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" Available N and P in biochar decreased with increasing temperature but K increased.
" Less-soluble crystalline P minerals were formed in high-temperature biochar.
" More NHþ4 , PO3�

4 and K+ were released from the biochars at low pH (65).
" Biochars released NHþ4 slowly but released PO3�

4 and K+ fast.
" Low-temperature biochars could be a good amendment for improving soil fertility.
a r t i c l e i n f o

Article history:
Received 9 April 2012
Received in revised form 7 December 2012
Accepted 8 December 2012
Available online 17 December 2012

Keywords:
Biochar
Pyrolysis temperature
Giant reed
Nutrient values
Adsorption
a b s t r a c t

To investigate the effect of pyrolysis temperature on properties and nutrient values, biochars were pro-
duced from giant reed (Arundo donax L.) at 300–600 �C and their properties such as elemental and min-
eral compositions, release of N, P and K, and adsorption of N and P were determined. With increasing
temperatures, more N was lost and residual N was transformed into heterocyclic-N, whereas no P and
K losses were observed. P was transformed to less soluble minerals, resulting in a reduction in avail-
able-P in high-temperature biochars. A pH of 6 5 favored release of NHþ4 , PO3�

4 and K+ into water.
Low-temperature biochars (6 400 �C) showed appreciable NHþ4 adsorption (2102 mg kg�1). These results
indicate that low-temperatures may be optimal for producing biochar from giant reed to improve the
nutrient availability.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Biochar refers to the carbon-rich product from heating biomass
in a closed system under limited oxygen supply. It is distinguished
from charcoal by its use as a soil amendment (Lehmann and
Joseph, 2009). It is a multifunctional material with environmental
and agricultural applications (Atkinson et al., 2010; Beesley et al.,
2011). Biochar is recognized as a high-efficient and low-cost sor-
bent for pollutants (Silber et al., 2010; Sun et al., 2011; Wang
and Xing, 2007). Application of biochar to soil has been proposed
as an approach to sequester carbon (Lehmann and Joseph, 2009)
and to possibly reduce or suppress CO2, CH4 and N2O emissions
(Spokas et al., 2009). Most importantly, biochar may improve soil
quality and nutrient availability to plants (Atkinson et al., 2010).
Although information on biochar nutrient properties are available
(Atkinson et al., 2010; Chan et al., 2009; Lehmann and Joseph,
2009; Silber et al., 2010), the mechanism of nutrient release from
biochar is not fully understood. Furthermore, total N, P and K
(TN, TP and TK) in biochars may not necessarily reflect the actual
availability of these nutrients to plants (Spokas et al., 2012). The
influence of pyrolysis temperature on the production of biochars
that are suitable as soil fertilizer still needs to be elucidated.
Although it has been shown that NO�3 and NHþ4 leaching was re-
duced from soils amended with biochars (Novak et al., 2010), the
influence of time and pH on nutrient release from biochars pro-
duced at different temperatures remains to be explored.

Giant reed (Arundo donax L.) (GR), a perennial grass, is wide-
spread in many aquatic ecosystems in China (Yan et al., 2005).
Due to its fast growth rate and good resistance to drought and
floods, GR may yield up to 45 tons per hectare and life cycle
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assessments indicate that it could be a suitable feedstock for bio-
char production (Roberts et al., 2010).

Biochars were prepared from GR at different temperatures using
oxygen-limited pyrolysis. The aims of the present study were to (1)
investigate the influence of pyrolysis temperature on nutrient com-
position of biochars and the mechanisms of nutrient release from
biochars; (2) evaluate the influence of time and pH on the release
of plant-available nutrients from biochars alone; and (3) examine
the sorption behavior of NHþ4 , NO�3 and PO3�

4 onto biochars.
2. Methods

2.1. Production of biochars

Two batches of biochar were produced at 300, 350, 400, 500 or
600 �C for 2 h from GR stems (1.0 kg) without leaves using a vac-
uum tube furnace (O-KTF1200, China) under a N2 flow of
500 mL min�1. The pyrolysis temperature was raised to the desired
values at a ramp rate of 10 �C min�1. Biochar yields were recorded
and the samples were milled to pass a 0.12 mm (120 mesh), and
the biochars produced at the same temperature were mixed and
homogenized for further analysis. The biochars are hereafter re-
ferred to as BC300, BC350, BC400, BC500 and BC600, respectively.
BC0 is the raw material. Ash (BCA) was produced by placing the
raw material into a ceramic crucible and heated at 750 �C for 4 h
under air.

2.2. Characterization of samples

Total C, N, H, and O were determined in duplicate with an ele-
mental analyzer (MicroCube, Elementar, Germany). Brunauer–Em-
mett–Teller (BET) surface areas (SBET) were obtained from N2

adsorption at 77 K using Quantachrome Autosorb-1 (Autosorb-1,
Quantachrome, USA). Ash contents of biochars were measured by
the production of BCA. The pH values of all samples were measured
at a ratio of 1:20 (w/v) in water after being shaken for 24 h at
130 rpm. X-ray diffraction (XRD) patterns were obtained using a
Macscience-M18XHF instrument (UK) with Cu Ka radiation at
40 mA and 40 kV. Scanning electron microscopy (SEM) imaging
analysis was conducted using a HITACHI S-4800 Scanning Micro-
scope. Zeta potentials were measured by a zeta potential analyzer
(90Plus, Brookhaven, USA) (Yuan et al., 2011). The total acidic oxy-
gen-containing groups of the biochar samples were determined
using Boehm’s titration method (Boehm, 1994).

2.3. Nutrient content in biochars

Water-soluble mineral elements released from biochars were
determined in a background electrolyte solution with 0.01 M NaCl
(Silber et al., 2010) to maintain a constant ionic strength and
200 mg L�1 NaN3 to inhibit microbial activity. A biochar sample
(1.0 g) was placed in a 40-mL glass vial and 36 mL of background
electrolyte solution was added. After being shaken at 130 rpm for
72 h at room temperature (22 ± 1 �C), the suspension was centri-
fuged at 1742 g for 30 min. PO3�

4 , NHþ4 and NO�3 in the supernatant
were determined using a Flow Injector Autoanalyzer (QuickChem
8500, Lachat, USA) and K+ was measured with an ion chromato-
graph (ICS-3000, Dionex, USA). Acid-soluble and KCl-extractable
NHþ4 , NO�3 , and PO3�

4 were determined in 0.5 M HCl and 1 M KCl
solutions, respectively, and acid-soluble K+ was also measured
using the ion chromatograph. TP in biochars was measured after
dry-ashing using a colorimetric method (Page et al., 1982). For
determination of TK, biochar was digested in concentrated acid
(0.15 g samples in 10 mL 70% HNO3 at 120 �C for 24 h) and K con-
centration was quantified using ICP (Silber et al., 2010).
2.4. Effect of time and pH on water-soluble nutrients release

A biochar sample (1.0 g) was placed in a 40-mL glass vial and
36 mL of background electrolyte solution (see Section 2.3) was
added. After being shaken at 130 rpm, 30-mL supernatants were
removed using a glass pipette without any biochar loss and the
vials were refilled with the same amount of background solution
and re-extracted at 2, 6, 12, 24, 48, 72, 96, 120, 144 and 168 h. Each
sample was run in triplicate. The concentration of NHþ4 , NO�3 , PO3�

4

and K+ were determined as described in Section 2.3. Triplicate sam-
ples with no biochars were concurrently run as controls.

The effect of pH on water-soluble NHþ4 , NO�3 , PO3�
4 and K+

released from biochars was studied in background electrolyte
solution adjusted to pHs from 2 to 12. The suspension pH was
adjusted to the predetermined values and kept constant
throughout the experiment by adding small volumes of 0.1–
1.0 M HCl or NaOH. After being shaken at 130 rpm for 72 h, the
concentrations of NHþ4 , NO�3 , PO3�

4 and K+ in supernatants were
determined as described in Section 2.3. Each sample was run in
duplicate. Duplicate samples with no biochars were concurrently
run as controls.

2.5. NHþ4 and NO�3 sorption

Sorption isotherms were obtained using a batch equilibration
technique. Appropriate amounts of samples were placed into vials
so that the solid/solution ratio would result in 20–80% uptake of
NHþ4 and NO�3 . The solid/solution ratios for sorption of NHþ4 by
BC300 and BC350 were 0.35 g/12 mL and 0.8 g/12 mL for BC400,
BC500 and BC600. A ratio of 0.3 g/8 mL was used for sorption of
NO�3 by all biochars. The test solutions of 0–200 mg L�1 NHþ4 —N
and 0–100 mg L�1 NO�3 —N were prepared from stock solutions of
1000 mg L�1 NHþ4 —N prepared from NH4Cl and 1000 mg L�1

NO�3 —N prepared from NaNO3 in background solutions containing
0.01 M KCl and 200 mg NaN3. During the shaking period of 72 h,
the pH of suspension was maintained at 7.0 ± 0.1 by adding small
volumes of 0.1–1.0 M HCl or NaOH. The samples were centrifuged
at 1742 g for 30 min and the concentrations of NHþ4 and NO�3 in
supernatants were determined as described in Section 2.3. All sam-
ples were run in duplicate along with blanks. Because the mass loss
of solute was negligible, sorption of solutes by biochars was deter-
mined by mass balance.

2.6. Data analysis

The nutrient release results were examined for NHþ4 , PO3�
4 and

K+ solubilized from biochars using pseudo-first-order (Kasozi
et al., 2010), pseudo-second order (Kasozi et al., 2010) and power
models (Sparks, 2003), which can be presented as

lnðqe � qtÞ ¼ lnqe � k1t ð1Þ

t=qt ¼ 1=k2q2
e þ t=qe ð2Þ

qt ¼ atb ð3Þ

respectively, where qe and qt (mg kg�1) are the release capacities at
equilibrium and at time t, respectively; k1 (h�1) is the rate constant
of pseudo-first order release, k2 (h�1) is the rate constant of pseudo-
second order release, a ((mg kg�1 h�1)b) and b ((mg kg�1)�1) are
constants that relate to the initial concentration of nutrients re-
leased and the rate of change in nutrients release over time,
respectively.

With respect to sorption, nonlinear Freundlich and Langmuir
models were used to fit the NHþ4 and NO�3 sorption isotherm data:

Qe ¼ KFCn
e ð4Þ
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Q e ¼ Q 0Ce=ðKL þ CeÞ ð5Þ

where Qe (mg kg�1) and Ce (mg L�1) are the equilibrium solid and
aqueous concentrations, respectively; KF ((mg kg�1)/(mg L�1)n)
and KL (mg L�1) are Freundlich and Langmuir affinity coefficients,
respectively; n is the Freundlich exponential coefficient; Q0

(mg kg�1) is the maximum sorption capacity of solute.
Results are expressed as the average of three replicates with

standard deviation. Significant differences of nutrients among the
temperatures were tested using Duncan’s multiple range test
(P = 0.05) and the correlation was analyzed with the Pearson test
(two-tailed) at P = 0.01 or 0.05 by means of Statistical Product
and Service Solutions Software (SPSS, version 18.0).

3. Results and discussion

3.1. Characteristics of biochars

The mass yield of biochar decreased with increasing pyrolysis
temperature from 44.4% of the original feedstock mass at 300 �C
to 30.6% at 600 �C (Table 1, Supplementary Fig. S1). The amount
of inorganic constituents remaining in the biochars during pyroly-
sis increased with increasing temperature, consistent with the
higher ash contents (Table 1). The temperature trend for the ash
content was similar to that of other organic waste such as pine
needle (Chen et al., 2008) and manure (Cantrell et al., 2012), but
the ash content in the biochars was much lower than that pro-
duced from corn and canola straw (Yuan et al., 2011). The pH of
the biochars (Table 1) also exhibited a significant positive linear
correlation with pyrolysis temperature (r = 0.916, P < 0.05,
Fig. S1). The pH values and ash contents were positively correlated
(r = 0.981, P < 0.01, Fig. S2), hence, the minerals were probably the
main cause of each biochar’ s inherent alkaline pH. The higher pH
for BC500 and BC600 indicates their potential use as amendments
to reduce soil acidity.

The C content in the biochars increased with increasing pyroly-
sis temperature (except for BCA), whereas the O and H contents de-
creased (Table 1). The H/C and O/C atomic ratios also decreased
with increasing pyrolytic temperatures (van Krevelen diagram,
Fig. S3). These data reflected the increasing degree of structural
modification due to carbonization reactions of biochar with
increasing temperature. For example, high-temperature biochars
(BC500 and BC600) were highly carbonized and exhibited a high
degree of carbon in aromatic structures (Novak et al., 2009;
Keiluweit et al., 2010). The surface areas (SBET) (Table 1) of biochars
below 500 �C were extremely low (2.16–3.04 m2 g�1), while the
SBET of BC600 was far higher at 50 m2 g�1. All the biochars have a
Table 1
Physical and chemical properties of biochars.

Sample Yield/% Componentb, wt.%

C H O N P K Ash

BC0a 100.0 45.38 5.75 43.86 0.32 0.05 1.48 3.66
BC300 44.4 65.26 4.51 21.03 0.65 0.12 3.70 7.69
BC350 41.7 66.97 4.46 21.67 0.64 0.12 3.80 7.73
BC400 40.0 72.25 4.09 18.72 0.69 0.13 4.18 8.45
BC500 33.4 73.12 3.01 11.54 0.63 0.16 4.77 10.70
BC600 30.6 78.61 2.22 11.24 0.55 0.17 5.02 11.27
BCA NA 2.74 1.25 25.22 0.04 1.50 37.64 95.61

a BC0 represents raw giant reed; BC300 through BC600 represent the biochars produce
b Yields and ash contents are on a water-free basis (dried at 105 oC). Elemental content
c The different small letter behind the number means significant difference at P = 0.05, n
which was adopted Duncan’s multiple range test (P = 0.05).
d SAGs: surface acid function groups.
e NA: data were not obtained.
typical plant cell structure, and the differences between BC300,
BC350, BC400 and BC500 in the SEM micrographs were negligible,
but the pore volumes in BC600 were higher (Fig. S4), which is
consistent with the result of SBET. No pore structure was found in
BCA (Fig. S4), due to removal of the bulk of the carbon structure
and fusion or sintering of inorganic materials. The total amount
of acidic oxygen-containing functional groups on the surface of
biochars was negatively correlated with the pyrolytic temperature
(Fig. S1), consistent with the decrease in the polarity index
[(N + O)/C] (Table 1). Based on the pH-zeta potential plot
(Fig. S5), the point of zero net charge (PZNC) of the biochar samples
was around pH 2, as also seen in other studies (Silber et al., 2010;
Yuan et al., 2011). Surface charges on each biochar were negative
at pH 7 (Fig. S6), caused by deprotonation of the oxygen-containing
functional groups such as carboxyl and hydroxyl groups (Novak
et al., 2009). The negative charge on the surface of these biochars
decreased with increasing temperatures (Fig. S6) due to loss of
oxygen-containing functional groups (Chen et al., 2008).

When BC600 was ashed with air at 550 �C for 1 and 2 h in a
muffle furnace to reduce the carbon content, BC600-1 and
BC600-2 were obtained, respectively. The XRD spectra of these
samples are shown in Fig. S7. Sharp peaks in all samples indicate
the presence of miscellaneous inorganic components, whereas no
sharp peaks were observed in the spectra for BC0, indicating that
no crystalline minerals existed in raw giant reed (Keiluweit et al.,
2010). Sylvine (KCl) was present in all samples, reflected by peaks
at 0.315, 0.222, 0.182, 0.141 and 0.128 nm (Silber et al., 2010). Peak
intensities increased with increasing temperature, indicating that
sylvine was well crystallized in high-temperature biochars. The
peaks at 0.301, 0.257 and 0.208 nm were only present in five bio-
char samples and were assigned to dolomite (CaMg(CO3)2) (Yuan
et al., 2011). The peaks at the same position in BC600-1, BC600-2
and BCA were assigned to larnite (Ca2SiO4) and enstatite (Mg2Si2-

O6) (Etiégni and Campbell, 1991), suggesting that loss of carbonate
and formation of crystallized silicate increased with the increasing
temperatures. In addition, wollastonite (CaSiO3) was found in
BC600-1, BC600-2 and BCA at 0.388 nm (Wang et al., 2001), which
further showed that more crystalline silicate minerals associated
with Ca and Mg were formed in high-temperature biochars
(BC600). Potassium dihydrogen phosphate (KH2PO4) and magne-
sium cyclo-tetraphosphate (Mg2P4O12) were observed at
0.301 nm in BC300, BC350 and BC400 while only Mg2P4O12 was
present in BC500 and BC600. Interestingly, magnesium diphos-
phate (Mg2P2O7) was found not only at 0.301 nm but also at
0.447 and 0.293 nm, and the peak was sharper in BC600-1,
BC600-2 and BCA than BC600, indicating Mg2P4O12 further crystal-
lized to Mg2P2O7. Therefore, phosphate minerals in biochars
Atomic ratio pHc SAGsd mmol g�1 SBET m2 g�1

C:N O:C H:C (O + N)/C

164 0.73 1.51 0.73 5.68a NAe 1.69
117 0.24 0.82 0.25 8.42c 2.69 2.72
121 0.24 0.79 0.25 8.09b 2.27 2.16
121 0.19 0.67 0.20 8.06b 1.75 3.04
136 0.12 0.49 0.13 9.73d 1.16 2.58
165 0.11 0.34 0.11 10.67e 0.98 50

79. 6.92 5.45 6.93 11.62f NA 4.50

d at 300–600 �C; BCA represents the ash sample.
s and atomic ratios are on water and ash-free basis.
= 3. The different small letter behind the pH value indicated significant difference,
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became more crystallized with increasing temperature, which is
supported by the results of formation of crystallized phosphate
associated with Ca and Mg in dairy-manure-derived biochar (Cao
and Harris, 2010).

3.2. N, P and K in biochars

TN contents were relatively stable in all biochars (Table 1),
although more N was lost with increasing temperature (Fig. S8).
Similarly, Lang et al. (2005) reported that N losses began at �
400 �C and at least half of the N was lost as volatiles at �750 �C
in three woody and four herbaceous biochars. Since N is associated
with many organic molecules, N begins to volatilize at relatively
low temperatures (�200 �C) (DeLuca et al., 2009). The loss of TN
in the biochars was attributed to the removal of N via volatilization
(Cao and Harris, 2010; Lang et al., 2005).

The contents of water-soluble NHþ4 (W-NH4
+) increased from

20.4 mg kg�1 in BC300 to 34.4 mg kg�1 in BC350, then decreased
to 8.0 and 5.7 mg kg�1 in BC500 and BC600, respectively (Fig. 1a).
The contents of KCl-exchangeable NHþ4 (KCl-NHþ4 ) also had this
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temperature-dependent pattern (Fig. 1a). The contents of water-
soluble and KCl-exchangeable NO�3 (W-NO�3 and KCl-NO�3 ) in the
biochars were 2.3–5.2 mg kg�1 and 2.0–5.8 mg kg�1, respectively,
and decreased with increasing pyrolysis temperature (Fig. 1b).
The content of available NHþ4 in BC350 (65.5 mg kg�1) was much
higher than that produced from ponderosa pine (2.2 mg kg�1)
(Gundale and DeLuca, 2006) and manure (below detection limits)
(Cantrell et al., 2012).

The decrease in available N in higher temperatures biochars
was attributed to the loss of TN and heterocyclizaiton of N during
pyrolysis (Koutcheiko et al., 2007). In addition, the relatively stable
content of HCl-extracted NHþ4 (10.31–14.69 mg kg�1, Fig. 1a) ex-
clude that formation of N minerals in biochars was not the main
reason for more available N reductions in the high temperature
biochars. Minerals associated with N were not found in the XRD
spectra (Fig. S7) and those reported previously (Keiluweit et al.,
2010; Silber et al., 2010).

Unlike TN contents in biochars, TP content significantly in-
creased with temperature (P = 0.05) from 0.05% in BC0 to 0.12%
in BC300, and 0.17% in BC600 (Table 1, Fig. 1c and Fig. S9). The
(m
g 

kg
-1

) 
30    

25

20    

15

10    

5

0    

N
O

3- -N
 c

on
te

nt
 (

m
g 

kg
-1

) 

W-NO3
- 

HCl-NO3
- 

KCl-NO3
- 

g 
f

e 

e d 

c d cd

b 
c bc

a 
b b 

a 
a a 

a 

f

e 

d 

B
C

300 

B
C

0 

B
C

350

B
C

4 00

B
C

500

B
C

6 00

B
C

A
 

a a 
a b 

ab

b 

bc
ab

b 

cd 
ab

c 

d ab

d 

d 
b 

d 

e 

c 

e 
W-K 
HCl-K 
TK 

400000

300000

200000

60000

30000

0 B
C

300 

B
C

0 

B
C

350

B
C

400

B
C

500

B
C

600

B
C

A
 

b

d

K
+

co
nt

en
t

þ
4 ; (b) NO�3 ; (c) PO3�

4 ; (d) K+. The different letters among different biochars indicate
0 represents raw giant reed; BC300 through BC600 represent the biochars produced



a

b 

c 

0 48 96 144 192

160

120

80

40

0 

N
H

4+
-N

 (
m

g 
kg

-1
) 

Release time  (h) 

7000

5000

4000

400

200

0 

PO
43-

-P
 (

m
g 

kg
-1

) 

0 48 96 144

Release time  (h) 

Release time  (h) 

 (
m

g 
kg

-1
) 

0 48 96 144

400000

300000

200000

40000

20000

0 

K
+

Fig. 2. Release kinetics of water-soluble PO3�
4 , NHþ4 and K+ from biochars: (a) PO3�

4 ;
(b) NHþ4 ; (c) K+. Symbols stand for BC0 (d), BC300 (s), BC350 (.), BC400 (4), BC500
(j), BC600 (h) and BCA (�). BC0 represents raw giant reed; BC300 through BC600
represent the biochars produced at 300–600 �C; BCA represents the ash sample.

H. Zheng et al. / Bioresource Technology 130 (2013) 463–471 467
TP increase in the biochars with increasing temperature was as-
cribed to the loss of carbon, and relatively stable P in plant biomass
in response to heating (Page et al., 1982). No P was lost, confirming
that P forms were stable during pyrolysis. Bridle and Pritchard
(2004) also found a 100% recovery of P in a biochar prepared at
450 �C.

The water-soluble PO3�
4 (W-P) concentration did increase ini-

tially from 359 mg kg�1 (85.7% of TP) in BC0 to �370 mg kg�1

(32.2% of TP) in BC300 and BC350, to 422 mg kg�1 (31.6% of TP)
in BC400, then decreased to 308 mg kg�1 (19.7% of TP) in BC500
and 232 mg kg�1 (13.51% of TP) in BC600 (Fig. 1c). The KCl-
exchangeable PO3�

4 (KCl-P) concentration had a similar trend and
the amount was 35.4% and 25.6% of TP in BC300 and BC600, respec-
tively (Fig. 1c). The TP contents (0.12–0.17%) in the biochars were
similar to that of green waste compost (0.16–0.38%) (Chan et al.,
2009). Actually, the available P (387–491 mg kg�1) in the biochars
was much higher than that produced from Douglas-fir (12–
56 mg kg�1) (Gundale and DeLuca, 2006) and similar to that pro-
duced from high P content manure (380–460 mg kg�1) (Cantrell
et al., 2012). Thus, the low-temperature biochars (6400 �C) also
may be a good amendment to bolster P concentrations in
P-deficient soils.

The available P increase in the low-temperature biochars
(6400 �C) could be explained by the reduction of biomass via car-
bon loss (Table 1) and the presence of less crystallized P-associated
minerals (Fig. S7). With increasing temperature, increasing crystal-
lized minerals formed to associate with P, creating less-soluble P
forms (Figs. S7 and S10). The content of HCl-extracted P (HCl-P)
in the biochars showed a similar temperature-dependent trend
as that of W-P; however, the content of HCl-P was almost twice
that of W-P in BC300, BC350, BC400 and BC500 and three times
that of BC600 (Fig. 1c). The content of HCl-P was 60.5–63.9% of
TP in BC300, BC350 and BC400, 39.6–42.4% of TP in BC500
and BC600 (Fig. 1c). These data demonstrated that the more
P-crystallized minerals (less water soluble) formed in these
biochars. Also, the content of water-soluble Ca and Mg significantly
decreased in BC500 and BC600 (Fig. S11). These findings, as
supported by the XRD results (Fig. S7), confirmed that the
soluble P in low-temperature biochars (6400 �C) was converted
to less-soluble minerals associated with Ca and Mg in the high-
temperature pyrolyzed biochars (P500 �C).

The TK content increased with increasing temperature (Fig. 1d,
Fig. S9). The TK content significantly (P = 0.05) increased from
3.70% in BC300 to 5.02% in BC600. No K was lost during pyrolysis
in the present study, whereas Yu et al. (2005) reported that 48%
of TK was lost between 473 and 673 �C during pyrolysis of rice
straw. Additionally, K volatilization began between 700 and
800 �C during production of wood-based biochar (DeLuca et al.,
2009). Thus, 600 �C is an ideal temperature to retain more K in
GR-derived biochars. The available K (water-soluble K, W-K,
Fig. 1d) content significantly (P = 0.05) increased with increasing
pyrolysis temperature (37% and 47% of TK in BC300 and BC600,
respectively). Thus, with increasing temperature, a greater propor-
tion of the TK pool was in an available form. The W-K content in
the biochars was less than half of the TK content, and most of
the K in the biochars was transformed into crystallized minerals
under pyrolysis. This finding is supported by the content of acid-
soluble K (HCl-K) (Fig. 1d) and XRD data (Fig. S7). It has been re-
ported that K was well dispersed in the biochar matrices and
may be bound to O in biochars as ionic phenoxides (Wornat
et al., 1995). The TK content in common organic fertilizers (e.g.
poultry manure) was reported to be between 0.1% and 1.6% (Chan
et al., 2009), which was much lower than that of the present bioch-
ars (3.70–5.02%) and similar to their available K contents (1.38–
2.35%). Thus, high-temperature biochars (e.g., BC600) could be a
suitable amendment for K-deficient soils.
3.3. Kinetics of N, P and K release from biochars

The results of N, P and K release kinetics experiments of bioch-
ars are shown in Fig. 2. The NHþ4 release from biochars mainly oc-
curred within 120 h, followed by a slow increase (less than 15%)
from 120 to 168 h (Fig. S12a), indicating that these biochars con-
tain slow-release NHþ4 . In contrast, the PO3�

4 and K+ release
(>85%) mainly occurred within 24 h (Fig. S12b and c), showing that
these biochars contained fast-release PO3�

4 and K+. When used in a
greenhouse or field situation, the PO3�

4 and K+ forms supplied by
this biochar would be readily available for plant uptake. Thus,
these biochars could be useful to augment crop fertilizer needs.

The nutrient release kinetic data were fitted using three kinetic
models to better understand the processes governing NHþ4 , PO3�

4

and K+ release from biochars (Table 2). The calculated qe (qe/cal)



Table 2
Estimated kinetic model parameters for nutrients released from biochars.

Nutrient Biochar qe/expb Pseudo-first-order Pseudo-second order Power

k1 � 102 qe/cal R2 k2 � 103 qe/cal R2 a b R2

NHþ4 BC0a 129.5 2.15 ± 0.16 78.1 ± 1.13 0.9627 0. 95 ± 0.40 132 ± 4.90 0.9963 52.3 ± 1.97 0.18 ± 0.01 0.9955
BC300 69.23 1.80 ± 0.11 71.4 ± 1.08 0.9806 0. 23 ± 0.06 86.2 ± 11.7 0.9385 4.28 ± 0.56 0.55 ± 0.03 0.9942
BC350 86.64 2.00 ± 0.10 91.4 ± 1.09 0.9779 0. 19 ± 0.04 109 ± 13.5 0.9526 5.83 ± 0.85 0.54 ± 0.03 0.9923
BC400 96.40 1.94 ± 0.13 101 ± 1.10 0.9711 0. 16 ± 0.03 120 ± 12.4 0.9586 6.34 ± 0.68 0.54 ± 0.02 0.9959
BC500 59.51 1.79 ± 0.13 64.2 ± 1.10 0.9608 0. 19 ± 0.05 79.4 ± 13.6 0.9079 2.65 ± 0.41 0.61 ± 0.03 0.9939
BC600 72.83 1.70 ± 0.15 81.7 ± 1.13 0.9373 0.10 ± 0.02 107 ± 25.2 0.8387 1.95 ± 0.29 0.71 ± 0.03 0.9958
BCA 22.87 2.00 ± 0.10 18.0 ± 1.08 0.9836 2.71 ± 0.93 24.0 ± 1.31 0.9904 5.25 ± 0.17 0.29 ± 0.01 0.9985

PO3�
4

BC0 354.6 3.39 ± 0.99 84.9 ± 1.64 0.6999 2.80 ± 1.62 357 ± 2.81 0.9998 265 ± 13.3 0.06 ± 0.01 0.9864
BC300 399.7 4.18 ± 0.50 204 ± 1.28 0.9338 8.02 ± 0.19 400 ± 4.00 0.9997 199 ± 23.7 0.15 ± 0.03 0.9590
BC350 386.1 3.87 ± 0.61 163 ± 1.35 0.8895 1.11 ± 0.34 385 ± 3.76 0.9998 223 ± 20.2 0.12 ± 0.02 0.9698
BC400 484.4 3.87 ± 0.53 235 ± 1.30 0.9140 0.68 ± 0.17 500 ± 5.53 0.9997 247 ± 27.7 0.14 ± 0.03 0.9619
BC500 485.7 3.89 ± 0.40 287 ± 1.22 0.9504 0.45 ± 0.07 500 ± 5.43 0.9997 201 ± 25.2 0.19 ± 0.03 0.9650
BC600 439.8 4.14 ± 0.29 307 ± 1.15 0.9767 0.35 ± 0.04 455 ± 4.88 0.9997 146 ± 24.8 0.24 ± 0.04 0.9557
BCA 6415 2.80 ± 0.65 2261 ± 1.38 0.7859 0.13 ± 0.09 5000 ± 91 0.9987 4404 ± 164 0.07 ± 0.01 0.9930

K+ BC0 11590 22.6 ± 4.85 4274 ± 182 0.8788 0.30 ± 0.14 11628 ± 22 1.0000 9712 ± 453 0.04 ± 0.01 0.9827
BC300 27926 3.13 ± 0.42 13137 ± 122 0.9024 0.011 ± 0.006 28314 ± 558 0.9988 14612 ± 670 0.14 ± 0.01 0.9902
BC350 27152.71 3.15 ± 0.41 12923 ± 111 0.9091 0.013 ± 0.007 27548 ± 566 0.9987 14251 ± 559 0.14 ± 0.01 0.9928
BC400 29938.39 3.23 ± 0.44 13255 ± 123 0.8984 0.010 ± 0.004 30317 ± 553 0.9990 16787 ± 662 0.12 ± 0.01 0.9920
BC500 32846.50 3.64 ± 0.54 12483 ± 128 0.8849 0.013 ± 0.004 33205 ± 365 0.9996 20409 ± 969 0.10 ± 0.01 0.9871
BC600 38570.06 3.81 ± 0.60 13076 ± 132 0.8724 0.014 ± 0.004 38923 ± 335 0.9998 25687 ± 1090 0.09 ± 0.01 0.9887
BCA 330354.80 4.60 ± 1.07 57826 ± 165 0.7543 0.005 ± 0.001 331664 ± 692 1.0000 259961 ± 12840 0.06 ± 0.01 0.9818

a BC0 represents raw giant reed; BC300 through BC600 represent the biochars produced at 300–600 �C; BCA represents the ash sample.
b The unit of qe/exp and qe/cal is mg kg�1.
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Fig. 3. Nutrient release from biochars at different pH: (a) NHþ4 ; (b) NO�3 ; (c) PO3�
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and BCA (�). BC0 represents raw giant reed; BC300 through BC600 represent the biochars produced at 300–600 �C; BCA represents the ash sample.
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values of NHþ4 released from biochars using pseudo-first-order
model agreed with the experimental qe (qe/exp) values more than
those from the pseudo-second-order model, while qe values of
PO3�

4 and K+ from the pseudo-second-order model agreed with
experimental qe values (Table 2, Figs. S13–15). The correlation
coefficients (R2) for power function were all above 0.99 for NHþ4 ,
above 0.98 for K+ and above 0.95 for PO3�

4 , and the kinetic data
plots also had a good fit (Table 2, Figs. S13–15). The significant
model fits indicates that the power function model can be a good
choice for describing the release kinetics of nutrients from bioch-
ars. The two parameters of the power function can be viewed as
indicators of the initial concentration of nutrients release (a) and
the rate at which nutrients release declines with time (b) (Sparks,
2003). Generally, for NHþ4 and PO3�

4 , the parameter a decreased,
while b increased with increasing temperatures, indicating lower
amounts of NHþ4 and PO3�

4 were released from high-temperature
biochars (BC500 and BC600); for K+, the parameter a increased,
while b decreased with temperatures, suggesting that greater
amounts of K+ were released from high-temperature biochars.
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Fig. 4. Sorption isotherms of NHþ4 (a) and NO�3 (b) on the biochars at 22 ± 1 oC. (a):
Symbols stand for BC300 (s), BC350 (5), BC400 (h), BC500 (e), BC600 (4); (b):
Symbols stand for BC500 (d) and BC600 (.). BC300 through BC600 represent the
biochars produced at 300–600 �C.
3.4. N, P and K release from biochars at different pHs

The pH of the soil or aqueous solution is another important fac-
tor affecting nutrient availability of biochars (Silber et al., 2010).
The release of PO3�

4 and NHþ4 were pH-dependent, while that of
K+ and NO�3 was not (Fig. 3). Generally, the content of PO3�

4 and
NHþ4 released from the biochars decreased with increasing pH until
pH 10, whereas that of K+ remained relatively stable from pH 2 to 7
and significantly decreased at pH 8–12 (Fig. 3).

The pyrolysis temperature showed different impacts on N, P and
K+ release at a same pH. At pH < 3, BC600 released more NHþ4 than
other biochars, while BC400 released more NHþ4 at pH 4–6 and
BC300 and BC350 released more NHþ4 above pH 6–12. The
amount of NO�3 released from all the biochars was nearly constant
over the whole pH range. The amount of PO3�

4 released from high-
temperature biochars was larger than that of low-temperature
biochars at pH < 8; however, the low-temperature biochars
released more PO3�

4 at pH > 9. The amount of K+ released from all
biochars increased with increasing temperature over the whole
pH range. These results were consistent with the N, P and K
content presented in Fig. 1. As discussed earlier, P present in the
biochars as amorphous and crystal minerals caused larger amounts
of P to be released at lower pH. Consequently, it could be more
suitable to use low-temperature biochars (6400 �C) to supply
NHþ4 or P in acidic soils, while the biochars may supply sufficient
K irrespective of soil pH. What deserves special mention is that
biochar may serve as an alkali agent to increase soil pH. Thus,
besides supplying the soil with carbon, these biochars can be con-
sidered as a promising soil amendment under acidic soil situations
(Atkinson et al., 2010; Beesley et al., 2011).
Table 3
Regression parameters for the sorption isotherms of NHþ4 and NO�3 onto biochars.

Adsorbate Biochar Freundlich model

KF n R2 K1
a (L

NHþ4 BC300b 61.08 ± 4.76 0.6327 ± 0.0179 0.993 14.52
BC350 47.75 ± 4.64 0.6108 ± 0.0221 0.989 10.42
BC400 31.76 ± 3.49 0.6210 ± 0.0248 0.987 7.21
BC500 20.38 ± 1.77 0.5216 ± 0.0195 0.987 3.14
BC600 11.49 ± 0.91 0.6524 ± 0.0174 0.994 2.95

NO�3 BC500 9.34 ± 2.44 0.5789 ± 0.0662 0.900 1.80
BC600 56.89 ± 7.57 0.4857 ± 0.0369 0.948 7.61

a K1 is single point adsorption coefficient calculated on the basis of the Freundlich mod
b BC300 through BC600 represent the biochars produced at 300–600 �C.
3.5. NHþ4 , NO�3 and PO3�
4 sorption on biochars

Although a certain amount of NHþ4 , PO3�
4 and K+ can be released

from biochars, it was reported that biochar may retain nutrients
through adsorption (Atkinson et al., 2010). All isotherms of NHþ4
were nonlinear (Fig. 4a). The Freundlich n values for NHþ4 remained
relatively stable (0.5216 ± 0.0195–0.6524 ± 0.0174) (Table 3). The
KF is a measure of the sorption strength, and the KF values de-
creased from 61.08 ± 4.76 ((mg kg�1)/(mg L�1)n) for BC300 to
11.49 ± 0.91 ((mg kg�1)/(mg L�1)n) for BC600 (Table 3), which indi-
cated that the sorption capacity of NHþ4 on biochars decreased with
increasing temperature. Single-point sorption coefficient (K1)
based on the Freundlich fitting results showed the same order as
KF. In the Langmuir model, the Q0 values decreased from
Langmuir model

kg�1) KL (mg L�1) Q0 (mg kg�1) Qchg (mg kg�1 mV�1) R2

84.73 ± 7.97 2101.9 ± 107.9 36.19 0.993
76.37 ± 6.13 1432.6 ± 59.5 24.66 0.994
83.60 ± 3.72 1043.4 ± 24.7 19.30 0.998
55.12 ± 5.00 362.8 ± 14.6 7.45 0.990
58.93 ± 7.88 371.8 ± 22.7 8.00 0.979
37.51 ± 8.44 171.8 ± 18.6 3.53 0.945
18.74 ± 1.44 533.5 ± 17.1 11.48 0.992

els when Ce was 50 mg L�1.
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2102 ± 108 mg for BC300 to 372 ± 23 mg kg�1 for BC600 in sorp-
tion of NHþ4 , the same trend as that for K1 derived from the Freund-
lich model.

NHþ4 can be easily electrostatically attracted to negative charges
on biochar surfaces, since samples in this study carried negative
charges at pH 7 (Fig. S5). Thus, the correlation between Q0 and
the surface charge of biochars were analyzed and they showed a
negative correlation (r = 0.929, P < 0.05, Fig. S16a). Also the surface
charge-normalized sorption capacity (Qchg) was calculated (Table 3)
and the Qchg values had a negative correlation with the pyrolysis
temperature (r = �0.925, P < 0.05, Fig. S16b). The amount of oxy-
gen-containing functional groups had a linear relationship with
Q0 and Qchg (Fig. S16c and d). These parameters indicate that elec-
trostatic attraction is an important mechanism for NHþ4 adsorption
on biochars.

NHþ4 may be exchanged with Ca2+ and Mg2+ on the surface of
biochars. The amount of water-soluble Ca2+ and Mg2+ was signifi-
cantly positively correlated with Q0 (Fig. S17), indicating that cat-
ion exchange may be important for NHþ4 adsorption on biochars.
In addition, BC600 had the highest surface area, but Q0 was the
lowest and the correlation between Q0 and the surface area of
the biochar samples was low (Fig. S18), implying that sequestra-
tion in pores was not a dominant mechanism for NHþ4 adsorption
on these biochars.

Interestingly, no significant NO�3 sorption on low-temperature
biochar (BC300, BC350 and BC400) was observed and only a smal-
ler amount of NO�3 was sorbed by high-temperature biochars
(BC500 and BC600). All isotherms of NO�3 were nonlinear
(Fig. 4b) and only the Langmuir model fit the data well (Table 3).
The Q0 was 171 and 533 mg kg�1 for BC500 and BC600, respec-
tively, much lower than that reported for wheat straw charcoal
and mustard straw charcoal (Q0 ranged from 1100 to
1300 mg kg�1) (Mishra and Patel, 2009). The lower NO�3 sorption
is related to the NO�3 species being repelled by negatively charged
biochar surface.

No PO3�
4 could be sorbed onto BC300 through BC600, owing to

the high amount P released from the biochars (Fig. 1c); however,
several studies have reported that P can be sorbed by biochars
(Chen et al., 2010; Yao et al., 2011). Yao et al. (2011) reported that
PO3�

4 can be easily removed from aqueous solution through com-
plexation with colloidal and nano-sized MgO particles on the sur-
face of biochars made from digested sugar beet tailings.
Additionally, it has been demonstrated that fresh biochar has
some anion exchange capacity in the acid pH range, which can
initially be in excess of the total cation exchange capacity of the
biochar (Cheng et al., 2008). It is possible that these positive ex-
change sites may sorb PO3�

4 through electrostatic attraction. Thus,
biochar can also be used as a low-cost waste water treatment
technology for PO3�

4 removal before its use in soils. In addition,
although no PO3�

4 was adsorbed onto the GR-derived biochars, or-
ganic P in soils may be adsorbed by these biochars due to their
high affinity for organic compounds, in turn affecting the P avail-
ability in soils.

The low-temperature biochars (6400 �C) did not only release
more NHþ4 than that of the high-temperature biochars, but also
showed appreciable adsorption capacity for NHþ4 . However, neither
PO3�

4 nor NO�3 was adsorbed by these biochars. It should be possi-
ble to produce designer biochars with a specific nutrient composi-
tion and a specific nutrient sorption property by co-pyrolysis of
different feedstocks (Novak et al., 2009). For example, biochar with
higher available K and higher sorption capacity for phosphate may
be produced from raw GR with MgO minerals or ferrous and ferric
chloride at high temperatures (P500 �C) (Chen et al., 2010; Yao
et al., 2011). Also, blending raw GR with poultry litter as feedstock
pyrolyzed at low temperature (6400 �C) may result in biochar with
higher available P and K, higher liming value and NHþ4 adsorption
than the use of the GR-derived biochar alone in acidic soils (Novak
et al., 2009).

4. Conclusions

With increasing temperature of pyrolysis, about 50% of N was
lost and remaining N transformed to heterocyclic-N but P and K
were not lost. Available P and N in high-temperature biochars
decreased. More NHþ4 , PO3�

4 and K+ were released from biochars
at low pH (65). More NH4

+ was adsorbed on the low-temperature
biochars (6400 �C) than that of high-temperature biochars
(P500 �C). Thus, taking all factors into consideration, the pyrolysis
at or below 400 �C seems optimal for producing biochar from giant
reed to improve the availability of N, P and K in soils which are
deficient in N, P and/or K.
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