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ABSTRACT

At present, there is little commercial sale of biochar, since farmers find they can not gain a return on their investment in this

amendment in the first few years after its application, because of the high cost associated with large application rates. To overcome

this constraint, development of artificially aged enriched biochar-mineral complexes (BMCs), having a higher mineral content, surface

functionality, exchangeable cations, high concentration of magnetic iron (Fe) nanoparticles, and higher water-extractable organic

compounds has been undertaken by a combined team of researchers and a commercial company. Two biochars produced under

different pyrolysis conditions were activated with a phosphoric acid treatment. A mixture of clay, chicken litter, and minerals were

added to the biochar, and then this composite was torrefied at either 180 or 220 ◦C. In this study a pot experiment was carried out

in glasshouse conditions to determine the effects of four different BMCs, with different formulations applied at rates of 100 and 200

kg ha−1, on the mycorrhizal colonisation, wheat growth and nutrient uptake, and soil quality improvement. It was found that the

phosphorus (P) and nitrogen uptake in wheat shoots were significantly greater for a low application rate of BMCs (100 kg ha−1). The

present formulation of BMC was effective in enhancing growth of wheat at low application rate (100 kg ha−1). The increase in growth

appeared due to an increase in P uptake in the plants that could be partly attributed to an increase in mycorrhizal colonisation and

partly due to the properties of the BMC.
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INTRODUCTION

Biochar is carbon-rich organic matter derived from

the thermal processing of biomass in an oxygen-limited

environment (Nielsen et al., 2014). It may be added to

soils where, potentially, it can act as a means to se-

quester carbon (C) and maintain or improve soil func-

tion in modern agricultural practices (Lehmann and

Joseph, 2009). It has been frequently reported that

biochar can form a highly stable pool of C that can pro-

mote plant growth and potentially assist in reduction

of greenhouse gas levels (Singh et al., 2010; Chia et al.,

2014). Historical use of black C as a soil amendment,

through slash-and-burn techniques, has been observed

globally by indigenous cultures in Australia, Africa,

South America and Asia, highlighting the beneficial ef-

fects of pyrogenic C amendment in soils (Joseph et al.,

2013). The increased fertility of biochar-laden soil has

generally been associated with physical and chemical

changes in soil characteristics, such as nutrient reten-

tion (Laird et al., 2010), higher water holding capacity,

higher cation exchange capacity (CEC), and increases

in pH for acidic soils (O’Neill et al., 2009; Anderson et

al., 2011; Lehmann et al., 2011).
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The changes to microbial communities, in response

to addition of biochar, are associated with increased

soil productivity, nutrient turnover, nutrient utiliza-

tion, and agronomic benefits (Anderson et al., 2011;

Kolton et al., 2011). For example, the C-rich, high-

ly fertile “Amazonian dark soils” (Arthrosols) showed

increases in microbial diversity and microbial biomass

when compared with adjacent C-poor soil (O’Neill et

al., 2009; Grossman et al., 2010). This suggests that

biochar addition increases the niche space for soil mi-

croorganisms. Field trials indicate that biochar appli-

cation can lead to a plant and crop yield increase (Chan

et al., 2008; Kimetu et al., 2008; Asai et al., 2009;

Blackwell et al., 2009). Soils contain complex commu-

nities of numerous distinct microorganisms, and it has

been shown that biochar can have an impact on their

composition and function.

Nielsen et al. (2014) analysed microbial communi-

ties in a controlled field trial that compared the effect of

enriched biochars (EBs), using a biochar-mineral com-

plex (BMC) provided by Anthroterra Pty Ltd., Aus-

tralia against a farm practice (FP) of traditional fer-

tilisation (urea, superphosphate and potash), on sweet

corn yield applied at the same application rate. De-

spite the lower amounts of nutrients provided by EBs,

their amendment to soil at 440 kg ha−1 produced simi-

lar crop yields to FP. In addition, significant differences

in microbial community composition were observed be-

tween the high EB and FP treatments. This was driven

by the differences in the relative abundances of only a

few community members. Community level differences

were also correlated with a higher soil pH associated

with EB-laden soil. Network analysis showed that the

low EB application had more correlation patterns (co-

occurrences and exclusions) between microbial taxa,

and highlighted the importance of associations between

members of the phyla Acidobacteria and Verrucomi-

crobia in the biochar environment. Overall, a large nu-

mber of microorganisms appear to be influenced by EB

amendment compared with fertiliser use leading to a

complex re-wiring of community composition and as-

sociations.

Recent studies have shown that the application of

biochars to soils tends to generate increasing benefits

to both soil properties and plant yield over time. For

example, Steiner et al. (2007) applied biochar derived

from secondary forest wood together with mineral fer-

tilisers in the Central Amazon. They reported a dou-

bling of the cumulative grain yield after four growing

seasons over two years. Similarly, Kimetu et al. (2008)

found an increase in soil organic matter and a doubling

in cumulative maize yield after repeated applications

of 6 t ha−1 of Eucalyptus saligna biochars over three

seasons in Western Kenya. However, both studies sug-

gested that even though it was proven that application

of biochars, together with mineral fertilisers, would in-

crease nutrient uptake and crop yield, little is known

about the reactions that occur between biochars and

fertilisers, if added together to the soil.

Cheng and Lehmann (2009) showed a higher oxy-

gen (O) concentration, surface acidity and negative

surface charge on the surface of biochar particles as

the biochars were aged for 12 months in a controlled

aerobic incubation experiment (Joseph et al., 2010). It

was hypothesized that changes in the surface proper-

ties of biochars promoted the aggregation of organo-

mineral layers on the biochar surfaces. Joseph et al.

(2013) also hypothesized that having a high concen-

tration of redox-active organic molecules, iron (II) and

manganese (III) on the surfaces of biochars could im-

prove a range of properties related to nutrient cy-

cling and uptake along with increasing the concen-

tration or a range of beneficial micro-organisms. This

hypothesis is partly based on the assumptions derived

from Amazonian dark earth (ADE) research, where

Glaser et al. (2001) reported that the slow oxidation

on the edges of the aromatic backbone of black C ge-

nerated carboxylic groups, which promoted the forma-

tion of organo-mineral complexes and increased CEC.

ADE has been produced by the incomplete combus-

tion of a complex mixture of clay, minerals and de-

composing biomass (Glaser et al., 2001; Liang et al.,

2006). Chia et al. (2010) carried out one research to

determine the nature of interaction between biomass

and mineral phas̄es. They found that the reaction be-

tween these phases resulted in high acid neutralizing

capacity and an increase in the concentrations of ex-

changeable cations, labile organic molecules that have

been identified as potential biopesticides and signaling

molecules, and available phosphorus (P).

Clare et al. (2014) have shown that in China the

high application rates used to achieve significant in-

creases in yields are not commercially viable even at

US$ 300 t−1. Over the past 7 years material scientists

and engineers have been harnessing the results of stu-

dies on aged biochars along with the results of enhan-

cing C through the addition of nanophase minerals and

surface modification with acids to produce biochar-

mineral complexes (BMCs). Considerable research has

shown that the addition of magnetic nanophase iron

(Fe) can enhance the properties of biochar, particu-

larly those involved in P cycling (Chen et al., 2011;

Joseph et al., 2013). Recent research has also shown

that Terra Preta soils are magnetic and that they con-
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tain a high concentration of Fe nanoparticles (Archanjo

et al., 2014; Chia et al., 2014). The goal of this research

was to produce a mineral enriched biochar that had a

high concentration of Fe2+ and Fe3+ nanophase parti-

cles, which could significantly increase yields, improve

soil properties, and increase abundance of beneficial

micro-organisms at low application rates (< 200 kg

ha−1) without the use of chemical fertilisers.

This paper presented the results of agronomic trial

of four different artificially aged enriched BMCs. Two

BMCs (BMC7 and BMC8) were produced using high-

temperature wood biochar and other two (BMC5 and

BMC6) were produced using low-temperature biochar.

The supplier of the BMC wished to determine whether

the temperature at which the enrichment took place af-

fected the agronomic performance (e.g., between BM-

C7 and BMC8). They also changed the type of clay

used in the low-temperature BMC (e.g., between BM-

C5 and BMC6). A glasshouse pot trial was carried out

to determine the effects of these four BMCs at appli-

cation rates of 100 and 200 kg ha−1 on the mycor-

rhizal colonisation, plant growth, biomass yield, nutri-

ent uptake and soil quality improvement. The working

hypothesis was that the BMCs from either high- or low-

temperature biochars, which contained a greater pro-

portion of labile organic molecules and had a relative

high concentration of redox-active magnetic nanopar-

ticles, would result in higher yields at lower application

rates compared to a control with no amendments.

MATERIALS AND METHODS

Biochar preparation and analysis

The biochar used in BMC5 and BMC6 was pro-

duced by pyrolysing an Acacia saligna (AS) feedstock

at about 380 ◦C for 30 min. The jarrah biochar (JB)

used for BMC7 and BMC8 was purchased from Sim-

coa Pty Ltd., Western Australia (WA). This biochar

was produced from jarrah sawdust in a vertical fur-

nace that reached a final temperature of 600 ◦C with

a process time of 24 h. BMC5 was manufactured in

Geraldton, WA using local brickworks mixed layered

clay containing muscovite and illite, which is high in

pyrite, and chicken litter from a local farm. The re-

maining BMCs were manufactured at Western Mine-

rals Fertiliser Factory at Tenterden, WA using a diffe-

rent type of kaolinitic clay, lower in Fe, and chicken

litter.

The enriched biochar (i.e., BMC) was manufac-

tured by Anthroterra Pty Ltd. using its patented for-

mulation. The raw materials used to produce the en-

riched biochar are listed in Table I. The AS (BMC5

and BMC6) and JB biochars (BMC7 and BMC8) were

pre-treated with phosphoric acid prior to mixing with

the rest of the raw materials to enhance the stability of

the carbonyl groups and to promote the loss of hydro-

gen from the surface (Toles et al., 1996). Boiling water

was added to the mixture to ensure that the materials

coagulated and a relatively homogenous mixture was

generated using a commercial 50-L cement mixer. The

mixture was then placed into a rotating torrefaction

kiln and was heated at 5–7 ◦C min−1 up to 220 ◦C for

BMCs 5, 6 and 7, and up to 180 ◦C for BMC8. The

raw materials were heated for 5 h at 220 ◦C for BMCs

5, 6 and 7, and 180 ◦C for BMC8 and the final product

was cooled under atmospheric conditions to room tem-

perature. Butenolide was added to the cooled product

to assist in the germination of seeds.

TABLE I

Raw materials used to synthesize the artificially enriched biochar-mineral complexes (BMCs)a)

Raw BMC5 and BMC6 BMC7 and BMC8

material
Description Content Description Content

by weight by weight

% %

Air-dried clay Sourced from Geraldton, WA and high in pyrite for BMC5;

sourced from Tenterden, WA and low in iron for BMC6

36 Sourced from Tenterden, WA

and low in iron

36

Chicken manure Sourced from a farm 23 Sourced from a farm 23

Biochar Acacia saligna biochar, produced at 380 ◦C for 6 h and

reacted with phosphoric acid

30 Jarrah biochar, produced at 600
◦C for 12–24 h and reacted with

phosphoric acid

30

Minerals Iron bearing kaolinite, calcium carbonate, rock phosphate,

manganese sulfate and ilmenite

11 Iron bearing kaolinite, calcium

carbonate, rock phosphate, ma-

nganese sulfate and ilmenite

11

a)BMC5 and BMC6 were produced using low-temperature Acacia saligna biochar and BMC7 and BMC8 using high-temperature

jarrah biochar. The difference between BMC5 and BMC6 is the type of clay used and the difference between BMC7 and BMC8 is the

temperature at which the enrichment takes place.
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Detailed analyses of the untreated and treated AS

and JB biochars and the four different types of BMCs

have been published by Dempster et al. (2012), Lin et

al. (2012a, 2013), Chia et al. (2014), and Nielsen et al.

(2014). Additional agronomic tests on BMCs were car-

ried out by the Environmental Laboratory of NSW De-

partment of Primary Industries in Wollongbar, NSW.

The techniques were described elsewhere by van Zwi-

eten et al. (2010). X-ray photoelectron spectroscopy

(XPS) analysis was undertaken by the method of Jo-

seph et al. (2013) to determine the differences in sur-

face functional groups and element composition be-

tween fresh and treated biochar samples and the diffe-

rent BMCs. All samples were ground to pass through a

100-µm sieve before being analysed. To determine the

relative redox activity of the BMC solid state cyclic

voltammetry was undertaken using the technique de-

scribed by Tulloch et al. (2014).

To determine the oxidation state of Fe and the

possible mineral phases associated with the oxidation

states in BMC, Mössbauer spectroscopy of BMC5 and

BMC7 were undertaken at room temperature. Suffi-

cient signal to draw a clear conclusion from BMC6

and BMC8 was not achieved. The 57Fe Mössbauer

spectra were obtained by using a standard constant-

acceleration spectrometer and a 57Co Rh source. The

spectrometer was calibrated at room temperature with

an α-Fe foil. The magnetic susceptibility of BMC5 and

BMC7, along with the AS and JB biochars, were al-

so measured. Magnetic hysteresis loop measurements

were performed using a Quantum Design MPMS-5T

SQUID magnetometer between 5 and 300 K. Samples

were mounted in a plastic straw with low diamagnetic

magnetic moment. Three pieces broken off from diffe-

rent parts of each pellet sample were mounted toge-

ther in the straw sample holder and measured, to ac-

count for possible inhomogeneity of each sample. The

magnetic field was changed between ± 10 000 Oe (i.e.,

1 T) and stopped at intervals of 500 Oe to measure the

magnetic moment. The hysteresis loops were measured

at 10 and 300 K, after the temperature was allowed to

further settle for 600 s after the stable temperature was

signaled by the instrument.

Detailed analysis of the nanostructure of BMC5

was carried out to determine the size and the type of

iron oxides that were present in the sample using a FEI

Tecnai G2 transmission electron microscope (TEM),

operated at 200 kV, to which an energy dispersive X-

ray spectrometry detector was attached. Over 100 par-

ticles were fractured in an ultrasound and then were

deposited on a carbon-coated copper TEM grid. Sele-

ctive area diffraction was undertaken in areas rich in

Fe nanoparticles to determine the type of oxide(s) that

are present.

Glasshouse pot experiment

Sandy loam soil was mixed with BMCs at appli-

cation rates of 100 and 200 kg ha−1 including a con-

trol (soil only). Soil or the soil-BMC mixture (2 kg)

was potted and 6 pre-soaked seeds of wheat (Triticum

aestivum L. var. ‘Wyalkatchem’) were sown in each

pot and thinned to 3 plants one week after germina-

tion. The plants were watered daily by weighing to

60% of water holding capacity and were harvested af-

ter 6 weeks of growth. Shoot biomass was recorded af-

ter oven-drying at 70 ◦C for 72 h. Roots were washed

free of soil and other organic matter and fresh weights

were recorded. Root subsamples (0.50 g fresh weight)

were taken to assess mycorrhizal colonisation and the

remainder was oven-dried at 70 ◦C for 72 h. Roots

were cut into approximately 1-cm pieces and cleared

with 100 g L−1 KOH, acidified, stained with Trypan

blue (0.05%) prepared in lactoglycerol (1:1:1.2 lactic

acid:glycerol:water), and subsequently destained and

stored in lactoglycerol (Abbott and Robson, 1981).

Root colonisation and root length colonised by AM

fungi were assessed by using the gridline intercept

method scoring more than 100 intercepts under an

optical microscope at 100 × magnification (Giovan-

netti and Mosse, 1980). After 6 weeks of growth, soil

available P (Colwell, 1963), microbial P (Kouno et al.,

1995), and shoot N and P concentrations were mea-

sured. Oven-dried shoots were ground and digested

in 6:1 HNO3-HClO4 (Johnson and Ulrich, 1959). The

P concentration in the extracts was measured by the

method of Murphy and Riley (1962). Total N was de-

termined by combustion analysis (vario Macro CNS;

Elementar, Germany).

Statistical analysis

Analysis of variance (ANOVA) was performed by

using Genstat version 14 to find the effect of BMC on

parameters measured. The means were compared by

using Tukey’s test at P < 0.05 between treatments.

RESULTS

Physico-chemical properties of biochars and BMCs

The major differences between the two biochars are

the contents of total C, volatile matter, and water-

extractable organic carbon (WEOC). Lin et al. (2013)

reported that the contents of total C, volatile matter,

and WEOC of the AS biochar were 750, 307, and 36.9

× 10−3 g kg−1 and those of JB 820, 162, and 3.7× 10−3
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g kg−1, respectively. Treating the biochars with phos-

phoric acid increases the WEOC of AS and JB to 221.6

× 10−3 and 87.8× 10−3 g kg−1, respectively (Lin et al.,

2013). Chia et al. (2014) and Lin et al. (2012b) note a

high concentration of a range of nanophase particles,

especially those high in Fe and Mn in BMCs 5, 6, and

7.

Table II summarises the differences in the type and

concentration of the C, N, and O functional groups

and the overall composition of the organic and inorga-

nic compounds on the surface of the acid-treated and

untreated biochars. There was a significant decrease

in the total atomic percent of surface C, C–O, C=O,

COOH, and N functional groups and an increase in the

O concentration in the lower-temperature AS biochar

when treated with acid. However, the acid treatment

increased the C–O and COOH functional groups on

the JB, although overall there was a reduction in total

C. There was a significant increase in the P content on

the surface of both biochars, which would explain the

decreases in the relative concentration of N and the

C–O functional groups.

Table III summarises the properties of the diffe-

rent BMC samples. Total C was the lowest for BMC5

and the highest for BMC8. This reflects the use of a

higher-temperature biochar for BMC7 and BMC8. The

N content, which mainly derives from the addition of

chicken manure, was about 10 g kg−1 and the ash com-

position was fairly uniform at 520 g kg−1. Major diffe-

rences were recorded for pH and electrical conductivi-

ty (EC), which were 7.9 and 5.3 dS m−1, respectively,

for BMC6 and 5.7 and 3.6 dS m−1 for BMC5. The pH

and EC for BMC7 and BMC8 were nearly the same

(Table III). BMC8 had a much higher available N as

NO−
3 and NH+

4 than the other BMCs and BMC6 had a

very low value. Total P was the highest for BMC7 and

BMC8, but Colwell P was the highest for BMC6 and

BMC7. Total exchangeable cations were the highest for

BMC5 and the lowest for BMC6.

Table IV summarises the results of XPS analysis

of the surfaces of different BMCs. BMC5 had a much

lower concentration of C–C/C–H compounds and a

greater concentration of C–O groups associated with

alcoholic, phenolic, hydroxyl, and/or ether compounds

compared with the other BMCs. This was consistent

with the higher WEOC that was reported by Lin et

al. (2013). BMC7 and BMC8 had a higher concentra-

tion of C=O associated with quinones, ketones and

aldehyde, and a lower concentration of COOH com-

pared with BMC5 and BMC6. Amino acid-N functio-

nal groups predominated over C–N and ammonium-N

functional groups and were the highest for BMC7 and

BMC8. The major minerals found on the surface con-

sisted of Al-rich oxides and silicates. The Ca, P and

K concentrations were similar for all of the BMCs, al-

though BMC6 had the highest concentrations. Redox-

active Fe and Mn oxides were detected on the surface

with the highest concentration measured on BMC5.

TABLE II

X-ray photoelectron spectroscopy analysis of phosphoric acid-treated and untreated biochars

Biochar Region scan for untreated Region scan for treated Survey for untreated Survey for treated

biochar biochar biochar biochar

Peak Binding Atomic Functional Peak Binding Atomic Peak Binding Atomic Peak Binding Atomic

energy concen- groups energy concen- energy concen- energy concen-

tration tration tration tration

eV atom% eV atom% eV atom% eV atom%

Acacia C1s A 284.66 74.66 C–C, C–H C1s A 284.16 9.15 C1s 284.86 88.25 C1s 284.89 13.90

saligna C1s B 286.16 10.49 C–O C1s B 286.00 6.26 O1s 532.79 9.13 O1s 532.41 66.76

C1s C 287.66 2.22 C=O C1s C 287.32 1.21 N1s 399.56 1.31 N1s 400.01 0.28

C1s D 288.86 1.44 COOH C1s D 288.82 0.49 Na1s 1 072.00 0.43 Na1s 1 071.05 0.18

C1s E 290.21 0.92 Carbonates K2p3 293.05 0.12 P2p 133.32 0.17 P2p 134.24 18.65

N1s A 400.64 0.57 N–C–COOH N1s A 400.13 0.24 Mg1s 1 304.40 0.26 Si2p 103.52 0.24

N1s B 398.63 0.35 N–C O1s A 532.94 58.46 Cl2p 199.90 0.31

O1s A 533.36 5.84 O1s B 531.56 24.08 S2p 169.96 0.14

O1s B 531.70 3.51

Jarrah C1s A 284.48 64.20 C–C, C–H C1s A 284.22 27.41 C1s 284.43 78.85 C1s 284.47 39.74

C1s B 283.02 11.43 C–O C1s B 286.02 14.69 O1s 532.10 15.41 O1s 532.42 47.47

C1s C 285.98 3.61 C=O C1s C 287.42 0.93 N1s 400.07 0.75 N1s 400.69 0.38

C1s D 287.48 2.21 COOH C1s D 288.82 2.68 Si2p 102.35 2.96 Si2p 103.22 1.01

C1s E 288.68 1.55 Carbonate N1s A 400.82 0.23 Al2p 73.79 1.21 P2p 134.23 10.80

N1s A 400.22 0.48 N–C–COOH O1s A 532.95 38.65 Na1s 1 072.21 0.35 Na1s 1 071.17 0.14

O1s A 532.87 9.68 O1s B 531.54 15.39 Mg1s 1 305.92 0.20 Ti2p 458.78 0.13

O1s B 531.17 6.84 Fe2p 712.37 0.19 Fe2p 713.35 0.15

Cl2p 199.38 0.08 F1s 688.91 0.18
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TABLE III

Basic properties of the different biochar-mineral complexes

(BMCs)a)

Property (dry basis) BMC5 BMC6 BMC7 BMC8

Ash (g kg−1) 543 492 513 540

Total carbon (g kg−1) 269 280 336 360

Hydrogen (g kg−1) 23.3 13.9 20.0 10.6

Nitrogen (g kg−1) 12.0 9.7 13.0 10.0

Oxygen (g kg−1) 153 204 104 105

pH (CaCl2) 5.7 7.9 6.6 6.2

Electrical conductivity (dS m−1) 3.6 5.3 8.1 8.1

Available N as NH+
4 (mg kg−1) 100 17 45 380

Available N as NO−
3 (mg kg−1) < 0.2 < 0.2 < 0.2 120

Total P (g kg−1) 16 21 29 29

Colwell P (mg kg−1) 2 100 2 700 2 600 1 600

Total exchangeable cations 54.0 46.1 52.0 50.0

(cmol(+) kg−1)

a)See Table I for the detailed descriptions of BMCs 5–8.

Fig. 1 is a summary of a voltammogram of the cur-

rent responses of the BMCs to a change in the potential

as measured against a saturated calomel reference elec-

trode. The response curves for all of the BMCs except

BMC5 were flat. This indicated that the surfaces of

the BMCs 6, 7, and 8 had not been oxidised. However,

BMC5 showed a very clear response when the voltage

was positive.

Mössbauer spectroscopy was performed at room

temperature on BMC5 and BMC7 (data not shown).

The spectrum for BMC7 consisted of two quadrupole

doublets. The first doublet gave an isomer shift of 0.35

mm s−1, quadrupole splitting of 0.49 mm s−1 and

83.8% subspectrum area. The second doublet gave an

isomer shift of 0.95 mm s−1, quadrupole splitting of

1.98 mm s−1 and subspectrum surface area of 16%.

TABLE IV

X-ray photoelectron spectroscopy analysis of the different

biochar-mineral complexes (BMCs)a)

Item Name Functional BMC8 BMC7 BMC6 BMC5

group

atom%

Peak C1s A C–C/C–H 23.05 21.87 26.34 10.68

C1s B C–O 6.81 9.48 6.43 13.77

C1s C C=O 6.25 11.29 1.42 4.04

C1s D COOH 1.35 1.45 2.41 2.14

N1s B N–C 0.67 0.66 0.98 0.28

N1s A Amino acid-N 1.99 1.70 1.55 1.02

N1s C Ammonium-N NDb) 0.29 ND 0.66

O1s A Silicate 29.73 33.32 38.64 27.17

O1s B O–C 2.25 4.34 0.38 17.54

Ele- Mn2p3 A Mn2p3 A 0.26 0.25 0.23 0.24

ment Mn2p3 B Mn2p3 B 0.06 0.10 0.07 0.07

Fe2p3 A Fe2p3 A 0.09 0.13 0.26 0.29

Fe2p3 B Fe2p3 B 0.12 0.09 0.14 0.20

Na1s A Na1s A 0.29 0.44 0.36 0.32

Al2p A Silicate 4.01 4.45 6.69 6.69

Si2p A Silicate 5.17 5.60 7.58 12.1

P2p A P2p A 1.40 1.27 1.99 0.93

S2p A S2p A 0.83 0.90 0.60 ND

Cl2p3 A Cl2p3 A 0.19 0.20 ND ND

K2p3 A K2p3 A 1.54 1.03 2.12 0.71

Ca2p3 A Ca2p3 A 1.45 1.13 1.51 1.14

a)See Table I for the detailed descriptions of BMCs 5–8.
b)Not detectable.

This kind of spectrum was consistent with the presence

of hematite superparamagnetic nanoparticles at room

temperature (Yang et al., 2005; Tian et al., 2011). The

doublet with the larger isomer shift was ascribed to

Fe3+ ions in tetrahedral A-sites. The doublet with the

smaller isomer shift represented Fe2+ and Fe3+ ions in

the octahedral B-sites, with delocalisation of the 6th

Fig. 1 Electrochemical behaviour of biochar-mineral complex 5 (BMC5, a) and BMCs 6, 7 and 8 (b). Electrode composed of 10:1

SFG6 graphite was used to BMCs in a pH 7 buffer electrolyte at a scan rate of 0.05 mV s−1. SCE means the saturated calomel

electrode. The dot indicates the starting point for the scan, while the arrows represent the direction of the scan. Insets show an

expanded view where appropriate. See Table I for the detailed descriptions of BMCs 5–8.
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electron on Fe2+ ions precluding the distinction be-

tween Fe2+ and Fe3+ on B-sites (Panda et al., 2001).

BMC7 had a magnetic anomaly at 125 K, indica-

ting a magnetic transition (data not shown). Above

this temperature, they were superparamagnetic. The

anomaly resembled an anti-ferromagnetic transition

within nanoparticles (as they become superparamag-

netic). At lower temperatures < 50 K, this could be a

spin freezing process. The remaining samples were su-

perparamagnetic at all measured temperatures. BM-

C7 had an open hysteresis loop at low fields, showing

magnetic irreversibility. At higher fields, the magne-

tic moment kept increasing with increasing the field

for this sample. Such hysteresis loops resembled anti-

ferromagnetic behaviour, which probably occurred in-

side the nanoparticles, away from their surface. The

remaining samples only displayed linear, reversible de-

pendence of magnetic moment with the field, indica-

ting they were in a superparamagnetic phase. BMC7

could also be interpreted as superparamagnetic, but in

addition there was the contribution of antiferromag-

netic phase at low temperatures (below 125 K). Both

these samples have exhibited the magnetic anomaly at

125 K, indicating the antiferromagnetic order was due

to the same phase, presumably Fe3O4. The Neel tem-

perature of Fe3O4 would then be lowered to 125 K due

to the small particle size. The hysteresis loop of BM-

C7 was saturated at 0.15 T. These meant magnetic

moments of nanoparticles were oriented in the same

direction. This would indicate that the magnetic in-

teraction (of nanoparticles with the field) was stronger

than thermal excitations at 300 K.

It was possible that the thermal excitations were

stronger for BMC5, Simcoa and Acacia saligna bio-

chars and therefore the magnetic field (up to 1 T) could

not fully align the nanoparticles in these specimens a-

gainst these thermal excitations. This would indicate

that the nanoparticles for these samples were smaller

than those for BMC7, or they had a smaller magnetic

moment (or both). Therefore, there was no magnetic

saturation observed in the hysteresis loops because the

field was not strong enough to fully orient the nanopar-

ticle magnetic moment into its direction. There was

no indication of any antiferromagnetic phase at 300 K.

This was consistent with measurement of susceptibili-

ty versus temperature. These measurements indicated

that the antiferromagnetic phase existed below 125 K.

Indeed, hysteresis loops for BMC7 at 10 K resembled

antiferromagnetic behaviour whereas hysteresis loops

at 300 K did not (Fig. 2). TEM examination of BM-

C5 revealed significant areas of biochar particles rich

in Fe/O compounds (Fig. 3). The Fe-rich particle was

seen to comprise of cluster of fine (nanometer range)

particles. Selected area diffraction analysis was consis-

tent with these Fe-rich particles being magnetite which

mirrored the magnetic and Mössbauer measurements.

Fig. 2 Plot of magnetic field versus magnetic moment at 300 K

for BMCs 5, 6, 7 and Simcoa and Acacia saligna biochars. See

Table I for the detailed descriptions of BMCs 5, 6 and 7. Oe =

oersted; emu = electromagnetic unit.

Effect of BMCs on plant growth, nutrients uptake and

soil quality improvement

Plant growth (shoot and total plant dry weight)

was significantly increased after application of 100 kg

ha−1 of BMC5 and BMC6 and 200 kg ha−1 of BMC7

and BMC8 (Fig. 4). BMC5 application at 100 kg ha−1

produced the highest shoot and total plant dry weight;

however, shoot dry weight of plants grown with 200

kg ha−1 of BMC5 and BMC6 decreased. When com-

pared to the control, shoot growth increased signifi-

cantly (P < 0.002) with application of BMC5 both

at 100 and 200 kg ha−1, by about 45% and 22%, re-

spectively (Fig. 4). Root dry weight was greater for an

application rate of 200 kg ha−1 except BMC6, while

the highest value was found at 100 kg ha−1 of BMC6

(Fig. 4).

Mycorrhizal colonisation increased significantly for

all the BMC treatments at low application rate (100

kg ha−1) compared with higher rate (200 kg ha−1),

except BMC5 which applied at 200 kg ha−1 produced

higher mycorrhizal colonisation (Fig. 5). Mycorrhizal

colonisation increased significantly (P < 0.001) when

application of BMCs at 100 (31%) and 200 kg ha−1

(32%), compared with the control (21%). Extraction

of a BMC particle around a root (Fig. 6) and the root

itself clearly showed the high level of mycorrhizal fun-

gal colonisation.

The available P in soil and P uptake in shoots

(Fig. 7) were significantly higher for all the BMC-tre-
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Fig. 3 (a) Dark field image of a biochar-mineral complex particle rich in Fe/O, (b) bright transmission electron microscope image

of the Fe/O-rich particle agglomeration present at the bottom of the cluster of phases shown in (a), (c) energy dispersive X-ray

spectrometry elemental Fe map of the region shown in (a), and (d) selected area diffraction pattern taken from the Fe/O-rich particle

agglomeration shown in (b).

ated samples compared with the control, although the

greatest P uptake was measured when applications of

BMC5 at 100 kg ha−1 and BMC6 and BMC8 at 200 kg

ha−1. Compared with the control, the increment of P

uptake in shoots were significantly greater (P < 0.001)

for the application of BMC5 at 100 kg ha−1 (4.06 mg

pot−1, by 99%), but was moderate at 200 kg ha−1

(2.94 mg pot−1, by 44%). However, the available P in

the soil was significantly higher (P < 0.006) for both

application rates of 100 (on average 31.45 mg g−1) and

200 kg ha−1 (34.73 mg g−1) over the control (23.74 mg

g−1). Microbial biomass P was the lowest in the con-

trol treatment. However, this increased sharply after

biochar treatment of BMCs 5, 6, 7 and 8 (Fig. 7). Hig-

her rates of BMC treatments significantly produced

higher microbial biomass P than lower rates of treat-

ments. BMC5 and MBC6 at the application rate of

200 kg ha−1 produced the highest amount of micro-

bial biomass P in soil. Higher application rate (200 kg

ha−1) of BMC7 and BMC8 caused higher N uptake by

shoots than lower rate (Fig. 8). But there were opposite

results for both BMC5 and BMC6. Nitrogen uptake in

shoots was increased significantly (P < 0.042) due to

the application of BMC5, by 53% (12.94 mg pot−1) and

25% (10.57 mg pot−1), respectively, for the rates of 100

and 200 kg ha−1 over the control (8.48 mg pot−1). For

BMC6, there were no differences for the rates of 100

and 200 kg ha−1 but on average 39% (11.77 mg pot−1)

increase over the control (8.48 mg pot−1).

DISCUSSION

Amajor difference between BMCs 5 and 6 and BM-

Cs 7 and 8 lied in the labile organic content of the

parent biochar. Elad et al. (2010, 2011), Graber and

Elad (2013), Joseph et al. (2013), and Lin et al. (2013)

have discussed the role of labile organic molecules on

the surface of biochar on the germination rates, plant’s

ability to resist disease, mycorrhizal colonisation, and

nutrient uptake. Joseph et al. (2013) pointed out that

small amounts of these labile compounds could pro-

mote the growth of beneficial micro-organisms and nu-

trient uptake, but larger concentrations could have an

inhibiting effect on growth. Jaiswal et al. (2014) refe-



ENRICHED BIOCHARS WITH MAGNETIC IRON NANOPARTICLES 757

Fig. 4 Effects of different enriched biochar-mineral complexes

(BMCs) on the shoot, total plant, and root dry weight (DW) of

wheat at application rates of 100 and 200 kg ha−1 (-100 and -200,

respectively). Vertical bars indicate standard errors of the means

(n = 3). Bars with the same letter(s) are not significantly diffe-

rent at P < 0.05 using Tukey’s test. See Table I for the detailed

descriptions of BMCs 5–8.

rred to this as the “Shifted Rmax-Effect” where there

was a U-shaped response curve in terms of growth and

disease resistance. It is possible that this is one of the

major reasons why BMC5 and BMC6 produced signifi-

cantly higher growth at 100 kg ha−1 than BMCs 7 and

8 where maximum growth was seen at 200 kg ha−1.

One of the distinguishing characteristics of BMC is

their higher nanophase-Fe content, which was sugges-

ted as two oxidation states by Mössbauer spectrometry

and magnetometry. This spectrum was also characte-

ristic of the presence of Fe in kaolinitic clays (Adetunji,

2014). The absence of the sextet shows that the nano-

Fig. 5 Effects of enriched biochar-mineral complexes (BMCs)

on the mycorrhizal colonisation in wheat roots at application

rates of 100 and 200 kg ha−1 (-100 and -200, respectively). Verti-

cal bars indicate standard errors of the means (n = 3). Bars with

the same letter(s) are not significantly different at P < 0.05 using

Tukey’s test. See Table I for the detailed descriptions of BMCs

5–8.

Fig. 6 Wheat roots colonised by arbuscular mycorrhizal fungi.

particles do not interact strongly (Lopes et al., 2010).

This interpretation of Mössbauer spectra was also con-

sistent with a work reported on magnetite nanoparti-

cles in iron-ore deposits (Yang et al., 2005). In general,

the Mössbauer spectra of superparamagnetic magne-

tite nanoparticles smaller than 10 nm were difficult to

distinguish from superparamagnetic hematite or ma-

ghemite. The values of isomer shift and quadrupole

splitting for the samples studied here treated at high

temperatures were also different from the ones reported

for kaolinite clays (Wagner and Wagner, 2004). Little

is known of the role of magnetic nanoparticles in en-

hancing crop growth. Chen et al. (2011) found that

doping biochar with magnetic Fe led to an increase in

C functional groups and adsorption of toxic organic
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Fig. 7 Effects of enriched biochar-mineral complexes (BMCs)

on soil available P, P uptake by shoots of wheat plants, and

microbial biomass P in soil at application rates of 100 and 200

kg ha−1 (-100 and -200, respectively). Vertical bars indicate

standard errors of the means (n = 3). Bars with the same let-

ter(s) are not significantly different at P < 0.05 using Tukey’s

test. See Table I for the detailed descriptions of BMCs 5–8.

compounds. Joseph et al. (2013) reviewed the litera-

ture and noted that magnetic Fe nanoparticles were

found to increase nutrient cycling and could increase

the abundance of magnetosomes that can play a major

role in denitrification. Much more research is required

to fully understand the role of nanophase iron oxide

on nutrient uptake, changes in microbial communities

and adsorption of organic molecules.

Li et al. (2012) have discussed the role of the change

of oxidation state of Fe (so called redox wheel) as a

means of enhancing P, N and S availability and uptake

in plants. They noted that crystalline and non-crysta-

Fig. 8 Effects of enriched biochar-mineral complexes (BMCs)

on the N uptake by shoots of wheat plants at application rates

of 100 and 200 kg ha−1 (-100 and -200, respectively). Vertical

bars indicate standard errors of the means (n = 3). Bars with the

same letter(s) are not significantly different at P < 0.05 using

Tukey’s test. See Table I for the detailed descriptions of BMCs

5–8.

lline Fe(III) (hydro)oxides acted as terminal electron

acceptors for organic matter mineralization and N and

S transformation. They also noted that reduction of

Fe3+ could result in the conversion of NH+
4 to NO−

2 ,

which could result in the formation of dissolved or-

ganic N. For the case where there is solid P mineral

(e.g., rock phosphate) reductive dissolution of Fe(III)

(hydro)oxides on the surface of the biochar can result

in the formation of soluble P phase. Reactions with

the humic substances that exist on the surface of the

biochar (Li et al., 2012) may result in the formation

of soluble Fe-humic complexes. This may also accele-

rate P release from the solid to the soluble phase via

blocking P co-precipitating with Fe(III) (hydr)oxides.

They also hypothesised that the reduction of Fe(III)

could result in the oxidation of S4O
2−
6 to SO2−

4 , while

the oxidation of Fe(II) to Fe(III) could result in the

reduction of SO2−
4 to HS− and H2S (Li et al., 2012). It

is important to note that BMC5 is much more redox-

active and this may account for the higher P and N

shoot uptake. More research is required to understand

the mechanisms that lead to increased growth and nu-

trient uptake in plants with these BMCs.

Lower rate (100 kg ha−1) of BMC5 and BMC6 and

higher rate (200 kg ha−1) of BMC7 and BMC8 signifi-

cantly increased the plant growth (total plant and

shoot dry weight) after application to soil. BMC5 ap-

plication at 100 kg ha−1 produced the highest P con-

centration of shoot and total plant dry weight. Since
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mycorrhizal colonisation significantly increased for all

BMCs at low rate (100 kg ha−1) of biochar treatments,

the available P in soil and P uptake in shoots were

significantly higher for BMC5 at 100 kg ha−1 and BM-

C6 and BMC8 at 200 kg ha−1. The P uptake in shoots

was significantly greater for an application rate of 100

kg ha−1 than 200 kg ha−1.

The higher rate of BMC treatment significantly

produced higher soil microbial biomass P than the

lower rate of treatment. On the average, N uptake in

shoots was higher at a low application rate (100 kg

ha−1). The present formulation of BMC5 is effective

in enhancing growth of wheat at a low application rate

(100 kg ha−1). The increase in yields appeared due

to an increase in N and P uptake in the plants which

could be partly attributed to the increase in mycor-

rhizal colonisation. Crop yields were similar to those

achieved by addition of the same application rate of

chemical fertilisers (Blackwell et al., 2010).

CONCLUSIONS

The high application rates of biochar associated

with their high cost put farmers in a difficult situation

as they could not gain a return on their investment

with this amendment in the first few years after its

application. To overcome this constraint, the develo-

pment of artificially aged BMCs that have a higher

mineral content, surface functionality, exchangeable

cations, high concentration of magnetic Fe nanoparti-

cles, and higher water-extractable organic compounds

is required. BMC had a significant effect on the plant

growth and nutrients (P and N) uptake in shoots at

a low application rate (100 kg ha−1). The increase in

plant growth appeared due to an increase in P and N

uptake in the plants, which could be partly attribu-

ted to the increase in mycorrhizal colonisation and

improvement of soil biology. It could also be partly

attributed to the high concentrations of: i) magnetic

Fe nanoparticles that can increase nutrient availabi-

lity and decomposition of soil organic matter, ii) la-

bile organic molecules that can be a food source for

micro-organisms or signaling molecules that can in-

crease beneficial micro-organisms, germination rates

and plant disease resistance, and iii) acidic functional

groups (especially carboxylic acids) that can increase

nutrient availability.

ACKNOWLEDGEMENTS

This study was supported by VenEarth LLC, San

Francisco, CA, USA and the Australian Research Co-

uncil. The authors would also like to acknowledge the

assistance of Dr. David PHELAN from the Electron

Microscope and X-Ray Unit (EMU) of University of

Newcastle, Australia, Dr. Bill GONG from the Mark

Wainwright Analytical Centre, University of New Sou-

th Wales (UNSW), Australia, and the staff of the EMU

at UNSW, Australia.

REFERENCES

Abbott L K, Robson A D. 1981. Infectivity and effectiveness

of five endomycorrhizal fungi: competition with indigenous

fungi in field soils. Aust J Agr Res. 32: 621–630.
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