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ABSTRACT

Soil degradation, characterized by declines in nutrient status and simultaneous accumulation of pesticide residues, is a major

problem affecting agricultural ecosystems. Previous studies indicate that biochar application to soil has promise as a practical method

to alleviate these pressures: increasing crop yield and enhancing pesticide degradation. Here, we review the roles of biochar in both

chemical and biological promotion of pesticide degradation and the potential benefits of biochar relating to the efficiency of fertilizer

use, availability of nutrients, and nutrient exchange. Biochar typically has a high surface area featuring many functional groups, a

high cation exchange capacity, and high stability. Major factors that impact on the nutrient retention characteristics of biochar (e.g.,

feedstock, pyrolysis temperature, and application rate) are also discussed herein. Nonetheless, more studies of the long-term impacts

on soil properties from biochar addition are still required before it can be possible to accurately quantify the sustainability of this

approach to sequester carbon and restore soil function.
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INTRODUCTION

The application of fertilizer (e.g., nitrogen (N),

phosphorus (P), and potassium (K)) and pesticides in

agricultural soil to improve crop yields has become in-

creasingly intensive. This is most apparent in China,

where fertilizer consumption accounts for 90% of all

fertilizer used worldwide (Pan et al., 2017), and the

annual increase in pesticide consumption is estimated

to be equivalent to 61%, 55%, and 10% of the total

amount applied annually in Cambodia, Laos, and Viet-

nam, respectively (Schreinemachers et al., 2015). Un-

der intensive applications, leaching losses of nutrients

and pesticides tend to increase, which collectively lead

to the deterioration of soil fertility and environmen-

tal pollution. Moreover, nutrient leaching from agri-

cultural soils increases the cost of farming, accelerates

soil acidification, and reduces crop yields (Laird et

al., 2010). Pesticides have the tendency for long-range

transport and transboundary dispersion, and their ca-

pacity to bioaccumulate in the food chain can threa-

ten human health and the health of other organisms

present in the environment (Kuranchie-Mensah et al.,

2011).

On the one hand, crop yields must be increased

to satisfy the growing food demands in many coun-

tries, which requires improvements in soil fertility and

nutrient availability (Liu Z X et al., 2014); on the ot-

her hand, pesticide degradation is an important goal

both to safeguard human health and to protect the

environment (Zhang et al., 2011). Microbial degrada-

tion (e.g., by bacteria and fungi) can remove pesticides

from contaminated soils through enzymatic degrada-

tion (Verma et al., 2014). Complex pesticides can also

be decomposed into simple organic or inorganic sub-

stances via molecular approaches (Wood, 2008). Biore-

mediation is less hazardous, has a lower cost, and is

more socially acceptable (Zhang et al., 2011). Howe-

ver, some pesticides (e.g., organochlorine pesticides)

cannot be easily biodegraded within a short period

of time. Moreover, the required microorganisms can

be sensitive to changes in environmental conditions,
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such as heat, desiccation, and ultraviolet radiation

(Chakoosari, 2013), and also to competition between

different microbial species and other organisms living

in the soil (Pietikäinen et al., 2000). Variable condi-

tions can therefore reduce the efficiency of pesticide

biodegradation. It follows that effective, low-cost met-

hods with capacity to enhance soil microbial activity

and pesticide degradation could help achieve increases

in the yield of good quality, pesticide-free crops and

improve the sustainability of agriculture.

Biochar is a carbon-rich solid produced by heating

biomass with little or no oxygen (Tan et al., 2015, 2016)

and exhibits a porous carbonaceous structure, many

functional groups, and an aromatic surface. The pro-

duction process of biochar mainly consists of slow pyro-

lysis, hydrothermal carbonization, flash carbonization,

and gasification (Tan et al., 2015). Biochar produced

from biomass pyrolysis can modify the physicochemi-

cal properties of the soil (DeLuca et al., 2006), decrease

gaseous N emission (Yanai et al., 2007), alter soil nu-

trient availability (Chan et al., 2008a), reduce nutri-

ent leaching (Zheng et al., 2013a), and increase crop

yields (Major et al., 2010). In addition, biochar pro-

duced from pig manure can degrade up to 90.6% of car-

baryl (Zhang P et al., 2013). Moreover, soil microbial

properties, such as microbial abundance and activity,

and mycorrhizal associations were improved after the

application of biochar (Warnock et al., 2007; Steiner

et al., 2008a). Ren et al. (2016) indicated that biochar

amendment of pesticide-polluted soil could enhance its

bioremediation. These studies demonstrated that bio-

char exhibits great potential for maintaining soil ferti-

lity, inactivating pesticides through abiotic means, and

accelerating biodegradation.

In this paper, we critically review the potential

benefits of biochar in the improvement of fertilizer

use efficiency through its capacity for increasing nu-

trient retention (i.e., decreasing nutrient leaching and

gaseous nutrient emission) while also permitting nutri-

ent release. Its effect on pesticide chemical degrada-

tion and biodegradation is also reviewed. We summa-

rize the physicochemical properties of biochar, analyze

the factors and mechanisms influencing various biochar

functions, and identify future prospects and knowledge

gaps.

PROPERTIES OF BIOCHAR

The physicochemical properties of biochar affect

its adsorption properties. For instance, the increase of

acidic functional groups in biochar can increase the

adsorption of NH+
4 (Spokas et al., 2012). Biochar has

a high specific surface area, high amounts of oxygen-

containing functional groups, and a high stability

(Huang et al., 2016). The properties of biochar mainly

depend on the feedstock and the pyrolysis tempera-

ture (Cantrell et al., 2012). Many feedstocks, such as

woodchips, organic wastes, plant residues, and poul-

try manure, can be used to produce biochar (Mohan

et al., 2014; Ding et al., 2016a). The common pyroly-

sis temperature ranges from 200 to 800 ◦C (Hossain et

al., 2011; Song et al., 2012). The impacts of feedstocks

and pyrolysis temperature on biochar properties are as

shown in Table I.

Specific surface area

The specific surface area of biochar is important be-

cause it contributes to the adsorption capacity for both

metal ions and organic compounds (Inyang et al., 2012;

Zhao et al., 2013). Increasing the pyrolysis temperature

can increase the specific surface area and the forma-

tion of micropores in biochar. Increasing the pyrolysis

temperature from 250 to 600 ◦C caused the specific

surface area of sugarcane bagasse biochar to increase

from 0.56 to 14.1 m2 g−1 (Ding et al., 2014). Similarly,

the specific surface area of soybean stover biochar that

was produced at 700 ◦C was 420 m2 g−1, which was

extremely high compared to that of biochar produced

at 300 ◦C (6 m2 g−1) (Ahmad et al., 2012). One pos-

sible explanation is that the release of volatiles within

the biochar simply increases with the increase in pyro-

lysis temperature (Liu X et al., 2014). However, the

specific surface area of the biochar also depends on

the feedstock used. The specific surface area of bio-

char produced from bagasse and cocopeat was 202 and

13.7 m2 g−1, respectively (Lee et al., 2013). The re-

lease of volatile matter mainly produced from cellulos-

es and hemicelluloses during pyrolysis can increase the

formation of vascular bundle structure in the biochar

and thus improve the specific surface area and pore

structure of the biochar (Li et al., 2013). For instance,

with the decrease of the volatile matter content within

corncob biochar, the specific surface area of the corn-

cob biochar increased from 61.8 to 192.9 m2 g−1 (Liu

X et al., 2014). Generally, the influences of feedstock

and pyrolysis temperature on the biochar specific sur-

face area may be mainly attributed to the release of

volatile matter (Ahmad et al., 2012; Li et al., 2013).

Surface functional groups

The surface chemical compositions of biochar, such

as oxygen-containing functional groups, are highly de-

pendent on the pyrolysis temperature, which in turn

affects the adsorption properties of the biochar (Pin-

tor et al., 2012). Generally, the hydrogen and oxygen
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TABLE I

Propertiesa) of biochars as affected by feedstocks and pyrolysis temperature

Study Feedstock Pyrolysis pH C N O CEC BET surface Fixed Volatile

temperature area carbon matter

◦C % cmolc kg−1 m2 g−1 %

Baronti et al. (2014) Orchard pruning 500 9.80 77.81 0.91 – 101 410 – –

Méndez et al. (2013) Sewage sludge 400 7.76 – – – 30 33 4.64 23.34

600 8.72 – – – 12 37 4.77 16.70

Kim et al. (2013) Miscanthus 300 8.28 68.48 0.31 25.71 – 0.56 53.84 41.87

sacchariflorus 400 8.68 81.20 0.42 14.29 – 2.41 68.73 25.70

Geodae-Uksae 1 500 9.49 86.66 0.40 9.74 – 181.0 80.32 14.98

600 10.05 90.71 0.33 6.70 – 381.5 88.60 7.70

Zhao et al. (2013) Cow manure 500 10.2 43.7 – – 149 21.9 14.7 17.2

Pig manure 500 10.5 42.7 – – 82.8 47.4 40.2 11.0

Shrimp hull 500 10.3 52.1 – – 389 13.3 18.9 26.6

Genesio et al. (2015) Sewage sludge 400 7.7 22.6 3.5 – – 0.1 26.7 21.3

450 8.2 18.6 2.4 – – 2.9 27.1 17.3

500 9.0 17.7 2.3 – – 3.2 28.2 14.2

550 9.9 19.6 2.1 – – 13.3 28.5 13.0

Hale et al. (2013) Cacao shell 350 10.42 70 1.4 – 37 18.6 – –

Corn cob 350 8.97 66 0.6 – 34 36.4 – –

Chen et al. (2014) Sewage sludge 500 8.81 17.46 1.54 10.449 76.75 25.424 –

600 9.54 18.40 1.38 7.353 30.81 20.268 – –

700 11.11 16.92 0.95 6.860 50.34 32.167 – –

800 12.18 16.20 0.50 3.641 126.62 48.499 – –

900 12.15 15.92 0.53 2.439 247.51 67.603 – –

Zhao et al. (2013) Bone dreg 500 9.57 24.2 – – 87.9 113 10.5 11.0

Wastewater sludge 500 8.82 26.6 – – 168 71.6 20.6 15.8

Waste paper 500 9.88 16.4 – – 516 133 16.4 30.0

Liu et al. (2010) Pinewood 700 6.60 95.30 0.12 3.76 – 29 57.05 3.20

Méndez et al. (2012) Sewage sludge 500 9.54 – – – 2.36 32.24 5.7 24.1

Liu X et al. (2014) Corncob 300 8.1 67.21 0.67 27.63 – 61.8 49.1 43.6

400 9.1 79.65 0.67 15.72 – 180.1 71.7 20.8

500 9.3 83.27 0.78 12.62 – 212.6 81.6 8.6

600 10.4 84.31 0.76 12.52 – 192.9 82.4 7.2

Sawdust 500 9.5 87.61 0.93 9.31 – 243.1 80.6 13.1

Cornstalk 500 10.1 77.34 2.79 17.23 – 201.3 76.6 8.9

Inyang et al. (2010) Undigested bagasse 600 7.7 76.45 0.79 19.83 4.19 14.07 – –

Inyang et al. (2010) Digested bagasse 600 10.9 73.55 – 24.04 14.30 17.66 – –

Lee et al. (2013) Bagasse 500 9.3 85.59 1.11 10.48 – 202 80.97 9.17

Cocopeat 500 10.3 84.44 1,02 11.67 – 13.7 67.25 14.30

Paddy straw 500 10.5 86.28 3.25 7.35 – 45.8 39.10 6.46

Palm kernel shell 500 6.9 87.85 1.11 8.14 – 191 80.85 12.29

Wood stem 500 9.5 89.31 0.78 7.34 – 316 83.47 12.79

Wood bark 500 9.6 84.84 1.83 10.20 – 13.6 68.66 18.14

Zhao et al. (2013) Peanut shell 500 10.5 73.7 – – 44.5 43.5 72.9 16.0

Chlorella 500 10.8 39.3 – – 562 2.78 17.4 29.3

Waterweed 500 10.3 25.6 – – 509 3.78 3.84 32.4

Ahmad et al. (2012) Soybean stover 300 7.27 68.81 1.88 24.99 – 5.61 – –

700 11.32 81.98 1.30 15.45 – 420.3 – –

Peanut shell 300 7.76 68.27 1.91 25.89 – 3.14 – –

700 10.57 83.76 1.14 13.34 – 448.2 – –

Zhao et al. (2013) Sawdust 500 10.5 75.8 – – 41.7 203 72.0 17.5

Grass 500 10.2 62.1 – – 84.0 3.33 59.2 18.9

Wheat straw 500 10.2 62.9 – – 95.5 33.2 63.7 17.6

a)CEC = cation exchange capacity; BET surface area = Brunauer, Emmett, and Teller (BET) surface area.

contents and the molar hydrogen to carbon (H/C) ra-

tio decrease with the increase of pyrolysis tempera-

ture, and a significant increase in the removal of polar

functional groups (–OH and C–O) also occurs at high

temperature (Ahmad et al., 2012). Also with increasing

pyrolysis temperature there is a decrease in the molar

oxygen to carbon (O/C) ratio, which results in surfaces

featuring a higher abundance of aromatic moieties and

increased hydrophobicity (Chen et al., 2008). The nu-

mber of surface functional groups within the biochar
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decreases with the increase of pyrolysis temperature, as

shown by Fourier transformed infrared (FTIR) spectra

(Kim et al., 2013; Uchimiya et al., 2013).

Cation exchange capacity (CEC) and pH values

The CEC of biochar indicates its ability to adsorb

cations such as NH+
4 and Ca2+, which are essential nu-

trients for plants (Rhoades, 1982). Thus, biochar with

a high CEC can decrease nutrient leaching losses from

soils (Steiner et al., 2008b). The CEC of biochar pro-

duced from cordgrass appeared to increase from 8.1 to

44.5 cmolc kg
−1 and then decreased to 32.4 cmolc kg

−1

when the pyrolysis temperature increased from 200 to

550 ◦C (Harvey et al., 2011). Harvey et al. (2011) indi-

cated that the CEC of loblolly pine biochar produced

at 200, 300, 350, and 650 ◦C were 16.5, 16.9, 23.8,

and 2.1 cmolc kg−1, respectively. Similarly, the CEC

of sugarcane bagasse biochar increased from 6.40 (py-

rolyzed at 250 ◦C) to 9.66 cmolc kg−1 (pyrolyzed at

500 ◦C) and then decreased to 4.19 cmolc kg−1 (py-

rolyzed at 600 ◦C) (Ding et al., 2014). These indicate

that biochar produced at high pyrolysis temperature

(i.e., > 500 ◦C) has a low CEC. The decrease in CEC

at high pyrolysis temperature has been attributed to

the aromatization of biochar as well as the disappea-

rance of functional groups on biochar (Méndez et al.,

2013). Therefore, biochar produced at low temperature

has more potential to retain fertilizer cations such as

NH+
4 and thereby improve their utilization efficacy.

The application of biochar can increase soil pH due

to the pH of the biochar itself and through enhan-

cing the retention of cations within the soil (e.g.,

Ca2+, Mg2+, and K+) (Novak et al., 2009; Sohi et al.,

2010). Biochar produced at higher temperature has a

higher pH, which is due to the release of alkali salts

from the organic matrix of the feedstock (Ahmad et

al., 2012). For instance, the pH value of biochar pro-

duced from corn straw increased from 9.37 to 11.32

when the pyrolysis temperature increased from 300 to

600 ◦C (Yuan et al., 2011). The pH values of swine

manure biochar produced at 400 and 800 ◦C were 7.60

and 11.54, respectively (Tsai et al., 2012).

Biochar stability

Biochar is increasingly recognized as a valuable tool

for long-term soil amendment (e.g., carbon sequestra-

tion, nutrient retention, and pesticide-contaminated

soil remediation), but its long-term environmental sta-

bility is yet to be fully evaluated. As mentioned previ-

ously, biochar stability depends mainly on the pyrolysis

temperature and the feedstock. Schmidt et al. (2011)

reported that certain types of biochar can degrade rela-

tively rapidly in some soils, possibly depending on the

conditions under which they were produced, which sug-

gested that pyrolysis could be optimized to generate

a more stable biochar. Generally, the stability of bio-

char can be increased by increasing pyrolysis tempe-

rature (Rondon et al., 2007; Mašek et al., 2013). For

example, the stability of sugarcane bagasse biochar in-

creased significantly with increasing pyrolysis tempe-

rature from 350 to 550 ◦C (Cross and Soli, 2013). In

addition, Cross and Soli (2013) indicated that the sta-

bility of biochar produced from chicken manure was

lower than that from sugarcane. In fact, biochar sta-

bility depends on the amount of recalcitrant carbon

substrates (Willmann and Fakoussa, 1997; Hofrichter

et al., 1999). Overall, biochar produced at low tempe-

rature can be easily degraded, but biochar produced

at high temperature is recalcitrant to degradation.

POTENTIAL OF BIOCHAR FOR IMPROVING

SOIL FERTILITY

Improvement of fertilizer use efficiency through biochar

application

Increasing fertilizer use efficiency can be a useful

method to improve crop yields. Chan et al. (2008a) ca-

rried out a pot trial to investigate the effects of green-

waste biochar on radish (Raphanus sativus var. Long

Scarlet) yields; they found that the application of bio-

char did not increase the radish yield in the absence

of N fertilizer. However, the radish yield evidently in-

creased with biochar application in the presence of N

fertilizer, indicating that biochar could efficiently im-

prove plant N utilization. In the presence of N ferti-

lizer (100 kg N ha−1), the radish yield increased by

42% and 96% with biochar application at 10 and 50 t

ha−1, respectively (Chan et al., 2008b). The increased

yields were attributed to the enhanced N availability

brought about by the application of biochar. Zhang et

al. (2010) indicated that a biochar application at 40 t

ha−1 increased rice yield by 12.1% in soil with N ferti-

lization, and the agronomic N use efficiency increased

from 1.3 kg of increased grain production per kg of N

fertilized with no biochar to 5.3 kg of increased grain

production per kg of N fertilized with the biochar ap-

plication at 40 t ha−1. Additionally, biochar has been

shown to increase maize grain yields by 28% and cal-

cium (Ca), magnesium (Mg), K, and P availability by

17%–600% in a field amended with biochar (Major et

al., 2010). Therefore, biochar is considered to have a

great potential for enhancing plant fertilizer use effi-

ciency by increasing nutrient availability in the soil.
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Nutrient retention in biochar-amended soils

The heterogeneous composition of biochar means

that its surface can exhibit hydrophilic, hydrophobic,

acidic, and basic properties, all of which contribute

to the ability of the biochar to adsorb solutes from

soil solution, thus affecting nutrient retention. On the

one hand, biochar can increase nutrient retention by

the adsorption process. For instance, biochar produced

from bamboo at 900 ◦C adsorbed about 1.2 mg NO−
3

g−1 (Mizuta et al., 2004). Peanut hull and pepperwood

biochar, produced at 600 ◦C, effectively reduced the to-

tal amounts of NO−
3 , NH

+
4 , and PO3−

4 in the leachates

by 34.0%, 34.7%, and 20.6% and 34.3%, 14.4%, and

39.1%, respectively (Yao et al., 2012). Biochar pro-

duced from wood at 400 ◦C adsorbed approximately

250–500 mg P g−1 (Morales et al., 2013). In addition,

Harvey et al. (2011) indicated that Spartina spartinae

biochar produced at 350 ◦C can adsorb 0.5 mmol K+

g−1. Therefore, biochar can be added to soil to re-

duce nutrient leaching. On the other hand, biochar can

reduce gaseous N losses. Nelissen et al. (2014) indi-

cated that after the application of biochar, NO and

N2O emissions decreased by 43% and 62%, respec-

tively. Yanai et al. (2007) indicated that N2O emis-

sion decreased by 80% after the addition of biochar. In

addition to chemical interactions, the enhanced nutri-

ent retention may also be attributed to improved soil

physical properties, such as the increase of porosity

and water storage capacity and the decrease of bulk

density (Lu et al., 2014). Enhanced biological activi-

ties or community shifts may also facilitate nutrient

cycling (Pietikäinen et al., 2000). As shown in Table

II, nutrient retention by biochar depends strongly on

the feedstock used, pyrolysis temperature, and appli-

cation rate. Overall, biochar has a great potential for

improving fertilizer use efficiency by reducing nutrient

leaching and gaseous N losses.

Factors affecting nutrient adsorption

Nutrient adsorption depends highly on the bio-

char pyrolysis temperature. The NH+
4 adsorption rates

of pepperwood biochar produced at 450 ◦C (15.7%)

was higher than that of pepperwood biochar produced

at 300 ◦C (3.8%) and 600 ◦C (11.9%) (Yao et al.,

2012). Morales et al. (2013) showed that biochar pro-

duced from Embaúba (Cecropia hololeuca Miq.) at 600
◦C adsorbed 47 and 13 times less P than biochar pro-

duced at 400 and 500 ◦C, respectively. Compared to

biochar produced at 300 and 600 ◦C, biochar pro-

duced from sugarcane bagasse at 450 ◦C had a hig-

her phosphate adsorption rate of 3.1% (Yao et al.,

2012). Pinus taeda biochar produced at 200, 300, 350,

and 650 ◦C can adsorb approximately 0.19, 0.17, 0.28,

and 0.03 mmol g−1 of K+, respectively (Harvey et

al., 2011). These indicate that relatively lower pyro-

lysis temperature (e.g., 400–500 ◦C) facilitates nutri-

ent adsorption. Additionally, different feedstocks can

exhibit different nutrient (e.g., N, P, and K) adsorp-

tion. For instance, NO−
3 adsorption rates were 3.7%,

2.5%, 0.2%, and 0.12% for sugarcane bagasse, bam-

boo, peanut hull, and pepperwood biochar, respective-

ly (Yao et al., 2012). Yao et al. (2012) also indicated

that the NH+
4 adsorption capacities of these biochars

ranged from approximately 2% to 12%. Ingá (Inga

edulisMart.) biochar adsorbs less P than Lacre (Vismi-

a guianenses Aubl.) and Embaúba (Cecropia hololeu-

ca Miq.) biochar (Morales et al., 2013). In addition,

Harvey et al. (2011) indicated that biochar (350 ◦C)

produced from Prosopis glandulosa Torr., Pinus taeda,

and Spartina spartinae can approximately adsorb 0.19,

0.28, and 0.52 mmol K+ g−1 soil, respectively.

Nutrient leaching from biochar-amended soils va-

ries with the pyrolysis temperature and soil type. Bio-

char produced from sewage sludge at higher pyrolysis

temperature has an improved ability to retain PO3−
4

over biochar produced at lower temperature (Yuan et

al., 2016). For instance, biochar produced at 300, 500,

and 700 ◦C can reduce PO3−
4 leaching in soil by 7.9%,

12.1%, and 23.4%, respectively. Zheng et al. (2013a)

indicated that the use of biochar had no significant ef-

fect on the cumulative amount of NH+
4 leached from

NH+
4 -fertilized soils, while it approximately decreased

NH+
4 leaching by 75% from NO−

3 -fertilized soils. The

possible reason attributed to this effect is that the NH+
4

content retained by the acid functional groups on the

biochar’s surface in the NH+
4 -fertilized soil contributed

to the adsorption capacity. In addition, after biochar

application, the adsorption of P was 333, 454, and 667

mg kg−1 in brown soil, black soil, and fluvo-aquic soil,

respectively (Xu et al., 2014). Different pH values of

various soils may contribute to different capacities for

nutrient adsorption. Higher soil pH increases the pre-

cipitation of exchangeable Al, as new, highly active

P-adsorbing surfaces in soils, and the co-precipitation

with Ca, Al, and Fe oxides (Haynes, 1982; Agbenin,

1995). Besides, with the increase of biochar applica-

tion rates from 0 to 20 g kg−1, the total N and total

dissolved P leaching decreased by 11% and 69%, re-

spectively (Laird et al., 2010). Similarly, P adsorption

capacity increased from 454 to 713 mg kg−1 in black

soil with increasing biochar application rates from 1%

to 10% (Xu et al., 2014). It is clear therefore that nu-
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trient retention may be enhanced by increased biochar

application rates. The increases of pH and CEC and

the decrease of Al content in acid soils are all consi-

dered to be important factors in this increased nutrient

TABLE II

Effects of biochar feedstock, pyrolysis temperature, and application rate on nutrient retention

Nutrient Nutri- Feedstock Pyrolysis Biochar rate Nutrient Nutrient Reference

retention ent tempe- adsorption emission

rature capacity reduction

◦C mg kg−1 %

Nutrient NH+
4 Brazilian pepperwood 300 0.1 g per 50 mL 190 Yao et al. (2012)

adsorption 450 0.1 g per 50 mL 785

600 0.1 g per 50 mL 595

Arundo donax L. 300 0.35 g per 12 mL 2 101.9 Zheng et al. (2013b)

350 0.35 g per 12 mL 1 432.6

400 0.8 g per 12 mL 1 043.4

500 0.8 g per 12 mL 362.8

600 0.8 g per 12 mL 371.8

NO−
3 Sugarcane bagasse 600 0.1 g per 50 mL 636.4 Yao et al. (2012)

Bamboo 600 0.1 g per 50 mL 430 Yao et al. (2012)

Peanut hull 600 0.1 g per 50 mL 34.4 Yao et al. (2012)

Brazilian pepperwood 600 0.1 g per 50 mL 20.6 Yao et al. (2012)

Arundo donax L. 500 0.3 g per 8 mL 171.8 Zheng et al. (2013b)

600 0.3 g per 8 mL 533.5

PO3−
4 Wheat straw 350–550 For brown soil Xu et al. (2014)

1% 333

5% 625

10% 769

For black soil

1% 454

5% 625

10% 713

Sugarcane bagasse 450 0.1 g per 50 mL 477.4 Yao et al. (2012)

K+ Prosopis glandulosa Torr. 300 0.30–0.35 mL min−1a) 8.6 Harvey et al. (2011)

350 0.30–0.35 mL min−1a) 7.4

650 0.30–0.35 mL min−1a) 2.7

Spartina spartinae 300 0.30–0.35 mL min−1a) 19.5 Harvey et al. (2011)

350 0.30–0.35 mL min−1a) 20.3

550 0.30–0.35 mL min−1a) 12.5

Pinus taeda 300 0.30–0.35 mL min−1a) 6.6 Harvey et al. (2011)

350 0.30–0.35 mL min−1a) 10.9

650 0.30–0.35 mL min−1a) 1.2

Gaseous N NO Willow < 550 20 t ha−1 79 Nelissen et al. (2014)

emission ≥ 550 20 t ha−1 92

reduction Pine < 550 20 t ha−1 80 Nelissen et al. (2014)

≥ 550 20 t ha−1 89

Maize < 550 20 t ha−1 61 Nelissen et al. (2014)

≥ 550 20 t ha−1 94

N2O Salix dasyclados 700 1.5% 50 Ameloot et al. (2013)

Swine manure 700 1.5% 50 Ameloot et al. (2013)

Arundo donax L. 600 5% 97.5 Wang et al. (2013)

Oak pellet 550 1% 53.9 Stewart et al. (2013)

5% 72.4

10% 76.3

20% 83.5

Willow < 550 20 t ha−1 34 Nelissen et al. (2014)

≥ 550 20 t ha−1 41

Pine < 550 20 t ha−1 50 Nelissen et al. (2014)

≥ 550 20 t ha−1 91

Maize < 550 20 t ha−1 78 Nelissen et al. (2014)

≥ 550 20 t ha−1 85

a)Flow rate of a solution with 50–60 mg of biochar.
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retention (Guo et al., 2014). Overall, the major in-

fluencing factors, such as pyrolysis temperature, feed-

stock, biochar application rate, and soil type, should

be taken into account before applying biochar into the

soil.

Factors reducing gaseous N emission

Biochar pyrolysis conditions, especially pyrolysis

temperature, can influence the mitigation of gaseous

N losses from the soil. For instance, compared to the

control soil, willow biochar decreased NO emission by

approximately 59% for low pyrolysis temperature (<

550 ◦C) and by 45% for high pyrolysis temperature

(≥ 550 ◦C) (Nelissen et al., 2014). Moreover, Nelissen

et al. (2014) indicated that N2O emission decreased

by about 46% for biochar pyrolyzed at low tempera-

ture (< 550 ◦C) and by 53% for biochar pyrolyzed at

high temperature (≥ 550 ◦C). Compared to the addi-

tion of wood biochar produced at 350 ◦C, N2O emis-

sion decreased by 50% after the addition of biochar

produced at 700 ◦C (Ameloot et al., 2013). In addi-

tion, the mitigation of gaseous N losses also depends

on the feedstock used. Nelissen et al. (2014) indica-

ted that N2O emission decreased by about 40%, 46%,

and 60% with the use of pine, willow, and maize bio-

char, respectively, all produced at low pyrolysis tempe-

rature (< 550 ◦C). Overall, lower-temperature bio-

char is more efficient in reducing NO emission, while

higher-temperature biochar is more efficient in decrea-

sing N2O emission.

Nutrient retention mechanisms

To predict the change of nutrient adsorption af-

ter application of biochar, it is necessary to identify

the underlying mechanisms of the adsorption process.

The adsorption behavior of biochar for different nu-

trients (e.g., NH+
4 , NO

−
3 , and PO3−

4 ) differs with ad-

sorption mechanisms depending on the biochar proper-

ties, including pore structure, surface functional gro-

ups, and mineral components (Yao et al., 2012; Zheng

et al., 2013b).

The adsorption mechanisms of polar and apolar

compounds are mainly attributed to chemisorption,

including hydrophobic bonding and π-π electron do-

nor-acceptor interactions, resulting from fused aromat-

ic carbon structures (Swiatkowski et al., 2004; Zhang P

et al., 2013). The adsorption mechanisms of NH+
4 on-

to biochar include physical adsorption (van der Waals

adsorption), attraction to negatively charged surfaces,

reaction with acidic functional groups (e.g., carboxy-

late (–COOH) and hydroxyl (–OH)) to form amides

and amines, binding to cationic species sites on the bio-

char surface, and π-π electron donor-acceptor intera-

ctions (Hale et al., 2013; Zheng et al., 2013b; Zhang et

al., 2015). Additionally, the adsorption mechanisms of

NO−
3 mainly include anion exchange (Thangarajan et

al., 2015), non-electrostatic sorption of NO−
3 through

the micropores of biochar or diffusion of NO−
3 onto the

biochar surface. Dissimilarly, P adsorption is due to

the precipitation of exchangeable Al as new, highly ac-

tive P adsorption sites or due to co-precipitation with

Al and Fe oxides (Haynes, 1982; Agbenin, 1994).

Biochar can reduce N2O and NO emissions, trans-

formed from NO−
3 and NH+

4 by denitrifying and nitri-

fying bacteria, respectively (Van Zwieten et al., 2009;

Spokas et al., 2010). The potential explanations and

mechanisms for mitigation of N2O emission are abiotic

interactions, which can improve the aerobic conditi-

ons in soil, such as through a decrease in bulk density

allowing infiltration of water and through an increase

in nutrient availability and opening of soil structure

(Spokas et al., 2009; Beesley et al., 2011; Taghizadeh-

Toosi et al., 2012). In addition, the most likely mecha-

nisms for mitigation of NO emission include: i) stimu-

lated NH3 volatilization, ii) biotic N immobilization,

and iii) non-electrostatic sorption of NH+
4 (Nelissen et

al., 2014). Taghizadeh-Toosi et al. (2011) observed de-

creased NO−
3 concentrations with the addition of bio-

char, and attributed this to the reduced availability

of inorganic N for nitrification. They suggested that

biochar could stimulate NH3 emission from high-pH

micro-sites close to biochar particles and then NH3

could be adsorbed by the acidic groups on the bio-

char surface, especially by oxygen-containing function-

al groups (Zhang X et al., 2013).

Nutrient release from biochar

Various studies have indicated that biochar can af-

fect nutrient availability and that it has a great po-

tential as a slow-release fertilizer in soil (e.g., Ding

et al., 2016b). The release of nutrients from biochar

(including the adsorbed nutrients) mainly depends on

desorption properties of the biochar. Several factors

can have significant effects on nutrient desorption from

biochar. Zhang et al. (2015) indicated that desorption

rates of NH+
4 from hardwood biochar increased from

18% to 31%, as a result of a decrease in pyrolysis

temperature from 600 to 400 ◦C. In black soil, the

average percentage of P desorbed over lower P loads

(20 mg L−1) increased from 36% to 41% with increa-

sing biochar application rates from 0 to 10% (Xu et

al., 2014). Xu et al. (2014) indicated that more than

60% of the P adsorbed by biochar was released at hig-

her P loadings (100 and 240 mg L−1). These suggest
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that the desorption percentage of P could increase with

increasing biochar application rates and P loadings. In

addition, cacao shell biochar desorbed 1 484 mg kg−1

of PO3−
4 and corn cob biochar desorbed 172 mg kg−1

of PO3−
4 (Hale et al., 2013). Therefore, biochar desorp-

tion properties mainly depend on the pyrolysis tempe-

rature, type of feedstock, and biochar application rate.

Therefore, it is deemed that various types of biochar

can be used to manage different soil nutrients in the

same soil, or they can be used preferentially in different

soils to acquire the desired nutrient supply effects.

POTENTIAL OF BIOCHAR FOR ENHANCING RE-

MEDIATION OF PESTICIDE-CONTAMINATED

SOILS

Pesticide removal by microorganisms

As shown in Table III, several microorganisms in-

cluding bacteria and fungi have been studied for pe-

sticide removal. For instance, Brevibacterium aureum

DG-12, a new bacterial strain isolated from active s-

ludge, can degrade and utilize cyfluthrin as a growth

substrate and has resulted in an 88.6% degradation

of cyfluthrin (50 mg L−1) within 5 d (Chen et al.,

2013). Singh and Singh (2011) reported that the Achro-

mobacter xylosoxidans strain C8B degraded 94.1%,

84.5%, and 80.1% of α-endosulfan, β-endosulfan and

endosulfan sulfate, respectively. Microbial consorti-

a can be applied for degradation of pesticides, but

their efficiency in soil mainly depends on the availa-

bility of metabolites or pesticides to the microorga-

nisms and the physiological status of the microorga-

nisms (Hai et al., 2012). Therefore, the removal effi-

ciencies of individual microorganisms are not always

high for most pesticides in soil. For example, when a

single microorganism (Acinetobacter baumannii, Kleb-

siella oxytoca, and Stenotrophomonas maltophilia) was

used, the degradation efficiency of phenanthrene was

very low (48.0%, 11.0%, and 9.0%, respectively) af-

ter 360 h of cultivation (Kim et al., 2009). Moreover,

most studies have reported pesticide biodegradation ef-

ficiencies under optimal conditions, including the most

suitable pH, organic matter, soil moisture, and pesti-

cide concentration. Chen et al. (2013) indicated that

the cyfluthrin degradation efficiency increased from

54.0% to 88.6% when pH values increased from 5.6

to 7.8, and then decreased to 67.0% when pH reached

9.6. In addition, a certain level of organic matter is

necessary for pesticide (e.g., dufulin) biodegradation

because it can ensure the presence of an active au-

tochthonous microbial population; the dufulin degra-

dation efficiency also increased from 43.6% to 91.4%

when soil moisture increased from 20% to 80% (Wang

H Z et al., 2014), showing that water limitation can al-

so inhibit biodegradation efficiency. Chen et al. (2013)

suggested that high concentrations of cyfluthrin (300–

600 mg L−1) decreased the biodegradation efficiency

(by 78.5%–50.2%), which might be attributed to the

microbial growth starting slowly and requiring an ac-

climation period before accelerated degradation could

occur at high pesticide concentrations (Chen et al.,

2012). These external environmental factors can affect

microorganism properties (e.g., microbial abundance

and activity) and thus affect the pesticide degradation

efficiency. Therefore, feasible and effective methods are

needed to improve the local environment for micro-

organisms and enhance pesticide degradation.

Potential of biochar for enhancing pesticide degrada-

tion in soil

Biochar has been reported to enhance pesticide de-

gradation by microorganisms in soil (Ren et al., 2016).

On the one hand, with the amendment of biochar, pe-

sticide biodegradation may depend on both the in-

creased activities of natural microorganisms in soil

and the lowered bioavailability of the pesticide. Many

studies have demonstrated that biochar can improve

the local environment for microbial activity, including

changing soil pH (Wang Y et al., 2014), increasing

soil organic matter (Lin et al., 2012), enhancing soil

water content (Peake et al., 2014), providing habitat

(Fig. 1), and reducing the competition from other mi-

crobes by isolation (Lehmann et al., 2011), thus im-

proving the microbial potential (e.g., more diverse mi-

crobial community composition, abundance, and func-

tional capacities) (Ding et al., 2016b). However, bio-

char amendment can also enhance pesticide sorption

in soil (Yu et al., 2009; Zheng et al., 2010), which can

reduce the concentration of pesticide in the soil so-

lution and decrease the bioavailability of pesticide to

microorganisms (Saito et al., 2011). On the other hand,

chemical degradation and biodegradation are the two

main pathways for pesticide removal in soil with bio-

char amendment (Ren et al., 2016). Generally, chemi-

cal hydrolysis is an important path of chemical degra-

dation and abiotic degradation in soil since modern

pesticides are designed to be easily degraded (Zhang

P et al., 2013). Some studies have found that pesticide

hydrolysis in soil could be catalyzed by amendment

with biochar, which was attributed to the combined

effects of elevated pH, released dissolved metal ions,

and the active groups on mineral surface (Zhang P et
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TABLE III

Effects of microorganisms on pesticide degradation

Microorganism Pesticide Effect Reference

Brevibacterium aure-

um DG-12

Cyfluthrin Cyfluthrin can be utilized as a growth substrate and

88.6% of cyfluthrin (50 mg L−1) can be degraded by

Brevibacterium aureum DG-12 within 5 d.

Chen et al.

(2013)

Pandoraea species γ-hexachlorocyclohexane

(HCH) (lindane) and α-

hexachlorocyclohexane

After 8 weeks of incubation in liquid culture, 89.9%

and 93.3% of the γ- and α-HCH isomers were degraded

by Pandoraea species at an initial concentration of 150

mg L−1, respectively.

Benedict et al.

(2002)

Streptomyces sp. M7 Lindane Lindane was degraded by Streptomyces sp. under ae-

robic conditions, and between 72 and 96 h, a maximum

of about 86% of the Cl− was released when lindane was

added to the medium at 20 h.

Benimeli et al.

(2006)

Penicillium lilacinum

BP303

Organophosphorus pesticides

(e.g., paraoxon, parathion,

and coumaphos)

Organophosphorus pesticides could be degraded effec-

tively by hydrolase from Penicillium lilacinum BP303,

and the enzyme activity was optimal at 45 ◦C and pH

7.5.

Liu et al.

(2004)

A mixed culture of ba-

cteria and white-rot

fungi (Coriolus versi-

color, NBRC 9791)

Aldicarb, atrazine, and

alachlor

During an incubation period of 14 d, the mixed

bacteria-fungus culture achieved 47%, 98%, and 62%

removal of aldicard, atrazine and, alachlor from the

liquid phase, respectively.

Hai et al. (2012)

Achromobacter xylo-

soxidans strain C8B

α-endosulfan, β-endosulfan,

endosulfan sulfate

During an incubation period of 20 d at 28 ◦C, 94.1% α-

endosulfan, 84.5% β-endosulfan and 80.1% endosulfan

sulfate were degraded by Achromobacter xylosoxidans

strain C8B.

Singh and

Singh (2011)

Pseudomonas aerugi-

nosa

Endosulfan Endosulfan degradation by Pseudomonas aeruginosa

in the medium with coffee bean was 51% after 7 d of

incubation at 30 ◦C with shaking at 100 r min−1.

Barragán-

Huerta et al.

(2007)

Cyathus bulleri and

Phanerochaete sordida

Lindane Cyathus bulleri was found to be a slightly more ef-

ficient lindane biodegrader than Phanerochaete sor-

dida. Moreover, the removal efficiency of lindane by

Cyathus bulleri was 97% after 28 d of incubation at a

concentration of 0.27 µmol L−1 under 28 ◦C.

Singh and

Kuhad (2000)

Fig. 1 Visual observation of colonization of biochar by microorganisms: fresh biochar showing fungal hyphae (Lehmann and Joseph,

2009) (a), ESEM images of inoculated biochar by bacterial strain (Hale et al., 2014) (b), adhesion of Escherichia coli (white arrows)

on activated carbon (George and Davies, 1988) (c), and fresh corn stover biochar showing microorganisms in pores (white arrows) (Jin,

2010) (d).
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al., 2013). Overall, amendment with biochar may be a

feasible and effective method to enhance the bioreme-

diation of pesticide residues in soil.

Chemical degradation of pesticides in biochar-amended

soils

Biochar can increase abiotic pesticide hydrolysis in

soil due to its catalytic effects. For instance, in or-

der to evaluate the effects of hydrolysis on carbaryl

degradation, Ren et al. (2016) sterilized experimental

soils through autoclaving at 120 ◦C for 30 min, and

they determined that the degradation rate increased

from 44.3% in the control soil to 55.0% in the biochar-

amended soil. However, the catalytic effects of bio-

char on pesticide hydrolysis depend on many factors,

such as feedstock, pyrolysis temperature, and appli-

cation rate. The hydrolysis rates of carbaryl for pig

manure biochar and maize straw biochar produced at

350 ◦C were 55.0% and 52.8%, respectively (Ren et al.,

2016). In addition, biochar produced from pig manure

at 350 and 700 ◦C can hydrolyze 59.1% and 90.6% of

carbaryl and 21.2% and 63.4% of atrazine, respective-

ly (Zhang P et al., 2013). However, Ren et al. (2016)

reported that with the increase of pyrolysis tempera-

ture of rice straw biochar from 350 to 700 ◦C, the

hydrolysis rate of carbaryl decreased from 53.7% to

50.0%. With the application dosage of biochar increa-

sing from 50 to 500 mg, the hydrolysis rates of carbaryl

and atrazine increased from 23.5% to 59.1% and from

12.6% to 21.2%, respectively (Zhang P et al., 2013). It

is possible that several changes caused by different bio-

char applications, such as those in pH, dissolved metal

ions, active groups, and pesticide sorption, are respon-

sible for the above phenomena.

The pH can significantly affect pesticide chemical

hydrolysis. For instance, hydrolysis of the carbamate

ester bond in carbaryl is typically base catalyzed (Liu

et al., 2000), while atrazine is a moderately persistent

herbicide that can be hydrolyzed in strong acidic or al-

kaline solutions (Mandelbaum et al., 1993). Therefore,

an elevation in pH that is induced by biochar could

enhance carbaryl hydrolysis, but it cannot always faci-

litate atrazine hydrolysis. Moreover, the accumulation

of nucleophiles on the biochar surface can facilitate pe-

sticide hydrolysis. Furthermore, hydroxyl groups on

the biochar surface may act as nucleophiles, and bound

metal ions on the biochar surface may coordinate a hy-

drolysable moiety, forming complexes with pesticides,

which can facilitate the nucleophilic attack of water

molecules (Schwazenbach et al., 2005). Similarly, re-

leased metal ions from biochar can catalyze pesticide

hydrolysis by forming metal hydroxyl species (nucle-

ophiles bound to metal centers), and their nucleophi-

licities are higher than those of bulk water (Schwazen-

bach et al., 2005). In addition, Jones et al. (2011)

indicated that pesticide sorption could be increased in

biochar-amended soil, thus reducing the concentration

of free pesticide in the soil solution, which could hinder

the hydrolytic process and lower the degradation rate.

In fact, these aspects should be studied together to de-

termine the pesticide hydrolysis rate. Overall, in soils

amended with biochar, pesticide hydrolysis could be

enhanced through the catalytic effects, but reduced by

the increased pesticide sorption. Therefore, the toxici-

ty and mobility of both the original pesticide and the

decomposition products should be taken into account

when assessing pesticide control strategies.

Pesticide biodegradation in biochar-amended soil

Biochar can not only catalyze pesticide hydroly-

sis but also affect microorganism activities and pesti-

cide bioavailability, consequently influencing pesticide

biodegradation (Fig. 2). Compared to the sterile soil,

the degradation efficiency of carbaryl increased from

55.0% to 75.0% in the unsterile soil, with a 0.5% ap-

plication rate of pig manure biochar that was produced

at 350 ◦C, after 40 d of incubation (Ren et al., 2016),

indicating an enhanced pesticide biodegradation. Fur-

thermore, the enhancement of pesticide biodegradation

through biochar application varied with the feedstock

type, pyrolysis temperature, and application rate. For

instance, Ren et al. (2016) reported that with an ap-

plication rate of 0.5%, the enhancement of carbaryl

biodegradation ranged from 19.5% to 27.3% for the

biochar pyrolyzed from rice straw, pig manure, and

maize straw at 350 ◦C, respectively, and from 3.1% to

27.3% for maize straw biochar produced at 350 and

700 ◦C. Moreover, for pig manure biochar produced at

350 ◦C, the enhancement ranged from 13.8% to 20.0%

with the application rates of 0.5% and 5%. The effects

of biochar on the microbial properties and pesticide

bioavailability are highly dependent on its properties.

Biochar containing high contents of amorphous car-

bon and dissolved organic matter can enhance the mi-

crobial activity, since these compounds can constitute

a viable carbon source for growth of microorganisms

(Lehmann et al., 2011). The change of soil pH caused

by biochar application can significantly affect (gene-

rally decrease) the activity of native microorganisms

(Ding et al., 2016b). In addition, after biochar addi-

tion, the enhanced sorption of a pesticide can lead to

reduction in its concentration in the soil solution, thus

decreasing pesticide bioavailability and biodegradation

(Jones et al., 2011). Loganathan et al. (2009) reported
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Fig. 2 Possible benefits from biochar application for fertilizer use efficiency and bioremediation of pesticide-polluted soils.

that biochar reduced the microbial atrazine minerali-

zation by influencing the sorption and desorption pro-

cesses, thus reducing the bioavailability of atrazine.

Therefore, biodegradation of a pesticide may be in-

fluenced by its sorption in biochar-amended soil.

Pesticide sorption in biochar-amended soils

Pesticide sorption in biochar-amended soils can re-

duce its mobility, volatilization, leaching, and uptake

by plants (Chen et al., 2009). However, as discussed

above, the amendment of biochar could enhance pe-

sticide sorption in soil, which may reduce the pesti-

cide concentration in the soil solution and the pesti-

cide bioavailability to the microorganisms, thus de-

creasing the chemical degradation and biodegradation

of the pesticide. Though both biochar and soil can

sorb the pesticide, biochar was more effective in pe-

sticide sorption compared to soil (Martin et al., 2012).

Saito et al. (2011) demonstrated that the amendment

of woodchip biochar decreased the concentration of

dieldrin from 0.055 to 0.04 mg kg−1 in soil solution.

The sorption capacity of pesticide on biochar depends

highly on biochar properties, including its organic car-

bon content, aromaticity, specific surface area, and

ash content (Fang et al., 2014). Pesticide sorption me-

chanisms are generally complex, as shown in Fig. 3,

and include hydrogen bonds, electrostatic attractions,

pore-filling, partition into uncarbonized fractions, hy-

drophobic effects, and π-π interactions (Tan et al.,

2015). For instance, Zhang P et al. (2013) indicated

that both hydrophobic effects and pore-filling and π-

π electron donor-acceptor interactions contributed to

carbaryl and atrazine adsorption. Besides, some pesti-

cides are weak bases and exist as neutral molecules,
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Fig. 3 Mechanisms (6) of pesticide immobilization on biochar. pHPZC = point of zero charge.

therefore being able to form weak hydrogen bonds to

carboxyl groups or the clay surface through their hete-

rocyclic N atoms (Inyang et al., 2014).

FUTURE PROSPECTIVES

For biochar-amended field soils in the long term,

the soil properties may differ significantly from those

in laboratory-based short-term experiments, such as

column and leaching studies. Nutrients released from

‘fresh’ biochar are responsible for short-term increases

in crop growth (Lehmann et al., 2003). However, Liang

et al. (2006) hypothesized that the long-term effects of

biochar on the soil nutrient availability are due to an

increase in surface oxidation and CEC, which intensi-

fies over time (Cheng et al., 2006, 2008) and can result

in a greater nutrient retention in the ‘aged’ biochar

compared to the ‘fresh’ biochar. This mechanism needs

to be demonstrated under field conditions over many

years. Major et al. (2010) investigated the long-term

(four years) effects of a single biochar on soil fertility

and crop maize yield, and they hypothesized that the

biochar-amended soil could provide more sites for base-

cation retention in acid tropical soils, thus enhancing

nutrient retention and improving soil fertility. Never-

theless, long-term studies quantitatively determining

nutrient dynamics in biochar-amended soils are still

lacking. Further studies should be focused on the pre-

diction of nutrient dynamics in biochar-amended soils

by establishing and improving the available kinetics

models under both laboratory and field conditions. To

study nutrient dynamics, it is essential to understand

the various mechanisms affecting soil nutrient availa-

bility and fertility over time.

Biochar has a strong pesticide sorption capacity

(Zhang P et al., 2013), and it can accumulate pesti-

cide residues in soil. In most short-term studies, the

release of pesticide from biochar, which could act as a

new source of pollution, has not been taken into ac-

count. Therefore, it is desirable to evaluate the long-

term environmental fate of sequestered pesticides. At

present, the application of biochar for the remediation

of pesticide-polluted soils is mainly based on labora-

tory, greenhouse, or small-plot short-term experiments.

Nevertheless, field conditions are complicated, and bio-

char properties can be altered with time due to aging,

oxidation, or microbial degradation, all affecting both

the sorption and hydrolysis capacities of biochar for

pesticides. Therefore, large-scale, long-term field trials

are necessary in future studies.



BENEFITS OF BIOCHAR IN AGRICULTURAL SOILS 657

CONCLUSIONS

Integrated nutrient and pesticide management

strategies are necessary in order to increase sustainable

agricultural productivity and to conserve natural reso-

urces. In agriculture development, fertilizers and pe-

sticides are important plant nutritional and protective

agents for boosting crop production. However, the use

efficiency of fertilizers in crop systems is usually very

low. Moreover, the indiscriminate use of pesticides can

cause severe environmental contamination. Amending

soil with biochar to enhance plant nutrient uptake and

pesticide degradation may be a suitable way to ame-

liorate these problems.

Due to the large surface area, high intensity of di-

verse functional groups, and good stability, biochar can

be used to improve the fertilizer use efficiency and soil

fertility. Biochar not only enhances adsorption of nutri-

ents (e.g., NO−
3 , NH

+
4 , and PO3−

4 ), therefore decrea-

sing nutrient leaching, but can also mitigate gaseous

N losses. Moreover, the sorbed nutrients can later be

released from biochar into the soil (slow-release ferti-

lizer). In addition, biochar has the potential to faci-

litate the degradation of pesticides in soil and reduce

the plant uptake of pesticides. On the one hand, the

amendment of soil with biochar may enhance the re-

moval rates of pesticides through catalyzing the chemi-

cal hydrolysis process. On the other hand, microbial

activities could be increased after the application of

biochar into polluted soil. Notably, the sorption of pe-

sticide onto biochar can decrease the free pesticide

concentration in soil solution, hindering the hydroly-

tic process (chemical degradation) and reducing pesti-

cide bioavailability (biodegradation). Therefore, pesti-

cide sorption in biochar-amended soil may have nega-

tive effects on degradation. In practical applications,

the function of biochar is dependent on its feedstock,

pyrolysis temperature, and application rate. Overall,

the amendment of soil with biochar appears to en-

hance fertilizer use efficiency, soil fertility, and pesti-

cide degradation and shows potential to improve ove-

rall soil health and crop yields, thus improving the sus-

tainability of agriculture.

Further studies should be focused on the knowledge

gaps described above, and consider the following: 1)

The effects of biochar on soil properties over a long pe-

riod of time in large-scale field trials are more relevant

than short-term laboratory studies; 2) biochar chara-

cteristics vary with different feedstock and pyrolysis

conditions, thus making it necessary to produce bio-

char specifically designed for soil management accor-

ding to the properties of the soil and the environmental

conditions; 3) the dynamic mechanisms of pesticides

between the microorganisms and the biochar should

be understood in order to maximize pesticide remedi-

ation efficiency; 4) further research is required to com-

prehensively explore the influential factors for pesti-

cide degradation by microorganisms and biochar; and

5) the synthesis and application of functionalized bio-

char as a potential material for soil amendment and

remediation should be evaluated.
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