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ABSTRACT

Utilization of biochar at high application rates can increase soil C and crop yields, decrease greenhouse gas emissions and reduce

nutrient run-off from soils. However, the high application rate of 10 t ha−1 may not return a profit to the farmer due to the high cost

of biochar. In this study biochar was modified through pre-treating the biomass and post-treating with phosphoric acid, minerals and

different chemical fertilisers to study effects of two new enhanced biochar fertilisers on the yield and quality of green pepper in a field

experiment with 5 fertilisation treatments and 3 replications. The two new biochar fertilisers significantly (P < 0.05) increased the

yield of green pepper (11.33–11.47 t ha−1), compared with the conventional chemical fertiliser (9.72 t ha−1). The biochar fertiliser

treatments improved the vitamin C content of the green pepper from 236.99 to 278.28 mg kg−1, and also significantly reduced the

nitrate content from 132.32 to 101.92 mg kg−1 (P < 0.05), compared with chemical fertiliser. This study indicated that, compared to

the use of conventional chemical fertiliser, all of the biochar fertiliser treatments could significantly improve the yield and quality of

green pepper.
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INTRODUCTION

In homes, fields and food-processing factories in

many countries, it is a common practice to burn s-

traw, other agricultural residues, and household and

animal waste. This practice causes significant air pol-

lution as well as major loss of potential soil nutrients.

In-field burning results in most of the N being lost to

the atmosphere, as well as a significant loss of K and P

depending on the fire intensity and wind speed. Many

state and national governments have enforced legal re-

strictions on in-field burning as a result, and in China

these bans are enforced at a cost of millions of dollars

each year (Clare et al., 2014). Some straw and stalk-

s can be fed to animals and some can be returned to

the fields, but many farming systems cannot accommo-

date large amounts of unprocessed straw. Unprocessed

straw, either applied to or remaining on soil after har-

vest, increases crop diseases which sometimes reduces

crop yield (Cook and Haglund, 1991).

Sales of chemical fertilisers (NPK fertilisers) con-

tinue to rise in China. Total usage of N, principally

as urea, exceeded 40 million tons, while P (as P2O5)

and K (as K2O) uses were greater than 11 million ton-

s and 8 million tons in 2007, respectively (Zhang and

Zhang, 2008). There has been a four-fold increase in

N inputs into estuaries since 1980 and this has con-

tributed to an increase in eutrophication and conse-

quently, to a decrease in fish production in China (Tao

et al., 2010). The frequency of toxic algal blooms has

increased from 10 to 300 year−1 (Tao et al., 2010). A

number of state governments in China have made pol-

icy decisions related to the use of chemical fertilisers

and pesticides. For example, the Jiangsu Provincial
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Government released a proclamation in 2010 (Govern-

ment Directive 97), targeting a 30% and 20% reduction

of pesticides and N fertiliser loading in the Taihu Lake

by year.

An alternative to the use of high amount of chemi-

cal fertilisers is to take the wastes to a bioenergy com-

pany and convert the biomass to biochar while simul-

taneously harvesting energy in the form of heat or bio-

oil. This biochar can be mixed with NPK chemical

fertiliser and bentonite clay to produce biobar com-

pound fertiliser (BCF). In recent field trials (Joseph et

al., 2013; Qian et al., 2014), BCF increased rice yield-

s by 15%–30% and reduced greenhouse gas emissions

compared to chemical fertiliser applied at a rate of 500

kg ha−1. The same study also showed an increased N

use efficiency of > 80%.

Considerable work has been undertaken recent-

ly to enhance the performance of biochar through

either pre-treatment with acid and minerals and/or

post-treatment with acid and base (Joseph et al.,

2013). These pre- or post-treatments increase the per-

centage of functional groups and the amount of micro-

and macro-nutrients that are available to plants. The

nature of the mineral phases added was based on the

phases observed in Terra Preta particles (Chia et al.,

2012), and the biochar pre-treated by acid could show

more functional groups and a larger surface area (Jib-

ril et al., 2008). Nielsen et al. (2014) have indicat-

ed that a biochar post-treated with phosphoric acid

and then adding a mixture of clay, minerals and ma-

nures resulted in a similar yield in barley and sweet

corn when applied at the same application rate (440 kg

ha−1) as chemical fertiliser. Lin et al. (2013) reported

that enhanced biochars blended with other organic ma-

nure had higher levels of labile organic molecules com-

pared to untreated biochars. These enhanced biochars

with highly labile organic molecules could make soil

nutrients more available (Joseph et al., 2013), there-

by promoting plant growth. Considerable research has

now been undertaken to impregnate the biomass or

the biochar with iron compounds. These compound-

s have increased the ability of biochars to adsorb a

range of nutrients and also heavy metals (Chen et al.,

2011). Up to now few field trials have been undertaken

using the pre- and post-treated biochars mixed with

NPK fertilisers. In the present study, biochars modi-

fied through pre-treating the biomass and post-treating

with phosphoric acid, minerals and different chemical

fertilisers were used in a field experiment to study the

effects of two new enhanced biochar fertilisers on the

yield and quality of green pepper.

MATERIALS AND METHODS

Biochar fertiliser production

All biochars were produced from wheat straw (WS)

in an air-starved environment in a muffle furnace with

a maximum temperature of 450 ◦C at a ramping rate

of 5 ◦C min−1. The wheat straw had come from a

field after harvesting, which had a layer of nutrient-rich

soil on its surface that had been deposited naturally

(Joseph et al., 2013). The control biochar (BC1) had

no pretreatment. Two new biochars (BC2 and BC3)

were formulated based on previous research to increase

the concentrations of C and N functional groups and

macro- and micronutrients through addition of either

phosphoric acid (H3PO4) or a mixture of urea, min-

erals and H3PO4 (Lin et al., 2013). Preliminary re-

search reported by Nielsen et al. (2014) indicated that

addition of minerals could increase the abundance of

beneficial micro-organisms as well as making specif-

ic nutrients more plant-available. The following pro-

cedures were used to manufacture these biochars and

the components are listed in Table I. For BC2, the WS

was soaked in a 50% strength H3PO4 using a ratio of

3:100 (H3PO4:WS, weight/weight) for 10 h at 60 ◦C.

For BC3, the WS was treated as per BC2. Follow-

ing this acidification, urea (Guangdong Guanghua Sci-

Tech Co., Ltd., China), dolomite (Jiangxi Shanggao

Chenxin Co., Ltd., China), clay (Shanghai Shisihewei

Chemical Co., Ltd., China), wheat straw ash produced

from the combustion of biomass at approximately 600

TABLE I

Components of biochars 1, 2 and 3 (BC1, BC2 and BC3, respectively) and biochar fertilisers 1, 2 and 3 (BF1, BF2 and BF3,

respectively) used in the study

Product Component

BC1 Wheat straw (WS)

BC2 WS + H3PO4

BC3 WS + H3PO4 + urea + dolomite + clay + ash + basalt + Fe2O3 + apatite

BF1 BC1 + urea + monoammonium phosphate + KCl + bentonite clay

BF2 BC2 + urea + monoammonium phosphate + KCl + bentonite clay

BF3 BC3 + KOH + KCl + H3PO4 + diammonium phosphate + urea + bentonite clay
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◦C, basalt (Jiangsu Xingyuan Mining Co., Ltd., Chi-

na), Fe2O3 (Shanhai En gineering Group Experi-

ment Factory, Shanghai, China) and apatite (Tai-

zhou Changpu Chemical Reagent Co., Ltd., China)

were added to the acid-treated WS at the weight

ratio of 120:10:5:10:6:6:5:5 (activated WS:urea:do-

lomite:clay:ash:basalt:apatite:Fe2O3). The yields of

biochar from original biomass (on a dry weight basis)

were 40% for BC1, 44% for BC2 and 54% for BC3.

Previous field trials with sweet corn indicated that

the P efficiency of these mineral BFs was higher than

the P efficiency of chemical fertiliser, which was widely

used by farmers (Nielsen et al., 2014). It was also found

that N content could be increased without a decrease

in N use efficiency. Three formulations were prepared

with approximately the same N and K contents but

with an increasing content of P. The total N and K

contents were based on the fertiliser formula from the

field trials carried out by Qian et al. (2014). To pro-

duce a compound fertiliser, BC1 and BC2 were mixed

with urea, monoammonium phosphate (MAP), KCl

and bentonite clay at a weight ratio of 12:17:10:8:3

(BC:urea:MAP:KCl:clay) and labeled as BF1 and BF2,

respectively.

Another enhanced biochar fertiliser (BF3), with a

higher P content than BF1 and BF2, was produced

based on previous research of Lin et al. (2013). BC3

was mixed with a mixed solution of KCl + KO-

H and once the temperature returned to 20 ◦C the

reaction was considered complete. Phosphoric acid

was then added to bring the pH to approximately

7.5. Once the temperature returned to ambient di-

ammonium, phosphate (DAP) and urea were added

to the wet BC3 mixture and then dry bentonite was

added to the combined wet mixture. This process

took approximately 3 h. The formula for BF3 is

as follows: BC3:KOH:KCl:H3PO4:DAP:urea:clay =

18:5:4:9:4:24:7. Once the mixtures were produced, they

were granulated and then dried in the oven for 3 h at 50
◦C. They were then stored at room temperature (∼20
◦C) for two weeks to allow the reactions among the

chemicals, biochar and clay to take place completely

before applying to soil. Previous research showed that

a complex set of reactions took place in the pores and

on the surface of biochar compound fertilisers, which

ensures slow release of N (Joseph et al., 2013).

A chemical fertiliser containing about 130 g N

kg−1, 150 g P2O5 kg−1 and 150 g K2O kg−1 was pur-

chased from a local supplier and used as the control.

Analysis of biochars and biochar fertilisers

The C, H, N and O contents of the biochars were

measured according to Chinese Standard JY/T017-

1996. The ash content, pH, electrical conductivity

(EC), and total organic C (TOC), N, P, and K con-

tents of the biochars were measured using the proce-

dure detailed by Lu et al. (1999). The total N, P and K

contents and pH of the BF samples along with chemi-

cal fertiliser were measured using the procedure set out

by Lu (1999) and the results are presented in Table II.

TABLE II

Properties of biochar fertilisers 1, 2 and 3 (BF1, BF2 and BF3,

respectively) and chemical fertiliser (CF)

Fertilisera) pH N P2O5 K2O

g kg−1

BF1 5.74 182.4 ± 2.5b) 109.7 ± 0.8 96.7 ± 2.4

BF2 5.41 181.2 ± 2.4 119.9 ± 1.0 97.2 ± 1.1

BF3 6.43 179.5 ± 1.2 136.0 ± 0.8 99.9 ± 1.4

CF 5.71 125.4 ± 1.3 148.0 ± 10.2 150.1 ± 2.4

a)See Table I for the detailed descriptions of BF1–BF3.
b)Means ± standard deviations (n = 3).

Scanning electron microscope (SEM) analysis of

the microstructure of biochars was performed using

a Zeiss Sigma SEM fitted with a Bruker X-ray ener-

gy dispersive spectrometry (EDS) detector. Approx-

imately 20 particles were analysed to determine the

range of particle types and their nominal composition.

The biochars and the BFs were ground to pass through

a 100-µm sieve. This gives a reliable indication of over-

all mineral content that may be released when applied

to soil. Surface functional groups and major miner-

al elements were measured using X-ray photoelectron

spectroscopy (XPS) analysis (ESCALAB 250Xi, Ther-

mo Scientific, Waltham, USA) using a 500-µm diame-

ter beam of monochromatic Al-Kα radiation (photon

energy = 1 486.6 eV) at a pass energy of 20 eV. The

core level binding energies (BEs) were aligned with re-

spect to the C1s BE of 285.0 eV. To determine the bulk

functional groups the biochar samples were mixed with

KBr powder at a weight ratio of 1:200 and ground to a

fine powder. Spectra were obtained using a Bruker 66

V/S Fourier transform infrared (FTIR) spectrometer

with a resolution of 4 cm−1: the range of spectra was

from 400–4 000 cm−1.

Field experiment

A field experiment was conducted in Jiangning

District of Nanjing (31◦58′ N, 118◦48′ E), Jiangsu

Province, China from April 14 to July 29, 2014. The

soil was a clay loam low in both organic C content and

available nutrients, with a pH of 5.36 (H2O), organic

C content of 13.53 g kg−1, EC of 69.55 µS cm−1, total

N content of 2.03 g kg−1, available N content of 23.84
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mg kg−1, available P content of 70.01 mg kg−1, and

available K content of 57.17 mg kg−1 (Lu, 1999).

There were 5 fertilisation treatments in the field ex-

periment including a control (with no fertiliser), chem-

ical fertiliser and three BFs (BF1, BF2 and BF3). Each

treatment was assigned to an area of 6 m2 and repli-

cated 3 times. The soil was turned over to a depth

of 10 cm and thin film polyethylene plastic covered

each of the treatments. Holes of 6–8 cm deep and 4

cm wide were drilled at intervals of 25 cm and then 20

green pepper (Jiangsu pepper No. 5 F1) seedlings were

placed in 20 holes. The application rate of BFs was 670

kg ha−1, which was the same as that for chemical fer-

tiliser. As per the application rate, 20 grams of granu-

lated enhanced BF or chemical fertiliser were added on

one side of the seedling keeping a distance of 7 cm to

avoid direct contact with the seedlings. Plant height

was measured with a ruler and leaf chlorophyll content

was measured using an SPAD-502 meter every 15 d

during the growing period. Harvesting commenced 43

d after planting the seedlings and was carried out 10

times over 63 d. The weight of fresh fruit was record-

ed after every collection, and then the fruit from the

6th harvest was analysed for vitamin C, soluble pro-

tein, soluble sugar, nitrate and malic acid at full fruit

period according to Lu et al. (1999). At the end of

the harvest, soil samples were taken and analysed for

available N (ammonium and nitrates). Plants were re-

moved from the soil and analysed for total N, P and K

using the procedures of Lu et al. (1999).

Statistical analysis

All data were expressed as means with standard

deviations. Differences between the treatments were

examined using a one-way analysis of variance at P <

0.05. All statistical analyses of crop yields and quality

were carried out using SPSS 16.0.

RESULTS

Characterisation of biochar and biochar fertiliser

There were significant differences (P < 0.05) in all

of the biochar properties. BC2 had the highest total N

content, a significantly higher EC and P content than

BC1, and the lowest pH, ash and K contents (Table

III). BC3 had the highest total P and total ash.

The concentrations of the surface C and N func-

tional groups and elements in all of the BC and BF

samples are provided in Tables IV and V. The concen-

trations of C–O and C=O groups of BC2 were 13.11

atom% and 3.18 atom%, respectively, while BC2 had a

low concentration of carboxyl (–COOH) groups. BC3

had a higher concentration of N functional groups asso-

ciated with pyrrolic and pyridonic N at 400.45 eV, pyri-

dine type N at 399.23 eV and N–O and/or chemisorbed

ammonia at 402.35 eV. Nitrogen is probably both a

heteroatom in the C matrix as well as being incorpo-

rated in or at the surface of the mineral phases in part

due to the thermal decomposition and the reaction of

urea with the pyrolysing biomass or biochar (Joseph

et al., 2013). The survey scan indicated that the total

C content on the surface of all three samples was sim-

ilar but the N content was highest for BC3 followed

by BC2 and BC1. Fe and Al were only detected in

BC3, and BC1 had a much higher surface composi-

tion of K. These measurements need to be replicated

to determine if the trend is significant.

The examined BF1, BF2 and BF3 samples had a

greater concentration of carboxylic groups and N func-

tional groups than the equivalent BC1, BC2 and BC3

samples. Most of the N functional groups were detect-

ed at approximately 400.45 eV (N–C=O) which could

arise from the interaction of urea with the C matrix

(Joseph et al., 2013). Smaller amounts existed at ap-

proximately 402.35 eV and are probably ammonia that

has been chemisorbed into the C lattice. Surface N, P

and Ca were the highest for BF3 and K, Na, Cl and

Mg were the highest for BF1. Fe was detected only on

the surface of BF3.

The FTIR for all of the BC samples (Fig. 1) were

similar with some minor differences that reflect the re-

actions between phosphoric acid and urea with the py-

TABLE III

Agronomic properties of biochars 1, 2 and 3 (BC1, BC2 and BC3, respectively) used in the experiment

Biochara) pH EC Organic C Total N Total P Total K Ash content

µS cm−1 g kg−1 g kg−1

BC1 9.32 202 516.2 ± 1.3b)ac) 98 ± 3c 128 ± 5c 332 ± 8a 2630 ± 57b

BC2 7.32 730 492.3 ± 9.9b 310 ± 5a 252 ± 3b 201 ± 2c 2497 ± 13c

BC3 7.96 1 645 333.4 ± 12.7c 159 ± 4b 335 ± 4a 232 ± 5b 5068 ± 68a

a)See Table I for the detailed descriptions of BC1–BC3.
b)Means ± standard deviations (n = 3).
c)Means followed by the same letter within each column are not significantly different at P < 0.05.
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TABLE IV

X-ray photoelectron spectroscopy analysis of functional groups of biochars 1, 2 and 3 (BC1, BC2 and BC3, respectively) and biochar

fertilisers 1, 2 and 3 (BF1, BF2 and BF3, respectively)

Peak Functional Binding Biochara) Biochar fertilisera)

group energy
BC1 BC2 BC3 BF1 BF2 BF3

eV atom %

C1s C–C, C–H 285.04 64.47 59.52 59.55 32.23 42.47 33.31

C–O 286.54 8.41 13.11 10.28 8.94 10.98 8.83

C=O 288.04 2.77 3.18 2.83 2.76 2.07 1.57

O=C–O 289.24 2.11 1.17 1.78 3.40 3.28 3.30

N1s N–C=O 400.45 1.66 1.86 2.67 6.72 6.46 7.39

N–C 399.23 0.68 1.31 1.47 NDb) ND ND

N–O, ammonia 402.35 ND ND 0.28 ND ND 0.61

O1s C–O–C 533.39 10.57 ND ND ND ND ND

O–C, aliphatic 531.80 9.32 ND 11.2 ND ND ND

a)See Table I for the detailed descriptions of BC1–BC3 and BF1–BF3.
b)Not detectable.

TABLE V

X-ray photoelectron spectroscopy analysis of elements for biochars 1, 2 and 3 (BC1, BC2 and BC3, respectively) and biochar fertilisers

1, 2 and 3 (BF1, BF2 and BF3, respectively)

Element Binding Biochara) Biochar fertilisera)

energy
BC1 BC2 BC3 BF1 BF2 BF3

eV atom%

C 285.13 69.05 71.3 65.81 33.08 47.55 34.78

O 532.64 19.15 17.61 20.90 35.10 29.36 37.92

N 400.21 2.64 2.67 4.09 7.00 7.53 8.07

Si 104.05 3.15 3.57 3.43 5.09 5.17 4.51

Cl 199.71 1.22 NDb) 0.85 5.42 1.96 1.36

Ca 347.70 0.86 1.15 0.56 0.32 0.60 0.98

Mg 1 305.19 ND ND ND 1.51 0.74 0.71

P 134.03 0.50 0.43 1.18 3.96 2.91 6.24

K 378.32 3.16 1.62 1.67 6.15 2.91 3.97

Fe 712.11 ND ND 0.42 ND ND 0.44

Al 75.32 ND ND 0.70 1.51 1.08 0.93

a)See Table I for the detailed descriptions of BC1–BC3 and BF1–BF3.
b)Not detectable.

Fig. 1 Fourier transform infrared spectra of biochars 1, 2 and 3 (BC1, BC2 and BC3, respectively) and biochar fertilisers 1, 2 and

(BF1, BF2 and BF3, respectively). See Table I for the detailed descriptions of BC1–BC3 and BF1–BF3.

rolysing biomass. BC1 had a much more pronounced

peak at 2 928 cm−1 due to the C–H stretching in

methyl and methylene groups. It also had a greater

intensity at 3 371 cm−1 which can be assigned to O–H

stretching, and at 1 592 cm−1 which indicates a high

aromatic C=C stretching. BC2 and BC3 showed a
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peak at 2 287 cm−1 which is indicative of C–H stretch-

ing vibration due to C–N (Joseph et al., 2013). All

three BC samples showed a broad band at 1 101–1 160

cm−1 which is indicative of aliphatic C–O stretching

and Si–O–Si (Joseph et al., 2013).

The greater intensity of BC2 at this wavelength

could indicate the greater reactivity with the phos-

phoric acid during pyrolysis and the formation of acid

phosphates and P–O–C bonds (Yang et al., 2011). The

absorbance spectra for all BF samples were very sim-

ilar and reflected the high contents of urea and am-

monium phosphate. Similar spectra were reported for

wheat straw biochar compound fertiliser by Joseph

et al. (2013). A strong peak at 1 603 cm−1 could

be assigned to aromatic ring stretching (signified by

C=C), and a shoulder at about 1 626 cm−1 could be

assigned to C=O stretching in ketone and carboxylate

derivatives. Joseph et al. (2013) noted that the ure-

a had possibly reacted with anhydride groups on the

biochar. Absorption peaks at 1 682 and 1 465 cm−1

could be assigned to ammonium phosphate (Joseph et

al., 2013). The peak at 2 342–2 360 cm−1 could indicate

CO2 adsorption in the apatite that has been added as

reported by Chow and Sun (2004).

Fig. 2 is a composite image of the three different

biochars. The untreated wheat straw produced BC1

that had a porous C matrix (Fig. 2a, b). There was

a random distribution of mineral phases rich in Si, K

and Cl, and some of these phases had small quantities

of Mg and P that was both on the surface of the pores

and in the C matrix. The surface of the pores of BC2

(Fig. 2c, d) had been etched and had a much lower per-

centage of mineral matter. Many of the pores of BC3

were covered with a heterogeneous mixture of minerals

and with a high content of Si along with a significan-

t content of P, K, Ca, Fe Mg and Al. Nitrogen was

detected on BC1 and BC3 but not on BC2.

Fig. 3 is a compilation of some of the different struc-

tures and spectra observed in the different BF samples.

Fig. 3b shows an area high in all of K, Cl, N and P. It

Fig. 2 Energy dispersive spectroscopy spectra of biochars 1 (a), 2 (c) and 3 (e) (BC1, BC2 and BC3, respectively) and scanning

electron microscope images of BC1 (b), BC2 (d) and BC3 (f). See Table I for the detailed descriptions of BC1–BC3.
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Fig. 3 Energy dispersive spectroscopy spectra of biochar fertilisers 1 (a), 2 (c) and 3 (e) (BF1, BF2 and BF3, respectively) and

scanning electron microscope images of BF1 (b), BF2 (d) and BF3 (f). Note the unidentified peak arose from the chromium coating

at 5.5 keV used to reduce charging of the sample. See Table I for the detailed descriptions of BF1–BF3.

is probable that the smooth lighter porous region in

the middle of the image reflects considerable reactions

between the C lattice and the different chemical com-

pounds in the fertiliser mix. Similar structures were

noted by Joseph et al. (2013) in BCF fertiliser pro-

duced from a mixture of wheat straw biochar, clay and

NPK fertiliser. Similarly, Fig. 3d is an image of the C

matrix of BF2 where it was found that the biochar had

reacted with chemicals to form complexes. In this im-

age mineral phases could be seen on the surface of the

biochar. The structure of BF3 was significantly dif-

ferent from the other BF samples and its surface was

covered with a range of minerals.

Yield and uptake of N and P

The effects of different fertilisers on yield, average

dry weight of individual fruit and shoot dry weight

per plant of green pepper are summarised in Table VI.

The highest fruit yield was obtained with BF3 (11.47 t

ha−1) and BF2 (11.33 t ha−1) and these yields were sig-

nificantly higher (P < 0.05) than either the CF (9.72 t

ha−1) or the control (7.94 t ha−1). Compared with the

control, BF1 and BF2 significantly increased the aver-

age weight of individual fruit by 20.32% and 23.32%,

respectively, but there was no significant difference be-

tween the NPK fertiliser and any of the BF treatments.
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TABLE VI

Effects of chemical fertiliser (CF) and biochar fertilisers 1, 2 and

3 (BF1, BF2 and BF3, respectively), on the yield, dry weight of

fruit and shoot of green pepper

Treatmenta) Yield Fruit weight Shoot weight

t ha−1 g fruit−1 g plant−1

Control 7.94 ± 0.72b)cc) 16.98 ± 1.25b 20.79 ± 1.77cd

CF 9.72 ± 0.64b 20.09 ± 2.68ab 30.72 ± 1.05a

BF1 10.96 ± 0.92ab 20.43 ± 1.63a 19.25 ± 1.20d

BF2 11.33 ± 0.40a 20.94 ± 0.88a 23.37 ± 2.63bc

BF3 11.47 ± 0.78a 18.57 ± 1.33ab 25.21 ± 2.79b

a)See Table I for the detailed descriptions of BF1–BF3.
b)Means ± standard deviations (n = 3).
c)Means followed by the same letter(s) within each column are

not significantly different at P < 0.05.

Shoot weight was the greatest for CF but the N and

P contents in the shoot were not significantly different

among the BF, CF and control treatments (Table VI-

I). There were no significant differences in the total N

and P in the fruit for all BF and CF treatments except

for the control, and only BF1 had a higher N content

in the fruit than the other treatments. There was no

difference in N use efficiency (expressed as N partial

factor productivity) between the treatments although

available N as nitrate was lower in the soils applied

with BF2 and BF3 after harvest of pepper (data not

shown). Total P was higher in the fruit of the control

compared with the other treatments.

Green pepper quality

Significant differences (P < 0.05) were measured

between some of the quality indicators of fruit (Table

VIII). All the BF treatments had a significantly greater

concentration of vitamin C than either the CF or the

control, and the range of increase was about 30%. For

soluble protein, BF2 had a significantly higher content

than BF1, CF and control. On the other hand, BF3

had significantly higher soluble sugar content than the

control treatment, but there was no difference between

the treatments with fertilisers. Fertiliser treatments

showed differences in the nitrate content of green pep-

per, which is considered as an index of quality. All

of the BF treatments had a significantly lower nitrate

content compared with CF. For malic acid, BF3 had

a significantly lower concentration compared with the

CF treatment.

DISCUSSION

The differences in properties (pH, EC, C and N)

TABLE VII

Nutrient uptake in fruit and shoot as affected by chemical fertiliser (CF) and biochar fertilisers 1, 2 and 3 (BF1, BF2 and BF3,

respectively)

Treat- Fruit Shoot Partial factor

menta) productivity of N
N P N P

g kg−1 kg kg−1

Control 21.6 ± 0.5a)bb) 6.3 ± 0.4a 40.4 ± 1.8a 6.4 ± 0.6a

CF 24.5 ± 2.5ab 5.4 ± 0.1b 42.7 ± 6.3a 5.9 ± 0.8a 0.10 ± 0.01a

BF1 27.4 ± 4.6a 5.4 ± 0.6b 41.8 ± 3.3a 5.4 ± 0.6a 0.09 ± 0.01a

BF2 25.4 ± 3.0ab 5.4 ± 0.6b 40.8 ± 5.1a 5.8 ± 0.9a 0.09 ± 0.00a

BF3 24.5 ± 1.7ab 5.2 ± 0.3b 42.9 ± 2.9a 6.6 ± 0.8a 0.10 ± 0.01a

a)See Table I for the detailed descriptions of BF1–BF3.
b)Means ± standard deviations (n = 3).
c)Means followed by the same letter(s) within each column are not significantly different at P < 0.05.

TABLE VIII

Effect of chemical fertiliser (CF) and biochar fertilisers 1, 2 and 3 (BF1, BF2 and BF3, respectively), on the quality of green pepper

Treatmenta) Vitamin C Soluble protein Soluble sugar Nitrate Malic acid

mg kg−1 g g−1 g kg−1 mg kg−1 g kg−1

Control 209.41 ± 14.50b)bc) 5.20 ± 0.29b 26.01 ± 1.47b 95.71 ± 4.47b 2.51 ± 0.12ab

CF 236.99 ± 18.13b 5.81 ± 0.35b 29.79 ± 1.84ab 132.32 ± 15.07a 2.70 ± 0.29a

BF1 277.71 ± 19.20a 5.75 ± 0.53b 33.36 ± 5.32ab 107.85 ± 7.60b 2.60 ± 0.12ab

BF2 278.28 ± 22.74a 6.87 ± 0.72a 32.32 ± 5.77ab 101.92 ± 20.43b 2.42 ± 0.07ab

BF3 276.96 ± 23.17a 6.20 ± 0.72ab 35.12 ± 0.25a 103.66 ± 1.56b 2.33 ± 0.08b

a)See Table I for the detailed descriptions of BF1–BF3.
b)Means ± standard deviations (n = 3).
c)Means followed by the same letter(s) within each column are not significantly different at P < 0.05.
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among BC1, BC2 and BC3 could be due to the effect

of phosphoric acid on the kinetics of pyrolysis of wheat

straw, which appears to have stabilized the N in the

biochar matrix and have volatilized some of the K (Jib-

ril et al., 2008). BC1 had the highest H and organic C

contents indicating that there may have a higher con-

centration of labile organic molecules. The increase in

the carboxyl groups and N–C=O in the BF fertilisers

is possibly due to the chemical reaction between urea

and the C matrix in the biochar (Joseph et al., 2013).

All of the BF formulations had an increase in fruit

yield compared with CF, although only BF2 and BF3

were significant. The yield increases in this study are

similar to an earlier study by Qiao et al. (2014) who

reported an increase in yield of about 19% (compared

with a CF) using a BF with a formula similar to BF1.

Previous work by Lin et al. (2013) showed that en-

hanced biochars release considerable quantities of com-

pounds identified as humic substances. Varga and

Ducsay (2003) found that an increased yield of about

13.6% occurred in the growth of pepper when sodium

humate was added 3 weeks after planting. Graber et

al. (2010) showed that the release of organic molecules

during the growth of pepper could cause hormonal ef-

fects that increased plant resistance to disease and in-

creased yields. Rahman and Inden (2012) found that

the additional application of micronutrients (in par-

ticular Ca, K, Mg, Na and S) resulted in an increase

in yield of green pepper. The increase in yield was

a function of the application rate of these micronutri-

ents. The content of Ca was the highest in BF2 and

BF3 but Mg and K were the highest in BF1. Fur-

ther research needs to be undertaken to examine the

relationships between mineral and soluble organic C

content and between application rate and plant yield

before any detailed understanding of mechanisms can

be achieved.

In this study, CF had the highest shoot weight and

BF1 the lowest, but there was little difference in N and

P contents in the shoot of pepper among all the treat-

ments. This could indicate that a significant propor-

tion of the nutrients were released by the CF fertiliser

during the early growth stage, whereas the release rate

of the nutrients in the three biochar blends was more

uniform over the growth period.

All the three BF treatments had a higher vitamin

C and a lower nitrate content than the CF treatment.

Lee and Kader (2000) noted that too high N content

could result in a decrease in vitamin C, while Zhu et

al. (2006) indicated that moderate N supply would be

helpful to the formation of vitamin C, otherwise the

content would decrease. Similar findings have been

found for nitrate content of fruit where control of N

application can result in a decrease in nitrate uptake

(Santamaria et al., 1997). It would appear that the

combination of biochar, minerals and chemical N en-

sured sufficient N available for the plant growth with-

out excessive formation of nitrates. Further studies are

required to determine the mechanisms by which vita-

min C content increased and nitrate decreased.

CONCLUSIONS

Compared to the use of CF, all of the biochar fer-

tiliser treatments significantly raised the yield of green

pepper even though a reduced shoot production was

recorded. Similarly, quality improvement in terms of

vitamin C content of green pepper was also observed,

and the nitrate content of green pepper was effectively

decreased with BF treatments, although the N use effi-

ciency was not improved. Biochar had the potential to

form a more effective and lower cost fertiliser that not

only improved the yield but also the quality of green

pepper.

Further research is required to determine why pre-

and post-treatments of biochar could result in the im-

provements in the yield and some quality parameters

of green pepper. Specific formulations can be devel-

oped to meet soil and environmental constraints and

provide sufficient nutrients to plants.
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