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Physiochemical properties of biochars derived from different feedstock materials (rice straw, Phragmites
communis, sawdust and egg shell) at different pyrolysis temperatures were analyzed, and adsorption
capacities of ammonium (NH4

+) on the biochars were investigated. The results show a clear effect of pyrol-
ysis temperature on physicochemical properties of the biochars, including specific surface area, pH, and
zeta potential. Consequently, biochars derived from the studied feedstocks at the selected temperatures
exhibited different capacities to absorb NH4

+. Highest NH4
+ adsorption capacities were associated with bio-

chars of rice straw (4.2 mg/g) and sawdust (3.3 mg/g) produced at 500 �C; at 300 �C observed NH4
+ adsorp-

tion capacity was lower and highest figures were derived from the biochars of Phragmites communis
(3.2 mg/g) and egg shell (2.2 mg/g). For all feedstocks, biochars produced at 700 �C showed the lowest
NH4

+ adsorption capacity. Our results suggest that zeta potential and C/H ratio, rather than surface area,
are the most important factors in determining NH4

+ sorption potential of biochars.
� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Human activities such as discharging agricultural and industrial
wastewaters lead to rapid increases in nitrogen (N) loadings in
aquatic ecosystems (Yin et al., 2018). Leaching and run-off of
ammonium (NH4

+) from agriculture decreases utilization efficiency
of N fertilizer, and therefore exacerbats the risk of eutrophication
(Li et al., 2018) and degradation of aquatic ecosystems (Smith,
2003). Ammonium is the most common form of N, contributing
to nutrient enrichment of surface waters (Conley et al., 2009).
Hence, it is necessary to enhance N retention in agricultural soils
and NH4

+ removal from water to protect water resources and main-
tain a healthy aquatic ecosystem (Cui et al., 2016).

Several technologies (e.g. biological, chemical and physical
methods) have been used to remove NH4

+ from wastewater. Physi-
cal methods are often used due to their simpler practical operation
and easier management (Loganathan et al., 2014). Sorption is also
considered an effective physical method and is relatively low cost
(Sun et al., 2011). Adsorbents, such as zeolite, aluminum oxide and
activated carbon, efficiently remove ammonium from wastewater
(Cui et al., 2016). Although NH4

+ adsorption capacity varies between
different adsorbents, use of these low-cost and high-effective
materials in wastewater treatment is promising and has received
increasing attention (Li et al., 2017a, 2017b).

Many kinds of biomass waste, such as agricultural wastes, for-
estry residues and sewage sludge, can be used to produce biochar
(Li et al., 2017a, 2017b; Kizito et al., 2015; Zhang and Wang, 2016).
Using these materials is relatively low cost compared to using acti-
vated carbon (Tarpeh et al., 2017), and can decrease air pollution
and reduce fire risks that may arise from uncontrolled burning of
biomass waste (Qiu et al., 2016).

Biochar’s characteristics can affect its adsorption capacity to
contaminants. The potential adsorption capacity of different bio-
chars vary depending on the specific characteristics of the feed-
stock used (Yin et al., 2018). For example, addition of brazilian
pepper wood and peanut hull biochars to soil considerably reduced
leaching of NO3

� by 14.0–34.0% (Yao et al., 2012). However, in
another study, Hale et al. (2013) used biochars, such as cacao shell
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and corn cob biochars, that were found not to adsorb NO3
�. More

information is needed on NH4
+ sorption capacity of different feed-

stock materials and the effect of pyrolysis temperature. Therefore,
the aims of this study were (1) to analyze characteristics of bio-
chars produced from different feedstocks at different pyrolysis
temperatures; (2) to determine the sorption capacity of NH4

+ and
(3) to analyze the correlations between biochar’s characteristics
and sorption capacities for NH4

+. Results of this study are expected
to reveal some mechanisms of NH4

+ sorption on biochars.
2. Materials and methods

2.1. Biochar preparation

Feedstock materials used for the study - rice straw, Phragmites
communis, and egg shell - were obtained from Nanjing University
of Information Science and Technology, Nanjing, China. Sawdust
was obtained from a Chinese parasol tree (Firmiana platanifolia
Marsili), a deciduous tree species in the Yangtze river basin of
China. These materials were washed with water, and then air-
dried, ground and sieved to <2.0 mm particles. The sieved
materials were put in a ceramic pot in a muffle furnace under N2

atmosphere for producing biochars at different temperatures. The
final pyrolysis temperatures were selected to be 300, 500 and
700 �C at a ramping rate of 5 �C per min, respectively, and kept
at the highest temperature for 2 h. The biochars produced under
300, 500 and 700 �C, are referred to as RSB300, RSB500, RSB700
(from rice straw), PCB300, PCB500, PCB700 (from Phragmites
communis), SDB300, SDB500, SDB700 (from sawdust), and
ESB300, ESB500, ESB700 (from egg shell), respectively (Fig. 1). Each
of the 12 biochar samples were ground, and then passed through a
0.5-mm sieve to prepare for the test.
2.2. Characterization of biochar

Moisture content was measured by calculating mass loss of the
biochar after being heated at 105 �C for 24 h to a constant weight.
Ash content was also determined by calculating mass loss of the
biochar after being heated at 750 �C for 5 h. The pH was deter-
mined in solution with mass/water (biochar/deionized water) ratio
of 1:20 (PHS-3C). Elemental composition (C, H, and N in wt%)
of the biochar was determined through an elemental analyzer
whereas O content (wt%) was determined by mass balance: i.e.,
O = 100 � (C + H + N + ash) (Li et al., 2018). In this study, the C, H
and N content was analyzed using a CHN Elemental Analyzer
(Vario EL). The oxygen content was determined by mass balance:
O = 100 � (C + H + N + ash). The H/C, O/C and (O + N)/C atomic
ratios were calculated to evaluate the aromaticity and polarity of
the biochars, respectively.
Fig. 1. Schematic setup of t
Surface functional groups of the biochar were analyzed using
the fourier transform infrared analysis (Nicolet iS5). The specific
surface area and porosity properties of the biochars were deter-
mined by using the Brunauer-Emmett-Teller (BET) method with
a Quadrasorb Si-MP surface area analyzer. Zeta-potential at pH 7
was determined with a potential analyzer (Zetasizer Nano ZS90).

2.3. Adsorption kinetics experiments

Ammonium chloride was dissolved in deionized water to make
an ammonium stock solution. The initial pH for each sorption solu-
tion was adjusted to 7 prior to the experiments. A 0.2 g biochar
sample was added to a centrifuge tube with 20 mL solution con-
taining 30 mg NH4

+ per L. Subsamples were taken after 30, 60,
180, 300, 420, 780, 1080 and 1440 min and shaken at 180 rpm in
a mechanical shaker at room temperature (30 �C). The NH4

+ content
of the subsamples was measured at a wavelength of 697 nm with a
spectrophotometer according to the salicylic acid method
(Ministry of Environmental Protection, 2006).

The amount of NH4
+ adsorbed by the biochars was calculated by

the following equation (Eq. (1))

qt ¼
ðC0 � CtÞ � V

W
ð1Þ

where qt (mg/g) is the amount of NH4
+ adsorbed by the biochar at

the given time; C0 and Ct (mg/L) are the NH4
+ concentration before

and after adsorption at time t, respectively; V (L) is the volume of
adsorption solution; and W (g) is the weight of biochar.

The experimental results were fitted to three typical kinetic
models (Pseduo-first-order Eq. (2)), Pseduo-second-order Eq. (3)
and Intraparticle diffusion Eq. (4)).

lnðqe � qtÞ ¼ ln qe � K1t ð2Þ

t
qt

¼ 1
K2q2

e
þ t
qe

¼ 1
h
þ t
qe

ð3Þ

qt ¼ K3t0:5 þ C ð4Þ
where qe (mg/g) is the amounts of NH4

+ adsorbed by the biochar at
the equilibrium time; K1 (1/h), K2 (g/mg/h), and K3 (mg/g/h0.5) are
the rate constants of the corresponding model; and C (mg/g) is a
constant.

2.4. Adsorption isotherm experiment

Sorption isotherms of NH4
+ were measured using a series of

batch experiments in centrifugal tubes containing different con-
centrations of NH4

+, ranging from 0 to 320 mg/L (0, 5, 10, 20, 40,
80, 160 and 320 mg/L). Sorption isotherm condition was the same
as above. After being shaken for 24 h, the suspensions were cen-
he biochar production.
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trifuged and filtered to obtain the supernatant solution for analysis
of NH4

+-N. Concentration of NH4
+-N was calculated according to Eq.

(5).

q ¼ ðC0 � CeÞ � V
W

ð5Þ

where q (mg/g) is the adsorbed amount of NH4
+ per unit weight of

biochar at an equilibrium concentration of adsorbate in bulk solu-
tion; V (L) is the volume of NH4

+ solution; W (g) is the weight of bio-
char; C0 (mg/L) and Ce (mg/L) is the initial and equilibrium NH4

+

concentration, respectively.
Sorption isotherms were fitted to the Langmuir (Eq. (6)) and

Freundlich (Eq. (7)) equations to quantify the adsorption capacities
of the studied biochars.

q ¼ qmaxKLCe

1þ KLCe
ð6Þ

q ¼ KFC
1
n
e ð7Þ

where q (mg/g) and Ce (mg/L) are the same as above; 1/n is the
intensity of adsorption or affinity; qmax (mg/g) is the maximum
sorption capacity; KF (mg/g) and KL (L/mg) are Freundlich adsorp-
tion constant and Langmuir constant, respectively.

2.5. Adsorption thermodynamics

Sorption data of RSB500, PCB300, SDB500, and ESB300 using
initial NH4

+-N concentration (20, 40, 80, 160 and 320 mg/L) at a
temperature range of 20, 30 and 40 �C were collected after 24 h
equilibration time.

The thermodynamic equilibrium constant Kc was calculated by
the following equation:

Kc ¼ C0 � Ce

Ce

where Co and Ce (mg/L) are the same as above.
Three parameters (Gibb’s free energy change (DG�), enthalpy

change (DH�) and entropy change (DS�)) were calculated:

DG0 ¼ �RTLnKc

Ln Kc ¼ �DG0

RT
¼ �DH0

RT
þ DS0

R

where, T is temperature in K, R the ideal gas constant = 8.314 J/
mol/K.

After the linear plot of lnKc versus 1/T, the enthalpy (DH�) and
entropy (DS�) values could be calculated from the slope (DH�/RT)
and intercept (DS�/R), respectively.

2.6. Statistical analysis

All experiments were conducted in triplicate. Correlations
between the maximum adsorption of NH4

+ and physicochemical
characteristic of the biochars were analyzed using SPSS 22.0. The
origin Pro 8.0 was used to fit the kinetics and isotherms sorption,
and R2 values were used to evaluate the performance of different
models.

3. Results and discussion

3.1. Yields, ash, pH and zeta potential for different biochars with
different pyrolysis temperatures

Biochar, bio-oil and syn-gas can be produced in pyrolysis of
feedstocks, and there is a mass balance (i.e., feedstock = biochar
+ bio-oil + syn-gas) (Li et al., 2018). In this study, the biochar was
collected as the solid residue after pyrolysis. Rice straw, sawdust,
and Phragmites communis are forms of plant waste. Egg shell is a
waste from daily life, and its annual production is about 3.7 million
tonnes in China (He et al., 2016). Yields of the biochar varied with
different feedstocks and pyrolysis temperatures and are presented
in Table 1. Egg shell had a higher biochar yield, in a range of 93.75%
to 97.4%, than those from rice straw, sawdust, and Phragmites com-
munis produced at the same pyrolysis temperatures. Inorganic
compounds (CaCO3) are major components of egg shell and result
in higher yield of biochar. As shown in Table 1, biochar yields of the
plant wastes (RSB, PCB and SDB) significantly decreased in pyroly-
sis from 300 �C to 700 �C. Anastasakis et al. (2011) reported that
the cellulose of marine brown macroalgae can be thermally
decomposed over 200 �C. Jung et al. (2016) demonstrated a
decrease in yield for biochar from roots of Undaria pinnatifidawhen
the pyrolysis temperature changed from 200 to 800 �C mainly
attributed to the destruction of cellulose. Therefore, the lower bio-
char yield from the plant wastes under the pyrolysis temperature
of 700 �C of this study could be related to destruction of the
cellulose.

According to Table 1, ash contents of the biochars were influ-
enced by feedstock materials and pyrolysis temperatures. Except
for ESB, the ash contents of plant waste biochars significantly
increased when the pyrolysis temperature increased from 300 �C
to 700 �C. The ash content increased from 19.14% to 39.04% for
RSB300 and RSB700, and similar results were found for PCB and
SDB. Zhang et al. (2015a, 2015b) reported that the ash was
remained in the biochars produced from biomass wastes. There-
fore, the increased percentage of ash content for these biochars
under higher pyrolysis temperature is attributed to more mineral
matter forming ashes. However, ash content of ESB was not signif-
icantly changed by increasing the pyrolysis temperatures. Ash con-
tent of the biochars followed the order of ESB > RSB > PCB > SDB. In
this study, the yields and ash contents of ESB were higher com-
pared to other biochars, which may be attributed to a larger
amount of minerals in egg shell.

Table 1 showed that higher pH values of the biochars produced
under higher pyrolysis temperatures were observed. The pH of
plant waste biochars (RSB, PCB and SDB) changed from acidic to
alkaline at pyrolysis temperature of 300 �C to 700 �C, respectively.
Our results agree with Zhang et al. (2015a, 2015b), who demon-
strated that an oak wood biochar was acid (4.60) and alkaline
(9.50) when it was produced at 200 �C and 600 �C, respectively.
The higher pH of biochar could be attributed to its ash component
(Jin et al., 2016; Yuan et al., 2011). Therefore, accumulated ash con-
tent of the biochar contributed to the increase in pH when the
pyrolysis temperature increased from 300 �C to 700 �C. The pH
value of ESB was neutral to alkaline at pyrolysis temperature of
300 �C to 700 �C. This is also ascribed to accumulated ash content
in the biochar (Chen et al., 2014).

Zeta-potentials of the studied biochars were negative (Table 1),
and the least negative charge was obtained in the biochars pro-
duced at pyrolysis temperature of 700 �C. The similar results were
found by Yuan et al. (2011), who demonstrated that the negative
charge was less for the biochars produced at pyrolysis temperature
of 700 �C than those produced at 300 �C and 500 �C. ESB had the
lower negative charge comparing to those of other biochars. The
reduced amounts of negatively charged functional groups includ-
ing ACOO�, ACOH, and AOH, resulted in decreasing negative sur-
face charges of the biochars under higher pyrolysis temperatures.

3.2. Elemental compositions of different biochars

The C contents increased from 36.4%, 37.4% and 55.9% in
RSB300, PCB300 and SDB300 to 54.1%, 59.2% and 71.7% in



Table 1
Yield, ash content, pH and zeta potential of the studied biochars.

Biochar Yield (%) ash (%) pH Zeta potential (mV)

RSB300 46.31 ± 0.99a 19.14 ± 0.02a 6.61 ± 0.05a �30.50 ± 0.70a
RSB500 25.64 ± 1.33b 32.20 ± 0.13b 9.28 ± 0.07b �41.90 ± 1.05b
RSB700 18.66 ± 2.01c 39.04 ± 0.52c 10.06 ± 0.1c �19.35 ± 1.92c
PCB300 43.16 ± 1.08a 4.18 ± 0.24a 6.43 ± 0.03a �39.30 ± 0.76a
PCB500 20.89 ± 1.26b 14.97 ± 0.06b 6.82 ± 0.02b �30.33 ± 2.01b
PCB700 14.70 ± 0.73c 15.62 ± 0.02b 9.42 ± 0.04c �23.41 ± 0.70c
SDB300 46.80 ± 0.78a 1.2 ± 0.01a 4.55 ± 0.14a �25.63 ± 0.54a
SDB500 19.54 ± 1.54b 2.18 ± 0.01a 6.03 ± 0.02b �39.90 ± 1.20b
SDB700 13.85 ± 1.15c 3.12 ± 0.02b 7.88 ± 0.08c �16.60 ± 0.29c
ESB300 97.4 ± 0.18a 98 ± 0.11a 7.89 ± 0.04a �9.99 ± 0.92a
ESB500 95.85 ± 0.20b 98.01 ± 0.1a 8.02 ± 0.11a �4.94 ± 1.63b
ESB700 93.75 ± 0.13c 99 ± 0.09a 9.46 ± 0.07b �2.99 ± 1.37b

RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C, 500 �C and 700 �C, respectively. PCB300, PCB500 and PCB700 represent Phragmites communis
biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300, SDB500 and SDB700 represent sawdust biochar produced at 300 �C, 500 �C and 700 �C, respectively;
ESB300, ESB500 and ESB700 represent egg shell biochar produced at 300 �C, 500 �C and 700 �C, respectively. Data are means ± SD (n = 3). Different letters in the same column
indicate significant differences in temperature treatments for each biochar (p < 0.05).

Table 2
Elemental compositions of the studied biochars.

Biochar N (%) C (%) H (%) O (%) H/C O/C (O + N)/C

RSB300 1.36 36.40 4.06 58.18 0.11 1.60 1.64
RSB500 1.12 42.57 3.22 53.09 0.08 1.25 1.27
RSB700 0.30 54.06 1.31 44.33 0.02 0.82 0.83
PCB300 0.42 37.39 4.28 57.91 0.11 1.55 1.56
PCB500 0.14 55.19 4.17 40.50 0.08 0.73 0.74
PCB700 0.12 59.15 3.51 37.22 0.06 0.63 0.63
SDB300 0.02 55.90 4.60 39.48 0.08 0.71 0.71
SDB500 0.01 64.07 3.18 32.74 0.05 0.52 0.51
SDB700 0.00 71.72 2.97 25.31 0.04 0.35 0.35
ESB300 0.11 23.59 0.70 75.60 0.03 3.20 3.21
ESB500 0.03 15.93 0.25 83.79 0.02 5.26 5.26
ESB700 0.09 14.83 0.18 84.90 0.01 5.72 5.73

RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C, 500 �C and 700 �C, respectively. PCB300, PCB500 and PCB700 represent Phragmites communis
biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300, SDB500 and SDB700 represent sawdust biochar produced at 300 �C, 500 �C and 700 �C, respectively;
ESB300, ESB500 and ESB700 represent egg shell biochar produced at 300 �C, 500 �C and 700 �C, respectively.
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RSB700, PCB700 and SDB700, respectively. The result suggests a
higher carbonization for biochars at higher temperature. However,
the H, N, and O contents were lower for the plant wastes (RSB, PCB
and SDB) produced at pyrolysis temperature of 700 �C than at
300 �C. Our results are similar to previous studies, including Jung
et al. (2016) who demonstrated that C content was higher for a bio-
char produced at higher pyrolysis temperature. Fang et al. (2014)
reported that the decreasing H, N and O content could be attribu-
ted to the loss of these elements when a biochar was made. How-
ever, the C content in ESB300 decreased from 23.6% to 14.8% in
ESB700, and the O content in ESB300 increased from 75.6% to
84.9% in ESB700. Therefore, the effect of pyrolysis temperature
on the C and O contents in ESB was different to that for RCB, PCB
and SDB. Chun et al. (2004) found that O and H functional groups
were removed from the surface of biochars produced at higher
pyrolysis temperature, resulting in decrease in acidity and increase
in aromaticity and hydrophobicity. In this study, results show that
the acidity and polarity of RSB, PCB and SDB decreased with
increasing pyrolysis temperature.

Molar H/C and O/C or (O + N)/C have been used to estimate the
aromaticity and polarity of biochars (Uchimiya et al., 2010). The
H/C ratios of RSB700, PCB700 and SDB700 were 0.02, 0.06 and
0.04, respectively, indicating that there is higher aromaticity for
the biochars produced at 700 �C compared to at 300 �C. This is
similar to those of Jung et al. (2016), who demonstrated that the
H/C value was the lowest in biochars produced at pyrolysis
temperature of 800 �C than at 200 �C. In this study, ESB700 showed
the lowest H/C ratio of 0.01. Chen et al. (2008) indicated that
relatively higher H/C ratios were related to presence of original
organic residues. Therefore, ESB with lower H/C ratios could be due
to lower original organic residues, as compared to RSB, PCB and SDB.

The ratios of O/C and (O + N)/C decreased in the biochars
(RSB700, PCB700 and SDB700) produced at pyrolysis temperature
of 700 �C than at 300 �C, indicating an increase in aromaticity
and decrease in polarity for the biochars produced at higher pyrol-
ysis temperature. This change in aromaticity and polarity could be
attributed to formation of aromatic structures and removal of polar
functional groups for biochars produced at a higher pyrolysis tem-
perature (Ahmad et al., 2012; Chen et al., 2008; Uchimiya et al.,
2010). Jung et al. (2016) showed that a biochar produced at a
higher pyrolysis temperature presented a lower O/C ratio, and
the lowest (O + N)/C ratio was found in the biochar produced at
pyrolysis temperature of 800 �C. Our results are similar to these
previous studies. However, the molar O/C and (O + N)/C ratios were
lower in ESB300 than in ESB700. Therefore, the H/C, O/C and (O
+ N)/C ratios were different in different feedstock materials, and
were also influenced by pyrolysis temperatures.

3.3. Specific surface area and total volume of biochars

Specific surface area and total volume of the biochars were
influenced by different feedstock materials and pyrolysis tempera-
tures. They were significantly higher for the biochars produced at
700 �C than at 300 �C (Table 3). The formed micropores and
increased surface area were related to the removal of volatile mat-
ters from the biochars and water loss in the dehydration process at



Table 3
Porosity properties of the studied biochars.

Biochar Total volume (cm3/g) Specific surface area (m2/g)

RSB300 0.022 5.896
RSB500 0.072 34.030
RSB700 0.189 122.625
PCB300 0.008 3.512
PCB500 0.106 131.457
PCB700 0.415 441.710
SDB300 0.006 2.946
SDB500 0.233 378.718
SDB700 0.278 594.920
ESB300 0.004 2.032
ESB500 0.006 3.720
ESB700 0.009 5.333

RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C,
500 �C and 700 �C, respectively. PCB300, PCB500 and PCB700 represent phragmites
communis biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300,
SDB500 and SDB700 represent sawdust biochar produced at 300 �C, 500 �C and
700 �C, respectively; ESB300, ESB500 and ESB700 represent egg shell biochar pro-
duced at 300 �C, 500 �C and 700 �C, respectively.
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high temperature (Mahtab et al., 2012; Bagreev et al., 2001). Our
results agreed with those of Chen et al. (2014), who indicated that
porosity and surface area of biosolids biochar increased from 0.056
to 0.099 cm3/g and from 25.4 to 67.6 m2/g respectively, when
pyrolysis temperature was increased from 500 �C to 900 �C. There-
fore, the surface area and total volume of the biochars were influ-
enced by pyrolysis temperatures.

ESB showed a smaller surface area (5.333 m2/g) and total vol-
ume (0.009 cm3/g), but SDB produced at 700 �C showed a larger
surface area (594.920 m2/g) and total volume (0.278 cm3/g). Li
et al. (2017a, 2017b) demonstrated that manure and biosolid bio-
char presented much smaller surface area (5.4–94.2 m2/g), com-
pared to plant biochars such as wheat and wood (112–642 m2/g).
In addition, Joseph et al. (2007) showed that a biosolid biochar
had a smaller porosity (0.053–0.068 cm3/g) than a pine needle bio-
char (0.076–1.90 cm3/g) produced at temperature of 500–700 �C.
Generally, a macroporous structure was developed for biochars
produced from feedstocks with rich lignin content such as bamboo
and coconut shell, while a microporous structure was predomi-
nantly developed for feedstocks with rich cellulose content (e.g.,
husks) (Li et al., 2017a, 2017b). In this study, the results show that
the smaller specific surface area in ESB was due to less lignin and
cellulose. Therefore, surface area of biochars can be influenced by
the composition of feedstock materials.
3.4. Sorption kinetics

Ammonium sorption on the biochars reached equilibrium in
7 h. Ammonium sorption in the initial 1 h was fast for RSB, PCB
and SDB (Fig. 2a–c), but ammonium sorption by ESB in the initial
3 h was relatively fast (Fig. 2d).

Kinetic models have been commonly used to study sorption
reaction mechanisms (Wang et al., 2011). The kinetic parameters
of NH4

+ sorption on the studied biochars were shown in Table 4.
Except for RSB700, the sorption data were well fitted to the
pseudo-second-order kinetic model for the biochars with a higher
R2 in a range of 0.939–1.0. However, the adsorption data didn’t fit
the intra-particle diffusion well with a low R2 between 0.469 and
0.822 (Table 4), indicating that intrapore diffusion was not the
dominant process of NH4

+ sorption. Wang et al. (2015) indicated
that the pseudo-second-order model implied chemical reactions
including exchange of cations, complexation and precipitation. In
this study, the NH4

+ sorption by biochar could be mainly of chemi-
cal adsorption process.
3.5. Sorption isotherms

It can be seen from Fig. 3 that among the four biochars, RSB
showed the highest sorption capacity for NH4

+, whereas sorption
NH4

+ capacity on ESB was the lowest. The amount of sorption
NH4

+ was lower at pyrolysis temperature 700 �C than at 300 �C or
500 �C. High correlation coefficients of 0.934–0.998 (Table 5), sug-
gest that adsorption data fits better to the Langmuir equation than
to the Freundlich equation. Our results were similar to those of Tan
et al. (2008), who reported that the adsorption data fitted to the
Langmuir equation well.

The maximum sorption of NH4
+ (qmax) was lower in the biochar

produced at 700 �C than at 500 �C or 300 �C, indicating that the
maximum sorption of NH4

+ decreased under higher pyrolysis tem-
perature. The maximum sorption of NH4

+ (qmax) on RSB300,
PCB300, SDB300 and ESB300 was 4.09, 3.206, 3.169 and
2.201 mg/g, respectively. The qmax on RSB300 was approximately
2 times higher than that of ESB300. The results show that the sorp-
tion capacity of NH4

+ was influenced by the source materials for
biochar production. Similar results were reported in other previous
research. The NH4

+ sorption capacities for cacao shell and corn cob
biochars were 0.24 mg/g and 0.56 mg/g, respectively (Hale et al.,
2013). However, the NH4

+ sorption capacities by hardwood shav-
ings, rice husk and wood biochars were 5.3 mg/g, 39.8 mg/g, and
44.64 mg/g, respectively (Kizito et al., 2015). In this study, by com-
parison, the biochars presented a moderate sorption capacity. The
qmax of PCB300 (3.21 mg/g) was 2.7 times than that of PCB700
(1.78 mg/g), indicating a higher NH4

+ sorption capacity for PCB bio-
char produced at 300 �C than at 700 �C. Therefore, the NH4

+ sorption
capacity of biochars can also be influenced by pyrolysis
temperatures.

RSB300, SDB300 and ESB300 showed higher KF compare to
RSB700, SDB700 and ESB700, which indicated that the biochars
produced at 300 �C presented higher NH4

+ sorption capacity. In this
study, the 1/n values were <1, suggesting there was a nonlinearity
in the isotherms. Similar results were reported by Uchimiya et al.
(2010).

The qmax was positively correlated with Zeta potential with sig-
nificance (p < 0.05). A greater negative charge in the biochar pro-
duced at 300 �C than at 700 �C was found. The adsorptive
capacity of NH4

+ was hindered by the lower negative charges in
ESB produced at the higher pyrolysis temperatures. Therefore,
the higher NH4

+ adsorption capacities were found in the biochars
produced at lower pyrolysis temperatures, which was related to
the greater negative charges. Our results agree with Takaya et al.
(2016), who demonstrated that better NH4

+ adsorption capacity
was found for the biochars produced at lower pyrolysis tempera-
tures due to increasing negatively-charged functional groups.

The qmax was positively correlated with H/C content (p < 0.05).
Ahmad et al. (2014) found that the higher H/C ratio indicated the
more sorption sites for inorganic contaminants. As presented in
Table 2, the H/C ratio of biochar decreased under higher pyrolysis
temperature, resulting in decreasing NH4

+ adsorption. The
qmax of RSB, PCB and SDB was influenced by O content, O/C and
(O + N)/C ratios of biochar (Fig. 4). Cui et al. (2016) showed that
the highest O/C ratio and (O + N)/C ratio for C. indica biochar
resulted in the largest sorption capacity for NH4

+. As shown in
Table 2, the capacity adsorption NH4

+ decreased with increasing
pyrolysis temperatures for RSB, PCB and SDB, which was ascribed
to the decrease in O/C and (O + N)/C ratios.

The capacity of NH4
+ adsorption for ESB decreased with increas-

ing pyrolysis temperatures, but its O/C and (O + N)/C ratios
increased. This suggests that the mechanisms of NH4

+ adsorption
by ESB were different than those of RSB, PCB and SDB, and that this
was related to their different functional groups. RSB, PCB and SDB
presented the same band at 1616 cm�1 (Mahtab et al., 2012),



Fig. 2. Ammonia adsorption on the studied biochars over time. RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C, 500 �C and 700 �C, respectively.
PCB300, PCB 500 and PCB700 represent Phragmites communis biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300, SDB500 and SDB700 represent sawdust
biochar produced at 300 �C, 500 �C and 700 �C, respectively; ESB300, ESB500 and ESB700 represent egg shell biochar produced at 300 �C, 500 �C and 700 �C, respectively. Data
are means ± SD (n = 3).

Table 4
Kinetic parameters of ammonium sorption on the biochars for different models.

Biochar Pseudo-first-order Pseudo-second-order Intra-particle diffusion

K1 (h�1) qe (mg/g) R2 K2 (g/mg/h) qe (mg/g) R2 K3 (mg/g/h0.5) C (mg/g) R2

RSB300 0.003 0.228 0.628 0.037 1.301 1.000 0.015 0.841 0.601
RSB500 0.004 0.177 0.898 0.063 1.040 1.000 0.007 0.814 0.781
RSB700 0.004 0.533 0.666 0.002 0.966 0.879 0.021 0.019 0.822
PCB300 0.006 0.797 0.837 0.016 1.025 0.998 0.024 0.202 0.822
PCB500 0.006 0.841 0.880 0.018 1.227 0.994 0.025 0.352 0.767
PCB700 0.003 0.130 0.699 0.076 1.078 1.000 0.007 0.864 0.711
SDB300 0.006 0.404 0.868 0.025 0.893 0.999 0.014 0.432 0.778
SDB500 0.005 0.123 0.746 0.134 0.970 1.000 0.007 0.751 0.483
SDB700 0.004 0.285 0.746 0.026 0.768 0.999 0.012 0.365 0.795
ESB300 0.003 0.193 0.471 0.033 0.397 0.991 0.008 0.126 0.687
ESB500 0.004 0.220 0.694 0.008 0.391 0.939 0.009 0.027 0.792
ESB700 0.003 0.109 0.592 0.230 0.234 0.988 0.009 0.016 0.469

RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C, 500 �C and 700 �C, respectively. PCB300, PCB500 and PCB700 represent phragmites communis
biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300, SDB500 and SDB700 represent sawdust biochar produced at 300 �C, 500 �C and 700 �C, respectively;
ESB300, ESB500 and ESB700 represent egg shell biochar produced at 300 �C, 500 �C and 700 �C, respectively.
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which represented the C@C and C@O stretching in the aromatic
ring (Fig. 4a–c). In addition, the peak of 1077 cm�1 was assigned
to AOCH3 (Wang et al., 2015). The peak of 1616 cm�1 decreased
after NH4

+ adsorption indicating that these oxygen-containing func-
tional groups were involved in NH4

+ sorption. The peaks of
875 cm�1 (Wang et al., 2018) and 1420 cm�1 (Mahtab et al.,
2012) of ESB were assigned to CAO groups and inorganic CO3

2�,
respectively. The 1420 cm�1 peak decreased after NH4
+ adsorption

indicating NH4
+ reaction with CO3

2� (Fig. 4d). Therefore, the NH4
+

adsorption mechanisms in ESB were different than those in RSB,
PCB and SDB.

Capacity of NH4
+ adsorption can be influenced by pH. Decrease

in NH4
+ adsorption at pH > 8 might occur because it can be con-

verted to NH3 (Huang et al. 2010). In this study, the lowest capacity



Fig. 3. Sorption isotherm of ammonium on the studied biochars. RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C, 500 �C and 700 �C,
respectively. PCB300, PCB500 and PCB700 represent Phragmites communis biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300, SDB500 and SDB700 represent
sawdust biochar produced at 300 �C, 500 �C and 700 �C, respectively; ESB300, ESB500 and ESB700 represent egg shell biochar produced at 300 �C, 500 �C and 700 �C,
respectively. Data are means ± SD (n = 3).

Table 5
Sorption parameters of ammonium on the biochars obtained from the Langmuir and Freundlich isotherm model.

Biochar Langmuir Freundlich

qmax (mg/g) KL (L/mg) R2 KF (mg/g) n R2

RSB300 4.090 0.022 0.983 0.370 2.427 0.930
RSB500 4.175 0.032 0.998 0.496 2.670 0.942
RSB700 3.654 0.010 0.969 0.151 1.848 0.950
PCB300 3.206 0.025 0.982 0.374 2.668 0.906
PCB500 2.522 0.041 0.984 0.395 3.062 0.892
PCB700 1.776 0.068 0.972 0.396 3.692 0.811
SDB300 3.169 0.038 0.979 0.468 2.960 0.954
SDB500 3.300 0.048 0.934 0.507 2.958 0.878
SDB700 2.696 0.024 0.993 0.277 2.548 0.951
ESB300 2.201 0.010 0.994 0.101 1.882 0.964
ESB500 1.713 0.044 0.974 0.188 3.066 0.893
ESB700 1.288 0.011 0.990 0.038 1.721 0.882

RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C, 500 �C and 700 �C, respectively. PCB300, PCB500 and PCB700 represent Phragmites communis
biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300, SDB500 and SDB700 represent sawdust biochar produced at 300 �C, 500 �C and 700 �C, respectively;
ESB300, ESB500 and ESB700 represent egg shell biochar produced at 300 �C, 500 �C and 700 �C, respectively.
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of NH4
+ adsorption was found in the biochars produced at 700 �C

with pH > 8.
As summarized in Tables 5 and 3, capacities of NH4

+ adsorption
were higher for the biochars produced at 300 �C than those at
700 �C. However, surface area was lower for the biochars produced
at 300 �C than those at 700 �C. The results indicate that surface
area of the biochars did not obviously influence the NH4

+ adsorption
capacity. This agrees with Takaya et al. (2016), who demonstrated
that biochars made from five feedstock (oak wood, commercial oak
wood, greenhouse waste, municipal waste and presscake from AD)
with high surface areas did not possess better ammonium adsorp-
tion capacities than low surface area chars; and suggests that sur-
face area was not the most important factor influencing char
ammonium adsorption capacity. Li et al. (2018) reported that max-



Fig. 4. FTIR spectra of the studied biochars. RSB300, RSB500 and RSB700 represent rice straw biochar produced at 300 �C, 500 �C and 700 �C, respectively. PCB300, PCB500 and
PCB700 represent Phragmites communis biochar produced at 300 �C, 500 �C and 700 �C, respectively. SDB300, SDB500 and SDB700 represent sawdust biochar produced at
300 �C, 500 �C and 700 �C, respectively; ESB300, ESB500 and ESB700 represent egg shell biochar produced at 300 �C, 500 �C and 700 �C, respectively. RSB700 + NH4

+, PCB700
+ NH4

+, SDB700 + NH4
+, and ESB700 + NH4

+ represent loading NH4
+ on RSB700, PCB700, SDB700 and ESB, respectively.

Table 6
Thermodynamic parameters for NH4

+ adsorption on the biochars.

Biochar T (K) DHo (kJ/mol) DSo (kJ/mol/K) DGo (kJ/mol)

RSB500 293 20.69 0.12 �13.78
303 �15.37
313 �16.12
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imum adsorption NH4
+ was significantly correlated with cation

exchange capacity (CEC) and micropore volume, but it was not sig-
nificantly correlated with specific surface area, mesopore volume
and pore size. Therefore, our result was also similar to those of Li
et al. (2018), who found that surface area did not significantly
influence biochar NH4

+ adsorption.

PCB300 293 46.27 0.20 �11.90

303 �14.76
313 �15.85

SDB500 293 33.21 0.16 �12.90
303 �14.45
313 �16.05

ESB300 293 19.04 0.10 �11.06
303 �11.91
313 K �13.12

RSB500 represent rice straw biochar produced at 500 �C. PCB300 represent Phrag-
mites communis biochar produced at 300 �C. SDB500 represent sawdust biochar
produced at 500 �C. ESB300 represent egg shell biochar produced at 300 �C.
3.6. Adsorption thermodynamics

As shown in Table 6, the values ofDSo for RSB, PCB, SDB and ESB
were 0.12, 0.20, 0.16 and 0.10, respectively, indicating increased
disorder reaction. The results were similar to the studies of
Hema and Arivoli (2007), who indicated that the disorder
increased when DSo > 0. The values of DGo were in a range of
�11.06 to �16.12 kJ/mol indicating a spontaneous process. The
results were similar to other previous studies. The NH4

+ adsorption
on the biochars was a spontaneous process whenDGo < 0 (Qu et al.,
2008; Simon et al., 2015). The values of DHo for RSB, PCB, SDB and
ESB were 20.69, 46.27, 33.21 and 19.04, respectively, indicating
that endothermic process occurred for NH4

+ adsorption. The
pseudo-second-order model has been used, implying a mechanism
of chemical reactions (Wang et al., 2015), Therefore, the kinetic
data of this study indicate that NH4
+ adsorption process was mainly

through chemical reactions. In addition, the surface area of the bio-
char in this study was not the most important factor affecting NH4

+

adsorption capacity.
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4. Conclusions

The characteristics of biochars were affected by feedstock types
and pyrolysis temperatures, which consequently affected NH4

+

adsorption capacity. The maximum NH4
+ sorption was lower for

the biochars produced in pyrolysis at 700 �C than at 300 �C or
500 �C. The capacities of NH4

+ sorption were higher for plant waste
biochars (RSB, PCB and SDB) than those of ESB. Both the character-
istics of biochars and the NH4

+ adsorption capacities were influ-
enced by pyrolysis temperatures and feedstock materials. The
NH4

+ sorption capacity was mainly influenced by zeta potential
and C/H of the biochars.
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