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ABSTRACT 

Biochars made from modern pyrolysis methods have attracted widespread 
attention as potential soil amendments to improve plant productivity in the 
infertile soils of the tropics.  Feedstock and pyrolysis conditions affect the 
physico-chemical properties of biochar with important implications for soil 
fertility and plant growth. Specifically, biochar volatile matter (VM) significantly 
affect soil inorganic nitrogen (N) status and ash content impacts soil elemental 
composition and pH. This paper highlights collaborative research on biochar and 
its potential use as a soil amendment conducted by the Department of Tropical 
Plant and Soil Sciences and the Hawaii Natural Energy Institute (HNEI) at the 
University of Hawaii.   

 
INTRODUCTION 

Biochar is defined as charcoal made to be applied to soils as a soil conditioner (Verheijen et 
al., 2009). The ‘Terra Preta do Indio’ a sustainable fertile soil of central Amazonia from pre-
Columbian origin (Major et al., 2005) provided the model for using charcoal in agriculture as a 
mean for C sequestration and soil fertility improvement (Glaser et al., 2002; Lehmann et al., 
2006; Sombroek, 1966; Lehmann et al., 2003). Biochar exhibits certain physico-chemical 
properties that make it not only a potential soil amendment, but also an attractive alternative for 
mitigating the negative effects of greenhouse gas emissions via long-term C sequestration. It is a 
porous media with high surface area, which imparts high water holding capacity, a high capacity 
for the sorption of organic and ionic compounds, and a beneficial habitat for soil microorganisms 
(Verheijen et al., 2009). Exhibiting a high degree of aromaticity, biochar is resistant to microbial 
degradation and can persist in the soil environment for centuries offering (Baldock and Smernik, 
2002). 

Feedstock and pyrolysis conditions determine the physico-chemical properties of biochar, 
and thus determine its effects on soil and plant growth. Biochar made from wood and grass 
materials at the same temperature, for example, show distinctly different properties; woody 
materials are characterized by high surface area and low ash content, whereas grasses have low 
surface area and high ash content. For the same feedstock, increasing pyrolysis temperature 
increases ash content and surface area up to 600 °C and decreases VM and total N content. 
Biochar physico-chemical properties appear to be optimized for the use as a soil fertility 
amendment when produced at temperatures between 500 and 600 °C; the range at which surface 
area, cation exchange capacity (CEC), and ash content are highest (Keiluweit et al., 2010). 

In this paper, we provide characterization data for a range of biochars produced at the HNEI 
and summarize the results of a series of laboratory incubations and greenhouse pot experiments 
investigation biochar effects on soil properties and plant growth. 
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MATERIALS AND METHODS 
A range of biochars from varying feedstocks subjected to differing pyrolysis conditions and 

severity were created at the HNEI (Table 1). The high volatile matter macnut shell (HVM MN) 
and corn cob (HVM CC) biochars were produced according to the flash carbonization process at 
low temperature (<300 °C) whereas the low volatile matter (LVM) chars were produced at 

 
Table 1. Selected chemical properties of the biochars used in the greenhouse  
experiments. 

Biochars 

VM Ash fC† pHH2O 
(1:5) 

P‡ 
(mg kg-1)

Exchangeable Cations 
(cmolc kg-1) 

% K+ Ca2+ Mg2+ Na+

HVM MN 22.5 0.33 77.2 5.7 NA 18.5 0.74 0.74 0.15 

LVM MN 6.30 4.18 88.7 8.2 NA 17.2 1.25 3.73 0.31 

HVM CC 63.4 1.57 35.1 4.5  263 19.2 0.35 2.68 0.15 

LVM CC 7.68 5.19 87.1 10.0 237 35.7 0.32 2.42 0.30 

GAS 2.22 18.1 79.7 10.7 689 2.09 36.7 100 0.21 

Kiawe 23.9 1.17 75.0 7.9  25.1 0.57 7.14 0.22 0.27 
†fixed carbon (fC) = 100%-%VM - %ash; ‡Modified truog extractable P 
 
approximately 550 °C (Antal et al., 2003; Deenik et al., 2010; Diarra et al., in review). Two 
woody biochars were also included; one made from Leucaena leucocephala wood (GL) using a 
gasification procedure at 850 °C (Turn et al., 1998) and the other a commercially available 
barbecue charcoal made from Prosopis pallida (kiawe) wood produced by traditional means. 
Biochar pH, extractable P, exchangeable cations, chemical structure by fourier transform infared 
spectroscopy (FTIR), and the chemical composition of the 
VM [by gas chromatography mass spectrometry (GC-MS)] 
were determined following the procedures outlined in 
Deenik et al. (2010) and McClellan et al. (in review). 
Biochar effects on plant growth and soil properties were 
assessed through a series of greenhouse pot experiments 
using a highly infertile, acid Ultisol (Leilehua series, Very-
Fine, Ferruginous, Isothermic Ustic Kanhaplohumults) as 
the test soil and implemented following the procedures in 
Deenik et al. (2010) and Diarra et al. (in review). A 
laboratory incubation was also conducted to evaluate 
biochar effects on soil nitrogen (N) transformations and 
soil microbial activity as outlined in McClellan et al. (in 
review).  
 
RESULTS AND DISCUSSION 

FTIR spectra showed that there were significant 
structural differences between the low and high VM CC 
biochars (Fig. 1). The LVM biochar showed a high degree 
of thermal alteration with an FTIR spectra similar to 
activated charcoal indicating extensive aromaticity with 
distinct peaks at 1560 and 1250 (carboxylic functional 
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Figure 1. FTIR spectra for  LVM (A) 
and HVM (B) CC biochars 
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Figure 2. GC-MS chromatograms for the acetone extract of the HVM MN (a) and HVM CC (b) 
biochars. 
 
groups). On the other hand, the HVM biochar 
showed strong peaks at 3360-3400 cm-1, for 
OH-stretching of phenols and H-bonded water. 
The presence of phenolic compounds is 
indicative of a lower temperature char with 
higher VM content. 

We used GC-MS spectroscopy to 
characterize the chemical composition of the 
VM in the high and low VM MN and CC 
biochars. GC-MS spectra of the acetone 
extracts of high VM MN and CC biochars 
showed the presence of a range of volatile 
compounds. The HVM MN biochar contained 
a range of phenolic compounds (Fig. 2a) and 
the HVM CC biochar was also rich in 
phenolics with additional peaks for a fatty acid 
(palmitic acid), polycyclic hydrocarbons 
(PAH) (fluoranthene and pyrene), and 
hydroxyl hydrocoumarin (Fig. 2b). In contrast, 
chromatograms for the acetone extract of all 
the LVM biochars showed no peaks.   

Biochars with high VM content 
consistently caused a decrease in soil inorganic 
N in short term controlled incubation 
experiments. Incubation jars with HVM CC 
biochar supplemented with 50 mg kg-1 N 
showed a rapid and sustained decline in 
extractable NH4

+ (Fig. 3A) and NO3
- (data not 
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shown) compared with the LVM CC biochar and control soil with supplemental N, which 
maintained high concentrations of soil NH4

+. The HVM biochar treatments showed a significant 
increase in hydrolytic enzyme activity corresponding with the decline in soil inorganic N (Fig. 
3B). However, the LVM and control treatments showed no change in enzyme activity throughout 
the incubation. The simultaneous increase in enzyme activity and decline in inorganic N in the 
HVM treatments provides indirect evidence that the compounds in the HVM biochar served as a 
source of bioavailable C fueling microbial proliferation and inducing N immobilization. 

Variations in VM and ash content significantly impacted maize growth in the greenhouse 
experiments for the MN and CC biochars. The high VM biochars caused significant reductions 
in growth compared with the control treatment and corresponded with low N in the above ground 
biomass of the biochar amended soils. The apparent N deficiency is likely explained by N 
immobilization in the microbial biomass that grew as a result of bioavailable C in the biochar 
VM as we showed occurred in the incubation 
study reported above. We observed positive 
growth responses in the low VM MN and CC 
treatments. The response was best explained 
by significantly higher potassium (K) uptake 
from the K-rich MN and CC biochars (Table 
1).  

To evaluate the persistence of the 
observed biochar effects on maize growth, we 
ran a sequence of three consecutive planting 
cycles. Figure 4 shows significant effects of 
biochar on maize growth in the first planting 
cycle with the low VM biochar producing an 
increase and the high VM biochar reducing 
growth. During the second and third planting 
cycles, however, there were no significant 
differences between biochar treatments and 
the control. Our results indicate that both the 
negative effect of high VM biochar and 
positive effect of low VM biochar were 
temporary. A comparative analysis of high 
VM (HVM CC) biochar amended soils before 
and after the first crop cycle showed the 
disappearance of bioavailable phenolic 
compounds presumably due to microbial 
activity. Maize growth in the high VM CC 
biochar treatment recovered during the second 
crop cycle showing no difference compared 
with the control with similar results observed 
in the third crop cycle. These findings indicate 
that bioavailable compounds in high VM 
biochar are rapidly consumed by soil 
microorganisms and that the subsequent 
period of N immobilization is short (≈6 

Feedstock Rate VM Ash Growth Response 
 % (w/w)  -------------%------------ 

MN 5 High 0.33 NS 
 10 High 0.33 -22 
 20 High 0.33 -73 
MN 10 Low 4.18 +38 
CC 2.5 High 1.57 -45 
 2.5 Low 5.19 +64 
Kiawe 2.5 High 1.17 NS 
Leuceana 2.5 Low 18.1 NS 

Table 2. Results from greenhouse experiments showing 
maize growth response to biochars from different 
feedstocks with either high or low VM content. Growth 
response is measured against the soil control. 
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weeks). Similarly, we observed that the positive effects associated with the low VM biochar did 
not persist past the first cropping cycle.    

Biochar application to a highly weathered and infertile Ultisol showed differential effects on 
soil chemical properties that varied primarily with ash content. Biochars high in ash served as 
good liming materials significantly increasing soil pH and reducing Al saturation. The ash 
component of the low VM MN and CC biochars were also excellent sources of K significantly 
enhancing soil K supply to the maize plants. The K contribution, however, did not persist one 
cropping cycle. A number of studies have reported increased CEC in soils amended with biochar 
(Lehman et al., 2003; Liang et al., 2006), our laboratory work shows that while certain biochars 
may exhibit CEC in a water suspension, biochars exhibit pH-dependent charge properties and 
their surfaces can be dominated by positive charge when the soil-biochar mixture pH falls below 
the biochar’s isoelectric point (pH0, the pH at which negative and positive surface charge are 
equal for variable charge surfaces). For example, the pH0 of the low VM CC charcoal was 7.1, 
however, the low VM biochar amended soil pH was 4.96, which was much lower that the 
biochar pH0 suggesting that the biochar surface would be net positively charged. In soil systems 
with variable charge minerals, such as the Leilehua soil, constituents that lower the pH0 values 
increase the CEC whereas amendments that increase pH0 values increase positive charge with a 
corresponding decrease in CEC (Uehara and Gillman, 1981). Soil organic matter and phosphate 
applications to variable charge soils, for example, will lower the pH0 and increase the CEC of the 
system (Gilman and Fox, 1980; Gilman, 1985). The Leilehua soil was characterized by net 
negative charge as its pH in water was higher than its pH0. Biochar additions showed negligible 
effects on pH0 of the soil/biochar mixtures indicating no significant effect on CEC. 
 
SUMMARY 

Our experiments show that both the positive and negative effects of charcoal on plant 
growth are temporary, and in general charcoal applications to the Leilehua soil are neither 
significantly beneficial or detrimental to plant growth. Charcoals can potentially benefit plant 
growth by directly modifying soil chemistry (a liming effect or contribution of essential 
elements), increasing nutrient retention by contributing negative surface charge (CEC), and 
improving the physical properties of the soil (lowering bulk density and increasing aggregation 
and water holding capacity) (Sohi et al., 2009). We have shown that charcoals high in ash 
content ameliorate soil chemistry by increasing pH and depending upon feedstock contributing 
essential nutrients leading to temporary benefits to plant growth. We demonstrate that although 
three of the charcoals may exhibit CEC in a water suspension, when they are added to an acid 
soil they do not lower pH0, instead the surfaces gain positive charge due to their high isolectric 
points. The Leilehua soil is characterized by excellent physical properties – low bulk density, 
stable aggregates, and high water holding capacity – and we would expect the charcoal applied at 
2.5 % to have negligible effects on soil physical properties. The charcoal amendments and the 
soil receiving the amendment are very similar in two key physico-chemical properties that exert 
considerable influence on soil behavior; they are both characterized by high surface area and 
their surfaces possess variable charge. In essence, we are adding “like to like” and therefore, the 
fact that we observe only small effects on plant growth may not be surprising. On the other hand, 
as Sohi et al. (2009) suggest, adding charcoal materials to coarsely textured soils with low 
porosity and surface area should have beneficial effects on water retention and CEC, especially if 
the charcoal surfaces are negatively charged. It is clear that more research is needed to relate 
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charcoal physico-chemical properties to effects on soil properties and plant growth across a 
range of soils varying in texture and mineralogy. 
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