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Adsorption of ammonium on biochar prepared from giant reed
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Abstract Giant reed was used as precursor for making bio-
char in order for the adsorption of NH4

+–N from aqueous
solution. And the adsorption of the product to NH4

+–N was
examined. The surface features of biochar were investigated
by Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy/energy dispersive spectrometer (SEM-
EDS), and X-ray diffraction (XRD). XRD patterns showed
several peaks and correspond to the high amount of crystalline
material. The crystals contain KCl, K2O, CaO, MgO, and SiO
and possess high surface area which enhances adsorption. The
influence of different parameters such as initial concentration,
adsorption time, pH, and ionic strength has been carried out.
The adsorption could reach equilibrium through 24 h reaction
and had the best adsorption amount at the solution pH values
from 7 to 9. The cation has great influence on the adsorption of
NH4

+–N, whereas the anion exerted a weaker effect. The ad-
sorption followed pseudo-first-order and pseudo-second-
order models. And the intraparticle diffusion and desorption
studies further elucidated that the mechanism of adsorption on
the product was ion exchange. The product equilibrium data

was well described by the Langmuir and Freundlich model.
The maximum adsorption capacities were 1.490 mg/g.
Biochar derived from giant reed at 500 °C was suggested as
a promising adsorbent for the removal of NH4

+–N from slight-
ly polluted wastewater.

Keywords Biochar . Giant reed . Ammonium . Adsorption
experiments . Adsorption kinetics and isotherms

Introduction

Nitrogen compounds as a basic block of plant and animal pro-
teins are nutrients essential to all forms of living life. However, it
can become toxic depending on the concentration. For example,
ammonia is toxic to fish and other forms of aquatic life in very
low concentration, about 0.2 mg/L (Haralambous et al. 1992),
and high concentration of them in ground and surface waters can
lead to increase of oxygen demand and eutrophication, an in-
tense accumulation of algae. Physical, chemical, and biological
purificationmethods have been used in wastewater treatment for
minimizing the concentration of ammonium ions. Among these
methods, adsorption using biochar has been widely considered.

Biochar is the carbon-rich solid product from organic mat-
ters, and it is generally created for safe and potentially bene-
ficial storage in soil compared with other traditional solid pro-
duction from thermo-chemical conversion such as charcoal,
coke, and activated carbon (Wang et al, 2015). Most studies
have shown that biochar application to soil will improve soil
environment, enhance soil fertility, and can effectively isolate
carbon, reduce greenhouse effect (Yao et al. 2011), and in-
creases soil water storage capacity, hydraulic conductivity
(both saturated and unsaturated) internal drainage, and aera-
tion of the topsoil (Marousek 2014). Currently, biochar is used
to control the fate and toxicity of organic compounds,
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including hydrophobic organic compounds (Zhou et al. 2010),
pesticides (Uchimiya et al. 2012), and antibiotics (Liu et al.
2012), because of the strong sorption affinities for various
contaminants and low cost of the material.

The ability of biochar to adsorb contaminants depends on
physicochemical characteristics, which vary greatly with the
raw materials and pyrolysis conditions (Sun et al. 2011).
Biochar with extensively porous structures and high surface
area are generally prepared from raw materials pyrolized at
high temperatures (400 to 700 °C) and exhibit a considerable
adsorption capacity (Liang et al. 2008). It is well known that
NH4

+ adsorption was probably related to acidic function
groups on the biochar, such as, phenolic-OH and carboxyl
C=O (Wang et al. 2015). Whereas, NO3

− sorption at the bio-
char surface may be mainly due to electrostatic interaction
(outer-sphere complexation mechanism) and to a lesser extent
ionic exchange mechanism (Chintala et al. 2015).

Biomass feedstock, heating rate, heat treatment tempera-
ture, and holding time are known to exert significant effects
on the structural and chemical characteristics of the produced
biochar (Lin et al. 2012). Raw materials with high lignin con-
tent can obtain higher biochar yield, which also needs appro-
priate pyrolysis temperature (e.g., 500 °C) (Demirbas 2006;
Fushimi et al. 2003). During pyrolysis, cellulose and lignin
liquefaction will reduce tar yield; however, given that the lig-
nin and cellulose chain reaction generates lipid groups
(Worasuwannarak et al. 2007), biochar output will be in-
creased. The heating rate will also significantly affect biochar
yield, for which a low heating rate is favorable. biochar at low
temperature may possess several unique properties (e.g.,
cation-exchange capacity), and the performance will improve
nutrient uptake and enhance crop yield (Day et al. 2005).
Biochar obtained at high-temperature conditions will possess
higher absorption capacity (Ogawa et al. 2006) and may re-
duce the influence of toxic substances on plant growth. The
surface of biochar contains a large number of acid groups,
which are obtained at a lower temperature. These groups are
not conducive to microbial attachment, until the surface is
oxidized to achieve higher water holding capacity (Joseph
et al. 2010).

At present, there have been adsorbents prepared from biolog-
ical residues (Marousek 2014). And new research showed that
the biochar can be produced by the waste and waste heat in order
to reduce the cost of biochar (Marousek 2014). In China, giant
reed has been widely used in constructed wetlands for wastewa-
ter treatment, but most of them are burned on the spot after
harvest which leads to air pollution. The resulting emission of
volatile organic compound, carbon monoxide, and carbon diox-
ide (CO2) can account for 0.64 to 0.94 % of the country’s total
emissions. An alternative to destroying harvested biomass is put-
ting them to beneficial use, especially in the context of a devel-
oping country (Huang et al. 2015). In this study, we used giant
reed to produce biological carbon materials at 500 °C (AD-500)

and focuses on (a) determining the surface characteristics of AD-
500 properties, (b) understanding the effects of pH, effluent con-
centration, temperature, and adsorption time on the NH4

+–N
removal efficiency from aqueous solutions, and (c) evaluating
the process kinetics and thermodynamics of NH4

+–N adsorption
on biochar derived from giant reed.

Materials and methods

Materials

Giant reed straw used in this study was obtained from a con-
structed wetland treating wastewater in Gaofeng, Chongqing,
China. The straw was washed with tap water to remove dirt
and air-dried at room temperature for 2 to 3 days. The sample
was then dried at 100 °C for 48 h in an oven and eventually
placed in a desiccator (Huang et al. 2015). The determination
method of lignocellulose components in giant reed provided
by Ma et al. (2009), and the final results as follows: cellulose
43.17±0.8 wt.%db, hemicellulose 28.97±0.2 wt.%db, lignin
15±0.3 wt.%db, and ash content 0.27±0.01wt.%db.

Biochar was obtained as follows: giant reed straw was car-
bonized at 500 °C for 2 h in the furnace (SMX1100-20,
Shanghai Shangqun Electronic Science and Technology Co.,
Ltd, China) under high purity N2 (99.999 %) flow at 50 mL/
min, and at a heating rate of 10 °C/min. After being cooled
under an ambient temperature, the sample was bottled. The
obtained biochar were then crushed and sieved to a desired
particle size (18∼40mesh) using heavy-duty cutting mill (FW-
80, Shanghai Hu Yue Ming Scientific Instrument Co., Ltd,
China). Finally, the samples were washed with distilled water
until the pH level was stabilized and dried in a vacuum oven at
80 °C for 24 h and then stored in a tightly closed screw cap
bottle.

Test method

Adsorption experiments

Adsorption experiments were performed by shaking 0.5 g of
AD-500 with a certain concentration of NH4

+–N solution in an
oscillator (ZHWY-2102C, Shanghai Bozhen Instrument
Equipment Factory, China) at a solid-liquid ratio of 1:20.
Continuous mixing was provided during the experiment, and
the oscillator was used to control the desired temperature
(25 °C) and shaking rate (150 rpm). And the initial pH levels
of the experimental solutions were adjusted to 7.0±0.1 by the
addition of HCl or NaOH solutions. Finally, the supernatant
liquids were filtered through 0.42 μm cellulose acetate mem-
brane and the NH4

+–N concentration was determined by stan-
dard method.
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The effects of solution pH, initial concentration, contact time,
temperature, and ionic strength were investigated. The effect of
initial concentration on adsorption was investigated at fixed
amount of adsorption and various concentrations (2, 4, 8 mM)
of adsorbate solution. The effect of pH on the removal of NH4

+–
NbyAD-500was studied by conducting experiments at different
pH values (4∼10) with initial NH4

+–N concentration of 4 mM.
The pH of the solutions was adjusted by using HCl or NaOH
solutions. Subsequently, experiments were performed to study
the effect of each individual cation (K+, Ca2+, Na+, and Mg2+)
present in the NH4

+ ion solution on NH4
+ removal by AD-500.

Solutions with an NH4
+ ion concentration of 4 mM and individ-

ual cation concentrations in the range of 1–10 meq/L were used.
KCl, CaCl2, NaCl, and MgCl2 of analytical grade were used to
prepare these solutions. The experiments with individual anions
(Cl−, SO4

2−, and CO3
2−) present alone in the NH4

+ ion solution
were carried out using solutions prepared individually with
NH4Cl, (NH4)2SO4, and (NH4)2CO3 of analytical grade, with
NH4

+ ion concentrations varying in the range of 2–25 meq/L
(Huang et al. 2010). The temperature effect was assessed by
equilibrating 0.5 g AD-500 with NH4

+–N initial concentration
intervals of 30, 40, 50, 60, 70, and 80mg/L in an oscillator at 10,
25, and 40 °C for 24 h.

The desorption experiment

AD-500 at 0.5 g was contacted with a NH4
+–N concentration of

4 mM until equilibrium was achieved, and the adsorption capac-
ity ofW0 (mg/g) was calculated. Then, the solidwaswashedwith
deionized water to remove any unadsorbedNH4

+–N and dried in
an oven at 60 °C. KCl, HAc-NaAc, NaOH, and alkaline potas-
sium persulfate solution extract, were continuously used; ammo-
nium ion concentration was determined to obtain the ion-
exchange nitrogen (IEF-N), weak acid leaching of nitrogen
(WAEF-N), alkali transferable nitrogen (SAEF-N), and strong
oxidant transferable nitrogen (SOEF-N), respectively.

The precipitationWi (mg/g) of various forms of nitrogen in
solution was calculated, and the percentage of desorption was
calculated using the following equation:

Desorption %ð Þ ¼ Wi

W 0
� 100 % i ¼ 1; 2; 3; 4ð Þ ð1Þ

Analysis method

Biological carbon adsorption

The adsorption capacity qe (mg/g) of AD to NH4
+–N at equi-

librium was calculated as follows:

qe ¼
C0−Ceð ÞV

W
ð2Þ

where C0 and Ce (mg/L) are the initial and equilibrium con-
centrations of NH4

+–N, respectively; V is the volume (L) of
the NH4

+–N solution, and W is the weight of the AD-500.

Dynamic characteristics

In order to evaluate the adsorption kinetics of NH4
+–N, and

find the appropriate adsorption dynamic model for the pro-
cess, three kinds of kinetic models were applied in this study:
(1) the pseudo-first-order, (2) pseudo-second-order, and (3)
Elovich models.

The pseudo-first-order model is expressed as follows:

log qe−qtð Þ ¼ logqe−
k1

2:303
t ð3Þ

Where qe and qt are the amounts of NH4
+–N adsorbed

(mg/g) at equilibrium time and at time t, respectively, and k1
(1/min) is the rate constant. The values of qe and k1 were
calculated from the slopes and intercepts of the plots of
log(qe−qt) versus t.

The pseudo-second-order model is expressed as follows:

t

qt
¼ 1

k2q2e
þ 1

qe
t

Among these quantities,

h ¼ k2q
2
e ð4Þ

where h represents the initial adsorption rate (mg/g min), and
k2 (g/mg min) is the pseudo-second-order rate constant. The
values of qe, k, and h can be obtained from the slopes and
intercepts of the t/qt versus t plots.

The Elovich model is one of the most appropriate models
for describing chemisorption. The model is given as:

qt ¼
1

b

� �
ln abð Þ þ 1

b
lnt ð5Þ

where a is the initial adsorption rate (mg g−1 min−1), and b is
the desorption constant (mg g−1), which can be obtained from
the slopes and intercepts of qt versus t plots.

Thermodynamic characteristics

Langmuir isotherm assumes that adsorption occurs at specific
homogenous sites within the adsorbent (Wang et al. 2010).
The general equation is given as follows:

ce
qe

¼ 1

Qmk
þ 1

Qm
Ce ð6Þ

Where Qm is the maximum adsorption amount (mg/g); k is
the Langmuir adsorption constant (L/mg). The values of Qm
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and b were calculated from the slopes and intercepts of ce/qe
versus Ce plots.

The Freundlich adsorption is employed to describe hetero-
geneous systems and reversible adsorption (Ozcan et al.
2009). The equation can be expressed in linear form as fol-
lows:

logqe ¼ logK F þ 1

n

� �
logCe ð7Þ

where KF is the Freundlich constant ((mg/g) (1/mg)1/n); and n
represents the strength of adsorption. The Freundilich con-
stants KF and n can be obtained from the plot of logqe versus
logCe.

Results and discussion

Characteristics of AD-500 and AD-RT

The surface characteristics of materials are extensively studied
by using SEM-EDS and XRD. The SEM images of AD-500
and AD-RT are shown in Figs. S1 and S2 (Electronic supple-
mentary material (ESM)). SEM imaging shows that AD-500
possesses smooth surfaces with irregular pore structure. These
irregular pore structures provide specific surface areas. The
analysis of atomic mass ratio is displayed in Table S1
(ESM). According to the spectrum result, both AD-RT and
AD-500 contain C, O, and K. After carbonization, the Cl
disappears and the contents of Ca and Mg were increased to
0.51 and 0.55 %.

The X-ray diffraction pattern of AD-500 powder used in
this study is presented in Fig. S3. According to the obtained
result by Jade 5.0, the peaks of γ and 002 disappear after
carbonization, indicating that the structure of the fatty chain
in straw has been decomposed or detached during the carbon-
ization. And the XRD spectra of AD-500 showed several
peaks, which are characteristic XRD peaks of AD-500 and
correspond to the high amount of crystalline material. The
crystals contain KCl, K2O, CaO, MgO, and SiO and possess
high surface area which enhances adsorption (Wankasi and
Dikio 2014).

Proximate analysis results and physical properties are some
of the important absorbent properties. Table S2 presents the
properties of AD-500 (ESM). The surface area of AD-500was
found to be 345.92 m2/g and is higher than that of adsorbents,
such as corn straws biochar (61.0 m2/g) but lower than that of
hazelnut husk (1092 m2/g) (Imamoglu and Tekir 2008; Song
et al. 2014). After carbonization, volatile matter decreased
from 73.48 to 14.72 %, and the fixed carbon increased from
18.79 to 75.20 %. The elemental compositions of AD-500 and
AD-RT are presented in Table S3 (ESM). The molar H/C
ratios of AD-500 and AD-RT were 0.005 and 0.04,

respectively, indicating high carbonization and aromaticity at
500 °C. Themolar O/C ratio was also lower in AD-500 (0.12),
indicating that the surface of the samples became less hydro-
philic after pyrolysis. The ratios of (O+N)/C, which is a po-
larity index indicator, indicating increased aromaticity and
decreased polarity of biochar produced at 500 °C.

The major function groups of the adsorbent are commonly
identified by using FTIR spectroscopy. The infrared spectra of
AD-500 are shown in Fig. S4 (ESM). The results show us that
biochar possesses different functional groups. The band at
around 3372 cm−1 can be assigned to the –OH stretching
vibration mode of hydroxyl functional groups. The vibration
of hydroxyl functional groups in straw raw materials are
strong and disappeared in AD-500. The peaks at 2952,
2920, and 2851 cm−1 are attributed to the –CH2 stretching
vibration, the band intensities for aliphatic –CH2 (2952 and
2851 cm−1) decrease during carbonization, indicating de-
creased nonpolar group content. The peaks at 1734, 1635,
1601, and 1509 cm−1 represent C=O stretching of the ester
bond, C=C and C=O stretching in the aromatic ring, and the
C=C–C stretching vibration in the aromatic ring, respectively.
In addition, the band intensities for lignin characteristic peak
(1635 and 1509 cm−1) decreased significantly after carboni-
zation, indicating lignin pyrolysis. The band at 1734 cm−1

(C=O) disappears abruptly in AD-500.

Fig. 2 Effect of solution pH to the AD-500 adsorption to NH4
+–N

Fig. 1 Effect of contact time and initial concentration to the adsorption to
NH4

+–N
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Influence of the initial concentration and adsorption time

A study of the effect of contact time on the adsorption of
NH4

+–N by AD-500 at different initial concentrations was
performed, and the results are depicted in Fig. 1. As shown
in the figure, the adsorption rate is extremely high initially,
because the NH4

+–N is affected by the boundary-layer effect
of the biochar. NH4

+–N through its outer membrane diffusion
reaches the surface and then through biochar surface adsorp-
tion and internal diffusion into the inner pore of AD-500.
After 25 min, the uptake was almost constant, so 25 min could
be considered the equilibrium time of NH4

+–N adsorption.
For different NH4

+–N concentrations, the corresponding
AD-500 balance adsorption increased with the increase in
initial concentration level. The equilibrium adsorption
amounts are 0.51, 0.68, and 0.99 mg/g at the NH4

+–N initial
concentrations of 2, 4, and 8 m, respectively. This increase is
due to the fact that higher NH4

+–N concentration strengthens
the driving force between adsorbate and adsorbent and im-
proves collision probability between AD-500 and NH4

+–N.

Effects of solution pH

In the process of adsorption of NH4
+–N by AD-500, pH value

exerts an important influence on adsorption effect. In addition,
the experiment was conducted in the initial pH range from 4 to
10, as shown in Fig. 2. As can be seen from the graph, the
adsorption capacity of AD-500 to NH4

+–N increased from
0.35 to 0.61 mg/g with an increased pH from 4 to 8. When
pH is higher than 8, the adsorption capacity of NH4

+–N de-
creased with the increase in pH. At pH 10, the adsorption
quantity of AD-500 reduced to 0.46 mg/g. The effect of pH
value on the adsorption capacity of AD-500 may be due to
several explanations, one of which is that the surface charge of
AD-500 is changed by pH, because the oxygen-containing
functional groups of AD-500 surface is gradually being pro-
tonated with the decreased in pH. The electrostatic attraction
between NH4

+–N and AD-500 was weakened. Second is due
to the pH change in the structure of NH4

+–N. With pH higher
than 8, NH4

+–N transforms into NH3·H2O, which is not easy
to be adsorbed by AD-500 because of the difficulty in ion

Fig. 3 Effect of ionic strength to
the AD-500 adsorption to NH4

+–
N a cation strength and b anion
strength

Fig. 4 Different kinetic models
for NH4

+–N adsorption onto AD-
500 at three different initial
concentrations: a pseudo-first-
order model, b pseudo-second-
order model, and c Elovich model

Environ Sci Pollut Res (2016) 23:19107–19115 19111



exchange. There is a large amount of H3O
+ in solution when

pH is lower than 7. An excess H3O
+ could compete with

NH4
+, resulting in a low level of adsorbed NH4

+. Therefore,
when pH is 7–9, it is beneficial to the adsorption of NH4

+–N
by AD-500.

Effect of ionic strength

In general, various salts exist in wastewater. The salts lead to
high ionic strength which may affect the influence of NH4

+–N
adsorption on AD-500. This test for cationic K+, Na+, Ca2+,
and Mg2+, as well as anions Cl−, SO4

2−, and CO3
2− investi-

gated the effects of ionic strength on the properties of AD-500
adsorption of NH4

+–N.
Figure 3 shows the effect of ionic strength on NH4

+–N
adsorption. As can be seen from Fig. 3a, the amount that
AD-500 adsorbed showed a sharp decrease as the concentra-
tion of cation increased. This action indicates that the adsorp-
tion of NH4

+–Nmainly occurs by ion exchange, and the pres-
ence of various cations produce competition with NH4

+–N.
Different cations have different effects on the adsorption of
NH4

+–N. The effects of K+ and Na+ on adsorption surpassed
those of Ca2+ and Mg2+ because K+ and Na+ reduce the com-
petition with NH4

+–N for sorption sites on AD-500, and Na+

exerts the largest inhibition effect on NH4
+–N adsorption.

Conversely, the effect of Mg2+ is minimal. The sequence of
hindrance strength is as follows: Na+>K+>Ca2+>Mg2+.

The effect of anion strength on NH4
+–N adsorption is

shown in Fig. 3b. As can be seen, the adsorption capacity

of AD-500 increases along with initial ammonium concentra-
tion, as is consistent with an early result regarding the influ-
ence of initial concentration on adsorption. Anions exert a
smaller effect on NH4

+–N adsorption performance. The ef-
fects of Cl− and SO4

2− on adsorption are the same. CO3
2−

relatively reduces the AD-500 adsorption of NH4
+–N.

Characteristics of adsorption kinetics

A comparison of different kinetic models for NH4
+–N adsorp-

tion onto AD-500 is illustrated in Fig. 4, and the calculated
kinetic parameters are given in Table 1.

We can observe that the correlation coefficient R2 were
relatively higher for the pseudo-first-order- and pseudo-
second-order models in comparison with the Elovich model,
thereby indicating that the pseudo-first-order and pseudo-
second-order models can describe the characteristics of
NH4

+–N adsorption by AD-500. The pseudo-first-order mod-
el describes that the adsorption rate of NH4

+–N was influ-
enced by the concentration of the solution, and the pseudo-
second-order model described the whole process of adsorp-
tion. For the Elovich model, the obtained R2 values were rel-
atively low, ranging from 0.7861 to 0.8958 and suggesting a
nonchemical sorption mechanism. From Table 1, the values of
the initial adsorption rates h increased with the increase in
NH4

+–N concentration. It can be explained by the improve-
ment in rate of adsorption, which is attributed to the increase
in solution concentration, inducing more NH4

+–N to reach
AD-500 surface in a relatively short period of time. In addi-
tion, in comparing the desorption constant b in the Elovich
model, we can see that adsorption occurs more easily at a
higher initial concentration of NH4

+–N.

Table 1 Kinetic parameters of the adsorption model

C0 (mM) Pseudo-first-order model Pseudo-second-order model Elovich model

k1 (min−1) qe (mg g−1) R2 k2 (g mg−1 min−1) qe (mg g−1) h (g mg−1 min−1) R2 a (g mg−1 min−1) b (mg g−1) R2

2 0.2655 0.51 0.8995 0.7126 0.55 0.2155 0.8623 1.8405 13.0246 0.7861

4 0.2098 0.69 0.9245 0.3852 0.76 0.2225 0.9234 1.0012 8.1130 0.8707

8 0.1496 1.04 0.9332 0.1716 1.17 0.2349 0.9330 0.7087 4.6131 0.8958

Fig. 5 Intraparticle diffusion plots

Table 2 Intraparticle diffusion model constants and correlation
coefficients

C0 (mmol/L) Intraparticle diffusion model

Kp1 Kp2 C1 C2 R2
1 R22

2 0.2520 0.00855 −0.2026 0.4528 0.9977 0.02952

4 0.2911 0.0257 −0.2000 0.5257 0.8844 0.3723

8 0.2702 0.0353 −0.066 0.7992 0.8746 0.3271
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Mechanism of adsorption

To gain insight into the mechanisms and rate-controlling steps
affecting the kinetics of adsorption, the intraparticle diffusion
model has been described as:

qt ¼ kpit
1=2 þ Ci ð8Þ

where kpi is the intra particle diffusion rate constant (mg/
g min1/2), and Ci is the intercept of stage i. In other words,
larger intercept, indicates the greater boundary-layer effect. To
follow the intraparticle diffusion model, one plot of qt com-
pared with t1/2 should give a linear line. If the line through the
origin (C=0), indicated that the intraparticle diffusion process
is the only controlling step of adsorption rate. On the other
hand, if multi-linear plots are obtained then two or more steps
are involved in the sorption process (Wu et al. 2005).

The amount of NH4
+–N adsorbed compared with t1/2 for the

intraparticle transport of NH4
+–N by AD-500 at different initial

concentrations is shown in Fig. 5.We can see from the figure that
the plots presented multilinearity. The first portion which was the
initial stage of adsorption is the external surface adsorption or
instantaneous adsorption. In this stage, the duration is relatively

short, and the fast rising adsorption amount increased with time.
The second portion was the gradual adsorption stage. In this
stage, intraparticle diffusion was rate limiting.

Table 2 lists the corresponding model parameters based on
the equation above. For all initial concentrations, kp1 was
higher than kp2, and C2 was larger than C1. This finding indi-
cates that the rate of NH4

+–N removal was higher in the be-
ginning because of the large surface area of the adsorbent
available for the adsorption of NH4

+–N. With the adsorption
on surface of AD-500 gradually forming the boundary layer
(caused by the interaction between the ion and molecular as-
sociation), the capacity of adsorbent is exhausted and the up-
take rate was controlled by the rate at which the adsorbate was
transported from the exterior to the interior sites of adsorbent
particles. None of the plots passed through the origin, reveal-
ing that intraparticle diffusion was part of the adsorption but is
not the only rate-controlling step (Wang et al. 2010).

Desorption

Desorption experiments help in further elucidating the mech-
anism of adsorption. The desorption results of IEF-N, WAEF-

Fig. 6 a Effect of temperature to
the AD-500 adsorption to NH4

+–
N, b Langmuir isotherm for
NH4

+–N adsorption, and c
Freundlich isotherm for NH4

+–N
adsorption

Table 3 Langmuir and
Freundlich constants T (K) Langmuir Freundlich

Qm (mg/g) b (1/mg) R2 KF*10
3 (mg/g (1/mg)1/n) 1/n R2

283 1.211 0.01894 0.9981 44.61 0.4982 0.9820

298 1.404 0.01927 0.9622 34.83 0.5063 0.9909

313 1.490 0.01990 0.9657 21.01 0.5222 0.9965
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N, SAEF-N, and SOEF-N were found to be 28.85, 9.62, 3.85,
and 11.54 %, respectively. This result indicates that various
mechanisms contribute to the adsorption of NH4

+–N on AD-
500 but the ion-exchange adsorption may involve the main
mechanism.

Adsorption thermodynamic properties

The effect of temperature on the adsorption of NH4
+–N by

AD-500 is shown in Fig. 6a. As shown in the figure, the
AD-500 equilibrium adsorption capacity increased sharply
with the increase in temperature, indicating that adsorption
of NH4

+–N on AD-500 was an endothermic process. To fur-
ther research the adsorption thermodynamic characteristics of
AD-500, Langmuir and Freundlich isotherm models were
fitted to the experimental data.

The adsorption isotherms of NH4
+–N are shown in

Fig. 6b, c, and the fitting parameters are listed in Table 3. As
can be seen from the table, the values of 1/n are between 0 and
1 at three different temperature levels, showing the existence
of a high adsorption intensity.Qm and b increased with the rise
in temperature, indicating that the adsorption equilibrium ca-
pacity and adsorption rate of NH4

+–N on AD-500 increased
with an increasing temperature level. In addition, the adsorp-
tion of NH4

+–N on AD-500 was well fitted to the Freundlich
isotherm model (R2 = 0.99) and Langmuir isotherm model
(R2 = 0.96). This finding indicates that in the absorption of
NH4

+–N by AD-500 with a single molecular layer and
multi-molecular layer adsorption, numerous inequality and
uniform surfaces are present in the biochar surface, and ad-
sorption may involve a variety of interactive relationships be-
tween the absorbent and the adsorbate.

Table 4 lists the adsorption capacity of different types of ab-
sorbents for NH4

+–N. As can be seen, the adsorption capacity of
AD-500 is higher than that of original activated carbon, bamboo
charcoal, but lower than that of natural Chinese clinoptilolite, oak
sawdust biochar, La-oak sawdust biochar, and rice husk-
activated carbon. Original activated carbon had a relatively low
adsorption capacity toNH4

+ because physical adsorptionwas not
the dominant factor compared with chemical adsorption (Shi

et al. 2013). Clinoptilolite are hydrated aluminosilicates with
symmetrically stacked alumina and silica tetrahedrawhich results
in an open and stable three-dimensional honeycomb structure
with a negative charge. The negative charge within the pores is
neutralized by positively charged ions (cations) such as Na+, K+,
and Ca2+, which confers the material ion-exchange properties
(Wang et al. 2006). And the adsorption of biochar to NH4

+ were
potentially attributed to strong interaction. La-oak sawdust bio-
char presented higher NH4

+ adsorption, which may be attributed
to the existing acidic function groups of phenolic-OH and car-
boxyl C=O (Wang et al. 2015).

Conclusion

The AD-500 exhibits considerable potential to adsorb NH4
+–

N from aqueous solution. The AD-500 had characteristics of
weak polarity and poor hydrophilicity. The present study
shows that the adsorption amount was highly dependent on
operating variables such as contact time, initial concentration,
solution pH, ionic strengthen, and temperature. It is beneficial
to AD-500 adsorption of NH4

+–N when pH is 7–9, and it
increased with the increase in initial concentration. The cation
has great influence on the adsorption of NH4

+–N, and the
sequence o f h ind rance s t r eng th i s a s fo l lows :
Na+>K+>Ca2+>Mg2+. Whereas, the anion exerted a weaker
effect on NH4

+–N adsorption. The adsorption followed the
pseudo-first-order and pseudo-second-order models. For the
Elovich model, the obtained R2 values were relatively low,
indicating a nonchemical sorption mechanism. And the
intraparticle diffusion and desorption studies further elucidat-
ed that the mechanism of adsorption on the AD-500 was ion-
exchange sorption. The AD-500 equilibrium data was well
described by the Langmuir and Freundlich models. The max-
imum adsorption capacities were 1.490 mg/g. Results from
this study suggested that biochar derived from giant reed at
500°°C is a promising adsorbent for the removal of NH4

+–N
from slightly polluted wastewater.
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