decreased prior to 350 °C. This disappearance was 

observed previously in the biochars derived from broiler litter and cottonseed hull as well 

(Uchimiya and Hiradate, 2014). Surprisingly, a peak normally assigned to phosphonates was 

observed in the spectra of the peanut shell derived biochars manufactured at ≥850 °C rather 

than at low temperatures. The absence of a detectable phosphonate signal in NaOH-EDTA 

extracts from low-temperature biochars might be due to its interaction with carbonaceous 

char (Karrasch et al., 2010). There was another peak (ca. 3.88 ppm) appearing in the spectra 

of the biochars manufactured at ≥800 °C, presumably related to the presence of the aliphatic 

compounds observed in the FTIR spectra presented in Chapter 4. The peak appearing at a 

similar chemical shift was previously assigned to glucose 1−phosphate (3.5 ppm, Turner and 

Newman, 2005) or scyllo-inositol hexakisphosphate (3.88 ppm, Chen et al., 2007) in other 

studies. Gout et al. (1992) proposed that the peak at 3.8 ppm originated from several 

compounds, including phosphoglyceric acid, fructose 6-P, ribose 5-P, hosphoethanolamine, 

and nucleotides monophosphate. These phosphonates and the unknown organophosphates 

might be responsible for the adsorbed organic P found in the biochar thermosequences 

derived from pine and peanut shell.  
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Fig. 5.5 
31

P NMR spectra of peanut shell and the resulting biochars manufactured between 

200 and 900 °C 

 

The re-appearance of organophosphates in the biochars manufactured at higher temperature 

(≥800 °C) presumably results from the condensation of aromatic structures and concurrently 

the decrease of phosphocarbonaceous species by scission of P−O−C bonds occurring at 

higher temperatures (Bourbigot et al., 1995).  P−O−C bonds might result from the interaction 

of phosphates and phosphonates with aromatic C, as mentioned before, and/or from the 

decomposition of organic P compounds contained in biomass, which might produce P-

containing free radicals (Poutsma, 2000). Various organic P compounds have been found in 

plants, including phosphoproteins, sugar phosphates, phytic acid, myo-inositol phosphates, 

phospholipids, mono- and dinucleotides, nucleic acids and P-containing vitamins (Frank, 
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2013). Qian et al. (2014) indicated that P-containing free radicals could be captured by 

aromatic rings produced during the decomposition of biomass to form less soluble aromatic-P 

species.  

 

The 
31

P NMR spectra also illustrated the dominance of orthophosphate in P extracted from 

peanut shell derived biochars manufactured between 200 and 900 °C (Fig. 5.5). 

Pyrophosphate appeared in all spectra of the biochar thermosequence. The persistence of 

pyrophosphate in the whole biochar thermosequence is due to its stabilization by forming 

complexes with ash components or by interacting with organic C by electrostatic and 

hydrogen bonding interactions and other organomineral interactions (Uchimiya and Hiradate, 

2014). Polyphosphates did not show up in any spectra obtained in this study, indicating that 

the hydrolysable P found in P fractions might be pyrophosphates rather than polyphosphates. 
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Table 5.5 Phosphorus (P) speciation in NaOH–EDTA extracts from peanut shell derived biochars at various pyrolysis temperatures  

Temperature 

(°C) 

Inorganic phosphate (µg g
–1

) Organophosphate (µg g
–1

) Total P  

(µg g
–1

) Orthophosphate Pyrophosphate Total Phytate Unknown Lipids Nucleic 

acids 

Phosphonate Total 

25 295 (57)
a
 18 (3)

 a
 313 (60)

 a
 162 (31)

 a
 0 9 (2)

 a
 35 (7)

 a
 0 207 (40)

 a
 520 (83)

 b
 

200 234 (41) 60 (10) 294 (51) 260 (45) 0 7 (1) 13 (2) 0 281 (49) 574 (80) 

250 282 (41) 134 (19) 416 (60) 275 (40) 0 0 0 0 275 (40) 691 (75) 

300 641 (57) 347 (31) 988 (88) 138 (12) 0 0 0 0 138 (12) 1126 (70) 

350 829 (76) 266 (24) 1094 (100) 0 0 0 0 0 0 1094 (67) 

400 855 (83) 171 (17) 1026 (100) 0 0 0 0 0 0 1026 (57) 

450 612 (85) 111 (15) 723 (100) 0 0 0 0 0 0 723 (38) 

500 356 (82) 77 (18) 433 (100) 0 0 0 0 0 0 433 (19) 

550 260 (78) 73 (22) 333 (100) 0 0 0 0 0 0 333 (16) 

600 257 (92) 21 (8) 278 (100) 0 0 0 0 0 0 278 (13) 

650 272 (83) 56 (17) 328 (100) 0 0 0 0 0 0 328 (12) 

700 273 (90) 31 (10) 305 (100) 0 0 0 0 0 0 305 (15) 

750 284 (93) 23 (7) 307 (100) 0 0 0 0 0 0 307 (14) 

800 247 (87) 19 (7) 266 (93) 0 19 (7)
 a
 0 0 0 19 (7) 285 (14) 

850 317 (77) 40 (10) 357 (87) 0 34 (8) 0 0 20 (5)
 a
 54 (13) 411 (19) 

900 276 (72) 38 (10) 314 (82) 0 50 (13) 0 0 19 (5) 69 (18) 382 (16) 
a
 Numbers in parentheses are percentages of each P species in the total P in NaOH-EDTA extracts (%). 

b
 Numbers in parentheses are percentage recoveries of the total P in NaOH-EDTA extracts from the biochar/feedstock samples (%). 
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The NaOH-EDTA extractable P in peanut shell materials was dominant by orthophosphate 

(57%), followed by phytate (31%). Pyrolysis of peanut shell between 200 and 350 °C 

decomposed its organic P components (phytate, lipids and nucleic acids) into 

orthophosphates and pyrophosphates, with the result that orthophosphates and 

pyrophosphates were the only two P species in NaOH-EDTA extracts from the peanut shell 

derived biochars produced at higher temperatures (350−750 °C) (Table 5.5). As the pyrolysis 

temperature increased from 350 to 900 °C, and particularly below 500 °C, the percentage of 

these two P species in the total P of the biochars dramatically decreased (Fig. 5.6). This is 

similar to what was found for the orthophosphorus and hydrolysable P fractions, with the 

exception of HCl-extractable orthophosphorus (Fig. 5.4B). The percentage of 

orthophosphorus in biochar total P, as a sum of water-, NaHCO3- and NaOH-extractable 

orthophosphorus, extracted using the sequential extraction, significantly correlated to that 

obtained from the extraction with NaOH-EDTA (Pearson’s r = 0.924, p < 0.01). The 

percentage of hydrolysable P in biochar total P, as a sum of water-, NaHCO3- and NaOH-

dissolved hydrolysable P, extracted using the sequential extraction, significantly correlated to 

the percentage of NaOH-EDTA-extractable pyrophosphates in biochar total P (Pearson’s r = 

0.976, p < 0.01). This confirms the suspicion that the hydrolysable P found in P fractions is 

contributed by pyrophosphorus in the biochars. 
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Fig. 5.6 Effect of pyrolysis temperature on the percentage of phosphorus (P) speciation in 

total P in biochars derived from peanut shell between 200 and 900 °C 

 

5.4 Conclusions 

The content of labile orthophosphorus in biochar is strongly dependent on both feedstock 

type and pyrolysis temperature; however, P transformation between each P pools in biochar is 

feedstock-independent. Pyrolysis of P-rich, but Ca/Mn-poor feedstocks at 400−500 °C would 

produce optimum biochars for application as an available P source. Biochar contains both 

orthophosphorus and hydrolysable P. Orthophosphates would increase the content of 

available P in soils immediately with biochar application, while hydrolysable P would release 

orthophosphorus slowly to prolong the supply of available P. Liquid-state 
31

P NMR spectra 

showed that the hydrolysable P contained in biochar was in the form of pyrophosphates.   
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Chapter 6 Phosphorus adsorption on different biochars 

 

6.1 Introduction 

Biochar can adsorb phosphate efficiently from solutions (Streubel et al., 2012; Yao et al., 

2013b), suggesting that biochar could play a role in retaining P applied as fertiliser. However, 

the adsorption capacity of biochar is dependent on pyrolysis conditions, such as pyrolysis 

temperature and residence time (Peng et al., 2012). Beaton et al. (1960) investigated the 

thermodynamics of aqueous phosphate adsorption on six typical synthetic and natural 

charcoal materials. They justified the assumptions that primary orthophosphate is specifically 

adsorbed, probably through hydrogen bonding, and found that an extensive dehydration of 

the phosphate and/or charcoal surface was a distinctive part of the adsorption mechanism. 

Biochar effect on P adsorption in soils is aligned with their chemical composition and surface 

characteristics (Chintala et al., 2014) and is highly influenced by soil acidity (Xu et al., 2014). 

Xu et al. (2014) also suggested that the increase in P sorption on soils induced by biochar 

applications was attributed to Ca-induced P sorption or precipitation and was less affected by 

Fe and Al oxides. At the present time, however, information concerning the effect of biochar 

on soil phosphate retention is rather limited. The aim of this Chapter was to determine (a) P 

adsorption capacity of different biochars, (b) the effects of the biochars on phosphate 

adsorption on soils, and (c) the mechanisms for phosphate adsorption on the biochars. 

 

6.2 Materials and methods 

6.2.1 Materials 

The nine biochars used in this study included both natural and manufactured biochars. The 

wildfire biochar (WFB) was a natural biochar produced from a stem of Eucalyptus pilularis 
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during a wild fire at Peachester State Forest, southern Queensland in 1969 (350–500 °C). The 

sugarcane bagasse biochar (SBB) was produced in a muffle furnace at 350 °C under an 

oxygen limited condition with a solid residence time of 1 h. The biochars derived from 

peanut shell (PSB), greenwaste (GWB) and blady grass (Imperata cylindrica, BGB) were all 

produced in a muffle furnace at 450 °C under oxygen limited conditions with a solid 

residence time of 1 h, while the other four biochars were obtained by pyrolysing Jarrah 

(Eucalyptus marginata, JB), Mallee (Eucalyptus polybractea from Narrogin of Western 

Australia, MB), pine (Pinus radiata from South West Plantations, PB), and timber (mixtures 

of soft wood from Western Australia, TB) in an indirectly heated rotary kiln operating at 

720 °C and with a solid residence time of 20 min. All biochar samples were finely ground to 

<1 mm by a mortar and pestle and sealed in containers before use. The soil used in this study 

was a sandy clay loam and was collected from northern Queensland. Soil pH was 4.3, total C 

2.9%, total N 0.20% and total P 1,320 mg kg
−1

. The soil sample was air dried and passed 

through a 2 mm sieve before use. The pH of the biochar and soil samples were determined 

using a solid:water ratio 1:30 and 1:5, respectively. Basic properties of the biochar samples 

are shown in Table 6.1. Phosphate solutions were prepared by dissolving KH2PO4 in 0.01 M 

KCl solutions. 
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Table 6.1 Basic properties of nine biochars used in this study 

Biochar  
Temperature 

(°C) 
pHwater 

EC  

(µS cm
-1

) 

Total C 

(%) 

Total N 

(%) 

Total P 

(mg kg
-1

) 

BET–N2 surface 

area (m
2
 g

-1
) 

Wildfire biochar (WFB) 350–500 3.1 110 69.7 0.22 15 109 

Jarrah derived biochar (JB) 750 10.8 315 86.0 0.23 61 206 

Pine derived biochar (PB) 750 8.6 321 84.2 0.15 266 322 

Timber derived biochar (TB) 750 9.6 474 84.7 0.23 236 382 

Mallee derived biochar (MB) 750 10.2 1373 69.0 0.43 1877 233 

Greenwaste derived biochar (GWB) 450 9.6 720 59.7 0.51 1596 271 

Peanut shell derived biochar (PSB) 450 8.7 495 35.1 0.73 640 112 

Blady grass derived biochar (BGB) 450 7.1 978 64.0 1.24 1810 Not determined 

Sugarcane bagasse derived biochar (SBB)  350 5.9 614 70.8 0.34 1761 Not determined 

C: carbon; N: nitrogen; P: phosphorus. 
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6.2.2 P adsorption on biochars and soil/biochar mixtures 

The P adsorption of each biochar sample was examined by placing 0.1 g of biochar samples 

in 30 mL phosphate solution (100 and 200 mg P L
-1

, respectively) in 50 mL centrifuge tubes

and then shaken in an end-to-end shaker for 48 h at room temperature. The suspension was 

then centrifuged (4,000 rpm, 15 min) and the resulting supernatant filtered through a 

Whatman No. 42 filter paper. The amount of P adsorbed on biochar samples was determined 

by the difference between the initial P amount in the phosphate solution and the remaining P 

amount in the filtrate.  

In order to determine whether or not the adsorbed P on biochars was still available for plant 

uptake, a P desorption experiment was conducted on P-load MB samples treated with 200 mg 

P L
-1

 phosphate solution as MB adsorbed the highest amount of P from the solution among all

tested biochars. After adsorption treatment, the P-loaded MB was rinsed four times with DI 

water. After washing, drying and weighing, the biochar was placed in a 50 mL centrifuge 

tube and extracted with 30 mL 0.5 M NaHCO3 (pH = 8.5) on an end-to-end shaker (120 rpm, 

25 °C, 48 h). The suspension was then centrifuged (4,000 rpm, 15 min) and the resulting 

supernatant filtered through a Whatman No. 42 filter paper. The colorimetric molybdenum-

blue method (John, 1970) was then applied to the filtrate to determine the amount of P 

desorbed from the P-loaded biochar.  

Phosphorus adsorption by soil/biochar mixtures was examined to assess the efficacy of 

biochar amendments as a method for increasing P retention in soils. MB was used in this 

experimentation, due to its extraordinary P adsorption ability (Fig. 6.1). The extent of P 

adsorption within soils amended with MB was examined by mixing an amended soil ( with a 
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ratio of 2 g of soils to 0.1 g of MB) sample with portions of phosphate solutions (30 mL, 200 

mg P L
-1

) in 50 mL centrifuge tubes. The tubes were then shaken end-to-end at 120 rpm at 

room temperature. A tube was withdrawn after the shaking was conducted for 48 h. The 

suspension was then centrifuged (4,000 rpm, 15 min) and immediately filtered through a 

Whatman No. 42 filter paper. The amount of P adsorbed by the soil/biochar mixture was 

calculated by the differences between the initial P concentration in the phosphate solution and 

the remaining P concentration in the filtrate. A soil sample without biochar was set up as 

control.  

 

All the adsorption and desorption experiments were repeated three times. The average data 

and standard deviations are reported. 

 

6.2.3 The isotherms and kinetics of P adsorption on Mallee derived biochar (MB)  

Phosphorus adsorption isotherms and kinetics were studied for MB. The P adsorption 

isotherms on MB were examined by placing 0.1 g MB in 30 mL portions of phosphate 

solutions in 50 mL centrifuge tubes. The concentrations of the phosphate solutions were 10, 

103, 208, 317, 422 and 528 mg P L
-1

. The tubes were shaken in an end-to-end shaker at 120 

rpm for 48 h at room temperature. The suspensions were then centrifuged (4,000 rpm, 15 min) 

and immediately filtered through a Whatman No. 42 filter paper. The filtrate was analysed for 

P by the colorimetric molybdenum-blue method (John, 1970). 

 

The kinetics of P adsorption on MB was examined by placing 0.1 g of MB in 30 mL portions 

of phosphate solution (100 mg P L
-1

) in 50 mL centrifuge tubes. The tubes were then shaken 
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end-to-end at 120 rpm at room temperature. A tube was withdrawn after the shaking was 

conducted for 1, 3, 5, 9, 24, 30 and 48 h. The suspension was centrifuged (4,000 rpm, 15 min) 

and immediately filtered through a Whatman No. 42 filter paper. The filtrate was analysed for 

P by the colorimetric molybdenum-blue method (John, 1970).  

 

All the adsorption experiments were repeated three times. The average data and standard 

deviations are reported. 

 

6.2.4 Effect of pre-treatment on P adsorption on Mallee derived biochar (MB) 

Surface properties and composition of biochar determines its P adsorption capacity as well as 

inorganic components in ash content in biochar. In order to elucidate the P adsorption 

mechanisms, MB was subjected to different pre-treatments before the P adsorption 

experiments. Four portions of the raw MB sample (4 × 2.5 g) were treated following four 

different procedures: (a) the sample was shaken in 0.5 M HCl solution (25 mL, 30 min) and 

then soaked in the solution for a further 24 h; (b) the sample was shaken in 0.5 M NaOH (25 

mL, 30 min) and then soaked in the solution for a further 24 h; (c) the sample was washed 

with DI water (4 × 25 mL); (d) the sample was boiled in DI water (3 × 25 mL, 0.5 h). After 

soaking in the acidic and alkaline solutions, sample a and b were rinsed with DI water 4 times 

to remove the pre-treatment reagents. All pre-treated MB samples were dried at 80 °C for 1 

week. 

 

0.1 g dried pre-treated MB was mixed with 30 mL of 100 mg P L
-1

 phosphate solution and 

end-to-end shaken at 120 rpm for 48 h. The suspension was then filtered through a Whatman 
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No. 42 filter paper after centrifugation at 4000 rpm for 15 min. The filtrate was collected and 

analysed for P by the colorimetric molybdenum-blue method (John, 1970). Each adsorption 

experiment was repeated three times. The average data and standard deviations are reported. 

 

6.2.5 Characterisation of the surface properties of Mallee derived biochar (MB)  

The original MB and the four pre-treated MB samples were characterised for their surface 

properties. The functional groups on the surface of the dried MB samples were identified 

using attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy 

collected by a Perkin Elmer Spectrum Two IR spectrometer. Scanning electron microscopy 

(SEM, JEOL JSM-6610) coupled with energy dispersive X-ray spectroscopy (EDS, Oxford 

50 mm
2
 X-Max SDD) was used to estimate the surface elemental composition of the dried 

MB samples.  

 

6.2.6 Statistical analyses 

Origin Pro 8.5 was used to determine coefficients of determination (R
2
), p-values and 

standard deviations, as well as fitting all isotherm and kinetics data. Standard deviations of 

the fitted coefficients were within 95% confidence intervals. Differences between two 

treatments were analysed using IBM SPSS statistics 22, through t test or one-way ANOVA, 

with a significance level of 0.05. Error bars were used to represent standard deviations of 

triple determinations. 
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6.3 Results and discussion 

6.3.1 Effect of biochar type on soil P retention 

The ability of biochar to retain P varied with biochar type and the P concentration in the 

solution. MB was distinct amongst the biochar types tested; it showed an extraordinary P 

retention ability in both solutions (P retention rate of 5.24% in 100 mg P L
−1

 solution and of 

2.19% in 200 mg P l
−1

 solution) (Fig. 6.1). Furthermore, 55% of retained P by MB in 200 mg 

P L
−1

 solution could be released to the solution again. MB amendment significantly increased 

P retention rate in the soil by ~17%, from 23% to 27% (p < 0.05). In contrast to MB, WFB, 

JB, GWB, SBB and BGB did not retain any phosphate in the solution and actually released P 

to the solution. Although PB, TB, and PSB released P when the P concentration decreased to 

100 mg P L
−1

, they retained 1−2% phosphate when the P concentration in the solution was 

200 mg P L
−1

, likely due to their increased adsorption capacity with the increase of initial 

concentration of phosphate in the solution. Chintala and co-workers (2014) also found that P 

adsorption on biochar was significantly (p < 0.0001) affected by initial P concentration and 

biochar type. These results indicated that not all biochars can be used to increase P fertiliser 

retention in soils. However, the ability of biochar to increase P retention in soils is quite 

variable. It varies with P concentration in the soil solution. 
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Fig. 6.1 Phosphorus (P) retention by different types of biochars including biochar from a wild 

fire (WFB), Jarrah derived biochar (JB), pine derived biochar (PB), timber biochar (TB), 

Mallee derived biochar (MB), greenwaste biochar (GWB), peanut shell biochar (PSB), 

sugarcane bagasse biochar (SBB) and blady grass derived biochar (BGB). Negative retention 

corresponds to P release from biochar samples. 

 

6.3.2 P adsorption isotherms of Mallee derived biochar (MB) 

MB has the ability to adsorb P from phosphate solutions, so its P adsorption isotherm and 

adsorption kinetics were investigated in an effort to elucidate the adsorption mechanisms. 

MB adsorbed P from phosphate solutions with P concentrations ranging from 103 to 528 mg 

P L
–1

 (Fig. 6.2A). However, MB released 0.08 mg P g
–1

 biochar to the solution when the 

initial P concentration was 10 mg P L
–1

. Two adsorption isotherm equations were tested to 

simulate the behaviour of P adsorption on MB: 

n

efe CKq  , Freundlich 
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e

e
e

KC

KQC
q




 1
, Langmuir 

where Kf  and K represent the Freundlich affinity coefficient (mg
(1–n)

 L
n
 g

–1) and the Langmuir 

bonding term related to interaction energies (L mg
–1), respectively. Ce is the equilibrium 

concentration of the sorbate in solutions (mg L
–1

), Q denotes the Langmuir maximum 

adsorption capacity (mg g
–1

), and n is the Freundlich linearity constant. The Freundlich 

model is an empirical equation, which is often used to describe chemisorption on 

heterogeneous surfaces. The Langmuir model assumes monolayer adsorption on a 

homogeneous surface, without interactions between the adsorbed molecules (Yao et al., 

2013a).  

 

Both isotherm models fitted the data of the adsorption isotherms well (R
2
 > 0.89, Fig. 6.2A), 

with no significant difference in the quality of fit, suggesting that the P adsorption process on 

MB was controlled by both Freundlich and Langmuir adsorption mechanisms. This result 

indicated that the P adsorption on MB could be governed by multiple mechanisms. The best-

fit model parameters are listed in Table 6.2. 

 

Table 6.2 Best-fit parameter values for models of isotherm and kinetics data for Mallee 

derived biochar  

Model Parameter 1 Parameter 2 Parameter 3 R
2
 

Freundlich Kf = 0.0690 mg
(1–n) 

L
n
 g

–1 n = 0.579  0.903 

Langmuir K = 0.00387 L mg
–1 Q = 3.66 mg g

–1  0.898 

First-order k1 = 2.03 h
–1 qe = 4.51 mg g

–1  0.874 

Second-order k2 = 0.593 g mg
–1

 h
–1 qe = 4.76 mg g

–1  0.914 

Elovich β = 2.60 g mg
–1 α = 4191 mg g

–1
 h

–1  0.961 

Johnson-Mehl-Avrami n = 0.240 qe = 5.18 mg g
–1

 k = 1.16 h
–n

 0.942 
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Fig. 6.2 (A) Isotherms and (B) kinetics of phosphorus (P) adsorption on Mallee derived 

biochar. 
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6.3.3 P adsorption kinetics of Mallee derived biochar (MB) 

Kinetic study is helpful in the prediction of adsorption processes. Phosphate in a phosphate 

solution was rapidly adsorbed by MB in the first hour of the experiment and then the P 

adsorption increased smoothly until the end of the experiment (Fig. 6.2B). Four mathematical 

models were used to simulate the P adsorption kinetics on MB, including the widely used 

pseudo-first-order and pseudo-second-order models, the Elovich and Johnson-Mehl-Avrami 

models. 

)(1 te
t qqk

dt

dq
 , first-order 

2

2 )( te
t qqk

dt

dq
 , second-order 

）（exp t
t q

dt

dq
  , Elovich 

)1( )( nkt

et eqq  , Johnson-Mehl-Avrami (JMA) 

Here qt and qe are the amounts of P adsorbed on the adsorbent at time t and at equilibrium 

(mg g
–1

), respectively, and k1 and k2 are the first-order and second-order apparent adsorption 

rate constants (h
–1

 and g mg
–1

 h
–1

), respectively. In the Elovich model, α is the initial 

adsorption rate (mg g
–1

 h
–1

) and β is the desorption constant (g mg
–1

). In the JMA equation, k 

is the transformation rate constant (h–n) and n is the stretching parameter. The first-order and 

second-order models describe the kinetics of the solid-solution system based on mononuclear 

and binuclear adsorption, respectively, and consider only the sorbent capacity. The Elovich 

model, however, is an empirical equation which also considers the contribution of desorption 

to the observed rate (Yao et al., 2011). The JMA equation is used to model homogeneous 

nucleation of a second phase in solid-state phase transformation kinetics (Malek, 1995). 
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The Elovich model provided a better description of the kinetics of P adsorption on MB than 

the first-order and second-order models (Fig. 6.2B). The best-fit model parameters are also 

listed in Table 6.2. The correlation coefficient (R
2
) of the second-order model was 0.914, but 

the calculated value of qe in the second-order model (4.76 mg P g
–1

 biochar) was lower than 

the experimental data (5.22 mg P g
–1

 biochar at the end of the experiment), suggesting that 

the P adsorption on MB was not a second-order reaction. The calculated initial P adsorption 

rate on MB in the Elovich model was as high as 4,191 mg g
–1

 h
–1

, indicating that the initial P 

adsorption on MB is a rapid reaction so that the reaction nearly reached the equilibrium in 1 h. 

The validity of the Elovich model suggests that the P adsorption is a chemical adsorption, and 

that the chemisorption mechanism is likely the main rate determining step for the adsorption 

process. The JMA model also fitted the data of the adsorption kinetics well (R
2
 = 0.942) and a 

good agreement between the experimental and calculated value of qe was achieved in this 

model. The calculated stretching parameter (n) in JMA model was 0.24, suggesting that the P 

chemisorption on MB will decline with the saturation of the adsorption sites. 

 

Intraparticle surface diffusion plays an important role in the adsorption processes on the 

surface of microporous sorbents. In this study, the adsorption of P on MB after the 

experiment was conducted for 1 h showed diffusion limitation (Fig. 6.3), because the amount 

of P adsorbed by MB showed a strong linear dependency on 𝑡1/2 (R
2
 = 0.76). This indicates 

that intraparticle surface diffusion controls the subsequent adsorption of P on MB after the 

initial rapid chemisorption.  
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Fig. 6.3 Intraparticle surface diffusion modelling for kinetics of phosphorus (P) adsorption on 

Mallee derived biochar.  

 

6.3.4 Mechanisms of P adsorption on Mallee derived biochar (MB) 

The pre-treatments had significant effects on P adsorption ability of MB (Fig. 6.4). After 

washing with DI water, the amount of P adsorbed by MB unsurprisingly increased from ca. 4 

mg g
–1

 biochar to >6 mg g
–1

 biochar. This was presumably due to either the removal of P 

contained in MB or, alternatively, the removal of other anions that could compete with 

phosphate for adsorption sites. The other pre-treatments were not beneficial with respect to 

increasing the P adsorption ability of MB and, in fact, a significant decrease in P adsorption 

was observed for acid-soaked MB (p < 0.05, Fig. 6.4). The amount of P adsorbed by acid-

soaked MB was 57% lower than that of water-washed MB.  
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Fig. 6.4 Pre-treatment effect on phosphorus (P) adsorption of Mallee derived biochar. MB: 

original Mallee derived biochar; HMB: HCl-soaked MB; OHMB: NaOH-soaked MB; WMB: 

water-washed MB; BMB: boiled MB. Columns with the same letter (a, b or c) are not 

significantly different (P < 0.05). 

 

The ATR-FTIR spectra showed that there was carbonate in the original MB and water-

washed MB (712, 872, and 1392 cm
-1

; Colthup et al., 1990). Unsurprisingly, CO3
2–

 was seen 

to be absent from MB soaked in HCl for 24 h (Fig. 6.5). The semi-quantitative result of 

surface elemental composition obtained by SEM-EDS indicated that there was a large amount 

of Ca in the original MB (1.3 at.%); however, there was only 0.1 at.% after soaking in the 

acidic solution (Table 6.3). The SEM images of MBs with their corresponding EDS spectra 

were shown in Fig. 6.6 and Fig. 6.7. When considering in conjunction with the lower P 

adsorption ability observed in the case of acid-soaked MB, these results suggest that surface 

calcium carbonate (CaCO3) provides the main sites for P adsorption on MB. Kumari et al. 
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(2014) have recently reported that phosphate was rapidly taken from phosphate solution by 

CaCO3 particles. In a water suspension of CaCO3, phosphate ions may replace water 

molecules, HCO3
–
 and OH

–
 originally adsorbed on Ca

2+
 since the solubility constant of 

CaHPO4 (10
–6.66

) is much lower than that of Ca(OH)2 and CaHCO3
+
 (10

–5.43
 and 10

–1.25
, 

respectively; Kuo and Lotse, 1972). Soaking in 0.5 M HCl solution dissolved the inherent 

CaCO3 crystals in MB and then the dissolved Ca
2+ 

was removed out of MB by rinsing with 

DI water. Eventually, the amount of P adsorbed by MB was dramatically decreased with the 

removal of CaCO3 in MB. 
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Fig. 6.5 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of 

Mallee derived biochar. MB: original Mallee derived biochar; HMB: HCl-soaked MB; 

OHMB: NaOH-soaked MB; WMB: water-washed MB; BMB: boiled MB. 
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Fig. 6.6 SEM Images of Mallee derived biochar (MB; A), HCl–soaked MB (B) and NaOH–

soaked MB (C) and their corresponding EDS spectra (a, b and c, respectively). The EDS 

spectra were recorded in the area highlighted by magenta box in the corresponding SEM 

images. 

(A) 

(B) 

(C) 

(a) 

(b) 

(c) 
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Fig. 6.7 SEM Images of water-washed Mallee derived biochar (MB) (A), boiled MB (B) and 

P-loaded MB in 100 mg L
–1

 phosphate solution (C) and their corresponding EDS spectra (a, b 

and c, respectively). The EDS spectra were recorded in the area highlighted by magenta box 

in the corresponding SEM images. 

 

 

 

(A) 

(B) 

(C) 

(a) 

(b) 

(c) 
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Table 6.3 Surface elemental composition of Mallee derived biochar estimated by scanning 

electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS) 

Biochar 
Element (Atomic%) 

C O Na Mg Al
b
 Si P Cl K Ca Fe

*
 

MB 89 8 0.3 0.2 n.d. 0.2 0.1 0.1 0.3 1.3 n.d. 

HMB 90 8 0.1 0.1 n.d. 0.2 0.1 1.0 n.d. 0.1 0.2 

OHMB 85 12 0.8 0.2 0.1 0.3 0.1 n.d. n.d. 1.5 0.4 

WMB 89 9 0.1 0.2 n.d. 0.2 0.1 n.d. 0.1 1.2 n.d. 

BMB 88 11 0.1 0.1 n.d. 0.2 0.1 n.d. 0.1 0.8 n.d. 
*
Appearance of Al and Fe elements in HMB and OHMB samples might be due to the 

contamination of the samples by sample loading plates used in the SEM-EDS analysis. 

 

MB, original Mallee derived biochar; WMB, water-washed MB; HMB, HCl-soaked MB; 

OHMB, NaOH-soaked MB; BMB, boiled MB; n.d.: not detected. 

 

 

6.4 Conclusions 

Results from this study have demonstrated that biochar has the potential to improve soil P 

availability through its retention of fertiliser P. However, the extent of biochar effects on 

increasing P retention in soils varies greatly with biochar type. Among the nine biochars 

tested, only the Mallee derived biochar (MB) pyrolysed at 720 °C could be used to guarantee 

an increase in retention of P from fertiliser due to its extraordinary P adsorption ability. There 

are two stages in P adsorption on MB, one of rapid chemisorption on surface CaCO3 followed 

by a surface-diffusion-controlled stage when the surface adsorption sites are saturated.  
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Chapter 7 Influences of amendments of biochar and phosphorus 

fertiliser on phosphorus availability and Lolium rigidum growth 

in a tropical agricultural soil: A pot trial study 

 

7.1 Introduction 

Biochar impacts on soil P availability and plant growth varies with biochar characteristics, 

which are determined by its feedstock type and pyrolysis conditions, as well as the soil type 

(Van Zwieten et al., 2010a). However, the relationships between biochar type and its effect 

on P availability in soils are largely unknown.  

 

Phosphate fertiliser and biochar are always applied in combination in field studies to avoid 

the potential risk of P deficiency caused by the application of biochar alone (Slavich et al., 

2013; Yamato et al., 2006). It was reported that biochar and P fertiliser amendments 

significantly and interactively affected P fractionation in soils (Farrell et al., 2014). However, 

there are few studies on the mechanisms underlying this interaction. 

 

The objectives of the study in this Chapter were to investigate (a) the effects of amendments 

of P fertiliser and biochars derived from two plant materials (i.e. pine wood chip and peanut 

shell), and produced at three peak pyrolysis temperatures (i.e. 400, 600 and 800 °C), on soil P 

availability and fractionation, and Lolium rigidum growth after a three month growth period; 

and (b) the relationships between the effects of biochars on soil P transformation and plant 

growth and its feedstock type and manufacture temperature.  
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7.2 Materials and methods 

7.2.1 Materials  

The tropical agricultural soil used in this study is a Grey Vertosol (Isbell, 1996), sourced 

from a sugarcane farm, Mutarnee, north Queensland, Australia (18.8521°S 146.1973°E, 6 m 

asl). The texture of the surface soil (0–10 cm) is clay loam. The soil sample was air-dried for 

one month and passed through a 2 mm sieve. A subsample of the soil was taken for physical 

and chemical analyses. The soil has 2.22% C, 0.17% N, pHwater 4.31, EC 198 µS cm
–1

, total P 

307 mg kg
–1

, organic P 159 mg kg
–1

 and Colwell P 23 mg kg
–1

. The plant species used in this 

study was Lolium rigidum.  

 

The six biochars used in this study were manufactured from two feedstocks, pine (Pinus 

radiata) wood chips and peanut shell, at three pyrolysis temperatures (i.e. 400, 600 and 

800 °C), with a heating rate of 10 °C min
–1

, in an oxygen-free environment. Details of the 

manufacture of these six biochars were given in Chapter 3 and their detailed properties were 

described in Chapters 4 and 5. Briefly, pine derived biochars and peanut shell derived 

biochars have contrasting properties, especially in the P content, some of which are shown in 

Table 7.1.  
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Table 7.1 Properties of six biochars used in this study 

ID Feedstock 

Pyrolysis 

temperature 

(°C) 

pH 
EC 

(µS cm
–1

) 

Total C 

(%) 

Total N 

(%) 

Total P 

(mg g
–1

) 

Available P
a
 

(mg g
–1

) 

Organic P 

(mg g
–1

) 

Volatile 

matter 

(%) 

Ash 

(%) 

Ca 

(mg g
–1

) 

Mg 

(mg g
–1

) 

P400 Pine 400 5.84 63 74 0.43 0.49 0.06 0.30 60 2.5 6.1 1.3 

P600 Pine 600 8.18 94 81 0.38 0.68 0.06 0.55 47 3.0 8.2 1.7 

P800 Pine 800 8.37 109 80 0.29 0.69 0.05 0.58 36 2.8 7.5 1.7 

PS400 Peanut shell 400 8.44 442 72 2.0 1.8 0.45 0.60 63 8.0 5.3 3.2 

PS600 Peanut shell 600 9.26 551 75 1.7 2.1 0.26 1.8 52 9.8 5.8 3.5 

PS800 Peanut shell 800 9.47 535 78 1.2 2.1 0.12 1.4 47 9.6 6.4 3.9 
a  

Sum of water- and NaHCO3-extractable orthophosphorus obtained from the sequential extraction. 

EC: electrical conductivity. 

 

Table 7.2 Water holding capacity (WHC) of the soils amended with and without biochars determined by duplicates 

 CK P400 P600 P800 PS400 PS600 PS800 

WHC (%) 43.5 ± 1.0
*
a 56.3 ± 0.4b 56.3 ± 4.6b 53.1 ± 2.4b 55.1 ± 1.3b 52.9 ± 0.2b 51.6 ± 1.2b 

*
 Mean  ± Standard error. The different letters following the figures indicate significant differences (p < 0.05). 

CK: the control soil unamended with biochar; P400, P600 and P800: the soils amended with pine derived biochars manufactured at 400 °C, 

600 °C and 800 °C, respectively; PS400, PS600 and PS800: the soils amended with peanut shell derived biochars manufactured at 400 °C, 

600 °C and 800 °C, respectively. 



Chapter 7 

105 

7.2.2 Experimental design and sampling 

A randomized pot trial was conducted for this study. Six biochars were incorporated into the 

soil at an application dose of 1% (on a dry weight basis) by shaking overnight in an end-to-

end shaker. Phosphorus fertiliser (KH2PO4) solution was added into each biochar-amended 

and unamended soil at a dose of 0 or 13 mg P kg
–1

 soil, equivalent to 0 and 30 kg P ha
–1

, 

respectively. To meet Lolium rigidum demand for N, urea was applied to each soil at 62 mg 

N kg
–1

 soil, equivalent to 140 kg N ha
–1

, and then DI water was added to adjust the water 

content of each soil to 60% WHC (weight basis). The WHC of each biochar-amended and 

unamended soil was determined before the trial (Table 7.2). After being thoroughly mixed 

well, the soils were packed into plastic pots (6.5 cm diameter × 8 cm deep) at a bulk density 

of 1.5 g cm
–3

. During the whole experimental period, the water content of the soils was 

maintained at 60% WHC by adding DI water daily. In total, fourteen treatments were 

prepared: (i) CK, the unamended soil; (ii) P400, (iii) P600 and  (iv) P800, the soils amended 

with pine derived biochars pyrolysed at 400, 600 and 800 °C;  (v) PS400, (vi) PS600 and (vii) 

PS800, the soils amended with peanut shell derived biochars pyrolysed at 400, 600 and 

800 °C; (viii) CK+P, the soil treated with P fertiliser; (ix) P400+P, (x) P600+P and (xi) 

P800+P, the soils amended with both P fertiliser and pine derived biochars pyrolysed at 400, 

600 and 800 °C; and (xii) PS400+P, (xiii) PS600+P and (xiv) PS800+P, the soils amended 

with both P fertiliser and peanut shell derived biochars pyrolysed at 400, 600 and 800 °C.  

 

All treatments were replicated three times. 25 seeds of Lolium rigidum were directly planted 

in each pot and thinned to 20 seedlings after emergence. This pot trial was conducted in a 

temperature-controlled room at 21–23 °C. Lolium rigidum were grown at a light intensity of 

ca. 115 W m
–2

 provided by Sylvania Grolux T8 36 W fluorescent tubes. Lolium rigidum 

plants were harvested after a 12 week growth period. The shoots of Lolium rigidum were cut 
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at the soil surface and the roots carefully separated from the soils by hand. The roots were 

then thoroughly rinsed with DI water to remove attached soil particles. All plant materials 

were then dried (65 °C for 1 week) and then weighed to determine the biomass. The dried 

shoots were finely ground with a ring grinding mill before analysis for total P. Soil samples 

were thoroughly mixed and sieved to 2 mm and then separated into two portions: air-dried 

soils and fresh soils. The air-dried samples were stored in sealed plastic bags at room 

temperature after drying. The fresh samples were immediately stored in sealed plastic bags at 

4 °C, prior to analysis. 

 

7.2.3 Soil and plant analyses 

Soil pH, EC, P fractions and the contents of total P, available P, organic P and MBP were 

determined for all samples. Overall, there were 7 P fractions (4 inorganic P fractions, 2 

organic P fractions and 1 residual P fraction) extracted from each soil sample. AcPME 

activity and microbial activity were also assessed. Total P content of Lolium rigidum shoot 

samples was also determined. The detailed determination methods were described in Chapter 

3.  

 

7.2.4 Statistical analyses 

Two-way analysis of variance (ANOVA) was used to examine effects of biochar and P 

fertiliser on soil properties including MBP, microbial activity indicated by FDA hydrolysis, 

AcPME activity and soil P fractionation, plant growth (i.e. shoot and root biomass and their 

ratio) and P in Lolium rigidum shoots (i.e. P content in shoots and the amount of P taken up 

by shoots). The differences between treatments were determined with the least significant 

difference (LSD) test. Differences at the p < 0.05 level are reported as significant. Pearson’s 
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correlation analyses were carried out between biochar characteristics and the change in soil 

pH and between the changes in measured parameters. All statistical tests were carried out 

using IBM SPSS statistics 22. The error bars in figures represent standard errors of triplicates.  

 

7.3 Results and discussion 

7.3.1 Soil properties 

Two-way ANOVA showed that there were statistically significant interactions between the 

effects of biochar and P fertiliser on soil water content, pH, EC and Colwell P (Table 7.3). 

Biochar applications either with or without P fertiliser significantly increased soil water 

content by 25–29% (Fig. 7.1A), due to the increased soil WHC induced by biochar additions 

(Table 7.2). Within each P fertiliser amendment, the soil water content was comparable 

among all biochar treatments (p > 0.05), except for the P600 and PS800+P treatments. Soil 

water content in the P600 or PS800+P treatment (29% and 28%, respectively) was ca. 3% 

higher than the other biochar treatments within the same P fertiliser amendment. These higher 

water contents presumably resulted from the daily water addition during the whole trial for 

soil water content maintenance by plant growth. There were no significant differences in soil 

WHC among biochar amended soils, but the biomass resulting from these two treatments was 

lower than that of the other treatments (Fig. 7.5A). 

 

Within each P fertiliser amendment, soil pH increased significantly following biochar 

amendments (Fig. 7.1B). Among the biochar treatments without P fertiliser, the soil pH was 

the highest in the PS600 treatment (4.4 units), and lowest in the P400 treatment (4.1 units); 

but with P fertiliser, the highest soil pH was observed in the P800+P and PS800+P treatments 

(4.4 units) and the lowest in the P400+P treatment (4.2 units). Numerous studies have 
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demonstrated that soil pH increased following applications of alkaline biochars in acidic soils 

(Jin et al., 2016; Macdonald et al., 2014), due to the alkali metals contained in biochar ash 

(Lehmann and Joseph, 2009). The result of Pearson’s correlation analysis showed that the 

extent of the increase in soil pH induced by individual biochar amendments was correlated 

significantly and positively with biochar pH, EC and ash content (r = 0.70, 0.80 and 0.80, 

respectively). 
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Table 7.3 Two-way analysis of variance for effects of biochar (B) and phosphorus (P) fertiliser on measured parameters  

Parameter Biochar (n = 6) P fertiliser (n = 21) B×P 

Nil P400 P600 P800 PS400 PS600 PS800 p value Nil KH2PO4 p value p value 

Soil  Water content (%) 22.2
c
 26.1 27.6 26.0 25.9 25.5 26.3 0.000 25.8 25.5 0.258 0.002 

pH 4.0 4.2 4.2 4.3 4.3 4.4 4.3 0.000 4.2 4.3 0.000 0.013 

EC (µS cm
–1

) 144 105 95 91 117 106 107 0.000 114 105 0.001 0.002 

Colwell P (mg kg
–1

) 24.3 24.2 27.7 28.1 37.3 30.3 28.9 0.001 23.1 34.2 0.000 0.037 

Organic P (mg kg
–1

) 176 172 178 165 168 177 189 0.344 173 177 0.457 0.851 

Total P (mg kg
–1

) 257 259 249 244 252 256 264 0.517 252 257 0.434 0.146 

MBP (mg kg
–1

) 4.0cd 4.1d 3.7cd 3.8cd 2.9bc 2.0ab 1.0a 0.000 3.2 3.0 0.502 0.307 

Microbial activity
a
  

(µg FDA g
–1

 h
–1

) 

21.3 39.5 33.1 24.9 32.9 29.9 28.9 0.260 23.6a 36.6b 0.002 0.675 

AcPME activity  

(µg g
–1

 h
–1

) 

861ab 792a 889abc 867ab 812a 947bc 996c 0.009 817a 944b 0.000 0.073 

P fractions
b
 NH4Cl–Pi (mg kg

–1
) 0.37c 0.27a 0.33abc 0.26a 0.35bc 0.30ab 0.26a 0.007 0.30 0.32 0.224 0.075 

NaHCO3–Pi (mg kg
–1

) 17.8bc 15.4a 15.1a 15.8ab 19.5c 16.0ab 13.9a 0.000 14.3a 18.2b 0.000 0.078 

NaHCO3–Po (mg kg
–1

) 16.0 18.3 14.7 15.2 11.7 14.9 14.7 0.072 16.8b 13.4a 0.002 0.740 

NaOH–Pi (mg kg
–1

) 60.4 59.5 56.6 57.3 62.8 61.8 61.2 0.005 56.3 63.6 0.000 0.023 

NaOH–Po (mg kg
–1

) 108 106 100 97 96 99 106 0.565 105 99 0.137 0.042 

HCl–Pi (mg kg
–1

) 12.9 13.7 14.0 14.2 16.1 14.7 14.9 0.000 14.3 14.4 0.615 0.010 

Residual P (mg kg
–1

) 42.0a 46.2ab 47.3abc 45.0ab 45.9ab 49.4bc 53.0c 0.019 45.8 48.1 0.139 0.192 

Plant Shoot biomass (g pot
–1

) 0.13 0.26 0.22 0.23 0.23 0.23 0.21 0.000 0.20 0.23 0.004 0.001 

Root biomass (g pot
–1

) 17.0 14.8 14.2 13.0 16.5 13.3 13.5 0.123 13.9 15.4 0.093 0.060 

Ratio of shoot to root 

biomass 

7.5a 17.7b 16.1b 18.2b 14.5b 17.3b 15.8b 0.000 15.1 15.5 0.704 0.626 

P content in shoots  

(mg g
–1

) 

2.1a 2.8bc 2.8bc 2.7b 2.9c 2.8bc 2.9c 0.000 2.7a 2.8b 0.050 0.786 

P uptake (mg pot
–1

) 0.28 0.71 0.61 0.61 0.67 0.64 0.59 0.000 0.54 0.63 0.001 0.005 
a 

Indicated by fluorescein diacetate (FDA) hydrolysis; 
b 

From sequential extraction; 
c
Mean across P fertiliser or biochar treatments. Within 

biochar or P fertiliser amendments, different letters following the figures within the same row indicate significant different (p < 0.05). 

P400, P600 and P800: pine derived biochars manufactured at 400 °C, 600 °C and 800 °C, respectively; PS400, PS600 and PS800: peanut shell 

derived biochars manufactured at 400 °C, 600 °C and 800 °C, respectively; EC: electrical conductivity; MBP: microbial biomass P; AcPME: 

acid phosphatase; NH4Cl–Pi: NH4Cl extractable inorganic P; NaHCO3–Pi: NaHCO3 extractable inorganic P; NaHCO3–Po: NaHCO3 extractable 

organic P; NaOH–Pi: NaOH extractable inorganic P; NaOH–Po: NaOH extractable organic P; HCl–Pi: HCl extractable inorganic P. 
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Fig. 7.1 Effects of biochar and phosphorus (P) fertiliser on soil (A) water content, (B) pH and 

(C) electrical conductivity (EC) after 12 weeks growth of Lolium rigidum. Within each P 

fertiliser amendment, columns with the same letter are not significantly different (p > 0.05). 

CK: control soil without biochar amendment; P400, P600 and P800: the soils amended with 

pine derived biochars manufactured at 400 °C, 600 °C and 800 °C, respectively; PS400, 

PS600 and PS800: the soils amended with peanut shell derived biochars manufactured at 

400 °C, 600 °C and 800 °C, respectively; CK+P: control soil amended with P fertiliser alone.  
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Biochar applications either with or without P fertiliser significantly decreased soil EC (Fig. 

7.1C). Among biochar treatments without P fertiliser, soil EC was reduced by 21–37% in the 

soils with individual biochar amendments, compared to the unamended soil, while it was 

decreased by 16–42% in the soils with both biochar and P fertiliser amendments, compared to 

the soil with single P fertiliser amendment. The EC is an indicator of the amount of soluble 

ions in soils. The lower EC in biochar treatments is probably due to enhanced nutrient 

depletion through plant uptake or adsorption by the biochars. Ding et al. (2010) also reported 

that a lower EC was found in the leachate at 0–10 cm depth of the soil columns treated with 

both NH4Cl and a biochar derived from bamboo at 600 °C, in comparison to the soil columns 

treated with NH4Cl alone, because the biochar took up various ions not only by simple ion 

exchange but also by physical adsorption and other processes.  

 

The effect of biochars on the content of Colwell P depended strongly on the type of biochars 

and whether P fertiliser was added (Fig. 7.2A). Pine derived biochars failed to change the 

Colwell P content of the soils regardless of whether P fertiliser was added. Without P 

fertiliser, only PS400 significantly increased the Colwell P content of soils among peanut 

shell derived biochars, compared to the unamended soil, presumably because of the high 

available P content (0.45 mg g
–1

) inherent in that biochar. PS400 (2.1 g) introduced 0.95 mg 

Colwell P into the soil (210 g). This was equivalent to 20% of the inherent Colwell P amount 

in the unamended soil. The amount of available P introduced into the soil with PS600 was 

equivalent to only 11% of the inherent Colwell P amount in the unamended soil. The failure 

of PS600 to significantly increase the content of Colwell P in soils suggests that the ratio of 

the amount of available P introduced with biochar applications to the inherent P in clay loam 

soils is crucial for biochar as a direct P input. A ratio of the amount of Colwell P contained in 
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a biochar to that inherent in a soil of not less than 1:5 should result in a significant increase in 

soil P availability after biochar amendments.   

 

All three peanut shell derived biochars significantly increased the content of Colwell P in 

soils when applied with P fertiliser (Fig. 7.2A), presumably by increasing the adsorption of 

inorganic P fertiliser applied with the biochar. Nelson et al. (2011) reported an increase in 

soil P availability in the biochar- and P-amended Morrill soil and suggested that biochar 

might inhibit P adsorption or precipitation reactions after fertiliser additions by adsorbing 

cations on low-molecular-weight organic acids. The organic acids were found to be more 

effective at limiting adsorption of freshly added P than inducing desorption of soil P 

(Staunton and Leprince, 1996).  

 

 

 

 

 



Chapter 7 

113 

C
K

P
4
0
0

P
6
0
0

P
8
0
0

P
S

4
0
0

P
S

6
0
0

P
S

8
0
0

C
K

+
P

P
4
0
0
+

P

P
6
0
0
+

P

P
8
0
0
+

P

P
S

4
0
0
+

P

P
S

6
0
0
+

P

P
S

8
0
0
+

P

0

5

10

15

20

25

30

35

40

45

50

a a
a

ab
bc

a

c

abc
ab

bc

ab

C
o

lw
el

l 
P

 (
m

g
 k

g

1
)

Treatment

bc

c

ab

(A)  Without P fertilizer With P fertilizer

 

C
K

P
4
0
0

P
6
0
0

P
8
0
0

P
S

4
0
0

P
S

6
0
0

P
S

8
0
0

C
K

+
P

P
4
0
0
+

P

P
6
0
0
+

P

P
8
0
0
+

P

P
S

4
0
0
+

P

P
S

6
0
0
+

P

P
S

8
0
0
+

P

0.00

0.05

0.10

0.15

0.20

O
rg

an
ic

 P
 (

m
g
 k

g

1
)

Treatment

(B)  Without P fertilizer With P fertilizer

 

C
K

P
4
0
0

P
6
0
0

P
8
0
0

P
S

4
0
0

P
S

6
0
0

P
S

8
0
0

C
K

+
P

P
4
0
0
+

P

P
6
0
0
+

P

P
8
0
0
+

P

P
S

4
0
0
+

P

P
S

6
0
0
+

P

P
S

8
0
0
+

P

0

50

100

150

200

250

T
o

ta
l 

P
 (

m
g

 k
g

1
)

Treatment

(C)  Without P fertilizer With P fertilizer

 
Fig. 7.2 Effects of biochar and phosphorus (P) fertiliser on soil (A) Colwell P, (B) organic P 

and (C) total P after 12 weeks growth of Lolium rigidum. Within each P fertiliser amendment, 

columns with the same letter are not significantly different (p > 0.05). CK: control soil 

without biochar amendment; P400, P600 and P800: the soils amended with pine derived 

biochars manufactured at 400 °C, 600 °C and 800 °C, respectively; PS400, PS600 and PS800: 

the soils amended with peanut shell derived biochars manufactured at 400 °C, 600 °C and 

800 °C, respectively; CK+P: control soil amended with P fertiliser alone. 
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Biochar amendments did not significantly affect the content of organic P and total P in soils 

(Fig. 7.2B and Fig. 7.2C, respectively). Furthermore, there were no statistically significant 

interactions between the effects of biochar and P fertiliser on soil organic P and total P (Table 

7.3). The content of organic P was between 160 and 191 mg kg
–1

 in the treatments without P 

fertiliser and between 164 and 187 mg kg
–1

 in the treatments with P fertiliser, regardless of 

biochar applications. No significant effects of biochar on soil total organic P were found in 

this study. However, it is likely that the high inherent organic P content in the studied soil 

(159 mg kg
–1

) conceals the small-scaled change in soil organic P induced by biochar 

amendments. The content of the total P ranged from 238 to 271 mg kg
–1

 in the soils without P 

fertiliser amendment, while it ranged from 244 to 268 mg kg
–1

 in the soils in the presence of 

P fertiliser, regardless of biochar amendments. Where there was no impact on the total P 

content, this probably resulted from the relatively lower total P input with biochar 

applications (<5 mg), compared to the inherent total P amount in the unamended soils (65 

mg). 

 

7.3.2 Soil P fractionation 

Two-way ANOVA showed that there were statistically significant interactions between the 

effects of biochar and P fertiliser on soil NaOH extractable inorganic and organic P (NaOH–

Pi and NaOH–Po, respectively) and HCl extractable inorganic P (HCl–Pi) (Table 7.3). 

Biochars, especially P400, P800, PS600 and PS800, stimulated the depletion of NH4Cl 

extractable inorganic P (NH4Cl–Pi) in the soils, which accounted for <0.2% of total P (as the 

sum of total P in all fractions; Table 7.3). Soil NaHCO3 extractable inorganic P (NaHCO3–Pi), 

accounting for ca. 6% of total P, was also depleted faster in the soils amended with biochars, 

especially with P400, P600 and PS800, while the addition of P fertiliser decreased the 

depletion of NaHCO3–Pi in the soils (Table 7.3). Pearson’s correlation analysis showed that 
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the decrease in NaHCO3–Pi content linearly correlated to the decrease in the content of 

NH4Cl–Pi (r = 0.489, p < 0.01) and to the increase in the amount of P taken up by Lolium 

rigidum shoots and root biomass (r = 0.518 and 0.503, respectively, p < 0.01). The changes in 

the inorganic P content of the NH4Cl- and NaHCO3-extractable pools indicate that biochar 

can stimulate inorganic P desorption from soils when the available P is insufficient in soil 

solution for plant uptake. Biochar amendments generally had no effect on NaOH–Pi (Fig. 7.3) 

due to the acidity of the soil. The HCl–Pi pool was greater in the soils amended with PS400 

alone, but it was enlarged by all biochar amendments with P fertiliser, except for P400, 

compared to the control (Fig. 7.3), which might have resulted from the Ca and Mg contents 

of the biochars. 

 

The content of the NaHCO3 extractable organic P (NaHCO3–Po) in the studied soils was not 

significantly influenced by any biochar amendment, while the P fertiliser addition enhanced 

NaHCO3–Po mineralization in the soils (Table 7.3). The NaOH–Po pool was smaller in the 

soils with individual P600, PS400 and PS600 amendments compared to the control, but these 

differences diminished when these three biochars were applied with P fertiliser (Fig. 7.3). 

This indicates that biochar probably favours releasing organic P from the NaOH-extractable 

pool but not from the NaHCO3 pool when there is insufficient available P in soil solution. 

Waldrip et al. (2011) reported that poultry manure derived biochars increased soil labile 

inorganic P content, primarily due to the stimulation of soil phosphatases to mineralize the 

NaOH extractable organic P. Biochars, especially PS600 and PS800, enhanced residual P 

accumulation in soils (Table 7.3). This might have resulted from the accumulation of P in the 

HCl-extractable pool. The increases in the contents of soil HCl–Pi and residual P positively 

correlated to each other with Pearson’s coefficient of 0.378 (p < 0.05).  
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Fig. 7.3 Effects of biochar and phosphorus (P) fertiliser on soil P fractions after 12 weeks 

growth of Lolium rigidum. Within each P fraction in each P fertiliser amendment, columns 

with the same letter are not significantly different (p > 0.05). CK: control soil without biochar 

amendment; P400, P600 and P800: the soils amended with pine derived biochars 

manufactured at 400 °C, 600 °C and 800 °C, respectively; PS400, PS600 and PS800: the soils 

amended with peanut shell derived biochars manufactured at 400 °C, 600 °C and 800 °C, 

respectively; CK+P: control soil amended with P fertiliser alone; NH4Cl–Pi: NH4Cl 

extractable inorganic P; NaHCO3–Pi: NaHCO3 extractable inorganic P; NaHCO3–Po: 

NaHCO3 extractable organic P; NaOH–Pi: NaOH extractable inorganic P; NaOH–Po: NaOH 

extractable organic P; HCl–Pi: HCl extractable inorganic P. 

 

7.3.3 Microbial biomass phosphorus (MBP), microbial activity and acid phosphatase 

(AcPME) activity 

Two-way ANOVA showed that there were no statistically significant interactions between 

the effects of biochar and P fertiliser on MBP, microbial activity and AcPME activity in the 

studied soils (Table 7.3). PS600 and PS800 applications decreased the content of MBP (Table 

7.3), indicating that biochar probably could accelerate the P release from microorganisms in 

soils. P fertiliser had no significant effect on soil MBP content (Table 7.3 and Fig. 7.4A). 
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Microbial activity as indicated by FDA hydrolysis was not significantly affected by the 

biochar amendments, but increased with P fertiliser additions due to available P 

supplementation by P fertiliser (Table 7.3 and Fig. 7.4B). Among all biochars used in this 

study, only the application of PS800 significantly influenced AcPME activity in the studied 

soils, with an increase of 16% compared to the control soil without biochar amendment 

(Table 7.3 and Fig. 7.4C). This presumably leads to the stimulated mineralization of organic 

P from the NaOH-extractable pool. AcPME activity was significantly higher in the soils 

amended with P fertiliser, compared to the P fertiliser-unamended soils (Table 7.3), which 

was consistent with the smaller NaHCO3–Po pool in the soils amended with P fertiliser. The 

increase in AcPME activity in PS800 or P fertiliser amended soils was primarily driven by 

plant P uptake rate (Currie et al., 1986).  
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Fig. 7.4 Effect of biochar and phosphorus (P) fertiliser on (A) microbial biomass P, (B) 

microbial activity indicated by fluorescein diacetate hydrolysis and (C) acid 

phosphatase activity indicated by the release of p-Nitropenol after 12 weeks growth of 

Lolium rigidum. CK: control soil without biochar amendment; P400, P600 and P800: 

the soils amended with pine derived biochars manufactured at 400 °C, 600 °C and 

800 °C, respectively; PS400, PS600 and PS800: the soils amended with peanut shell 

derived biochars manufactured at 400 °C, 600 °C and 800 °C, respectively; CK+P: 

control soil amended with P fertiliser alone. 
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7.3.4 Plant growth and P uptake 

Two-way ANOVA showed that there were statistically significant interactions between 

effects of biochar and P fertiliser on the shoot biomass of Lolium rigidum and its P 

uptake. However, this interactive effect was not significant for root biomass, ratio of 

shoot to root biomass or the P content of shoots (Table 7.3). Shoot biomass was 

significantly increased with biochar amendments with or without P fertiliser, except for 

PS800, which had no significant influence on shoot biomass from the soil also amended 

with P fertiliser (Fig. 7.5A). Without P fertiliser, the highest increase in shoot biomass 

was observed in the soil amended with P400 (by 211%), while the lowest was by 78% 

in the P600-amended soil. With P fertiliser, P600 yielded the highest shoot biomass of 

0.28 g pot
–1

 which was also significantly higher than that in the P600 treatment without 

P fertiliser (0.16 g pot
–1

). These significant increases in shoot biomass are consistent 

with previous studies that reported an increase in pasture growth from acidic soils 

amended with biochar (Karami et al., 2011; Slavich et al., 2013; Wang et al., 2012). 

Several mechanisms have been proposed for the increased plant growth after biochar 

amendments. The liming effect of biochar has been identified as the major mechanism 

(Van Zwieten et al., 2010a). The pH of the biochar-amended soils increased by an 

average of 0.28 units across biochar and P fertiliser amendments in this study. Biochar 

can also promote plant growth via improving soil-plant water relations and 

photosynthesis (Haider et al., 2015), biochar-induced changes in soil nutrient conditions 

(Biederman and Harpole, 2013) and shifting microbial populations towards beneficial 

plant growth (Graber et al., 2010). The hormesis effect of organic matter contained in 

biochar also contributed to the stimulation of plant growth (Jaiswal et al., 2014). 

Noguera et al. (2012) reported that biochar enhanced rice growth through increasing N 

metabolism in rice leaves. 
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Fig. 7.5 Effects of biochar and phosphorus (P) fertiliser on (A) shoot and (B) root 

biomass of Lolium rigidum and (C) their ratio after 12 weeks growth. Within each P 

fertiliser amendment, columns with the same letter are not significantly different (p > 

0.05). CK: control soil without biochar amendment; P400, P600 and P800: the soils 

amended with pine derived biochars manufactured at 400 °C, 600 °C and 800 °C, 

respectively; PS400, PS600 and PS800: the soils amended with peanut shell derived 

biochars manufactured at 400 °C, 600 °C and 800 °C, respectively; CK+P: control soil 

amended with P fertiliser alone. 
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However, no stimulation was observed on root biomass as neither biochars nor P 

fertiliser had significant influences on root biomass (Fig. 7.5B). The root biomass 

ranged from 10 to 17 mg pot
–1

 from the treatments without P fertiliser and from 13 to 18 

mg pot
–1

 from the treatments with P fertiliser, regardless of biochar amendments. The 

result for root biomass obtained in this study was not consistent with other studies 

where biochar additions stimulated plant root growth (Bruun et al., 2014; Prendergast-

Miller et al., 2014; Yamato et al., 2006). The reported stimulation of plant root growth 

was due to (a) the changes in soil properties (e.g. bulk density and moisture content), 

which were induced by biochar, resulting in low mechanical resistance to root growth 

(Bengough and Mullins, 1990) and (b) a systemic plant response to biochar additions 

(Ventura et al., 2014), especially to organic compounds contained in biochar (Graber et 

al., 2010). The biochars used in this study contained high amounts of volatile matter 

(>30%) and significantly increased soil water content, but they did not stimulate Lolium 

rigidum root growth as expected. The soils used in this study were all homogeneously 

packed at a constant bulk density (1.5 g cm
–3

). This led to a consistent soil resistance to 

root growth among all treatments, thereby resulting in an absence of significant 

influences of biochars on plant root growth. Biochar amendments significantly 

increased the ratio of shoot to root biomass of Lolium rigidum, but the increase was 

independent of the type of biochar applied (Table 7.3 and Fig. 7.5C). In contrast, the 

application of P fertiliser did not significantly influence this ratio (Table 7.3).  

 

Both biochars and P fertiliser had a significant positive influence on the P content of 

shoots (Table 7.3). The shoots obtained from the soils amended with PS400 and PS800 

had the highest P content across both P fertiliser amendments, 38% higher than those 

from the unamended soil (Table 7.3 and Fig. 7.6A). The P content of the shoots from 

the P fertiliser amendment was 4% higher than those from the soils unamended with P 
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fertiliser (Table 7.3), regardless of biochar amendments. Chan et al. (2008) reported that 

two poultry litter derived biochars, applied at 10, 25 and 50 t ha
–1

, respectively, 

significantly increased the P content of radish plants cultivated in a glasshouse. The 

content of P in plant tissues increased with the external phosphate concentration of the 

soil (Asher and Loneragan, 1967). This relationship between the P content of plants and 

the available P content of soils explains the increased P content of the shoot tissues 

obtained from the P800+P, PS400+P, PS600+P and PS800+P treatments, as the content 

of soil Colwell P was significantly higher in these treatments than in their corresponding 

control soils (Fig. 7.2A). The increase in soil pH also contributed to the higher P content 

of the shoots obtained from all biochar treatments. An optimum pH for phosphate 

uptake by plants is 4.5–5.0 (Raghothama, 1999). Biochars increased soil pH 0.1–0.5 

units to around 4.3 units (Fig. 7.1B) and consequently provided a more suitable 

environment for plants to take up phosphate from soil solution. The effect of biochar 

applications on mycorrhizal fungi might also share a proportion of the contribution to 

the higher P content of the shoots. It was reported that applications of the biochars with 

sparingly soluble P increased arbuscular mycorrhizas colonization (Vanek and Lehmann, 

2015), consequently making available P located in biochar particles also accessible for 

plant. Hammer et al. (2014) concluded that arbuscular mycorrhizal fungal hyphae 

accessed microsites within biochar and could hence enhance plant P uptake from 

biochar. 
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Fig. 7.6 Effects of biochar and phosphorus (P) fertiliser on (A) P content in and (B) P 

uptake by Lolium rigidum after 12 weeks growth. Within each P fertiliser amendment, 

columns with the same letter are not significantly different (p > 0.05). CK: control soil 

without biochar amendment; P400, P600 and P800: the soil amended with pine derived 

biochar manufactured at 400 °C, 600 °C and 800 °C, respectively; PS400, PS600 and 

PS800: the soil amended with peanut shell derived biochar manufactured at 400 °C, 

600 °C and 800 °C, respectively; CK+P: control soil amended with P fertiliser alone. 
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Biochars significantly enhanced P uptake by Lolium rigidum from the soils amended 

with or without P fertiliser (Fig. 7.6B), which was consistent with their shoot biomass. 

Without P fertiliser, the highest P accumulation was observed in the shoots obtained 

from the soil amended with P400, 270% higher than those from the unamended soil, 

while the lowest was found in the shoots obtained from the P600-amended soil, 125% 

higher than those from the unamended soil. With P fertiliser, the application of P600 to 

the soil significantly enhanced P uptake by shoots of 0.77 mg pot
–1

 which was also 

significantly higher than that observed in the P600-amended soil without P fertiliser 

(0.45 mg pot
–1

). These changes were consistent with the changes in shoot biomass 

found in the biochar treatments. The correlation between the changes in shoot biomass 

and the content of P in shoots was significant with Pearson’s correlation coefficient of 

0.94 (p < 0.01).  

 

7.4 Conclusions 

Results from this short-term pot trial showed that there were interactive effects of 

biochar and P fertiliser on soil pH, EC, Colwell P, NaOH-and HCl-extractable P and 

plant growth. The available P content of biochar would make a great contribution to a 

biochar-induced increase in P availability in soils. Peanut shell derived biochars 

increased soil P availability by increasing the adsorption of added phosphate by soils 

rather than mobilizing the soil’s inherent stable phosphate (in the short term). Biochar 

could stimulate the mineralization of P associated with Fe/Al components in soils more 

so than labile organic P. Biochar can stimulate Lolium rigidum growth and P uptake.  
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Chapter 8 Influences of amendments of biochar and composts 

on soil phosphorus sorption capacity and transformation in 

tropical agricultural soils: A long-term field trial study 

 

8.1 Introduction 

There are a number of studies showing positive effects of biochar on soil P availability 

(e.g. Jiang et al., 2015; Novak et al., 2009a; Parvage et al., 2013). Biochar contains P 

available for plant uptake (Wang et al., 2012), but it was suggested that biochars, 

especially those derived from plants, are probably more important as a soil conditioner 

and driver of nutrient transformation rather than as a primary source of nutrients 

(Lehmann and Joseph, 2009). In recent years, some studies were conducted on 

composted biochars and found that composting is a good way to overcome inherent 

nutrient deficiency of the biochars (Kammann et al., 2015; Schulz et al., 2013). It was 

also suggested that the effect of biochar on soil P also changes over time (Marchetti and 

Castelli, 2013; Slavich et al., 2013; Van Zwieten et al., 2013). The majority of current 

studies were short-term (<3 months) incubation or glasshouse experiments (e.g. Inal et 

al., 2015; Van Zwieten et al., 2010b; Zhai et al., 2015), while the field experiments on 

biochar effects are rare and the longer-term (>1 year) impact of biochar on soil P 

availability and transformation is largely unknown.  

 

Compost is a humus-like, stable substrate and is widely used in agriculture as an organic 

fertiliser and soil conditioner (Fischer and Glaser, 2011). Applications of compost also 

can increase soil P availability (Mkhabela and Warman, 2005), probably attributable to 

the significant amount of inherent available P (Fischer and Glaser, 2011), enhanced 
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microbial activity (Dalton et al., 1952; Takeda et al., 2009) and phosphatase activities 

(Giusquiani et al., 1995). Additionally, Ye et al. (2016) reported that biochar-mineral 

complexes could act synergistically with compost to mediate microbial processes that 

result in changes in soil nutrient cycles. 

 

The objectives of the study in this Chapter were to investigate the impacts of different 

biochars and composts on soil P sorption capacity and availability and associated 

biological processes under field conditions in tropical areas. Two field trials (17 month 

old sugarcane and 12 month old maize fields) were selected for this study. 

 

8.2 Materials and methods 

8.2.1 Biochar and compost production and properties 

Two types of biochars were used in this study. Mulga wood derived biochar (Acacia 

Aneura, MWB) was provided by Renewable Carbon Resources Australia Pty. Ltd. 

(Charleville, Queensland). MWB was manufactured at a peak pyrolysis temperature of 

550 °C for 5–7 h. The biochar derived from mixed native hardwood in north 

Queensland (HWB) was manufactured at a peak pyrolysis temperature of 550 °C for 5–

7 h. HWB was provided by Select Carbon Pty. Ltd. (Cairns, Queensland). The biochars 

were ground to <10 mm prior to utilization in the field. The properties of these two 

biochars are shown in Table 8.1.  
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Table 8.1 Basic properties of the biochars and composts used in this study  

Properties MWB HWB Compost ComB compost 

pHwater 8.0 8.6 7.5 7.5 

EC (dS m
–1

) 0.59 0.46 2.3 2.0 

Cowell P (mg kg
–1

) 23 13 917 1104 

CEC (cmol (+) kg
–1

) 19 10 8.77 8.81 

P (%) 0.0092 0.0069 0.22 0.20 

Ca (%) 4.1 0.42 0.83 0.83 

Mg (%) 0.14 0.055 0.29 0.28 

Na (%) 0.044 0.089 0.12 0.12 

K (%) 0.13 0.11 0.63 0.66 

Escherichia coli (cfu g
–1

) – – <10 <10 

Faecal coliforms (cfu g
–1

) – – <10 <10 

Data were provided by Professor Michael Bird from James Cook University.  

MWB: mulga wood derived biochar; HWB: mixed hardwood derived biochar; EC: 

electrical conductivity; CEC: cation exchangeable capacity. 

 

Two paired compost windrows were produced at the King Brown Technologies 

compost production facility: one containing traditional compost only and the other one 

containing both compost and HWB (ComB). Four tons of HWB were mixed with 30 

tons of mixed greenwaste, sugarcane bagasse and chicken manure. This windrow was 

paired with an adjacent windrow containing 60 tons of mixed greenwaste, sugarcane 

bagasse and chicken manure, but without HWB. Both windrows were covered with 

plastic sheet and periodically turned and watered. The composting last for 98 days and 

the in situ temperature during the composting ranged between 30–60 °C. The matured 

composts were screened at 25 mm before being applied to the field. The properties of 

these two composts are also shown in Table 8.1. Compared to two biochars used in this 

study, these two composts have more total P and Cowell P. 

 

8.2.2 Field sites 

There were two field sites used in this study. These two field sites were initially 

established by the James Cook University (JCU) to investigate the application of 



Chapter 8 

128 

compost and biochar for increasing carbon sequestration and soil resilience and 

decreasing greenhouse gas fluxes in tropical agricultural soils. Site 1 is located in a 

sugarcane farm, Mourilyan, north Queensland, Australia (17.6255°S 146.0791°E, 6 m 

asl; Fig. 8.1). The soil is a Bleached-Orthic Tenosol (Isbell, 1996). The texture of the 

surface soil (0–10 cm) is loamy sand. The mean annual precipitation is 3,335 mm, and 

the minimum and maximum temperatures are 19.2 and 28.1 °C, respectively (South 

Johnstone Experimental Station: 17.6053°S, 145.9972°E; 18.3 m asl; 9 km west of the 

site). Site 2 is located in a maize field at Tolga, north Queensland, Australia (17.2191°S 

145.4713°E, 778 m asl; Fig. 8.1). The soil is a Red Ferrosol (Isbell, 1996). The texture 

of the top soil (0–10 cm) is clay. The mean annual precipitation is 1,032 mm, and the 

minimum and maximum temperatures are 17.1 and 27.3 °C, respectively (Walkamin 

Research Station: 17.1347°S, 145.4281°E; 594 m asl; 9 km north west of the site). The 

physicochemical properties of the two soils are listed in Table 8.2. 
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Fig. 8.1 Map of north Queensland showing the location of the two study sites. 

 

Table 8.2 Properties of two pre-planting soils (0–30 cm)  

Properties Tenosol soil Ferrosol soil 

pHwater 5.80  5.6  

EC (µS cm
–1

) 21.3  0.13  

Colwell P (mg P kg
–1

) 25.7  17.3  

Organic matter (%) 0.79  2.01  

Total C (%) 1.47  2.23  

Total N (%) 0.06  0.14  

Fe (mg kg
–1

) 41.2  9.3  

Mn (mg kg
–1

) 2.29  290  

CEC (cmol(+) kg
–1

) 0.58  5.4  

Exch. Ca (cmol(+) kg
–1

) 0.53  3.9  

Exch. Mg (cmol(+) kg
–1

) 0.04  0.87  

Data were provided by Professor Michael Bird from James Cook University. 

EC: electrical conductivity; CEC: cation exchange capacity; Exch.: exchangeable. 

Site 2 

Site 1 
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8.2.3 Trial design 

There were two treatments established in the Tenosol soil: (1) the soil without biochar 

amendments, as a control, and (2) the soil with the amendment of MWB applied at 10 t 

ha
–1

. Each treatment had three replicates and each replicate occupied 0.2 ha (280 m long 

by 4 rows with a row spacing of 1.8 m). The experimental field was strip ploughed and 

the biochar were applied in September, 2013 and mechanically mixed into the upper 10 

cm. Inorganic NPK fertiliser was applied to all treatments in the field as well.  

 

In the Ferrosol soil, two types of compost materials were used as soil amendments in 

addition to the biochar derived from mixed native hardwood in north Queensland 

(HWB). This trial comprised four treatments in triplicate, where each replicate occupied 

0.13 ha (240 m long by 6 rows with a row spacing of 0.91 m). The treatments were: (1) 

nil biochar or compost applied, as a control; (2) HWB applied at 10 t ha
–1

; (3) 

traditional compost applied at 25 t ha
–1

; (4) co-composted compost–HWB applied at 25 

t ha
–1 

(ComB). The experimental field was strip ploughed and all amendments were 

applied in February, 2014 and mechanically mixed into the upper 10 cm. Inorganic 

NPK fertiliser was applied to all treatments in the field as well.  

 

8.2.4 Soil sampling and analyses 

Soil samples were collected from all three replicates of each treatment in two trials in 

February 2015. At the time of sampling, the trials had been conducted for 17 and 12 

months in the Tenosol and Ferrosol soils, respectively. Soil samples (10–15 cores) were 

taken randomly with an auger (6 cm in diameter) at a depth of 0–10 cm from each plot 

and were bulked as a composite sample. All soil samples collected were transferred to 

the laboratory within sealed plastic bags at field moisture. For each sample, the soils 
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were thoroughly mixed and sieved to 2 mm to remove fine roots and stones. Samples 

were then separated into two portions: air-dried soils and fresh soils. The air-dried soil 

samples were stored in sealed plastic bags at room temperature. Fresh samples were 

stored in sealed plastic bags at 4 °C prior to analysis.  

 

Soil pH, PSI, P fractions, the contents of total P, available P, organic P and MBP were 

determined as well as microbial activity and AcPME activity in the samples. Overall, 

there were 7 P fractions (4 inorganic P fractions, 2 organic P fractions and 1 residual P 

fraction) extracted from each soil sample. The detailed determination methods were 

described in Chapter 3. 

 

8.2.5 Statistical analyses 

A complete randomized block design was used in both field trials. Differences between 

treatments were analysed using IBM SPSS statistics 22, through t test or one-way 

ANOVA, with a significance level of 0.05. Error bars in figures represent standard 

errors of triple determinations.  

 

8.3 Results and discussion 

8.3.1 Soil pH and P sorption capacity 

No significant change in soil pH was observed in either the Tenosol or Ferrosol soil 

amended with biochars or composts (Fig. 8.2). This result is consistent with the 

previous study conducted by Hall and Bell (2015) in which no significant difference 

was observed between treatments in pH of surface soil (0–10 cm) from a field trial 

established for 3 years. The low alkalinity and long-term incorporation of the biochars 
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and composts used in this study may be responsible for the absence of significant 

increases in soil pH. In previous studies, biochars which significantly increased the pH 

of acidic soils after being applied at 10 t ha
–1

 generally had strong alkalinity with a 

pHwater of >10 and their effect on soil pH was measured within 3 months (Chan et al., 

2008; Van Zwieten et al., 2010a). The liming effect of biochar which increases soil pH 

mainly results from the dissolution of their inherent alkaline substances (e.g. metal 

oxides in ash) (Hass et al., 2012; Novak et al., 2009a). The biochar’s liming effect could 

diminish over time because of the removal of these alkaline substances via runoff and 

leaching. The increased soil buffering capacity also possibly contributes to a stable pH 

of soils after compost applications (Stamatiadis et al., 1999). 
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Fig. 8.2 Effect of biochar and compost amendments on pH of the Tenosol and Ferrosol 

soils. CK: soil control without amendment; MWB: mulga wood derived biochar; HWB: 

mixed hardwood derived biochar; Com: traditional compost; ComB: co-composted 

compost–HWB compost.  
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Soil PSI characterises the P sorption capacity of soils (Bache and Williams, 1971). PSIs 

for both soils were not significantly affected by amendments of biochars and composts 

(p > 0.05; Fig. 8.3), with an average soil PSI being ca. 10 in the Tenosol soil and ca. 55 

in the Ferrosol soil, probably resulting from the absence of significant soil pH changes 

in the amended soils. In most studies, biochar exhibited a strong ability to increase soil 

P adsorption capacity, mainly attributable to the effect of biochar on soil pH and ionic 

strength and exchangeable Ca concentration in soil solution (Uzoma et al., 2011b; Xu et 

al., 2014; Yao et al., 2012). Chintala et al. (2014), however, found that three tested 

biochars significantly decreased P sorption in an acidic soil, probably attributing to a 

decrease in the point of zero net charge (PZNC) and an increase in the negative surface 

charge potential.  

 

CK MWB CK HWB Com ComB
0

10

20

30

40

50

60

P
h

o
sp

h
at

e 
so

rp
ti

o
n

 i
n

d
ex

Treatment

Ferrosol soilTenosol soil

 

Fig. 8.3 Effect of biochar and compost amendments on soil phosphate sorption index 

(PSI) in the Tenosol and Ferrosol soils. CK: soil control without amendment; MWB: 

mulga wood derived biochar; HWB: mixed hardwood derived biochar; Com: traditional 

compost; ComB: co-composted compost–HWB compost. 
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8.3.2 Soil total P, organic P and Colwell P 

Neither biochar nor compost amendment significantly affected the total P content of 

either the Tenosol or Ferrosol soil (p > 0.05; Fig. 8.4), probably due to a low P content 

introduced with both amendment materials. Both biochars and composts applied in this 

study had a low total P content (<0.01% for the biochars and ~0.2% for the composts). 

The content of total P introduced to the soils with the application of the biochars and 

composts were ca. 0.4 and 9 mg kg
–1

, respectively, which were negligible when 

compared with that of control soils (267 mg kg
–1

 in the Tenosol soil and 1,436 mg kg
–1

 

in the Ferrosol soil).  
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Fig. 8.4 Effects of biochar and compost amendments on total phosphorous in the 

Tenosol and Ferrosol soils. CK: soil control without amendment; MWB: mulga wood 

derived biochar; HWB: mixed hardwood derived biochar; Com: traditional compost; 

ComB: co-composted compost–HWB compost. 
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In the Tenosol soil, the organic P content tended to be lower after MWB amendment by 

35 mg kg
–1

 (Fig. 8.5A) and the Cowell P content tended to be higher by 18 mg kg
–1

 (Fig. 

8.5B), compared to the control soil. In the Ferrosol soil, the content of soil organic P 

tended to be lower in the treatments with HWB and traditional compost by 42 mg kg
–1

 

and 51 mg kg
–1

, respectively (Fig. 8.5A), compared with the control soil, which might 

be related to AcPME activity in the soils. The content of Colwell P did not significantly 

change in the HWB and ComB treatments (p > 0.05; Fig. 8.5B), probably due to strong 

P fixation in the Ferrosol soil, while it tended to be higher in the traditional compost 

treatment (Fig. 8.5B), probably as a result of organic P decomposition. The results for 

soil organic and Colwell P contents obtained from the two studied soils indicated that 

biochar and traditional compost would increase soil P availability after application into 

soils, probably via stimulating the decomposition of soil organic P, however, from a 

long-term perspective, this effect might be limited by strong soil P fixation.  
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Fig. 8.5 Effects of biochar and compost amendments on (A) organic phosphorus (P) and 

(B) Colwell P in the Tenosol and Ferrosol soils. CK: soil control without amendment; 

MWB: mulga wood derived biochar; HWB: mixed hardwood derived biochar; Com: 

traditional compost; ComB: co-composted compost–HWB compost. 
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8.3.3 Phosphorus (P) fractionation  

In the Tenosol soil, the recovery of total P from all 7 P fractions (the sum of total P 

from all 7 fractions/ HNO3–HClO4 digested total P × 100%) ranged from 88% to 112%. 

The total P content of each P pool in the Tenosol soil was not significantly changed 

after 1 year incorporation with MWB (p > 0.05), but the content of total P in the 

NaHCO3-extractable pool tended to be slightly higher than in the control soil (Fig. 

8.6A). The NH4Cl-extractable P pool was very small in the control and MWB 

treatments, 0.6 and 1.9 mg kg
–1

, respectively, which comprised <0.7% of total P (as a 

sum of all 7 fractions). NaHCO3-extractable P was 41 and 60 mg kg
–1

, representing 16% 

and 21% of total P, in the control and MWB treatments, respectively. This slightly 

higher P content in the NaHCO3-extractable P pool is consistent with the higher Colwell 

P content found in the same treatment (Fig. 8.5B). NaOH-extractable P accounted for 

the largest P fraction in the soils from both treatments, which was 181 mg kg
–1

, 

consisting of ca. 67% of total P, probably due to high Fe content in the Tenosol soil 

used in this study. HCl-extractable P was ca. 5 mg kg
–1

 in both treatments, accounting 

for 2% of total P. The residual P comprised of 12–13% of total P. The labile fractions 

(the sum of NH4Cl-, NaHCO3- and NaOH-extractable P) were 85% of total P in both 

control and MWB treatments. Phosphorus mineralization seemed to be stimulated in 

NaOH-extractable P pool in the MWB treatment where 30 mg kg
–1

 more organic P was 

transformed to inorganic form, compared with the control treatment (Fig. 8.6B and Fig. 

8.6C). This figure was similar to the decreased content of total organic P in MWB 

treatment (by 35 mg kg
–1

; Fig. 8.5A), suggesting that biochar could enhance the 

mineralization of soil labile P, especially of that associated with Fe/Al content in soils.   

 

In the Ferrosol soil, the recovery of total P from all 7 fractions ranged from 81% to 

109%. Neither biochars nor compost amendment significantly changed the total P 
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content of each P pool after 17 months of incorporation (p > 0.05; Fig. 8.6A). The 

NH4Cl-extractable P pool was also very small across all treatments, ranging from 0.7 to 

1 mg kg
–1

, which comprised <0.1% of total P. NaHCO3-extractable P in all treatments 

ranged from 41 to 50 mg kg
–1

, representing ca. 3% of total P. NaOH-extractable P 

ranged from 412 to 460 mg kg
–1

 in all treatments, consisting of 32% of total P. HCl-

extractable P was around 10 mg kg
–1

 in all treatments, accounting for <1% of total P. 

The residual P accounted for the largest P fraction in the soils from all treatments, 

comprising of 63% of total P, due to strong P fixation of Ferrosol soils (Moody, 1994). 

The labile fractions were similar in all treatments, ranging from 35% to 37% of total P. 

Phosphorus mineralization in the both NaHCO3- and NaOH-extractable P pools was 

stimulated in the traditional compost treatment (Fig. 8.6C). Specifically, no organic P 

was detected in the NaHCO3-extractable P pool, while 131 mg kg
–1

 organic P was found 

in the NaOH-extractable P pool, 61 mg kg
–1

 lower than in the control soil, which might 

be responsible for the lower organic P found in the same treatment (Fig. 8.5A). 
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Fig. 8.6 Effects of biochar and compost amendments on (A) total phosphorus (P) 

fractions, (B) inorganic P fractions and (C) organic P fractions in the Tenosol and 

Ferrosol soils. CK: soil control without amendment; MWB: mulga wood derived 

biochar; HWB: mixed hardwood derived biochar; Com: traditional compost; ComB: co-

composted compost–HWB compost.  
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8.3.4 Microbial biomass P (MBP), microbial activity and acid phosphatase 

(AcPME) activity 

MBP was not significantly affected by any amendment in the two studied soils (p > 0.05; 

Fig. 8.7A), with an average of 8 mg kg
–1

 in the Tenosol soils and 15 mg kg
–1

 in the 

Ferrosol soils. There are few studies of biochar or compost effect on MBP. Jaafar (2014) 

reported that additions of oil Mallee and Simcoa derived biochars to soils did not affect 

MBP at either day 28 or day 122 of an incubation study due to recalcitrant properties of 

the studied biochar. The decrease in soil MBP after biochar applications was also 

reported by other researchers (Chan et al., 2007; Paz-Ferreiro et al., 2012). 

 

It was also reported that soil microbial activity measured by the substrate-induced 

respiration method significantly increased with biochar applications, due to enhanced 

nutrient availability (Kolb et al., 2009). However, in the current study, the biochar and 

compost amendments did not significantly increase soil microbial activity as indicated 

by the release of FDA in either soil (p > 0.05) and the microbial activity even tended to 

decrease in MWB treatment in the Tenosol soil and ComB treatment in the Ferrosol soil 

(Fig. 8.7B), probably due to depletion of nutrients contained in biochars and composts 

after a long term cultivation. Castaldi et al. (2011) reported that the rate of soil potential 

respiration was comparable in woody biochar treated and control plots after a 14 month 

duration of the field trial, although this rate was significantly higher in biochar treated 

plots, compared with the control, in the first 3 months. It was assumed that any 

nutritional effect of biochar would be seen shortly after biochar addition to soils and 

that the carbon storage function of biochar would outweigh its nutritional function in the 

longer term (Steinbeiss et al., 2009). It seems that biochar effect on microbial activity in 

cultivated soils varies with soil type, biochar type and plant species (Van Zwieten et al., 

2010a) as well as experimental duration.  
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Phosphatase helps P transformation from the organic pool into the inorganic pool, as 

these enzymes are responsible for soil organic P mineralization and then release 

inorganic P for utilization by plants and microorganisms (Garg and Bahl, 2008). The 

AcPME activity tended to be lower in the MWB treatment in the Tenosol soil (Fig. 

8.7C), probably resulting from a higher supply of Cowell P (Fig. 8.5B), which 

suppresses AcPME activity (Olander and Vitousek, 2000), a deficiency of labile organic 

P for microorganism utilization (Turner and Haygarth, 2005) after 1 year agricultural 

cultivation and a decrease in the relative abundance of bacteria possessing efficient acid 

phosphatase caused by biochar additions (Anderson et al., 2011). The AcPME activity 

tended to be higher in the HWB and traditional compost treatments in the Ferrosol soil 

(Fig. 8.7C), which could explain a lower organic P content in these two treatments. A 

significant correlation was observed between the depletion of organic P and 

phosphatase activity in rhizosphere soil of wheat and clover, respectively (Tarafdar and 

Jungk, 1987). These results suggest that biochar and traditional compost could facilitate 

labile organic P mineralization via increasing AcPME activity in soils. 
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Fig. 8.7 Effects of biochar and compost amendments on (A) microbial biomass 

phosphorus (MBP), (B) microbial activity as indicated by the release of fluorescein 

diacetate and (C) acid phosphatase (AcPME) activity in the Tenosol and Ferrosol soils. 

CK: soil control without amendment; MWB: mulga wood derived biochar; HWB: 

mixed hardwood derived biochar; Com: traditional compost; ComB: co-composted 

compost–HWB compost. 
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8.4 Conclusions 

Results from this field trial study conducted for ≥1 year indicate that wood derived 

biochars and composts did not significantly change soil pH, P sorption capacity, total P, 

microbial biomass P and microbial activity after a long-term incorporation at a dose of 

10 t ha
–1

 for the biochars and 25 t ha
–1

 for the composts (p > 0.05). Soil P availability 

tended to be higher in the soils amended with mulga wood derived biochar or the 

traditional compost, compared to the unamended soils, probably resulting from the 

enhanced soil acid phosphatase activity, thereby stimulating the mineralization of soil 

organic P, especially of that associated with Fe/Al content in soils. The content of total 

P in each extractable or residual P pool in soils was not significantly influenced by the 

amendment with either wood derived biochars or composts after long term cultivation.  
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Chapter 9 General discussion, conclusions and 

recommendations for future research 

 

9.1 General discussion and conclusions 

Phosphorus is an essential plant nutrient and often the limiting nutrient in soils 

throughout the world, especial in the tropics. Biochar, a C-rich product of biomass 

pyrolysis, has widely exhibited its ability in mitigating climate change and providing 

agronomic benefits. However, the impact of biochar on nutrient dynamics in soils is 

largely unknown. This thesis has described an investigation into (a) characterisation of 

biochar thermosequences including P fractionation and speciation, (b) P adsorption on 

biochar and (c) biochar effects on P availability and transformation in tropical soils 

from a short- and long-term perspective. 

 

Previous studies reported that biochar properties were highly variable according to the 

biochar feedstock type and pyrolysis conditions. This has been confirmed by this study. 

The results presented in Chapter 4 show that both feedstock type and pyrolysis 

temperature significantly influence biochar properties. More importantly, these results 

indicate that biochar elemental composition, especially for minerals, is fundamentally 

determined by biochar feedstock type, despite of the influence of pyrolysis temperature, 

while biochar structure is largely temperature-dependent. Biochars produced at high 

temperatures are more suitable for C sequestration compared to those produced at low 

temperatures. This finding will facilitate investigations on the optimum conditions for 

biochar manufacture to tackle specific environmental issues.  
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Previous studies of the effect of biochar on soil P have indicated the great contribution 

of biochar as a direct source of P input. However, there are limited studies on the 

availability and existing forms of P contained in biochar. The results of the sequential 

extraction of biochars presented in Chapter 5 showed that the content of labile 

orthophosphorus in biochar was highly depended on both the biochar feedstock type 

and pyrolysis temperature. The optimum pyrolysis temperatures for maximising the 

labile orthophosphorus content of biochar were in the range 400−500 °C, which 

supported the results of the meta-analysis presented in Chapter 2, which indicated that 

the application of biochars produced between 401 and 500 °C led to the greatest 

increase in P availability in soils compared to those produced at other temperatures. In 

this temperature range, the highest labile orthophosphorus content was observed in 

peanut shell derived biochars (300−450 µg g
−1

) among the four tested plant materials, 

while the least was found in pine derived biochars (ca. 60 µg g
−1

). Pearson’s correlation 

results showed that the content of labile orthophosphorus in the studied biochars 

significantly and positively correlated with their total P, ash contents and EC (r = 0.575, 

0.479 and 0.549, respectively; p < 0.01), but negatively correlated with their Ca and Mn 

contents (r = –0.391 and –0.715, respectively; p < 0.01), indicating that P-rich, but 

Ca/Mn-poor feedstock would be a better feedstock type for producing biochars with a 

high content of labile orthophosphorus. This finding is also consistent with the result 

presented in Chapter 2 that manure derived biochars led to an increase in P availability 

in soils more than the biochars derived from other materials. These results suggest that 

the labile orthophosphorus content of biochar is a major contributor to the biochar-

induced increase in P availability in soils. In addition to its ability to directly introduce 

orthophosphorus to soils, the results obtained from this study indicate that biochar could 

also introduce pyrophosphates to soils to prolong the supply of available P. Still in this 
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temperature range, labile pyrophosphorus contained in the biochars produced in this 

study was approximately 30−130 µg g
−1

.  

 

As illustrated in the literature, biochar could also increase P availability in soils via 

chemical and biological processes, such as via increasing P retention in soils. However, 

the results presented in Chapter 6 showed that not all biochars could increase P 

retention in soils. Among the tested biochars, only Mallee derived biochar produced at 

720 °C showed a consistent ability of P adsorption in the phosphate solutions with P 

concentrations of 100 and 200 mg L
−1

, due to its CaCO3 component. However, the 

content of available P in biochar was negatively correlated to its Ca content (Chapter 5). 

These results indicated that the chemical form of the Ca component in biochar might 

affect its performance in soils with respect to increasing P availability.  

 

How applications of biochar affect P availability and transformation in soils was studied 

in detail in this research project, from both short- and long-term perspectives. The short-

term effects were reported in Chapter 7. There were interactive effects of biochar and P 

fertiliser on soil pH, EC, Colwell P, NaOH- and HCl-extractable P and plant growth. 

Biochars stimulated Lolium rigidum growth and P uptake. Only the biochar derived 

from peanut shell and produced at 400 °C significantly increased the Colwell P content 

of the studied soils, after a 12-week growth of Lolium rigidum, due to its higher 

available P content of 0.45 mg g
−1

, compared to the other tested biochars (0.05−0.26 mg 

g
−1

), confirming the importance of available P in biochar to the biochar-induced 

increase in P availability in soils. A significantly higher Colwell P content found in the 

soils amended with both peanut shell derived biochars and P fertiliser, compared to the 

soil amended with P fertiliser alone, emphasizes the role of biochar in increasing the 
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adsorption of added P fertiliser. However, this increase was not observed in the soils 

amended with pine derived biochars produced at 400 and 600 °C and with P fertiliser, 

presumably relating to the variable P adsorption capacity of biochar, as indicated by the 

results obtained in Chapter 6. Additionally, biochars stimulated decomposition of 

moderately labile organic P (NaOH-extractable) rather than labile organic P (NaHCO3-

extractable).  

 

However, after application for a long term (≥1 year) under field conditions, biochars did 

not significantly influence the P adsorption capacity of the studied soils (Chapter 8), 

indicating that the biochar-induced increase in P retention in soils might diminish over 

time. The content of Colwell P tended to be higher and organic P tended to be lower in 

the Tenosol soil amended with mulga wood derived biochars, compared to the biochar-

unamended soil, indicating the importance of P mineralization to biochar-induced 

increase in P availability in soils after long term incorporation. 

 

In conclusion, biochars produced at high temperatures are suitable for C sequestration, 

while biochars derived from P-rich feedstock and produced between 400−500 °C are 

suitable to be a phosphate supplement. This research project has also demonstrated that 

the available P content of biochar is a crucial factor to determine the effect of biochar on 

P availability in soils. Biochar stimulates the mineralization of Fe/Al-associated organic 

P in soils, rather than labile organic P, to increase P availability. The CaCO3 component 

of biochar will provide amended soils with additional adsorption sites for added 

phosphate, but the effect of biochar on increasing P retention in soils is expected to 

diminish over time.  
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9.2 Recommendation for future research 

The results obtained in this project have provided valuable information on (a) the 

impacts of feedstock type and pyrolysis temperature on biochar characteristics and P 

transformation during biomass pyrolysis, (b) mechanisms of P adsorption on biochar 

and (c) the dynamics of P in soils amended with biochar. This information has 

significant environmental implications for mitigating global climate change, and great 

agricultural implications for reducing the requirement of traditional P fertiliser, thereby 

reducing the pressure on global rock phosphate reserves. This project has identified 

several knowledge gaps and the following aspects are recommended for future 

investigation. 

 

(i) The structural characteristics of biochar thermosequence have been investigated in 

this project, using FTIR and 
13

C NMR spectroscopy, but not determining its porosity. 

Future studies should pay more attention to micro-pore size and distribution in biochar 

as a function of pyrolysis temperature and their roles in biochar nutrient sorption; 

(ii) This project showed that biochar stimulated moderately labile but not labile organic 

P decomposition. However, the potential mechanisms involved are unknown and 

requires further study; 

 (iii) This project has demonstrated that the presence of CaCO3 in biochar provides a 

pathway for P adsorption, but the HCl-washed biochar derived from Mallee still had P 

adsorption ability. Our understanding of P adsorption by biochar would be more 

comprehensive if we could investigate P adsorption on C structures of biochar; and 

(iv) Our understanding of effects of biochar thermosequence on soil P availability is 

limited in the glasshouse experiment and at one application dose of biochar. The long-
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term field trials are required for their performance at different application doses in 

different soil types and for different crops.  
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Supplemental Table 1 Main characteristics and results of the eligible studies on biochar effects on phosphorus (P) availability in soils

Feedstock

Pyrolysis 

temperature (°C)

Application 

dose (%) pH

solution used in pH 

determination pH

solution used in pH 

determination Texture

Available P 

(mg kg-1)

Extraction 

method Type

Phosphate application 

dose (mg P kg-1)

Available P in control 

treatment (mg kg-1)

Available P in biochar 

treatment (mg kg-1)

Extraction 

method

Variation in control 

treatment (mg kg-1)

Variation in biochar 

treatment (mg kg-1) variation type

Getachew Agegnehu et al. 2015 pot trial 4 63 acacia 500 1 8 water 6.5 water Ferralsol NPK 16 34.2 88.6 Colwell

Getachew Agegnehu et al. 2015 pot trial 4 63 willow 500 1 9 water 6.5 water Ferralsol NPK 16 34.2 95 Colwell

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.13 7.7 water 4.71 water coarse 14 Olsen none 14 14.3 Olsen 2.50 1.40 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.67 7.7 water 4.71 water coarse 14 Olsen none 14 19.4 Olsen 2.50 3.60 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 1.33 7.7 water 4.71 water coarse 14 Olsen none 14 42.2 Olsen 2.50 6.10 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.13 7.7 water 4.97 water fine 5.4 Olsen none 5.4 12.9 Olsen 2.10 1.10 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.67 7.7 water 4.97 water fine 5.4 Olsen none 5.4 18.7 Olsen 2.10 1.00 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 1.33 7.7 water 4.97 water fine 5.4 Olsen none 5.4 19.6 Olsen 2.10 5.50 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.13 7.7 water 7.33 water cracking clay 44.3 Olsen none 44.3 49.9 Olsen 2.10 2.00 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.67 7.7 water 7.33 water cracking clay 44.3 Olsen none 44.3 51.9 Olsen 2.10 2.80 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 1.33 7.7 water 7.33 water cracking clay 44.3 Olsen none 44.3 59.7 Olsen 2.10 1.30 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.13 7.7 water 7.99 water fine 30.6 Olsen none 30.6 21.3 Olsen 4.20 2.90 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 0.67 7.7 water 7.99 water fine 30.6 Olsen none 30.6 37.7 Olsen 4.20 6.10 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 poultry litter 450 1.33 7.7 water 7.99 water fine 30.6 Olsen none 30.6 44.6 Olsen 4.20 5.50 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.13 8.4 water 4.71 water coarse 14 Olsen none 14 5.1 Olsen 2.50 1.50 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.67 8.4 water 4.71 water coarse 14 Olsen none 14 10.8 Olsen 2.50 3.30 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 1.33 8.4 water 4.71 water coarse 14 Olsen none 14 27.2 Olsen 2.50 2.90 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.13 8.4 water 4.97 water fine 5.4 Olsen none 5.4 9.4 Olsen 2.10 3.10 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.67 8.4 water 4.97 water fine 5.4 Olsen none 5.4 21.9 Olsen 2.10 0.80 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 1.33 8.4 water 4.97 water fine 5.4 Olsen none 5.4 17.9 Olsen 2.10 5.20 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.13 8.4 water 7.33 water cracking clay 44.3 Olsen none 44.3 43.6 Olsen 2.10 1.00 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.67 8.4 water 7.33 water cracking clay 44.3 Olsen none 44.3 51.2 Olsen 2.10 4.20 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 1.33 8.4 water 7.33 water cracking clay 44.3 Olsen none 44.3 51.7 Olsen 2.10 2.40 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.13 8.4 water 7.99 water fine 30.6 Olsen none 30.6 23.9 Olsen 4.20 4.20 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 0.67 8.4 water 7.99 water fine 30.6 Olsen none 30.6 36.6 Olsen 4.20 3.70 standard error

Lynne M. Macdonald et al. 2014 pot trial 4 136 wheat straw 450 1.33 8.4 water 7.99 water fine 30.6 Olsen none 30.6 39.8 Olsen 4.20 9.40 standard error

Rosa Marchetti and Fabio Castelli 2013 incubation 3 7 swine solids 420 0.5 8.17 water silty clay none 14.24 57.22 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 14 swine solids 420 0.5 8.17 water silty clay none 12.43 56.18 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 28 swine solids 420 0.5 8.17 water silty clay none 13.98 47.12 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 60 swine solids 420 0.5 8.17 water silty clay none 15.28 49.97 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 90 swine solids 420 0.5 8.17 water silty clay none 18.64 55.15 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 7 swine solids 420 0.5 8.17 water silty clay

digested 

slurry 21.65 75.52 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 14 swine solids 420 0.5 8.17 water silty clay

digested 

slurry 20.10 62.37 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 28 swine solids 420 0.5 8.17 water silty clay

digested 

slurry 20.88 61.08 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 60 swine solids 420 0.5 8.17 water silty clay

digested 

slurry 21.65 56.44 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 90 swine solids 420 0.5 8.17 water silty clay

digested 

slurry 21.91 49.74 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 7 wood chips 420 0.5 8.17 water silty clay

digested 

slurry 21.65 24.48 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 14 wood chips 420 0.5 8.17 water silty clay

digested 

slurry 20.10 21.91 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 28 wood chips 420 0.5 8.17 water silty clay

digested 

slurry 20.88 21.39 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 60 wood chips 420 0.5 8.17 water silty clay

digested 

slurry 21.65 23.20 Olsen

Rosa Marchetti and Fabio Castelli 2013 incubation 3 90 wood chips 420 0.5 8.17 water silty clay

digested 

slurry 21.91 25.00 Olsen

Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.007 5.3 CaCl2 loam K 35.2 34.3 NaHCO3 4.00 3.20 standard error

Nina Siebers et al. 2014 pot trial 4 74 animal bone 750 0.008 6.4 CaCl2 loam K 66.2 67 NaHCO3 6.00 6.20 standard error

Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.006 5.3 CaCl2 loam K 35.2 35.6 NaHCO3 4.00 3.10 standard error

Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.007 6.4 CaCl2 loam K 66.2 62.8 NaHCO3 6.00 2.70 standard error

Nina Siebers et al. 2014 pot trial 4 74 animal bone 750 0.008 5.3 CaCl2 loam K 27.1 26.8 NaHCO3 1.30 1.60 standard error

Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.006 6.4 CaCl2 loam K 62.2 61.8 NaHCO3 3.10 2.50 standard error

Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.02 5.3 CaCl2 loam K 27.1 28.3 NaHCO3 1.30 1.30 standard error

Nina Siebers et al. 2014 pot trial 4 74 animal bone 750 0.02 6.4 CaCl2 loam K 62.2 59.2 NaHCO3 3.10 1.50 standard error

Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.02 5.3 CaCl2 loam K 32.5 34.4 NaHCO3 1.20 3.20 standard error

Biochar properties Soil properties Fertilizer treatment Results

Authors Year Experiment type Replicates

Experiment 

duration (d)
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Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.02 6.4 CaCl2 loam K 68.6 73.4 NaHCO3 1.80 1.70 standard error

Nina Siebers et al. 2014 pot trial 4 74 animal bone 750 0.02 5.3 CaCl2 loam K 32.5 39.4 NaHCO3 1.20 10.10 standard error

Nina Siebers et al. 2014 pot trial 4 48 animal bone 750 0.02 6.4 CaCl2 loam K 68.6 39.4 NaHCO3 1.80 6.10 standard error

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 0.5 9.39 water 5.3 water Red soil 7.5 Olsen none 6.02 6.94 Olsen

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 1 9.39 water 5.3 water Red soil 7.5 Olsen none 6.02 8.16 Olsen

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 2 9.39 water 5.3 water Red soil 7.5 Olsen none 6.02 7.91 Olsen

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 5 9.39 water 5.3 water Red soil 7.5 Olsen none 6.02 12.7 Olsen

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 0.5 9.39 water 8.64 water Alluvial soil 9.41 Olsen none 10 10.96 Olsen

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 1 9.39 water 8.64 water Alluvial soil 9.41 Olsen none 10 13.2 Olsen

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 2 9.39 water 8.64 water Alluvial soil 9.41 Olsen none 10 15.46 Olsen

Xiao-rong Zhao et al. 2014 incubation 3 14 maize straw 500 5 9.39 water 8.64 water Alluvial soil 9.41 Olsen none 10 25.36 Olsen

Mustafa K. Hossain et al. 2010 pot trial 6 112 wastewater sludge 550 0.44 8.2 CaCl2 4.6 CaCl2 chromosol 15 Colwell NPK 31 303 290 Colwell 16.00 24.20 standard deviation

Mustafa K. Hossain et al. 2010 pot trial 6 112 wastewater sludge 550 0.44 8.2 CaCl2 4.6 CaCl2 chromosol 15 Colwell none 26 56 Colwell 0.87 2.40 standard deviation

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 19.23 20.26 Mehlich-3 0.41 0.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 37.48 37.34 Mehlich-3 0.87 0.87 standard error

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 19.23 20.37 Mehlich-3 0.41 0.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 37.48 37.47 Mehlich-3 0.87 0.87 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 18.62 18.50 Mehlich-3 0.32 0.32 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.96 35.30 Mehlich-3 0.81 0.81 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 18.62 19.04 Mehlich-3 0.32 0.32 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.96 35.24 Mehlich-3 0.81 0.81 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 18.84 18.27 Mehlich-3 0.55 0.55 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.23 37.00 Mehlich-3 0.67 0.67 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 18.84 18.90 Mehlich-3 0.55 0.55 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.23 35.59 Mehlich-3 0.67 0.67 standard error

Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 18.94 19.29 Mehlich-3 0.55 0.55 standard error

Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.41 36.01 Mehlich-3 0.41 0.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 18.94 21.30 Mehlich-3 0.55 0.55 standard error

Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.41 35.51 Mehlich-3 0.41 0.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 20.04 19.85 Mehlich-3 0.32 0.32 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 36.12 36.20 Mehlich-3 0.45 0.45 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 20.04 21.50 Mehlich-3 0.32 0.32 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 36.12 35.71 Mehlich-3 0.45 0.45 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 20.30 19.98 Mehlich-3 1.42 1.42 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 0.2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.17 35.38 Mehlich-3 0.32 0.32 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 N 20.30 25.76 Mehlich-3 1.42 1.42 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 2 6.18 water 6.6 water loamy sand 17 Mehlich-3 P 20 35.17 35.29 Mehlich-3 0.32 0.32 standard error

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 8.90 8.63 Mehlich-3 0.41 0.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 22.16 22.49 Mehlich-3 0.88 0.88 standard error

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 8.90 9.09 Mehlich-3 0.41 0.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 1 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 22.16 22.18 Mehlich-3 0.88 0.88 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.97 7.64 Mehlich-3 0.33 0.33 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 19.77 20.59 Mehlich-3 0.80 0.80 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.97 7.93 Mehlich-3 0.33 0.33 standard error

Nathan O. Nelson et al. 2011 incubation 4 3 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 19.77 23.03 Mehlich-3 0.80 0.80 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.56 7.41 Mehlich-3 0.28 0.28 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 18.79 18.32 Mehlich-3 0.65 0.65 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.56 7.56 Mehlich-3 0.28 0.28 standard error

Nathan O. Nelson et al. 2011 incubation 4 10 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 18.79 19.45 Mehlich-3 0.65 0.65 standard error

Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.58 7.42 Mehlich-3 0.53 0.53 standard error
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Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 18.43 18.35 Mehlich-3 0.40 0.40 standard error

Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.58 7.43 Mehlich-3 0.53 0.53 standard error

Nathan O. Nelson et al. 2011 incubation 4 17 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 18.43 17.83 Mehlich-3 0.40 0.40 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.72 7.63 Mehlich-3 0.31 0.31 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 17.40 17.37 Mehlich-3 0.44 0.44 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 7.72 8.18 Mehlich-3 0.31 0.31 standard error

Nathan O. Nelson et al. 2011 incubation 4 32 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 17.40 17.61 Mehlich-3 0.44 0.44 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 8.16 8.06 Mehlich-3 1.41 1.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 0.2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 17.34 16.68 Mehlich-3 0.32 0.32 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 N 8.16 8.40 Mehlich-3 1.41 1.41 standard error

Nathan O. Nelson et al. 2011 incubation 4 56 corn cob 305 2 6.18 water 6.2 water fine loam 6 Mehlich-3 P 20 17.34 17.72 Mehlich-3 0.32 0.32 standard error

K. C. Uzoma et al. 2011 pot trial 4 85 cow manure 500 0.44 9.2 water 6.36 water sandy 0.65 Olsen NPK 12 120 150 Olsen

K. C. Uzoma et al. 2011 pot trial 4 85 cow manure 500 0.67 9.2 water 6.36 water sandy 0.65 Olsen NPK 12 120 180 Olsen

K. C. Uzoma et al. 2011 pot trial 4 85 cow manure 500 0.89 9.2 water 6.36 water sandy 0.65 Olsen NPK 12 120 160 Olsen

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 3.9 water garden of a farmhouse 20.9 Bray 1 NPK 169 19.2 40.1 Bray 1

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 4.7 water garden of a farmhouse 20.9 Bray 1 NPK 169 66 82.2 Bray 1

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 3.9 water garden of a farmhouse 20.9 Bray 1 NPK 169 19.4 35 Bray 1

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 4.7 water

garden reclaimed from a 

chicken farm 91.7 Bray 1 NPK 169 49.4 55.3 Bray 1

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 4.1 water

garden reclaimed from a 

chicken farm 91.7 Bray 1 NPK 169 47.2 36.8 Bray 1

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 4.1 water

garden reclaimed from a 

chicken farm 91.7 Bray 1 NPK 169 63.1 64.9 Bray 1

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 3.9 water

farmland reclaimed from 

grassland 41.1 Bray 1 none 60 76.8 Bray 1

Masahide Yamato et al. 2006 field trial 3 90 bark 310 0.27 7.4 water 4.7 water

farmland reclaimed from 

grassland 41.1 Bray 1 NPK 169 130.4 155.3 Bray 1

Danial D. Warnock et al. 2010 field trial 3 270 mango wood 450 0.72 10.14 water 5.6 water tropeptic haplustox 6.43 Olsen none 6.43 7.72 Olsen 0.70 1.00 standard error

Danial D. Warnock et al. 2010 field trial 3 270 mango wood 450 1.44 10.14 water 5.6 water tropeptic haplustox 6.43 Olsen none 6.43 10.5 Olsen 0.70 0.26 standard error

Danial D. Warnock et al. 2010 field trial 3 270 mango wood 450 7.2 10.14 water 5.6 water tropeptic haplustox 6.43 Olsen none 6.43 13.4 Olsen 0.70 0.74 standard error

Danial D. Warnock et al. 2010 pot trial 8 30 peanut shell 360 0.27 8.35 water 8 water floodplain 2.7 Olsen none 4.19 8.44 Olsen 0.04 0.03 standard error

Danial D. Warnock et al. 2010 pot trial 8 30 peanut shell 400 0.27 8.34 water 8 water floodplain 2.7 Olsen none 4.19 11.6 Olsen 0.04 0.07 standard error

Danial D. Warnock et al. 2010 pot trial 8 30 peanut shell 430 0.27 8.23 water 8 water floodplain 2.7 Olsen none 4.19 8.74 Olsen 0.04 0.08 standard error

Danial D. Warnock et al. 2010 pot trial 10 30 pine wood 600 0.5 7.7 water 8.1 water floodplain 2 Olsen none 3.43 3.26 Olsen 0.03 0.02 standard error

Danial D. Warnock et al. 2010 pot trial 10 30 pine wood 600 1 7.7 water 8.1 water floodplain 2 Olsen none 3.43 2.34 Olsen 0.03 0.04 standard error

Danial D. Warnock et al. 2010 pot trial 10 30 pine wood 600 2 7.7 water 8.1 water floodplain 2 Olsen none 3.43 2.46 Olsen 0.03 0.04 standard error

Danial D. Warnock et al. 2010 pot trial 10 30 pine wood 600 4 7.7 water 8.1 water floodplain 2 Olsen none 3.43 2.28 Olsen 0.03 0.05 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 7.9 water 68 Olsen none 46.6 44.7 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 6.1 water 52 Olsen none 50.2 68.7 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 6.8 water 92 Olsen none 39.2 41.2 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 8.3 water 20 Olsen none 13.4 14.9 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 7.4 water 14 Olsen none 13.9 25.6 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 5 water 5 Olsen none 5.3 70.8 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 5.5 water 75 Olsen none 67.7 127.8 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 5 water 2 Olsen none 1.4 65 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 5.4 water 17 Olsen none 12.1 47.1 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 5.1 water 17 Olsen none 12.8 44 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 8.8 water 18 Olsen none 11 13.1 Olsen 1.61 1.61 standard error

G. P. Warren et al. 2009 incubation 3 145 cattle bone 400 0.37 7.6 water 3.4 water 8 Olsen none 11.2 146.7 Olsen 1.61 1.61 standard error

L. Van Zwieten et al. 2013 field trial 4 41 poultry litter 550 0.44 8.2 CaCl2 4.8 CaCl2 highly permeable red ferrosol none 11 117 Bray 1 7.00 19.40 standard error

L. Van Zwieten et al. 2013 field trial 4 41 poultry litter 550 0.44 8.2 CaCl2 4.8 CaCl2 highly permeable red ferrosol N-urea 11 158 Bray 1 7.00 19.40 standard error

L. Van Zwieten et al. 2013 field trial 4 41 poultry litter 550 0.44 8.2 CaCl2 4.8 CaCl2 highly permeable red ferrosol

Poultry 

litter 39 175 Bray 1 7.00 19.40 standard error

L. Van Zwieten et al. 2013 field trial 4 113 poultry litter 550 0.44 8.2 CaCl2 4.8 CaCl2 highly permeable red ferrosol none 8.3 77.3 Bray 1 7.00 19.40 standard error

L. Van Zwieten et al. 2013 field trial 4 113 poultry litter 550 0.44 8.2 CaCl2 4.8 CaCl2 highly permeable red ferrosol N-urea 9.7 113 Bray 1 7.00 19.40 standard error

L. Van Zwieten et al. 2013 field trial 4 113 poultry litter 550 0.44 8.2 CaCl2 4.8 CaCl2 highly permeable red ferrosol

Poultry 

litter 51 155 Bray 1 7.00 19.40 standard error

166



Feedstock

Pyrolysis 

temperature (°C)

Application 

dose (%) pH

solution used in pH 

determination pH

solution used in pH 

determination Texture

Available P 

(mg kg-1)

Extraction 

method Type

Phosphate application 

dose (mg P kg-1)

Available P in control 

treatment (mg kg-1)

Available P in biochar 

treatment (mg kg-1)

Extraction 

method

Variation in control 

treatment (mg kg-1)

Variation in biochar 

treatment (mg kg-1) variation type

Biochar properties Soil properties Fertilizer treatment Results

Authors Year Experiment type Replicates

Experiment 

duration (d)

P. G. Slavich et al. 2013 field trial 3 180 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 15 22 Bray 1

P. G. Slavich et al. 2013 field trial 3 365 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 8.5 12.3 Bray 1

P. G. Slavich et al. 2013 field trial 3 730 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 7.4 14.3 Bray 1

P. G. Slavich et al. 2013 field trial 3 1095 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 6.9 13 Bray 1

P. G. Slavich et al. 2013 field trial 3 180 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 16 20.3 Bray 1

P. G. Slavich et al. 2013 field trial 3 365 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 8.7 13.3 Bray 1

P. G. Slavich et al. 2013 field trial 3 730 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 11.3 15 Bray 1

P. G. Slavich et al. 2013 field trial 3 1095 cattle feedlot manure 550 9.7 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 8.3 16 Bray 1

P. G. Slavich et al. 2013 field trial 3 180

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 15 12.7 Bray 1

P. G. Slavich et al. 2013 field trial 3 365

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 8.5 8 Bray 1

P. G. Slavich et al. 2013 field trial 3 730

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 7.4 8 Bray 1

P. G. Slavich et al. 2013 field trial 3 1095

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol none 6.9 6.7 Bray 1

P. G. Slavich et al. 2013 field trial 3 180

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 16 16 Bray 1

P. G. Slavich et al. 2013 field trial 3 365

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 8.7 8.9 Bray 1

P. G. Slavich et al. 2013 field trial 3 730

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 11.3 11.1 Bray 1

P. G. Slavich et al. 2013 field trial 3 1095

municipal wood 

greenwaste 550 7.8 CaCl2 4.7 CaCl2 highly permeable red ferrosol NPK 10 8.3 11 Bray 1

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 olive tree pruning 450 2 9.3 Water 6.8 water sandy loam 7.2 Olsen none 4.75 8.02 Olsen 0.25 0.49 standard deviation

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 pine wood 450 2 7.5 Water 6.8 water sandy loam 7.2 Olsen none 4.75 5.06 Olsen 0.25 0.45 standard deviation

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 olive tree pruning 450 2 9.3 Water 8.4 water loamy clay 2.6 Olsen none 1.54 2.96 Olsen 0.20 0.16 standard deviation

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 pine wood 450 2 7.5 Water 8.4 water loamy clay 2.6 Olsen none 1.54 1.54 Olsen 0.20 0.12 standard deviation

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 olive tree pruning 450 2 9.3 Water 6.8 water sandy loam 7.2 Olsen P 30 12.28 18.33 Olsen 0.33 0.70 standard deviation

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 pine wood 450 2 7.5 Water 6.8 water sandy loam 7.2 Olsen P 30 12.28 12.9 Olsen 0.33 0.25 standard deviation

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 olive tree pruning 450 2 9.3 Water 8.4 water loamy clay 2.6 Olsen P 30 13.27 14.57 Olsen 0.45 0.29 standard deviation

Jose Antonio Alburquerque et al. 2015 pot trial 5 29 pine wood 450 2 7.5 Water 8.4 water loamy clay 2.6 Olsen P 30 13.27 12.1 Olsen 0.45 0.37 standard deviation

Yi Jin et al. 2016 incubation 3 98 manure 400 0.5 10.95 Water 6.8 water clay loam none 20.9 87.2 Olsen

Yi Jin et al. 2016 incubation 3 98 manure 400 1.5 10.95 Water 6.8 water clay loam none 20.9 141.6 Olsen

Yi Jin et al. 2016 incubation 3 98 manure 400 0.5 10.95 Water 5.2 water silt loam none 12.2 44.5 Olsen

Yi Jin et al. 2016 incubation 3 98 manure 400 1.5 10.95 Water 5.2 water silt loam none 12.2 109.6 Olsen

Charlene N. Kelly et al. 2015 pot trial 4 56 switchgrass 600 2.5 9.33 Water 8.1 water clay  NPK 30 24.3 33 Olsen 2.33 1.91 standard deviation

Charlene N. Kelly et al. 2015 pot trial 4 56 switchgrass 600 5 9.33 Water 8.1 water clay  NPK 30 24.3 45.3 Olsen 2.33 1.03 standard deviation

Charlene N. Kelly et al. 2015 pot trial 4 56 switchgrass 600 10 9.33 Water 8.1 water clay  NPK 30 24.3 53.8 Olsen 2.33 3.42 standard deviation

Charlene N. Kelly et al. 2015 pot trial 4 56 switchgrass 600 2.5 9.33 Water 6.1 water clay  NPK 30 61.7 57.3 Olsen 0.88 1.20 standard deviation

Charlene N. Kelly et al. 2015 pot trial 4 56 switchgrass 600 5 9.33 Water 6.1 water clay  NPK 30 61.7 70.7 Olsen 0.88 0.67 standard deviation

Charlene N. Kelly et al. 2015 pot trial 4 56 switchgrass 600 10 9.33 Water 6.1 water clay  NPK 30 61.7 78.7 Olsen 0.88 1.33 standard deviation
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