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Abstract Amending polycyclic aromatic hydrocarbon
(PAH)-contaminated soils with biochar may be cheaper and
environmentally friendly than other forms of organic mate-
rials. This has led to numerous studies on the use of biochar to
either bind or stimulate the microbial degradation of organic
compounds in soils. However, very little or no attention have
been paid to the fact that biochars can give simultaneous
impact on PAH fate processes, such as volatilization, sorption
and biodegradation. In this review, we raised and considered
the following questions: How does biochar affect microbes
and microbial activities in the soil? What are the effects of
adding biochar on sorption of PAHs? What are the effects of
adding biochar on degradation of PAHs? What are the factors
that we can manipulate in the laboratory to enhance the
capability of biochars to degrade PAHs? A triphasic concept
of how biochar can give simultaneous impact on PAH fate
processes in soils was proposed, which involves rapid PAH
sorption into biochar, subsequent desorption and modification
of soil physicochemical properties by biochar, which in turn
stimulates microbial degradation of the desorbed PAHs. It is
anticipated that biochar can give simultaneous impact on PAH
fate processes in soils.

Keywords Biochar . Biodegradation . Polycyclic aromatic
hydrocarbons . Soil pollution remediation . Sorption .

Triphasic concept

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous con-
taminants in environmental matrices across the globe (Johnsen
et al. 2005; Chen et al. 2004). They are divided into low
molecular weight (LMW) and high molecular weight (HMW).
The LMW PAHs (Fig. 1) are toxic (Sims and Overcash 1983)
and are mostly found in crude oil (Meckenstock et al. 2004;
Raza et al. 2013). The HMW PAHs are products of non-
exhaustive combustion of materials, e.g. bush fires, fossil fuels,
eruptions from subsurface rocks (volcanic rocks), intake of
roasted food, water and air (Diggs et al. 2011; Chen et al.
2004). The HMW PAHs (Fig. 2) may lead to cancer in humans
(Fu et al. 2012; Fagernäs et al. 2012). Furthermore, PAHs are
less reactive but can be activated by physicochemical reactions
to become toxic, resulting in DNA damage, mutations and
tumours (Harvey 1991; Fu 1990; Fu et al. 2012). Wilson and
Jones (1993) had also reported that PAHs are teratogenic, i.e.
they can hinder the development of foetus, causing deformities
in newly born children. Other toxic effects of PAHs on humans
are well documented (Vazquez-Duhalt 1989; Fu et al. 2012;
Diggs et al. 2011; Sinha et al. 2005).

The sources and distribution of PAHs in environmental
media are critically important in understanding their mobility
and persistence in soils. PAHs usually get to surface water,
soils and sediments by dry and wet deposition, runoff from
roads, industrial effluents, as well as dissolution from
creosote-treated woods (Chen et al. 2004). In the air, the
HMW PAHs usually partition to aerial particulate matter,
due to their low vapour pressure, while the LMW PAHs
partition to both atmospheric moisture and particulate matter,
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due to their high vapour pressure (Jones and De Voogt 1999;
Baker and Eisenreich 1990; McVeety and Hites 1988). PAHs
persist in soils and sediments by partitioning to their organic
matter fraction (Chen et al. 2004). Subsequently, the soil is the
major uptake medium of PAH by plants and animals (Phillips
1999; Diggs et al. 2011). The same authors reported that
benzo[a]pyrene can be found in concentrations of up to 2–
500 ng/day in human diets, and therefore having a possibility
for bioaccumulation. Diggs et al. (2011) reported a good corre-
lation between meat consumption and cancer of the oesophagus
and colon. However, this is compound specific as the authors
also reported lack of correlation between cancer of the colon and
benzo[a]pyrene residing in meat. Nevertheless, studies have
shown that there is a relationship between PAH intake from
meat and colon cancer (Diggs et al. 2011). This reiterates the fact
that the risks posed by PAHs are compound specific (Canadian
Council of Ministers of the Environment (CCME) 2008;
Edwards et al. 1997)

The above-mentioned risks posed by PAHs are due to the
water-soluble concentrations, and the use of biochar reduces
the transport of PAH in soils (Oleszczuk et al. 2012). Although
the amendment with biochar took a long time to bind PAHs in
the studies mentioned above, its advantages over other forms
of amendment are well documented (Sparrevik et al. 2011;
Oleszczuk et al. 2012; Barrow 2012; Tsai et al. 2006). Biochar
stands out as the only material that may give simultaneous
impact on the three major fate processes (volatilization, sorp-
tion and biodegradation). However, volatilization was not
discussed in this review because PAHs are mainly semi- or
no volatiles. Additionally, volatile petroleum hydrocarbons
are only toxic in a enclosed space, but most oil spills occur
in open space. Some review papers have documented a large
set of materials that can be used as potential feedstock for
biochar production (Gupta et al. 2009; Ali et al. 2012).

Studies have come up with different definitions for biochar,
and these definitions are similar in approach, i.e. biochar is
considered only as a sorbent (Cornelissen et al. 2005; Beesley
et al. 2011). A more encompassing definition of biochar was
that by Lehannes and Joseph (2009), which takes into account
biochar potentials to give simultaneous impact on sorption and
biodegradation. The authors defined biochar as a biological
material produced in the absence of oxygen, at temperatures
below 700 °C, to generate more permeable, less dense and
carbon-rich product. As a result of their surface areas, aromatic
and aliphatic structures, which are a function of production
temperature, can bind PAHs tenfold greater than organic matter
(Cornelissen et al. 2005). Also, due to their recalcitrance, pore
structures and nutrient properties, they can influence microbial
degradation of PAHs in soils. This definition implies that a
biochar nutrient property (nitrogen) starts to diminish at temper-
atures above 700 °C (Bagreev et al. 2001; Chan and Xu 2009).

Although studies (Bushnaf et al. 2011; Meynet et al. 2014;
Qin et al. 2013; Chen et al. 2012a) have used biochars

produced at temperatures above 700 °C and applied it either
as a sorbent for VPH remediation or in combination as
biostimulant or as a carrier of microbes to augment biodegra-
dation by bacteria. Conversely, these studies cannot adequate-
ly explain the scientific mechanisms that may underpin the use
of biochar as a soil amendment to stimulate biodegradation by
bacteria. This is because N which is also required for micro-
bial growth and metabolism starts to diminish at temperatures
above 700 °C, and again, relying on one production temper-
ature amendment alone will neither result in proof of mecha-
nism nor the formulation of adequate hypotheses to draw
overarching conclusions. Similarly, Beesley et al. (2011) re-
ported that sorption into biochars alone may not be adequate
to contain soil contaminants. Consequently, the authors sug-
gested a combination of biochar and other amendments to
improve remediation performance, but the present review has
shown that biochars can give simultaneous impact on sorption
and biodegradation. The conceptual model showing how bio-
char may give simultaneous impact on PAH fate processes is
represented in Fig. 3. The possible mechanisms represented in
Fig. 3 through which biochar can give simultaneous impact on
sorption and stimulation of microbial degradation of PAHs in
soils are discussed following a review of literatures relating to
biochar as an amendment for soil remediation, questions that
needed to be addressed before biochar remediation can be
considered a possibility were raised and attempts were made
to answer these questions by either using data from literature
or from initial experimental results of this study. Conclusions
were made, and future research areas have been highlighted.

How does biochar affect microbes and microbial activities
in the soil?

Studies (Saito andMarumoto 2002;Warnock et al. 2007; Ennis
et al. 2012) have reported that biochar can affect microbes and
microbial activities through the following biochar physico-
chemical properties: (i) shelter; (ii) effects of water holding
capacity, oxygen and nutrients; (iii) pH; and (iv) carbon and
energy. These biochar properties are discussed below:

(i) Shelter

The presence of pores, high surface area, ability to bind and
retain PAHs as well as nutrients (N and P), makes biochar a
good shelter for microbial growth (bacteria and fungi) and
reproduction (Thies and Rillig 2009). Increases in biochar
pore spaces is a function of production temperature and nature
of feed stock (Thies and Rillig 2009; Ennis et al. 2012;
Downie et al. 2009), and the accessibility of microbes to these
pore spaces will in turn depend on the pore size. In particular,
these pore spaces provide protection for the microbes against
predators (Saito and Marumoto 2002; Warnock et al. 2007).
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Samonin and Elikova (2004) reported that for ideal attach-
ment, the biochar pore sizes should be greater than the micro-
bial cell size by a factor of 2 or 5, e.g. Bacillus mucilaginosus
and Actinobacter sp. can enter a pore size of 2–4 μm.

Studies have also contrasted granular biochar (GBC open
pores) versus powdered biochar (PBC; collapsed pores) to
investigate the effect of pore size on microbial habitation of
biochars. Ezawa et al. (2002) found that microbes such as
arbuscular mycorrhyza fungi were more abundant in soils
amended with PBC than those of GBC. Their observation
was also attributed to biochar porosity and high rate of biochar
application. However, it is not clear if this response was also a
result of the acidic condition of soil (pH 5) which favours
growth of fungi.

The ability of biochar to serve as a shelter for microbes is
also exhibited by the appearance of microbial attachment to its
surface (Thies and Rillig 2009), and therefore decreasing the
rate of microbial leaching in soil (Pietikäinen et al. 2000).
Hence, this would result in greater bacterial biomass, while the
fungal biomass remains unchanged as a result of decreased
fungal mobility due to their hyphal arrangement (Lehmann
et al. 2011). This will also favour microbes that rely on their
extracellular enzymes to degrade PAHs in soils into com-
pounds that can be absorbed by their cells and consumed
during metabolic activity (Paul 2006). Consequently, mi-
crobes prefer to remain closer to surfaces where they release
extracellular enzymes into their surrounding (Thies and Rillig
2009). For example, in PBC, where the enzyme active spot is
exposed, increased microbial activity will likely take place.
Conversely, in GBC where the enzyme active spot is shielded,

it may lead to reduction in activity (Thies and Rillig 2009).
Hence, enzyme activity will partly depend on the intensity
with which the microbe is retained on the biochar surface
(Thies and Rillig 2009).

More recently (Jindo et al. 2012), the effect of biochar
porosity, which serves as a microhabitat for soil microbes has
been highlighted. The mechanism of microbial attachment to
biochar surfaces have been reported to be due to hydrophobic
or electrostatic attraction (Lehmann et al. 2011). Although
biochars have a low isoelectric point (i.e. they are electrically
neutral) (pH <4) (Cheng et al. 2008; Zimmerman 2010), elec-
trostatic attraction can be facilitated by the presence of minerals
or bio-oils on biochar surfaces (George and Davies 1988).

Ennis et al. (2012) also claim that biochar surfaces can
adsorb nutrients and cations in soil solution, thus leading to an
increase in the concentration of available nutrients for micro-
bial metabolism (Wardle et al. 1998). Yamato et al. (2006)
found greater P uptake following, biochar amendment, which
is connected to increased soil pH. Other authors (Ortega-
Calvo and Saiz-Jimenez 1998) found that adsorption of mi-
crobes adjacent to substrate increases bioavailability, which
will in turn attract microbes closer to the surfaces.

Biochars can also improve soil structure, which in turn
leads to greater microbial populations. For example, biochar
addition to soils reduces soil compactness and aids fluid
movement, which indirectly affects diverse population of soil
microbes (Lehmann et al. 2011). However, the fact that bio-
char surface area and pore volume may be altered by obstruc-
tions from sorbed organic matter (Pignatello et al. 2006) and
nutrients (Joseph et al. 2010) or soil particles shows that this
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assertion may not always be the case. Additionally, this may
alter the sorption properties of soils (Liang et al. 2006a)
amended with biochar as well as carbon substrate for energy
(Kasozi et al. 2010) and pore spaces available to microbes
(Lehmann et al. 2011).

(ii) Effects of water holding capacity, oxygen and nutrients

It is well established that the pore spaces in biochars in-
creases its water holding capacity, hence greater potential to
shelter microbes (Thies and Rillig 2009) and increased air/
water retention (Downie et al. 2009). These increases are great-
er with increasing production temperature owing to increased
surface area (Ennis et al. 2012). When the water holding
capacity of two biochars, (i) humus and (ii) wood, were com-
paredwith those of activated carbon and pumice, respectively, it
was found that the two biochars had greater water holding
capacity compared with the latter materials by a factor of 2
(activated carbon) and 3 (pumice) (Pietikäinen et al. 2000).

Similarly, Anderson et al. (2011) found that biochar
amendment (in 3 months) significantly increased soil moisture
by 3.5 % compared with the non-amended soil that signifi-
cantly decreased soil moisture content by >5 %. Apart from
water holding capacity, biochar amendment also affects the
oxygen status in the soil. Antal and Grønli (2003) reported that
gases (e.g. CO2 and O2) can dissolve into the pore water, fill
up air spaces or form bonds with the biochar surfaces. De-
pending on the magnitude of the air to water-saturated pore
spaces, concentration of CO2 to O2 and the degree of sorption,
any of aerobic or anaerobic state will prevail in the pore spaces
of biochar (Thies and Rillig 2009). This suggests that biochar
may support both aerobic and anaerobic hydrocarbon degra-
dation in soils.

Further evidence for increased water holding capacity with
biochar additions has also been investigated with two bio-
chars: (i) Zea mays and (ii) Quercus sp., manufactured at 350
and 600 °C, respectively, and then subjected to different soil
moisture regimes, e.g. saturated, non-saturated and mixture of
saturated/non-saturated. It was found that biochar degradation
increased under the non-saturated and saturated/non-saturated
regimes compared with the completely saturated regime
(Nguyen and Lehmann 2009). This was attributed to the
presence of oxygen for microbial degradation in the latter
regimes (Morris et al. 2004), with the saturated/non-
saturated supporting the highest degradation (Wu and Brookes
2005), owing to loosening of soil particles (Denef et al. 2001)
and nutrients (Thanh Nguyen and Marschner 2005). Since
oxygen and water are rate-limiting parameters to hydrocarbon
degradation, any amendment that will ensure moderate levels
of these two parameters or greater O2 concentration (Thies and
Rillig 2009), may greatly enhance biodegradation. The effects
of environmental restricting parameters following amendment
of soils with biochar are worth investigating.

Another example of biochar chemical property is that of
nutrient retention, which is a function of the surface chemistry
of the biochar, which in turn affects microbial activity. For
example, newly produced biochars have net positive charges
on the surface or anion exchange capacity (AEC) which
vanishes with time (Cheng et al. 2008), due to the binding of
phosphates (Beaton et al. 1960) and nitrates in soils. Similarly,
nutrient retention is also enhanced by cation exchange capac-
ity (CEC) (Chan and Xu 2009). While contrasting the ability
of high production temperature (HPT) and low production
temperature (LPT) biochars to bind ammonia, studies found
that the LPT biochars were able to efficiently bind ammonia
than the HPT biochars (Day et al. 2004; Asada et al. 2002); the
greater binding to the LPT biochars was suggested to be a
result of the presence of acidic functional groups (carboxyl),
which is a product of decomposition of cellulose and lignin at
LPTs (Asada et al. 2002). These nutrients are then taken up by
microbes attached to the biochar surfaces during metabolic
activity. However, as the nutrients are utilised by themicrobes,
this does not lead to their replenishment, since the AEC
vanishes as earlier reported.

This has led to other improvements. Recently, Chen et al.
(2011) used a new kind of biochar, having magnetic proper-
ties, for greater nutrient retention. They used chemical co-
precipitation of Fe3+ and Fe2+ on orange peel feedstock, after
which they pyrolysed the resulting mixture at LPTs 250 and
400 °C and HPT 700 °C, respectively, to generate both mag-
netite (Fe3O4) and biochar. This sorbed PAH (naphthalene) in
addition to retaining nutrients more efficiently than pure bio-
chars. In particular, when sorption of PAH and phosphate was
compared simultaneously, the LPT 250 and 450 °C magnetic
biochars, showed greater capacity to bind PAH (naphthalene)
and phosphate simultaneously than their non-magnetic coun-
terparts. Interestingly, this study provides basic evidence
showing that PAH and phosphate can be sorbed simultaneous-
ly by biochar and with further microbial attachment, this study
can key into the triphasic concept proposed in this review.

(iii) Effect of pH

Another physicochemical parameter that influences micro-
bial diversity and activity in the presence of biochar, is pH
(Wardle 1998). Studies (Blagodatskaya and Kuzyakov 2008;
Wardle et al. 1998) have found that the diversity and abun-
dance of bacteria in soils were greater at the neutral pH ranges
(6.6–7.3) compared with acidic pH ranges (<6.5). For exam-
ple (Farrell et al. 2013), found that the biochar-amended soil,
increased in pH from 4.82 to 8.96. This effect is dependent on
the pH of biochars which differs according to the feed stock,
production temperature (Thies and Rillig 2009) and the extent
of oxidation (Cheng et al. 2006), which generates organic
acids. Farrell et al. (2013) reported that a significantly higher
pH was observed in eucalyptus shoot biochar containing
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1.47 mg g−1 carbonate in comparison with that of wheat shoot
biochar with 0.9 mg g−1 carbonate; this demonstrated a direct
correlation between pH and carbonate concentration.

The pH of biochar is commonly in the range from <4 to
>12 (Lehmann 2007; Chan and Xu 2009). Furthermore, while
fungi can survive under acidic pH, bacteria mainly survive at
neutral or alkaline pH (Rousk et al. 2010). Therefore, the
incorporation of biochar in soils may lead to variations in soil
microbial population, by altering the bacteria to fungi ratio, in
addition to the prevalence of different genera in the commu-
nity (Thies and Rillig 2009). Biochar pH may also lead to
changes in soil functions by influencing both enzyme activi-
ties and total microbial activity (Thies and Rillig 2009). When
acid soils were amended with biochar, a positive correlation
was observed between pH and microbial biomass (Steiner
et al. 2004; Van Zwieten et al. 2010; Rousk et al. 2010). The
authors concluded that microbial reproduction was favoured
following biochar additions to the acidic soil. Several studies
have also confirmed that biochar has a continuous influence
on soil pH (Farrell et al. 2013; Hass et al. 2012; Ippolito et al.
2012; Anderson et al. 2011).

(iv) Biochar as a source of electrons (carbon) and energy

It well known that biochar is resilient to microbial degra-
dation (Thies and Rillig 2009). Evidence for this was reported
by Liang et al. (2006a) whose observation found that surface
oxidation of biochar particles took place after a long period of
time. Hilscher and Knicker (2011) observed an increase in the
number of O-functional groups, with decrease in the aryl C-
and N-heterocyclic groups in humus-amended soil. This im-
plies that biochar does not serve as a significant substrate
during microbial metabolism. Instead, residues such as bio-
oils and other molecules that sorb into the biochar particles are
likely the only substrates present to aid microbial growth and
metabolism (Thies and Rillig 2009; Ennis et al. 2012). Addi-
tionally, the nature and amount of biochar applied to the soil
can also affect soil microbial population (Thies and Rillig
2009; Ennis et al. 2012).

There are evidences that PAHs are generated in biochar
with slow carbonization (Fagernäs et al. 2012). Conversely,
studies have also reported that slow carbonization reduces the
risk of yielding PAHs (Barrow 2012). Flash and LPT carbon-
ization, results in residual bio-oils and concentrated materials
(Steiner et al. 2008) that may serve as substrates for microbes
at low concentrations. At higher concentrations (Steiner et al.
2008; Deenik et al. 2010), they became toxic (PAHs) to certain
microbes (Thies and Rillig 2009; Painter 1998). Consequent-
ly, only the microbes that possess enzymes needed to degrade
these compounds will settle on the biochar surfaces (Thies and
Rillig 2009). The authors also note that microbes that settle on
newly made biochar with these compounds on the surfaces
differ from those that settle on the biochar surfaces overtime,

when these compounds must have been metabolised. None-
theless, Ogawa (1994) and Zackrisson et al. (1996) have
found that PAH can be degraded by some microbes, though
the degradation will not have any effect on the microbial
community structure (Thies and Rillig 2009). Smith et al.
(1992) suggested that a combination of both nutrients and
compounds adsorbed by biochar can change the microbial
community structure. In conclusion, biochar is known to
contain some bio-oils some of which may include PAHs and
other hydrocarbon fractions, to serve as substrate for microbial
metabolism.

Experimental evidences for the role of biochar in providing
substrate to soil microorganisms were reported by Durenkamp
et al. (2010), Smith et al. (2010), Das et al. (2008), Steiner
et al. (2008), Hamer et al. (2004), Wardle et al. (2008),
Zimmerman et al. (2011) and Cheng et al. (2006). They
observed rapid release of CO2 and greater degradation of soil
C when fresh biochars were applied to soils. Even though, this
later reverted to control levels, within some days. The authors
concluded that the bio-oil from the carbonization were the
probable substrates. Evidences to show that bio-oils serve as
short-term substrates were reported by Steinbeiss et al. (2009),
whose study observed decreased levels to lack of differences
in CO2 evolution in soils amended with glucose and yeast
biochars after 3 months of incubation. This implies that the
bio-oils have a short effective half life. Conversely, when the
effect of biochar degradation on other soil organic carbon
components was investigated, Wardle et al. (2008) attributed
the greater degradation of soil C in biochar-amended soils to
higher microbial biomass rather than the bio-oil.

Other evidences to support the effect of bio-oils are
discussed: When two contrasting biochar materials were com-
pared with activated carbon and pumice, even when the acti-
vated carbon was found to have sorbed greater quantity of
liquefied organic carbon, than the two biochars and pumice,
respectively (Pietikäinen et al. 2000), the authors found that
microbial respiration was highest in the two biochar materials
with the microbial communities different to those of the two
non-biochar materials. Furthermore, other investigators using
different approaches, sequencing (O’Neill et al. 2009) and
genetic finger printing (Grossman et al. 2010) found varia-
tions in soil microbial community make up in biochar-rich
soils even after long periods, compared with nearby soils of
similar mineralogy. It, therefore, follows that the presence of
biochar has a prolonged effect on soil microbial community
even after the bio-oils have been metabolised (Ennis et al.
2012). Wardle et al. (1998) attributed this to higher substrate
concentration and availability over longer periods. As a result,
soil microbes that settle following biochar amendment differ
based on biochar feedstock (electron donor source), quantity,
frequency of amendment and residence time (age), all influ-
ence biochar effects over longer periods (Joseph et al. 2010).
Unfortunately, when bio-oils obtained from biochar was used
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to prepare agar media, it was found to be toxic to Bacillus and
Bordetella pertussis (Pollock 1947), thus confirming the pres-
ence of toxic compounds in biochars.

The effects of biochar on soil microbial activity such as
nitrogen fixation, has also been investigated, e.g. studies on
the effect of biochar to N-fixation showed similar findings
where microbes (bacteria and archaea) associated with
biochar-amended soils having the gene coding for the nitro-
genase enzyme, required for N2 fixation (Ogawa 1994;
Rondon et al. 2007). When the effect of biochar on transfor-
mation of soil nutrients as affected by microbes was investi-
gated, several investigators (DeLuca et al. 2006; Gundale and
DeLuca 2006; MacKenzie and DeLuca 2006; Ball et al. 2010)
found that nitrification was greater in forest soils amended
with biochar, and this was evident by biochar retention of
phenolics that usually hinders nitrification (DeLuca et al.
2006) together with higher abundance of NH3-oxidising bac-
teria (Ball et al. 2010).

In contrast to the studies above, when arable and grassland
soils were amended with biochar, neither N transformation or
decrease was observed (DeLuca et al. 2006; Rondon et al.
2007). More recent investigators attributed this to N sorption
during transformation of a degradable fraction of biochar
having high C/N ratio. In addition, the higher the fraction of
degradable biochar concentration, the higher the N sorption,
reducing N availability (Deenik et al. 2010). These effects can
also be explained by the large population of microbes follow-
ing biochar amendments (Lehmann et al. 2011). Steinbeiss
et al. (2009) investigated the effect of 13C-labelled glucose (N-
free) and yeast (5 % N) biochars, respectively, they found that
the biochar produced from yeast supported fungal growth in
the soil, while that produced from glucose supported gram-
negative bacteria. This implies that the presence of N favours
fungal activities in soils. Other investigators (Zavalloni et al.
2011) found that biochar did not have any effect on soil
organic N. The presence of biochar in soils has also been
reported to support the activities of Bradyrhizobiaceae and
Hyphomicrobiaceae, both of which are important in nitrogen
cycling (Anderson et al. 2011). The influence of biochar in N
cycling has also been corroborated by other authors (e.g. Chan
et al. 2008a, b; Major et al. 2009) who found that biochar
additions support phosphate solubilising bacteria. The addi-
tion of biochar also modifies C movement by increasing the
presence of bacterial population that has the ability to utilise
PAHs (Anderson et al. 2011).

The effects of biochar amendment on total and functional
soil microbial community have been discussed elsewhere.
Khodadad et al. (2011) used quantitative polymerase chain
reaction (qPCR), nested PCR-automated ribosomal intergenic
spacer analysis (ARISA) and culture-dependent approach to
investigate the effects of two contrasting biochar feedstock on
soils associated with and without bushfires. They found that
the soils amended with HPT biochar had increases in viable

cell counts as well as the quantity of 16S rRNA gene.Whereas
the soils not impacted by bushfire and amended with LPT
biochar showed increases in CO2 evolution but with a de-
crease in bacterial diversity. The 16S rRNA sequence analysis
showed an increase in population of Actinobacteria and
Gemmatimonatedes, prompting the authors to suggest that
biochar amendments usually lead to an enrichment of partic-
ular taxa; Actinobacteria is known to support organic matter
decomposition and humus formation (Ventura et al. 2007).

An increased population of Verrucomicrobia has also been
observed to respond to biochar amendments in soils
(Grossman et al. 2010). Other microbial taxa that were asso-
ciated with biochar applications have also been reviewed by
Lehmann et al. (2011). However, this review is not focused on
taxa associated with biochar, since not all of them are associ-
ated with PAH degradation. In addition to the molecular
techniques mentioned above, other strategies that are yet to
be applied to biochar-amended soils are metagenomic analysis
in which PCR biases could be bypassed to recover inaccessi-
ble communities (Delmont et al. 2011). Microarrays are capa-
ble of bypassing PCR/amplification distortions; they are quan-
titative, high thorough put and permit analysis of community
composition, structure and functions concurrently (Zhou et al.
2010). It is noteworthy that DNA extraction from biochar-
amended soils is a critically important step towards the appli-
cation of any molecular technique. This is because DNA
released into biochar from microbial cells can also be sorbed
by the biochar (Lehmann et al. 2011). Further research is
needed to develop techniques that can lead to total liberation
of DNA sorbed into biochars so as to avoid underestimation of
microbial population and activity in biochar-amended soils
relative to their non-amended counterparts.

One principal explanation for the increased presence of
microbes with biochar amendment was reported by Kolb
et al. (2009). They used fresh biochars made from livestock
manure and found increased microbial activity in biochar-
amended soils. The authors attributed this to the high N and
P content in the livestock manure biochar, as well as a de-
gradable fraction of carbon in the biochar as evidenced by
reduced substrate-induced respiration when greater quantity
of biochar was added. This implies that biochar C from
manure source is easily degradable and that microbes prefer
manure biochar C to the substrate. These findings show that
livestock manure biochar can aid co-metabolism of HMW
PAHs. Further evidences to support greater N and P contents
as well as degradable C in livestock manure biochar were
reported by Cantrell et al. (2012). They found greater N
ranging from 1.51 HPT 700 °C to 4.45 % LPT 350 °C and
P contents; 10 g kg−1 LPT 350 °C to 59 g kg−1 HPT 700 °C,
respectively. C was reported in the range of 49.28 % (LPT
350 °C to 56.67 % HPT 700 °C. Similarly, Cimò et al. (2014)
in their study reported livestock manure biochar C ranging
from 25 to 32%, while %N ranged from 1.08 to 2.3. Although
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the livestock manure in the studies discussed above had high
N and P contents, they are still referred to as class 2 biochar
because of their lowC content (International Biochar Initiative
2012). This suggests that livestock manure biochar may not be
a good candidate for sorption since they are not thoroughly
carbonised but may have greater impact on microbial degra-
dation due to the high N and P contents. In contrast, our
locally generated biochar from coconut shell (Cocos nucifera)
feedstock falls under class 1 biochar (Table 1), having greater
C but lower N and P contents compared with the livestock
biochars. This implies that it may be a better candidate to give
simultaneous impact on sorption and biodegradation. It can
therefore be concluded that for biochar to be able to impact on
both fate processes simultaneously, class 1 biochars will be
better candidates as they have greater capacity to sorb spilt oil
than class 2 biochars and unlike the C in class 2 biochar that is
degradable, biochar C from class 1 biochar has greater recal-
citrance and hence the spilt oil will be the major substrate to
support microbial activity.

In contrast to the studies reviewed above, negative effects
in soils amended with biochar have also been reported. Sev-
eral studies found reduced degradation of soil organic carbon
in biochar-amended soils (Murage et al. 2007; Kuzyakov et al.
2009; Spokas and Reicosky 2009; Kimetu and Lehmann
2010) or absence of degradation of soil organic carbon, re-
spectively (Haefele et al. 2009; Steiner et al. 2009). Evidences
to support the above observations were further reported by
Zavalloni et al. (2011) whose work showed that biochar
amendment did not increase soil microbial populations as well
as that of Jin (2010) who observed reduced soil microbial
activity with biochar. Lehmann et al. (2011) attributed the
observations above to the presence of recalcitrant C in the
biochar or the sorption of the easily degradable organic carbon
by the biochar.

Other investigators have also reported negative effects with
biochar amendments: Prolonged incubations and field inves-
tigations have revealed that biochar decreases degradation of
soil C (Kuzyakov et al. 2009; Kimetu and Lehmann 2010;
Zimmerman et al. 2011). However, this may not always be the
case as Lehmann et al. (2011) suggested that lower CO2

evolution observed at the condition where microbial biomass
is high, may be due to the precipitation of CO2 in the form of
carbonates on the surfaces of biochars with alkaline pH,
thereby reducing the concentration of measured CO2 evolved.
Evidences of lower microbial biomass in biochar-amended
soils have also been reported. Several investigators (Jin
2010; Bailey et al. 2011) found decreased enzyme (glucosi-
dase and cellobiosidase) activities following amendment of
soils with biochar. Again, Lehmann et al. (2011) attributed the
above observations to the possibility of both the degradable
carbon and microorganisms lying adjacent to each other on
biochar surfaces, which may in turn result in greater utilisation
of the C and curtailing the demand for enzyme production.

The authors concluded that the above processes may be the
likely reasons for reduced CO2 evolution as well as enzyme
activity in biochar-amended soils. There are also evidences
showing that biochar additions could give positive and
negative responses simultaneously. Jin (2010) reported that
biochar applications give rise to greater abundance of certain
microbes, e.g. Zygomycota a fungi known for the degradation
of easily degradable C compounds was found in Alfisols of
temperate climates amended with corn biochar, while pres-
ence of other fungi such as Basidiomycota associated with
lignin degradation and Ascomycota decreased, respectively.

On the other hand, reduced presence of microbes that
degrade HMW compounds may result in the decreased deg-
radation of aromatic structures of biochar, making the biochar
more stable (Lehmann et al. 2011). For example, two PBC
derived from glucose and yeast showed different behaviours
when added to soil (Steinbeiss et al. 2009). The authors found
that the glucose biochar led to a decrease in soil microbial
biomass. Whereas the yeast biochar did not show any change
in the phospholipid fatty acid (PLFA) composition of the soil
except for support of fungal growth observed with the yeast
biochar. When terminal restriction fragment length polymor-
phism (TRFLP) was used to investigate changes in soil micro-
bial community, it was observed that soils amended with
biochar significantly differed from the controls by having
>5 % increases in bacteria families of Bradyrhizobiaceae,
(∼8 %), Hyphomicrobiaceae (∼14 %), Streptosporangineae
(∼6 %) and Thermomonosporaceae (∼8 %), whereas the pres-
ence of biochar decreased the abundance of Streptomycetaceae
(approx. −11 %) and Micromonosporaceae (approx. −7 %)
(Anderson et al. 2011). In conclusion, biochar additions can
result in negative or positive effects on soil microbes with
biochars of alkaline pH favouring positive effects.

What are the effects of adding biochar on sorption
of PAHs?

Three mechanisms have been suggested for the sorption of
PAH to biochars. According to Sander and Pignatello (2005)
and Cornelissen et al. 2005), the strong sorption of PAH to
biochar is by π–π interactions between the benzene rings of
the PAH and those of the biochars; secondly, sorption into the
nanopores of biochars (Cornelissen et al. 2005); and thirdly,
rapid adsorption at lower aqueous PAH concentrations due to
greater energy of adsorption and absorption at higher aqueous
concentrations due to the attainment of maximum adsorption
(Allen-King et al. 2002). Against this backdrop, sorption into
biochar is unlikely to be feedstock dependent. Several inves-
tigators (Schmidt and Noack 2000; Titirici et al. 2007) also
showed that irrespective of feedstock, biochar have the same
chemical structures, heterocyclic (O-containing) pyran and
furan rings of carbohydrates or phenol-like structures, which
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are the major components of lignin. They form benzene and
other PAHs due to the conversion of the aliphatic to aromatics
as the biochar is generated (phenolic, carbonyl and hydroxyl
functional groups) (Titirici et al. 2007)

Consequently, sorption of PAHs by biochar are mainly a
function of the production temperatures and PAH chemical
structures. Aromatic hydrocarbons are slightly polar and can
be covalently bonded to polar surfaces of biochar (Cornelissen
et al. 2005). As a result, sorption of PAHs into biochar is
related to its aromaticity (Chen et al. 2008a; Chen et al.
2009b); the intensity of aromaticity varies with production
temperature (Wang et al. 2010). HPT results in higher aroma-
ticity in biochars (Brewer et al. 2009) and lower CEC, respec-
tively, owing to higher surface area obtained at HPT (600 °C)
and loss of volatiles, which harbours most of the negative
charges and CEC in the form of organic acids (Lehmann et al.
2009b). As a result, increases in sorption of polar organic
compounds, e.g. catechol into biochars are observed mostly
at 400 to 650 °C, owing to higher nanopores (Kasozi et al.
2010). In addition, catechol is toxic to microorganisms (Chen
et al. 2009) and has been found to sorb tenaciously to HPT
biochars made from corn stover (Kasozi et al. 2010). While
this may reduce its risks in soils, Hockaday et al. (2007)
reported that aromatic fraction of black carbon were
established in surface and ground water, as dissolved organic
carbon (DOC), constituting 7–9 % of the total organic carbon
(TOC) in the surface waters (Mannino and Harvey 2004) and
8–17 % of TOC in river water (Masiello and Druffel 2001).
Mannino and Harvey (2004) also noted that the black carbon
bearing PAH was either from particulate matter deposition or
an attachment to surface sediment. These differ from biochar
incorporated as an amendment into the soil that may not be
subjected to aerodynamic transport, after absorbing the spilt
PAHs. Similarly, the PAH from black carbon found in ground
water by the same authors may also be due to the fact that the
subsurface contains less microbes and organic matter that may
help to degrade and bind the PAH from particulate matter.
Although the International Biochar Initiative (2012) listed
PAHs as one of the toxicants that need to be tested in biochars,
PAH yield in biochar depends on production conditions,
whereby fast pyrolysis may yield more PAHs compared with
slow pyrolysis (Thies and Rillig 2009). As a result, the
effect of production conditions and temperatures on
biochar PAHs is worth investigating. For example,
studies by Chen and Yuan (2011) found that concentra-
tions of both chemical extractable and subsequently
released biochar PAHs in water were negligible. In
conclusion, biochars should always be incorporated into
the soils as an amendment and not deposited on the
surface to avoid transport. Likewise, biochars incorpo-
rated into the top soil should be mixed together with the
subsoil for greater microbial activity and binding by
organic matter to avoid its transport.

Huang and Chen (2010), investigated aqueous sorption of
PAH (naphthalene); using straw ash biochars under contrast-
ing ash composition. The authors found that the sorption
isotherm followed Freundlich behaviour (non-linear) for all
biochar types. Similarly, Zhu et al. (2005) investigated aque-
ous sorption of non-polar hydrocarbons, such as cyclohexane,
1,4-xylene, 1,2,3,5-tetramethylbenzene and 1,3,5-
triethylbenzene, using five contrasting wood biochars. The
authors found that higher molecular weight aromatic com-
pounds were sterically blocked from a segment of the biochar
pore space and platinum catalyst promoted hydrogenation,
thus removing O-functional groups. This greatly enhanced
sorption of the non-polar aromatic compounds by decreasing
competition for adsorption by water molecules. This high-
lights the importance of pore size when considering biochar
for sorption purposes.

Evidence for the effect of biochar production temperature
on the retention of non-polar compounds was reported by
Chun et al. (2004); the retention in water of benzene (non-
polar) by two wheat biochars produced in the range of 300–
700 °C. The authors found that sorption into the HPT 700 °C
biochar was by retention on the carbonised surfaces, while
those of the LPT biochar were by both surface adsorption and
absorption into the organic matter components of the LPT
biochars. This suggests a dual-mode sorption concept at LPT
and also a slower sorption rate compared with HPT.

Further evidence for the dual-mode sorption concept (Xing
and Pignatello 1997) was investigated by Chen and Chen
(2009), showing sorption in aqueous solution of non-polar
(naphthalene) by biochars produced from orange peels gener-
ated at nine different temperatures, ranging from 150 to
700 °C, as well as carbonised organic matter phase with the
non-carbonised phases, respectively. The authors found that
for LPT 150 °C biochar, the sorption isotherms of the PAH
exhibited almost linear behaviour, suggesting that absorption
had a greater effect owing to the presence of an amorphous
aliphatic fraction (Chen et al. 2008b). Whereas sorption iso-
therms of the HPTs exhibited a Freundlich behaviour (non-
linear) as a result of increased adsorption arising from greater
aromaticity of the HPT biochars (Chen et al. 2008b).

A complex scenario was presented when sorption of naph-
thalene was investigated (Chen et al. 2012b) using biochars
made from pine wood at 150–700 °C; naphthalene showed a
fast sorption rate to the LPT 150 °C biochar, due to greater
oxygen content and lower surface area, which consequently
resulted in the absorption of naphthalene into the non-
carbonised organic matter of the LPT biochar. In contrast,
naphthalene diffusion into LPT 250/350 °C biochars occurred
at a slower rate owing to the incomplete removal of their
polar-group constituents, resulting into a higher density of
the absorption medium. Whereas, sorption of naphthalene to
HPT 700 °C biochars with low oxygen contents and high
surface area exhibited faster rates due to close saturation of
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absorption sites and fast adsorption into the carbonised phase
of the biochar. The results showed that the density of the
absorption phase directly affects the diffusivity of
naphthalene.

It is worth noting that the studies mentioned above were
based on sorption into pure biochars. Several studies inves-
tigating on the ability of biochars to improve the binding of
PAHs in soils are presented below. Zhang et al. (2010)
contrasted biochars made from Pinus radiata at 350 and
700 °C, for their sorption properties using different soils.
They found that the amendment with HPT 700 °C biochar
exhibits greater sorption capacity in soils than those of LPT
350 °C biochar. When desorption of the sorbed
phenantherene was studied, sorption hysteresis was observed
in both treatments. Following 28 days of equilibration, the
capacity of the soils treated with biochar to sorb
Phenantherene decreased significantly. This implies that
desorption of sorbed contaminants from biochars is a
slow process.

More recent study by Zhang et al. (2013) found that sorp-
tion of pyrene into a biochar-amended soil was significantly
lower than the predicted values, following summation of the
values obtained for single soil and biochar sorption, implying
that sorption of pyrene into soil and biochar were influenced
by each other. The authors attributed the low sorption capacity
of biochar in soil to the presence of resident organic matter
(ROM), thereby leading to loss of pyrene sorption onto bio-
char by 18.7–40.3 %. Additionally, biochar interacted with
other soil components thereby altering its sorption capacity.
Similarly, kaolinite clay showed decreased pyrene sorption
with biochar amendment, though the authors highlighted that
the mechanism for this effect is not yet clear. Hale et al. (2011)
also found decreased sorption capacity for d10 pyrene, in soil
amended with biochar.

In contrast to the studies above, Chen and Yuan (2011)
using pine needle biochars produced at (100, 300, 400 and
700 °C), found that at HPT, PAHs (naphthalene,
phenantherene and pyrene) were totally sorbed to the biochar
with little adsorption to the soil. Although the authors reported
loss of sorption sites by HPT biochar, but this was also
attributed to ROM in soils which may struggle for or block
biochar adsorption sites. Evidences for ROM blocking or
struggling for sorption sites were reported by Kwon and
Pignatello (2005). Decrease in the total surface area of biochar
was observed, leading to a decrease in benzene sorption by the
biochar. They used vegetable oil (triglycerides extracts) to
mimic the probable response of soil lipids or humic fractions.
They were able to show that total surface area as measured by
N2 (77 K) reduced significantly following addition of lipid
equivalent of 40 % biochar weight, however, sorption of
benzene at 20 °C, were rarely affected. The authors suggested
that ROM inhabit pore openings, which together with the
sorbate are accessible to internal pore sites.

Further evidence also exists to prove that blocking of
sorption sites at 20 °C is not significant. When the sorption
properties of PAHs were contrasted, Nguyen et al. (2007)
observed that the isotherms were all non-linear. They found
that lower concentration of PAH were extracted from both the
wood char and its residue component. Sorption of PAHs was
found to be higher in the biochar residue, which they attribut-
ed to the resident organic chemicals in the biochar residue and
the condensed states of the PAHs. They also found that
maximum sorption increased as the diameter of PAH in-
creased: phenantherene<naphthalene.

Other studies have also contrasted the effect of sorbate
concentration on ROM. Nguyen and Ball (2006) used differ-
ent soots: two diesel exhaust soots, such as ordinary hexane
soot and ozone-generated hexane soot. The authors found that
the diesel exhaust soot with a greater concentration of ROM
exhibited lower sorption of 14C-labelled phenantherene at
lower concentrations but exhibited greater sorption at high
phenantherene concentrations; sorption isotherms were all
non-linear. Whereas, the ordinary hexane soot showed greater
sorption than the ozone-generated hexane soot, owing to
differences in their physicochemical properties. The authors
concluded that adsorption to the surface of biochar occurs at
lower phenantherene concentrations, while both adsorption
and absorption were responsible at higher concentration of
sorbate. This further highlights the influence of
contaminant concentrations when modelling the sorption
of organic compounds.

Studies have also contrasted the possibility of competing
for the sorption sites by both ROM and water. Endo et al.
(2009) investigated the effects of aqueous sorption of soot,
with and without the ROM (methanol extracted) and surface
water coverage on sorption behaviour of soot, using naphtha-
lene. The study demonstrated that removal of ROM by
methanol led to an increased non-linearity of the iso-
therms, compared with the treatment with ROM. On the
other hand, the surface water coverage hindered sorption
into the soot particles.

The bulk of studies discussed above have compared organ-
ic compound sorption in the presence or absence of ROM, but
studies have also showed that apart from extractable ROM,
soot is a heterogeneous material made up of other chemical
and physical domains; comprising ash, extractable ROM,
amorphous carbon and stable aromatic condensed carbon
(Chen and Huang 2011). However, just like ROM, some of
these domains may decrease the sorption capacity of soot. It is,
therefore, of interest to know the effects of the removal of
these components on improving the sorption of PAH. To this
end, a four-step sequential extraction procedure with various
chemicals was used by Chen and Huang (2011) to extract ash,
ROM and amorphous carbon from soot to enhance its sorption
capacity in comparison with a non-extracted soot. The authors
found that the sorption isotherm for the non-extracted soot
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was linear, and therefore exhibits both adsorption and
partitioning, while for the extracted soot, the sorption iso-
therms were non-linear, indicating adsorption. The authors
showed that the removal of the ROM in the extracted soot
enhanced adsorption. When other soot components such as
the external amorphous carbon and the internal amorphous
core of the soot were completely removed, this gave rise to
greater surface area and an aromatic structure, which in turn
enhanced further π–π attraction between the three-ringed
PAH (phenantherene) and the chemical extracted soot. The
study suggests that rapid sorption of PAH into biochar can be
achieved by removing all the unwanted soot domains thereby
leaving the stable condensed aromatic structure as the princi-
pal sorption site.

Bornemann et al. (2007) contrasted the sorption of benzene
and toluene under single and bi-sorbate systems on grass and
wood biochars prepared at 250, 450 and 850 °C, respectively.
They found that the sorption by the HPT 850 °C biochars
increased significantly as well as the non-linearity of the
isotherms, implying pore saturation mechanisms. While for
LPT biochars, sorption of toluene was greater than that of
benzene. However, sorption of benzene increased in the bi-
sorbate system. They attributed these observations to the
greater hydrophobicity of toluene, diverse capacity for expan-
sion of the biochar materials and pore distortion by the two
sorbates. Due to its lower surface area and high cation content,
the grass biochar had a significantly lower sorption capacity
compared with the wood biochar.

Further to the two studies discussed above, PAHs are
known to be a complex mixture of individual fractions (Chen
et al. 2004). In addition, PAH contamination is ubiquitous in
most soils around the globe as reported earlier. As a result,
PAHs may exhibit bisolute and different thermodynamic be-
haviours in different soils such as when comparing temperate
and tropical soils or laboratory versus field soils (Chen et al.
2012c). Chen et al. (2012c) investigated the bisolute sorption
and the behaviour of organic compounds under different
sorbate solution temperature regimes to mimic field tempera-
tures, using various biochars produced at HPT 700 °C and
LPT 300 °C. The authors found that the adsorption of 1-
naphthol, a polar organic compound in the HPT biochar was
non-linear and was diminished by a co-solute phenol. The
authors attributed this to competition for the carbonised ad-
sorption sites mainly found in HPTs by the two competing
solutes. Conversely, both adsorption and partitioning were the
dominant mechanisms in the LPT biochar, which was further
enhanced by a co-solute phenol, with the sorbed concentration
increasing as the concentration of the phenol increases. The
authors attributed this to cohabitation of the carbonised and
non-carbonised organic matter in the LPT biochars. Regard-
ing the thermodynamic behaviour, the LPT biochar sorbed
more PAH (naphthalene) as the solution temperature in-
creased. In contrast, the sorption of PAH (naphthalene) to

HPT biochar had little or no effect to the increases in solution
temperature. The authors attributed this to gradual exposure of
adsorptive sites in the LPT biochar. The study suggests that
the adsorption capacity of the LPT biochars can be further
enhanced by increased solute temperature and that greater
sorption at HPT may not always be the case.

Other researchers (Oleszczuk et al. 2012) have also inves-
tigated the sorption behaviour of PAHs into biochar; they
found that biochar sorbed 0–57 % of PAHs. Further biochar
sorption increased significantly overtime between 7 and 30/
60 days agitation period. All the studies discussed above show
that sorption by LPTs is by both absorption and adsorp-
tion, which are usually linear while sorption by HPTs is
by adsorption onto the carbonised surfaces of biochar,
which is non-linear.

What is the effect of adding biochar on degradation
of PAHs?

The effect of adding biochar on degradation of PAHs is best
understood by discussing how biochar affects the degradation
of its aliphatic and aromatic components. Lehmann et al.
(2009a) proposed a biphasic degradation concept for biochar:
(i) a biodegradable and (ii) recalcitrant concentrations of car-
bon. Their chemistry involves a degradable aliphatic fraction
that is present at lower concentrations in HPTs and a non-
readily degradable/abiotically degradable aromatic fraction,
which forms surface oxygen-containing functional groups
such as carboxylic acid. Similar mechanisms (biphasic model)
have also been proposed by (Cheng et al. 2006; Liang et al.
2006b) for biochar degradation: (i) structural alterations in the
form of surface oxidation and (ii) degradation of C by
microorganisms.

Experimental evidence for the biphasic model of biochar
degradation has also been investigated in soils by Farrell
et al. (2013), describing 13CO2 evolution from biochar-
amended soils as biphasic, which followed a double first-
order exponential decay model. The authors found that after
74 days of incubation, 99.7 % of the biochar C was not
degraded. Also, due to the presence of carbonate C in the
biochars, discrimination between abiotic and biotic losses
was not possible. However, the authors speculated that the
initial phase of CO2 evolution involving carbonate-C may be
abiotically mediated. This was further supported by a mean
residence time of 1.91 days for the initial stages of
carbonate-C evolution compared with 50.4 days for the
incubation period. Further freshly produced biochar contains
an aliphatic fraction that may undergo more rapid degrada-
tion compared with the aromatic fraction (Cheng et al.
2006). These studies suggest that the degradation of aromatic
and aliphatic components of biochar is not significant prob-
ably due to their presence in low concentrations.
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Experiments on biodegradation of organic compounds
(OC) in the presence of biochars (Ortega-Calvo and Saiz-
Jimenez 1998) suggested that adsorption of both the OC and
microbes to biochar surfaces may give rise to a greater con-
centration of OCs close to the colonising bacterial cells and
therefore may increase the rate of biodegradation of these
compounds. Additionally, (Wessels 1999) reported that sap-
rophytic fungi can penetrate the interior surfaces of biochar
with the aid of their hyphae; in addition, their enhanced
enzymatic ability suggests that they can degrade biochars.
Laborda et al. (1999) have shown that two species of sapro-
phytic fungi; Trichoderma and Penicillium can degrade coal,
by producing enzymes such as Mn-peroxidase and
phenoloxidase, and laccase can also degrade biochar
(Hockaday 2006). Although Warnock et al. (2007) showed
that biochars are mainly colonised by arbuscular mycorrhizal
fungi rather than saprophytic fungi, Ennis et al. (2012) suggest
that the effectiveness of biochar to stimulate the degradation
of OCs depends on the activities of saprophytic fungi, which
relies on the action of extracellular enzyme and hyphal
proliferation/penetration to degrade OCs. Other investigators
have also suggested that the presence of substrates such as
hydrocarbons, as well as biochar feed stock, can favour the
predominance of saprophytic fungi (Thies and Rillig 2009).

Majority of the studies mentioned above were carried out in
the presence of biochars alone, i.e. the organic compounds
(substrates) were generated during biochar production. Exper-
iments investigating bulk organic compound degradation in
biochar-amended soils are also discussed. The studies by
Bushnaf et al. (2011) using 2 % biochar amendment to soils,
found that even with increased sorption of BTEX (benzene,
toluene, ethylbenzene and xylene) compounds, CO2 evolution
were similar in the biochar-amended and biochar-non-
amended soils. The authors attributed this to the greater deg-
radation of the linear, cyclic and branched alkanes in the soils
that received biochar additions. The authors concluded that
the TPH (total petroleum hydrocarbon) degradation rate was
not only a function of substrate availability but the retention of
the BTEX compounds in the soils amended with biochar also
resulted in the biodegradation of other petroleum components.
The study also suggest that bulk concentrations of the BTEX
compounds are not deleterious to microbes, hence the lack of
differences in CO2 evolution in both treatments. A more
recent example of VPH degradation in the presence of
biochar-amended soils by Meynet et al. (2014) suggests that
microbial presence increases upon addition of hydrocarbon
substrate. However, these studies are not conclusive enough to
be extrapolated with PAHs, in addition to the fact that the
biochars used were above 700 °C.

It is worthy to examine the effect of production temperature
on biochar/OCs degradation. When comparing the effect of
production temperatures 350 and 600 °C (Nguyen and
Lehmann 2009) on the degradation of two biochars under

different moisture regimes, the authors found that microbial
degradation and oxidation was lower with the HPT biochar
than those of LPT in the corn residue biochar. In contrast, this
was not evident for the oak biochar (Ennis et al. 2012). This
could be attributable to the presence of residual bio-oils in both
the LPT and HPT biochars from the oak, as oak is known to be
hard compared with the maize Stover. However, in addition to
the bio-oils, some feedstock dissolve into soil solution and are
also degradable (Lehmann et al. 2009b), besides stimulating
growth and activity of soil microbes (Steiner et al. 2008). This
highlights the importance of feedstock when using biochar as
an amendment. This also highlights the potentials biochars may
have to degrade PAHs, e.g. introducing PAHs into the corn
residue biochar above, especially at HPT, will lead to greater
degradation of the PAHs as they will serve as the only substrate
available for microbial metabolism. This also suggests that the
organic compounds in biochar may contribute to the total
organic compound pool especially for woody feedstock. Source
apportionment and discrimination between these two pools in
bioremediation studies is worth investigating.

Another example of the effect of production temperature on
biochar degradation was reflected by abiotic losses (Cohen-
Ofri et al. 2007; Zimmerman 2010; Cheng et al. 2006;
Moreno-Castilla et al. 2000; Kawamoto et al. 2005) which
suggested that abiotic losses predominate with biochar.
Baldock and Smernik (2002) observed that 20, 13 and 2 %
of the C in red pine wood biochar produced at 150 and 350 °C,
was degraded after 120 days as measured by C weight loss
technique. Other report on abiotic losses by Hamer et al.
(2004) found that 0.8, 0.7 and 0.3 % of C from biochar
produced from maize and rye grass at 350 and 800 °C, re-
spectively, were degraded within 2 months as measured by
CO2 evolution. Zavalloni et al. (2011) found that 2.8 % of
biochar C was degraded within 84 days when using biochars
produced at 800 °C as an amendment. Zimmerman (2010)
found that C losses from sterilised incubations were lower or
similar to the non-sterile incubations. On the other hand, CO2

evolution from the PBC was higher than that from the GBC,
with both having similar surface areas, which Zimmerman
(2010) attributed to surfaces of the PBC which are easily
accessible than those of the GBC. This implies that amend-
ment with PBC may contribute to greater degradation of OCs
compared with those with GBC. To date no study has been
carried out to compare these effects using PAHs as a substrate.

Further to the above-mentioned studies little variations
with regards to the sterile and non-sterile soils can be attrib-
uted to occlusion of extracellular enzymes or steric inhibition
from a larger portion of the non-sterile biochar surfaces,
whereas for the PBC and GBC, limited diffusion of water
and oxygen into the inner pores of the GBC may be
responsible for its reduced CO2 evolution compared with the
PBC. Zimmerman (2010) predicted that aliphatic C are closer
to the biochar external surfaces while the balance of C left are
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constituents of condensed aromatic rings or bio-oils inside the
inner pores of biochars. The author attributes the lower deg-
radation of GBC compared with PBC biochars to protection
conferred by the GBC. It has been reported that the ratio of
non-sterile to sterile microbial C losses is a function of feed-
stock and incubation temperatures (Zimmerman 2010; Cheng
et al. 2006), with biodegradation having greater influence at
temperatures <22 °C (Zimmermann et al. 2012). Abiotic
release of CO2 may proceed in two ways as proposed by
Cheng et al. (2006); (i) it may be due to chemisorbed oxygen
attached to unsaturated ring structures, to form carboxylic acid
thereby leading to CO2 evolution and (ii) evolution of
carbonate-C upon biochar additions to acid soils (Yuan et al.
2011; Farrell et al. 2013).

The authors mentioned above also observed that LPT
biochar degraded faster than HPT biochar, implying the effect
of bio-oil in LPT biochars as well as potential for greater
degradation in HPT in the presence of hydrocarbon substrate.
Furthermore, 50 % of the carbon was lost during the first 90–
120 days of a 1 year incubation period, following which C
losses decreased and stabilised and finally became similar for
both sterile and non-sterile incubations. In addition, Cheng
et al. (2006) found changes in surface chemistry of biochar
functional groups following a 120-day incubation and con-
cluded that abiotic losses were more important than biotic
losses. The authors also found that the ratio of sterile to non-
sterile CO2 evolution increased during the study period. Since
there were no differences between losses from sterile and non-
sterile incubations, therefore, the losses attributed to non-
sterile incubations may not be entirely due to biodegradation.
For example, Farrell et al. (2013) found that CO2 evolution
from their study was partly affected by microbes. Suggesting
that abiotic degradation also had some effects.

When contrasting the effect of biochar additions on soil
organic matter using biochars produced at 350 and 700 °C,
respectively, Luo et al. (2011) found that LPT biochar stimu-
lated the degrdadation of soil organic carbon (SOC) over a
short period, whereas HPT 700 °C had a much lower effect on
SOC degradation. Farrell et al. (2013) concluded that soil
bacteria suitable for degradation of aromatic-C (Kramer and
Gleixner 2008; Santos et al. 2012) can as well degrade bio-
char-C. All the studies discussed above suggest that biochar
degradation follow a biphasic model.

Relating the biphasic model to bulk PAH degradation is
not possible because of its potential toxicity to microbes.
Additionally, the biphasic model suggests degradation of the
aliphatic component than the PAHs. In contrast, the current
study proposes that the aliphatics will go into solution and
hence their degradation is negligible. This is due to the fact
that the enzymes that can degrade the aliphatics may not
survive in the presence of bulk PAH(Thies and Rillig 2009).
PAHs desorb overtime since they are either semi- or non-
volatiles. Alternatively, a triphasic model (Fig. 3) for

degradation of PAHs in the presence of biochar is proposed
in the present review.

The probable mechanisms (Fig. 3) by which biochar can
simultaneously impact on sorption and biodegradation of
PAHs in soils are reviewed. After TPH must have separated
into fractions based on fate and transport (Edwards et al. 1997)
and as can be seen in Fig. 3, (i) the spilt PAH is sorbed by
biochar. It is well known that sorption of PAHs is the main
mechanism affecting their fate, transport and biodegradation
in soils and has been extensively reviewed by Pignatello and
Xing (1995). (ii) The biochar modifies soil pH, nutrients (N
and P), moisture and oxygen: as already discussed in the
previous sections (this modification could be positive or neg-
ative depending on the production temperature. (iii) Desorp-
tion and biodegradation of the desorbed PAH; desorption
kinetics of PAHs sorbed to biochar in soils has been suggested
to be slow due to strong affinity of the PAH to biochars
(Jonker and Koelmans 2002; van Noort et al. 2003). Evi-
dences to support this hypothesis include (1) aromatic hydro-
carbons sorbed to biochars are found to desorb over long
periods (Jonker et al. 2005) and (2) desorption kinetics for
aromatic hydrocarbons sorbed to biochar is non-linear
(Cornelissen et al. 2000).

Studies (White et al. 1997; Luthy et al. 1997; Kelsey et al.
1997; Tang et al. 1999; Alexander 2000) had suggested that
sorption to biochars reduces desorption and biodegradation
rates. The authors hypothesised that sorption to biochar results
in slow desorption of the sorbed hydrocarbons and that bio-
degradation takes place after longer periods following a slow
desorption. Evidences to support this include (1) the slowly
desorbing fraction, i.e. the biodegradable concentration, was
equal to the non-biodegradable concentration in the presence
of microbes with time (Cornelissen et al. 1998). However, it is
worth noting that the authors did not take the losses by
volatilization into consideration in their study; (2) a correla-
tion was found between concentrations extracted using super-
critical fluid and biodegraded concentrations (Hawthorne and
Grabanski 2000; Hawthorne et al. 2001); and (3) those con-
centrations extracted by water (Hawthorne et al. 2001; Haw-
thorne et al. 2002). The authors, therefore, suggested that the
concentration that could not be extracted by water was the
concentration sorbed to biochar and can be biodegraded but
after a longer period, (4) total absence of biodegradation of
naphthalene in soils amended with HPT biochars (Guerin and
Boyd 1997).

Despite the above evidences, Cornelissen et al. (2005)
reported that it is not adequate to suggest that hydrocarbons
sorbed to biochars and the desorbing concentrations are not
biodegradable in the short-term or over longer periods. They
suggested that after the readily available PAH concentrations
absorbed to the organic matter component are biodegraded,
lower pore-water concentrations due to the presence of bio-
char may decrease beyond the levels needed by
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microorganisms for biodegradation, i.e. biodegradation may
stop after the concentrations sorbed to organic matter has been
degraded. Cornelissen et al. (2005) also proposed that this
theory not holding as PAHs can be co-metabolised. Again
even in the presence of organic matter alone, biodegradation
can still be limited by the absence of water and other soil
factors (Cornelissen et al. 2005). Hence, hydrocarbons sorbed
to biochar are degradable but probably after longer periods
(Cornelissen et al. 2005).

In contrast, other studies suggest that gradual desorption
alone rather than both gradual desorption and biodegradation
accounts for slow degradation rates (Haritash and Kaushik
2009). The authors reported that gradual desorption is caused
by slow diffusion of the hydrocarbons through the pore water
and the soil organic matter. This is in line with the conclusions
in this review that biochar retains water hence biodegradation
is not expected to cease since biochar increases the WHC of
the soil. Moreover, desorption can also be hastened by in-
creasing soil temperature, which in turn increases the diffusion
rates, resulting in dissolution of PAHs in water (Haritash and
Kaushik 2009). Likewise, use of chemicals like acetone–water
mixture (4:1) can desorb over 95 % of total PAHs in 60 min
(Noordkamp et al. 1997). This is also in line with studies that
reported that PAHs can desorb readily as a chemical extractant
found rapidly desorbing PAH concentration ∑PAH (Gomez-
Eyles et al. 2011) with biochars. After the desorption process,
the desorbed PAHs are finally utilised by the microbes thus
resulting in long-term controlled bioremediation.

Having elucidated on the triphasic concept, we now show
an example of a study where PAH degradation was stimulated
by biochar. Experiments involving the simultaneous use of
bioaugmentation and biostimulation in the presence of biochar
have also been reported (Chen et al. 2012a); plant residues and
biochars inoculated with two PAH-degrading bacteria as car-
riers to test the bioremediation of 15 PAHs were investigated.
Chen et al. (2012a) showed that the degradation of PAH in
soils was a function of molecular weight and carrier treatment.
PAH biodegradation was greater for the four- and five-ring
PAHs compared with those of three and six rings; only the
biochar amendment at 400 °C production temperature carrier
biodegraded all PAHs in the soil after 3 months.

All the studies discussed above show that the presence of
moisture is critical for effective stimulation of microbial deg-
radation by biochar. It is well known that biodegradation takes
place in the oil–water interphase (Brändli et al. 2008), and this
may lead to a reduction in microbial activity in biochar-
amended soils compared with the non-amended soils where
PAHs could be less rigidly bound and could be rapidly
desorbed (Hilber et al. 2009). In laboratory studies using
spiked soils amended with biochar, a reduction in the biodeg-
radation of PAH was observed by Rhodes et al. (2008), hence,
highlighting the need to maintain soil-pore water in biochar-
amended soils. However, comparing non-amended soils with

those amended with biochar may not give an accurate account
of biodegradation since the microbial activities may not be
similar (Meynet et al. 2012; Bento et al. 2005). In other
studies, Bento et al. (2005) suggested the use of sterile soils
for individual treatments to compare the non-sterile soils in the
laboratory to provide greater account for the concentration
biodegraded.

It is therefore noteworthy that studies reporting greater
degradation of hydrocarbons in non-amended soils compared
with biochar-amended soils may not be satisfactory. This is
because most of those studies neither made use of sterile soils
nor applied biomarker analysis to monitor the concentration
degraded. As a result, it will be difficult to suggest that it was
only biodegradation that took place in their experiments.
Rather, a combination of appropriate strategies during the
study period such as identification and optimization of phys-
icochemical conditions to ensure that over 20 % of the micro-
bial populations are active (Verstraete et al. 2007) suggest that
biochar has a great potential to impact on the biodegradation
of PAHs. Additionally, biochar has an advantage compared
with non-amended and organic matter-amended soils as pro-
posed by Vasilyeva et al. (2010) that biochar addition reduces
the toxicity of hydrocarbons to microbes in soils, thereby
increasing the rate of microbial degradation.

Similar to the suggestions above, when comparing labo-
ratory versus field studies on the impact of biochar amend-
ment Cho et al. (2012), laboratory studies have found an
advantage because the production temperature and amend-
ment concentration could be varied and optimised for mass
transfer of hydrocarbon contaminants for biodegradation. In
field studies, it is difficult to measure or vary production
temperature, and again it has been reported (Young and Ball
1994; Luthy et al. 1997; Rügner et al. 1999) that due to the
heterogeneous nature of soils, migration into soil particles is
slow thereby retarding desorption of petroleum hydrocar-
bons for biodegradation.

Kinney et al. (2012) found that biochars are also sources of
PAHs despite their potential role in enhancing microbial deg-
radation. Wengel et al. (2006) found that wood-degrading
fungus, Schizophyllum commune, degraded biochar produced
at 400 °C after 84 days study period, resulting in the liberation
of dissolved OC high in aromatic compounds. PAHs have
been found in aqueous phase of Birch wood biochar,
produced at 450 °C as reported by Fagernäs et al.
(2012), who found 16 EPA-listed PAHs in concentrations
up to 10 mg kg−1. The authors also reported that though
the above concentration are within the total concentration
of PAH approved by EPA (6–20 mg kg−1), however still,
it is greater than the 4 and 12 mg kg−1 approved for both
commercial and basic biochars, respectively (Hilber et al.
2012). This also reiterates the suggestions in the previous
section of the present review on how to sequester and
minimise the effect of biochar PAH.
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What are the factors that we can manipulate
in the laboratory to enhance the capability of biochars
to degrade PAHs?

This section discusses some of the factors that can be manip-
ulated to enhance the capability of biochars to stimulate the
degradation of PAHs. They include: (i) addition of a co-
metabolite (substrate), (ii) inoculation with known PAH de-
graders, (iii) production temperature, (iv) pH, (v) CEC, (vi)
surface area, (vii) aromaticity and (viii) particle size. In this
section, comparisons were made between our initial experi-
mental results using locally generated coconut shell biochar;
C. nucifera (CSB) and those reviewed elsewhere.

(i) Addition of a co-metabolite as substrate

It is well established that PAHs can be degraded through
co-metabolism (Keck et al. 1989; Wilson and Jones 1993)
either through the addition of a co-metabolite substrate or
those naturally present in the soil such as organic matter. There
is evidence to show that biochar degradation was increased
several fold in the presence of glucose (Hamer et al. 2004;
Kuzyakov et al. 2009), which will in turn result into the
degradation of the PAH content in the biochar. Hamer et al.
(2004) attributed this to co-metabolism as evidenced by in-
creased growth of microbes and enzyme production concur-
rently. This has also been corroborated by other investigators
(Steiner et al. 2008; Kuzyakov et al. 2009; Steinbeiss et al.
2009; Hamer et al. 2004) as evidenced by the greater degra-
dation and CO2 evolution in the presence of glucose in their
studies.

Another example of co-metabolic stimulation of degrada-
tion of biochar has been reported (Kuzyakov et al. 2009; Keith
et al. 2011; Luo et al. 2011). The authors found that soil
organic carbon (SOC) degradation either increases or de-
creases with biochar. A decrease in the degradation of SOC
in the presence of biochar results in a stable SOC (Cross and
Sohi 2011; Keith et al. 2011; Blagodatskaya et al. 2011), and
these momentary degradation have been attributed to the co-
metabolic effects of bio-oils in biochars (Luo et al. 2011).

Evidences for the existence of bio-oils in biochar was
investigated by Spokas et al. (2011), who found 140 organic
compounds present in 70 biochars of contrasting feedstock,
additionally, most of the volatile organic compounds present
may hinder or increase microbial activity, and owing to their
solubility in water, these volatile organic compounds
(VOCs) may go into soil solution to form part of dis-
solved organic carbon pool in soils amended with biochar
(Farrell et al. 2013).

In contrast to the studies above, Zimmerman (2010) report-
ed that a degradable co-metabolite such as glucose is not
needed in the degradation of biochar. Other investigators
(Wardle et al. 2008) found that humic fraction of the soil does

not contribute to biochar degradation and vice versa.
Zavalloni et al. (2011), in their investigations, found that
56 % of wheat straw used as an amendment with biochar
were degraded, while only 2.8 % of the biochar was
degraded. The authors concluded that wheat straw did
not contribute to biochar degradation but degradation was
effected by the presence of dissolved organic carbon in
soil. Wardle et al. (2008) also found that biochar addition
led to degradation of carbon from humus in soils and
attributed it to the ability of the biochar to support micro-
bial decomposition.

Despite the conflicting evidences in favour of co-
metabolism of biochar in the presence of glucose and
other substrates, the bulk of evidence suggests that addi-
tion of a co-metabolite like glucose or the presence of bio-
oils can enhance the degradation of PAHs in the presence
of biochar. To date, no study has tested the degradation of
bulk PAH using glucose as a co-metabolite in biochar-
amended soils.

(ii) Inoculation with known PAH degraders

Microbial species associated with biochar that may be
beneficial to the degradation of HMW compounds have been
isolated in biochar-amended soils, e.g. Rhodopseudomonas
can degrade aromatic structures of lignin (Anderson et al.
2011). As a result, they can be targeted for the degradation
of PAHs. Furthermore, Mycobacterium also increased
(∼16 %) in abundance due to biochar additions; they are
known to degrade PAHs (Anderson et al. 2011).
Sphingomonadaceae are known to increase in the presence
of biochar; they are known to degrade recalcitrant compounds
(Anderson et al. 2011). Actinobacteria have been reported to
degrade recalcitrant organic compounds, and due to their
branched structure, they can penetrate the inner pores of
biochar thereby increasing the exchange of nutrients at the
surface (O’Neill et al. 2009).

More recently, Farrell et al. (2013) found a shift in
microbial community structure in favour of gram-positive
bacteria, which are known to degrade aromatic C in soils
(Kramer and Gleixner 2008; Santos et al. 2012). This im-
plies that inoculation with any of these families using bio-
char as a carrier can greatly enhance PAH degradation. It has
also been reported that inoculation with biosurfactant-
generating microbes such as Pseudomonas aeruginosa can
increase the bioavailability of PAHs (Haritash and Kaushik
2009). It is worth noting that most of the results favour
accessible microbes (Anderson et al. 2011).

(iii) Production temperature

It is worth noting that majority of the factors that can be
manipulated to enhance biochar ability to give simultaneous
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impact on sorption and biodegradation of PAHs revolve round
the production temperature. Similarly, biochar production tem-
perature is critical to understanding the scientific mechanisms
that underpin the use of biochar as an amendment for PAH fate
processes in soils. The probable influence of biochar production
temperature was highlighted by Thies and Rillig (2009),
reporting that brief carbonization and LPT generates residual
bio-oils and other residues on biochar surfaces. It has also been
reported that these materials may be made up of substrates that
can aid microbial growth and metabolism (Ogawa 1994). Fur-
ther, these bio-oils, which are mostly aliphatic, can be
biodegraded in a short time when incorporated into the soil. In
contrast, it was found that HPT biochars have greater aromatic
structures and were abiotically degraded at a faster rate than
biochars produced at LPTs with mainly aliphatic structures
(Lehmann et al. 2009a). However, the authors above stated this
hypothesis with reference to soil molecular response to biochar
application but made no reference to PAH degradation.

Extrapolating the above mechanism to PAH degradation in
soils is possible, because the soil amendment with HPT biochar
should be expected to stimulate biodegradation and oxidation
of PAH-contaminated soils at a faster rate compared with
amendment with LPT biochar. This is because with the HPT,
it is assumed that the recalcitrant aromatic structures and lack of
bio-oils will result in the petrogenic PAHs alone to be the major
substrate for the microbes to act on, while with the LPT, the
microbes will act on both the petrogenic PAH and degradable
aliphatic compounds (bio-oils), thereby decreasing the rate of
biodegradation with the LPT amendment. To date, no attempt
has been made to investigate the influence that biochar produc-
tion temperature may have to stimulate the biodegradation of
PAHs in soils and studies relying on only one production
temperature, whether below or above 700 °C are not complete-
ly mechanistic. This also forms part of our future studies.

Having elucidated on the mechanisms that underpin the
effect of biochar production temperatures, we now present
results from our locally generated coconut shell biochar
CSB for comparison with studies in the literature.

Regarding the effect of production temperature on elemental
composition (total carbon TC, total nitrogen TN
and extractable phosphorus EP)

As can be seen on Table 1, HPT 650 °C (84.01±0.24%) had
greater TC content than LPT 450 and 350 °C (76.12±1.10 and
81.50±14%, respectively). Similar TC contents were reported
byMukome et al. (2013), who found TC contents in the range
of 15.6–87.3 % with 12 biochars from different feed stocks
and production temperatures. Similarly, McBeath and
Smernik (2009) reported TC content in the range of 27.6–
97.4 % for 12 biochars of different feedstock and production
temperatures. However, the studies mentioned above investi-
gated multiple feed stock and some of the production

temperatures were not reported. Studies using one feed stock,
e.g. Chen et al. (2012b) reported a consistent trend in TC
content with production temperatures, were the HPT biochar
had the highest TC content which decreased in the order 700
(84.9 %)>500 (69.7 %)>350 (65.4 %)>250 (57.7 %)>
150 °C (49.2 %), respectively. Similarly, Kinney et al.
(2012) also reported an increase in carbon content with pro-
duction temperatures: with corn stover and apple wood
biochars showing consistent trends of increase in TC content
with increasing production temperatures, respectively. Chen
et al. (2008c) reported that biochar is made up of both
carbonised and un-carbonised organic carbon. Consequently,
sorption of PAHs into biochars is a function of the ratio of the
carbonised to un-carbonised surfaces as well as other proper-
ties (Chen et al. 2008c; Chen and Chen 2009). This implies
that the HPT biochar will have the capacity to bind PAHs
tenaciously and at a faster rate compared with the LPT bio-
chars. In the present review, TC content was greater with HPT.

For the TN content, HPT 650 °C (0.26±0.02) had the least
TN content, whereas the LPT 450 and 350 °C (0.35±0.01 and
0.33±0.03, respectively) had greater TN contents (Table 1).
The low TNwith HPT may likely be ascribed to volatilization
as production temperature increases. Similar TN content
values were reported by Mukome et al. (2013), who found
TN value of 0.21. Other investigators (Chen et al. 2012b)
reported an increase in TN content with production tempera-
ture which peaked at 500 °C but then disappeared completely
at 700 °C. Similarly, Kinney et al. (2012) reported lower TN
contents with HPT 600–700 °C biochars, respectively. In the
present review, the HPT biochar had the lowest TN content.
All the studies discussed above show that N decreases as
production temperature increases.

The extractable P content was greater in HPT 650 °C (0.14±
0.02) than LPT 450 and 350 °C biochars (0.09±0.00 and 0.1±
0.00) by a factor of 1.4 and 1.56 than those of LPT 450 and
350 °C, respectively (Table 1). Similar results were obtained by
Cantrell et al. (2012), who observed greater P contents with
production temperatures, with HPT 700 °C biochar from five
differentmanures of animal origin having higher P contents than
those of LPT 350 °C. Furthermore, when using nuclear mag-
netic resonance (NMR) spectroscopy to investigate the charac-
teristic of chars, McBeath and Smernik (2009) reported that
biochars in the production temperature ranges of 250 to
450 °C are less sensitive to chemical changes, whereas at
production temperatures of between 450 and 850 °C, chemical
changes become apparent. In the present review, this is evident
by the TN and extractable P data.

pH

It is well known that HPT results in higher pH values irre-
spective of feedstock for newly produced biochars (Lehmann
et al. 2011). However, with ageing, pH may decrease or
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increase based on type of feedstock (Lehmann et al. 2011). For
example, Nguyen and Lehmann (2009) encountered lower
pH, from 4.9 to 4.7, in biochars with low mineral content
(oak wood), whereas, an increase in pH, from 6.7 to 8.1 was
recorded for higher mineral content (corn stover) biochar
following a 12-month incubation period. The mechanism for
this effect was highlighted by Cheng et al. (2006), where a
decrease in pH is as a result of oxidation of C to form
carboxylic acids, while a pH increase is attributed to breaking
up of alkaline minerals.

Studies have also reported that total bacteria diversity and
specific taxa in HPT 650 °C biochar made from oak and grass
increased significantly compared with those of LPT 250 °C
(Khodadad et al. 2011). Farrell et al. (2013) have also
highlighted the effect of production temperature on the deg-
radation of biochar C, e.g. higher degradation was encoun-
tered by Hamer et al. (2004) using LPT 350 °C maize biochar
and rye biochars compared with lower degradation encoun-
tered with LPT 450 °C eucalypt and wheat shoot biochars
respectively used by (Farrell et al. 2013).

In the present review, Table 1 shows that CSB pH increased
with production temperature with HPT 650 °C (9.48±0.02)
having greater pH than LPT 450 and 350 °C (8.87±0.15 and
8.99±0.03, respectively), thus exhibiting potentials for in-
creased bacterial activity.

Cation exchange capacity

Manyà (2012) highlighted the need for determining the impact
of production temperature on CEC, although CEC generally
accounts for retention of nutrient cations (K+, Ca2+, Mg2+ and
NH4

+) (Manyà 2012). However, in the present review, CEC is
considered with respect to stimulation of PAH degradation
because these cations when retained can bind nutrient anions
in the soil such as phosphates and nitrates, in addition to the
NH4

+ which can be retained by the soil CEC. All these
constitute the nutrients needed for microbial growth and me-
tabolism in soils. Evidences for greater CEC in biochar-
amended terra preta soils have also been documented (Manyà

2012). However, with respect to production temperature, pre-
vious studies by Lehmann (2007) reported that CEC was
lower at LPT but increased at HPT, which the author noted
needed further confirmation. One explanation was due to the
fact that HPT 600–700 °C biochars are oxidised within short
periods, resulting in higher CEC (Cheng et al. 2008; Nguyen
et al. 2010). When the effect of nutrient retention was tested
with HPT biochar, it was found that retention of nutrients by
HPT biochar was negligible, due to their hydrophobicity at
these production temperatures (Cornelissen et al. 2005). How-
ever, the fact that these are nutrient cations and not all of them
are needed for PAH transformation shows that this effect is
negligible.

On the other hand, this oxidation resulted into perpetuating
the initial pore size of non-polar aromatic surfaces (Smernik
2009), and therefore a greater potential to retain PAH. How-
ever, it is not adequate to suggest that the higher CEC stem-
ming from this oxidation will increase PAHs sorption. This is
because PAHs are non-polar and will not have any electro-
static attraction to biochar surfaces but the sorption will only
be as a result of the increased and stable aromatic strucure and
pore spaces. In the present review, results from our locally
generated CSB (Table 1) showed that CEC decreased at HPT.
The LPT 350 and 450 °C had greater CEC (13.12±1.63 and
18.52±1.4 cmol kg−1), than HPT 650 °C biochar (9.73±
2.53 cmol kg−1). This implies that the LPT biochars will have
greater capacity to retain nutrient cations, which in turn trans-
lates into greater retention of nutrient anions in the form of
nitrates and phosphates than HPT biochar. The CEC result
from the present review is also in line with that reported by
Brewer et al. (2009), who found lower CEC at HPT and
concluded that HPT results in lower CEC due to loss of
volatiles that harbours CEC in form of organic acids. This
also reiterates the conclusions by Lehmann (2007) that bio-
char CEC needs to be tested widely. On the other hand,
Lehmann (2007) reported that newly made biochars usually
have lower CEC than age-old biochars. This suggests that
HPT biochar will be a better candidate than the LPT biochar
in terms of PAH remediation because apart from having a

Table 1 Chemical properties of the test biochar (coconut shell) (n=3)

Production temperature (°C)a pHb C/N ratioc Total carbond Total nitrogend Extractable P (μg g−1)e CEC (cmol g−1 oven dry weight)f

350 8.99±0.03 246 81.50±1.14 0.33±0.03 0.1±0.00 13.12±1.63

450 8.87±0.15 217 76.12±1.10 0.35±0.01 0.09±0.00 18.52±1.40

650 9.48±0.02 323 84.01±0.24 0.26±0.02 0.14±0.02 9.73±2.53

a Carbolite furnaces
b pH in 0.01 M CaCl2.
c c %C

%N

� �

\
d C and N Tru Mac Leco CNS analyser
e Bray II Molybdate Blue Method Colorimetry-La Chart auto analyser
f Leaching with ammonium acetate
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greater sorption capacity owing to its wider pore size as
reported, its CEC can change overtime and overtake that of
LPT, which reported that CEC increases with time. This is also
of advantage as degradation of the desorbed PAH by biochar
is a slow process.

(iv) Aromaticity

Although aromaticity cannot be manipulated directly, ma-
nipulation of production temperature indirectly affects the ex-
tent of aromaticity. Lehmann et al. (2011) reported that the inert
nature of biochar carbonmakes it unavailable to microbes as an
energy source, so also the N and other nutrients in the C
structure. However, alterations in soil physicochemical proper-
ties and presence of bio-oils in the biochar may modify the soil
microbial community structure (Anderson et al. 2011; Farrell
et al. 2013). Kimetu and Lehmann (2010) found that amend-
ment with biochar reduced CO2 respiration in soils by
27 %. Zimmerman (2010) found a significant relation-
ship between C degradation in biochars and production
temperature and duration but not with feedstock type.

Furthermore, Ennis et al. (2012) reported that production
temperature (Brewer et al. 2009) and duration (Yip et al. 2010)
increase the magnitude of establishment of aromatic structure
in biochar. For example, low level of aromaticity and small-
sized aromatic zones give rise to high surface activity than
larger aromatic zones; the former qualities described above
can give rise to higher cation exchange capacity in soils
(Lehmann et al. 2009a). The higher the degree of aroma-
ticity of biochar, the more recalcitrant it will be in soils
and hence a greater potential to enhance biodegradation
(Ennis et al. 2012).

Evidences for the degree of aromaticity of biochar as a
function of production temperature were confirmed by several
investigators (Baldock and Smernik 2002; Hilscher and
Knicker 2011). The authors found greater loss of aliphatic C
and increased aromatic C (andO-aryl C) at HPTs as measured
by NMR and Fourier transform infrared (FTIR) spectros-
copies. On the other hand, degradation of aliphatic C and
generation of carboxyl/carbonyl C with incubations (Hilscher
and Knicker 2011; Cheng et al. 2006). Zimmerman (2010)
further classified biochar composition into a degradable vola-
tile fraction composed of lower C and higher oxygen
(aliphatic) and a non-volatile fraction composed of high C
and low oxygen (aromatic). Farrell et al. (2013) have also
reported the recalcitrance of biochars as evidenced by greater
presences of aryl and O-aryl-C, respectively, compared with
alkyl,O-alkyl and carbonyl C, all degradable C respectively in
soil organic carbon as measured by NMR spectroscopy.

Apart from instrumental evidences described above, labo-
ratory studies by Zimmerman (2010) found that there was no
difference in rate of degradation of biochar alone and those of
soils amended with biochar, despite the advantages of soil

moisture and oxygen availability and interactions with organic
and inorganic soil components. Zavalloni et al. (2011) found
no differences in CO2 evolution for soils amended with crop
residue and those with biochar, but greater CO2 evolution was
found in soils amended with crop residue at the initial stages.
This also suggests that biochar degradation is not influenced
by other soil C.

Other evidences to support biochar aromaticity/
recalcitrance is its C/N ratio, e.g. Chan et al. (2008a) found
that microbial activity was reduced following soil amendment
with biochar. Zavalloni et al. (2011) attributed this to the
chemical composition of the biochar utilised. Chan et al.
(2008a) used a low N biochar having a C/N ratio of 200.
Hamer et al. (2004) reported that biochar recalcitrance is
positively correlated to its C/N ratio, which is a function of
the production temperature and biochar chemical structure.
Thus, a lower N and hence higher C/N ratio confers increased
stability and vice versa. Zavalloni et al. (2011) found biochar
with C/N ratio of ≈800. In this review, the C/N ratio is
presented in Table 1. It was found that HPT 650 °C (323)
had greater C/N ratio as well as lower N when compared
with LPT 450 and 350 °C (217 and 246, respectively). It
can therefore be concluded that the 650 °C (HPT) biochar
had the highest C/N ratio hence a greater recalcitrance
than LPT biochars.

In the present review, results from our CSB showed that the
extent of aromaticity increases with production temperature.
The FTIR spectra of our locally generated coconut shell
biochar are shown in Fig. 4 and Table 2 below. The results
showed that the HPT 650 °C (1633.67 cm−1) shared similar
peaks with LPT 450 and 350 °C biochars (1622.22 and
1622.37 cm−1, respectively), which are typical of condensed
aromatic ring structure, skeletal stretch, moderate intensity
and attributed to C=C bond. Other peaks also common to both
HPT 650 °C (2912.08 cm−1) and LPT 450 and 350 °C bio-
chars (2912.08 and 2912.08 cm−1, respectively), which are
typical of aliphatic structure (alkyl peaks), strong intensity,
asymmetric stretching (C–H). However, only LPT 450 and
350 °C biochars shared similar peaks (2840.65 and
2851.64 cm−1, respectively), which are typical of aliphatic
(alkyl peaks), strong symmetrical stretching, as well as
1384.26 and 1384.09 cm−1, respectively, which are character-
istic of aliphatic, strong CH3 symmetrical bending (Steinbeiss
et al. 2009). This implies that stability and the degree of
aromaticity increases with production temperature as evi-
denced by the lower alkyl peaks at HPT. Similar results
(3000–2800 cm−1) were also reported by Kinney et al.
(2012). Although Keiluweit et al. (2010) and Chen et al.
(2008a) suggested that alkyl functionalities are destroyed at
production temperatures of 400–500 °C, the same author
(Chen et al. 2008a) also reported peaks in the region of
(1620 cm−1), which are characteristics of condensed aromatic
rings as observed in the present review.
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(v) Surface area (N2 BET single point)

The result (Table 3) showed that HPT 650 °C (80.40±
22.69) had greater surface area than LPT 450 °C (76.91±
4.88) and LPT 350 °C (4.88±0.70) biochars, respectively.
When using a production temperature of 500 °C, Zhang

et al. (2004) found similar surface area values: 92, 48 and
38 m2 g−1 for oak, maize hull and maize stover, respectively,
which the authors described as low. The low surface area of
biochars was also reiterated by Cornelissen et al. (2005).
Higher surface area with HPT has also been encountered in
previous studies. Brown et al. (2006) found the highest surface
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areas at 600–750 °C. Also, studies by Bornemann et al. (2007)
found greater surface area at HPT than LPT, which also sorbed
hydrocarbons at a faster rate than LPT biochars, although the
HPT biochar in their study was produced at 850 °C, which is
above the production temperature recommended in the present
review.

(vi) Particle size

Studies (Liang et al. 2006b; Cheng et al. 2008) have
reported that the outer surfaces of PBC particles with col-
lapsed pore structures, amended with soils undergo greater
oxidation compared with GBC with interior pore surfaces.
This is to be expected because the GBC have exposed external
surfaces, while their interior is shielded, but for PBC, there is
complete exposure or access to the surfaces. Further evidence
for the greater potential of the PBC to undergo oxidation
compared with the GBC were reported by Zimmerman
(2010), whose study found greater CO2 evolution and acces-
sible surfaces with PBC compared with GBC. Field emission
scanning electron microscopy (FESEM) images of the CSB in
the present review (Figs. 5 and 6) showed that the GBC at 350,
450 and 650 °C have a lot of porous structures when

Table 2 FTIR absorption bands present in the spectra of coconut shell
biochar

Production temperature (°C) Functional group Wavenumber (cm−1)

350 C=C (stretching) 1622.37

C–H (stretching) 2912.08

C–H (stretching) 2851.64

CH3 (bending) 1384.09

KBr O–H (stretching) 3440.95

450 C=C (stretching) 1622.22

C–H (stretching) 2912.08

C–H (stretching) 2840.65

CH3 (bending) 1384.26

KBr O–H (stretching) 3440.52

650 C=C (stretching) 1633.67

C–H (stretching) 2912.08

KBr O–H (stretching) 3445.28

Table 3 Biochar surface area (m2/g)

Production temperatures (°C)a N2 BET surface areas (m2/g)b

350 4.88±0.704

450 76.91±4.9

650 80.40±22.69

a Carbolite furnace
b Pulse Chemisorb Micrometrics 2075 (N2 BET single point), n=3 rep-
resents standard error of means

a

b

Fig. 5 FESEM micrograph of coconut shell biochar (CSB): a 350 and b
450 °C with ×1000 magnification

c

d

Fig. 6 FESEM micrograph of coconut shell biochar (CSB): c 650 °C
(granular) and d 650 °C (powdered) with ×1000 magnification
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compared with the PBC 650 °C were the pores have col-
lapsed, resulting in well-exposed surfaces. Although this sug-
gests that the PBC may have a greater potential to degrade
PAHs at a faster rate than GBC, the GBC, however, is still
important especially at the initial stages to ensure rapid sorp-
tion of spilt PAH as described in the triphasic concept pro-
posed in this review. This is because the IUPAC as reported by
Rouquerol et al. (1994) has classified pores with respect to
their accessibility to an extraneous liquid. Based on this clas-
sification, pores are divided mainly into closed pores; which
are completely secluded from their neighbours. The authors
noted that they are not active towards the flow of liquid and
adsorption of gases. Conversely, open pores have an unabated
network of openings that can permit free flow of liquids and
gases. As can be seen from the FESEM images, in the present
review (Fig. 6d), PBC biochar showed more closed pores than
the images represented in Figs. 5a, b and 6c (GBC), which
showed more open pores. As a result, the GBC biochar have
greater potential to sorb bulk PAHs than PBC biochar. In
addition to being able to retain more water, oxygen provides
protection for microbes against predators which are also cru-
cial during microbial degradation of PAHs. In conclusion,
since microbial degradation can be limited by oxygen, the
PBC will definitely support degradation at a faster rate. As a
result, a combination of both GBC and PBC are recommended
for greater PAH removal in the present review so as to support
rapid sorption and subsequent biodegradation, which is in line
with the triphasic concept and simultaneous impact proposed
in this review.

Some of the studies discussed in this review had reported
that PBC had the same surface area as that of GBC. However,
results from CSB in the present review showed that the
multipoint surface areas, including single, BETand Langmuir

surface areas were greater in the PBC than GBC (Table 4).
The results also showed that the total pore volume, t-plot
micropore volume were also greater in the PBC than GBC.
However, the density functional theory (DFT) pore size of the
PBC andGBC compared favourablywith each other (Table 4).
The pore area showed mesopores for both PBC and GBC
while the total pore areas showed mainly micropores. The
BET constant (C) showed that the GBC interacted with the
adsorbate with greater energy compared with the PBC, which
is in line with our analysis above as well as with IUPAC
recommendations.

In addition to the mechanisms reviewed in this paper, other
biochar-related studies worth investigating have been further
highlighted. Studies on the effects of biochar on other soil
biota, e.g. soil fauna with respect to their toxicity have been
investigated; earthworms (Van Zwieten et al. 2010; Gomez-
Eyles et al. 2011; Major et al. 2010; Eckmeier et al. 2007;
Noguera et al. 2010), nematodes (e.g. Matlack 2001) and
microarthropods (e.g. Phillips et al. 2000), but there is little
or nothing in literature on molluscs, e.g. snail with respect to
behaviour in biochar and PAH-impacted soils. They are im-
portant in the food chain and unlike other soil fauna, they are
directly consumed by humans. Although phytoremediation
has been used to remove PAHs from soils as reviewed by
Haritash and Kaushik (2009), incorporation of biochar as a
nutrient source to these plants may enhance greater removal,
and this is worth investigating.

Conclusions and perspectives

This review has shown that biochar have potentials to give
simultaneous impact on PAH fate processes contrary to the
general notion that biochar is only good as a sorbent. Biochar
can reduce volatilization, ensure rapid sorption thereby reduc-
ing the risk of uptake of spilt PAHs into crops and livestock as
well as leaching into ground water or runoff into surface water
resources. After which, the biochar modifies the soil physico-
chemical properties for greater stimulation of microbes for
enhanced biodegradation of the desorbed PAHs. However,
biochars differ according to their production temperature and
feedstock, which in turn will affect soil response towards their
addition (McLaughlin et al. 2009). As a result, the character-
istics of each biochar need to be examined before making any
recommendations for its utilisation (Manyà 2012). The Inter-
national Biochar Initiative (2012) has classified biochars into
grades with respect to the degree of carbonization. Biochars
with carbon content ≥60 % are classified as class 1, while
those with <60 % are classified as class 2. In the present
review, we have produced and characterised CSB which falls
under class 1 biochar due to its carbon content. This fits well
into the triphasic model because the model aims at rapid

Table 4 Surface areas, pore volumes determined by the BET equation,
single point and t-plot

Sample identification 650 °C
PBC

650 °C
GBC

Physical characteristics

Single point surface area (P/Po) (m2/g) 263.36 81.71

BET surface area (m2/g) 331.67 92.84

Langmuir (m2/g) 359.28 92.84

Total pore volume (single point desorption;
cm3/g)

0.15 0.07

t-plot micropore volume (cm3/g) 0.13 0.03

Density functional theory (DFT) pore size

Volume in pores (Å) <15.91 <17.16

Total volume in pores (Å) ≤233.93 ≤233.93
Area in pores (Å) >233.93 >233.93

Total area in pores (Å) ≥15.91 ≥17.16
C (BET constant) 3897.29 5447.79

Micrometrics instruments ASAP 2010
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binding of the PAHs which can best be achieved with a class 1
biochar, since they are more carbonised with greater surface
area and aromatic structures. Conversely, feed stocks of live-
stock manure origin are not thoroughly carbonised and are
class 2 biochars as confirmed in the present review. Although
they may contain greater N and P compared with the CSB
(class 1 biochar), their importance, however, may only come
up after the sorbed PAHs might have been desorbed for
microbial degradation. Moreover, bound PAHs constitute less
risk to the soil and humans (Bogan and Sullivan 2003). As a
result, the nutrient content of the class 1 biochar even though
lower than those of the class 2 biochar may still be adequate
for stimulation of complete microbial degradation of the
desorbed PAHs.

This review also dwelt exhaustively on the mechanisms
through which biochar may give simultaneous impact on PAH
fate processes; it highlighted gaps in the literature and com-
pared and contrasted results in the present and previous stud-
ies. However, the following areas are critically important
towards achieving the reviewed mechanisms. Studies consid-
ering the effect of production temperatures will find HPT
biochars as better candidates to give simultaneous impact on
PAH fate processes compared with LPT biochars, whereas in
terms of particle size, a combination of GBC and PBC have
been recommended in this review. However, the GBCmay be
mostly important at the initial stage of rapid sorption of PAHs.
In addition, GBC may block enzyme active spots of the
microbes, thereby reducing enzyme activities compared with
PBC. Likewise, soil particles may block pores of GBC, there-
by creating an anaerobic condition. Hence, a combination of
both PBC and GBC should be used for optimum performance
to give simultaneous impact on PAH fate processes in biochar-
amended soils.

Experimental design is also critically important when eval-
uating the effectiveness of biochar-amended soils over non-
amended soils. Studies investigating the impact of biochars on
sorption and biodegradation of PAHs in soils should design
their experiment in such a way that the concentration
biodegraded could be determined using sterile soils to contrast
to each amendment and not just comparing non-amended
versus biochar-amended soils, as the absence of sterile soils
means that those results may not be valid. Alternatively, the
effectiveness of biodegradation can also be determined using
biomarker analysis. Either way, there is clear evidence that
biochar can undergo abiotic degradation and therefore, all the
losses may not be entirely due to biodegradation alone. Sim-
ilarly, losses in the non-amended soils may also not be entirely
due to biodegradation. As a result, any of sterile amendment
or biomarker analysis will help to distinguish between bio-
degradation and abiotic losses. It is only then that definite
observations and conclusions could be reached on the extent
to which biochar can impact on fate processes compared with
non-amended soils. Similarly, the results of the current work

indicated that CEC was greater with the LPT biochars and
hence a greater potential to retain nutrients than the HPT
biochar, but differentiation should be made between nutrient
retention for plant growth and that of microbial action which
requires a C/N/P stoichiometric ratio of 100:10:1 for greater
microbial degradation. As a result, higher CECmay not confer
any advantage and HPT biochars still remains a better option
than the LPTs.

The bulk of evidence suggest that sorption into biochars is
not feed stock dependent but depends on production temper-
ature. Whereas the ability of LPT biochar to stimulate the
microbial degradation of PAHs may be feed stock dependent
as woody feed stock generates more bio-oils which serves as a
short-term substrates for microbes, livestock manure biochar
generates more labile carbon. The triphasic concept proposed
in this review aims at proof of principle that rapid sorption of
PAHs into biochars will lead to slow release or desorption of
PAHs for microbial degradation, leading to long-term con-
trolled bioremediation, i.e. sorption and biodegradation can
take place simultaneously. Evidences for this concept have
been elucidated in this review, which is worth investigating
and hence the bases of our future work.
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