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ABSTRACT ARTICLE HISTORY
Water contamination by ammonium ions presents huge risks to the ecosystems. This work Received 31 July 2015
evaluated the potential of biochar as an alternative adsorbent to remove ammonium from  Accepted 19 August 2015
aqueous solutions. Nine types of biochars were converted from three types of agricultural KEYWORDS

residuals at three pyrolysis temperatures. Batch sorption experiment showed that all the biochars Nitrogen; nutrient; sorption;
effectively removed ammonium ions from water. The biochars produced at low pyrolysis water treatment; carbon
temperatures, however, showed higher sorption of ammonium. The low-temperature biochars

showed relatively fast sorption kinetics of ammonium, which reached equilibrium around 10 h.

Sorption isotherms showed that the low-temperature biochars had high sorption capacities to

the ammonium, and the Langmuir maximum capacities were all higher than 200 mg/g. Batch

sorption experiments also showed the sorption of ammonium onto the biochar was affected

by pH and temperature, but not by ionic strength. The biochar showed good sorption ability

to ammonium in aqueous solutions under all of the tested conditions. Findings from this work

indicated that biochar could be used as an alternative adsorbent for the treatment of ammonium

in water.

1. Introduction derived from agricultural residues such as straw, bagasse,
and animal manure showed strong binding affinity to
various heavy metal ions in aqueous solutions.[11-13]
Several studies have also demonstrated that biochars
have strong sorption ability to organic contaminants
including pesticides and pharmaceuticals, and their
sorption capacities are much higher than that of soils.
[11,14,15]

Compared with heavy metals and organics, less
research effort has been dedicated to investigate the
removal of nutrients such as ammonium by biochars
derived from agricultural residues.[16] Steiner et al. [17]
found that biochar produced from pine chips can reduce
the ammonium emissions from N-rich composts because
the strong sorption ability of the biochar to gaseous NH,
and aqueous ammonium ions. Yao et al. [18] tested the
sorption of aqueous ammonium onto a range of biochars
prepared from various biomass materials and found that
all the tested biochars can somehow remove ammonium
ions from water because the biochars have a net nega-
tive surface charge. The sorption of ammonium onto the
biochar is reported to be reversible and thus is bioavail-
able and can be utilized by plants after being applied to
soils as an amendment.[16,19] This makes biochar more
attractive as an alternative adsorbent for the treatment
of ammonium from water because the spent adsorbent

Aqueous ammonium ions are one of the most common
nitrogen compounds that can cause serious pollution
problems to water bodies.[1] Ammonium is released
from municipal, industrial, agricultural practices, and
imposes contamination risks on receiving waters by
accelerating eutrophication, depleting dissolved oxygen,
harming aquatic organisms.[2,3] While various treatment
methods have been developed for the removal of ammo-
nium from aqueous solutions, physical removal method
using low-cost adsorbents is among the most competi-
tive ways because of its performance and cost.[4,5]
Biochar is a pyrogenic carbon material that has
attracted much attention recently.[6] When applied to
soils as an amendment, biochar cannot only improve soil
quality by increasing water and nutrient holding capaci-
ties and promoting beneficial microbial activities,[7] but
also serve as carbon sink because of its good stability.[8]
As a porous carbon material with relatively high surface
area and pore volume, biochar also shows good sorp-
tion ability to various chemical compounds, including
some of the common water pollutants. Previous studies
have suggested that biochar can be used as a low-cost
adsorbent for the removal of contaminants such as heavy
metals and organic pollutants from water.[9,10] Biochars
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may be applied directly to soils as a potential N-fertilizer.
Itis therefore crucial to conduct additional experimental
investigations to test and evaluate the sorption ability of
biochars, particularly the ones derived from waste bio-
mass, to aqueous ammonium under various conditions.

In this work, biochars were made from three types
of agricultural residuals at three pyrolysis temperatures.
Sorption of ammonium ions onto the biochar was eval-
uated through batch sorption experiment under various
conditions with following objectives: (1) determine the
effect of pyrolysis temperature on the sorption of ammo-
nium onto the biochars; (2) measure the sorption kinetics
and isotherms of ammonium onto selected biochars; and
(3) determine the effects of temperature, pH, and ionic
strength on ammonium sorption.

2. Materials and methods
2.1. Biochar production

Three types of agricultural residuals: Peanut shells (PS),
corncobs (CC), and cotton stalks (CS) were collected from
local farms in Hubei Province in China as feedstock for
biochar production. The feedstock was milled, washed,
and air-dried. The feedstock was then added into a quartz
tube reactor in a muffle furnace. High purify nitrogen gas
was used to flush the reactor, and the furnace until oxygen
content in the system was less than 0.5%. The temperature
of the furnace was then raised to a peak temperature of
300, 450, or 600 °C and holed for 2 h.The furnace was then
turned off and cooled down to the room temperature. The
solid product (biochar) was collected, and yield of each
samples was determined based the weight. The biochar
samples were ground in a mortar with a pestle and sieved
into a size range of 0.9-1.2 mm. The samples were washed
several times with DI water and dried at 105 °Ciin an oven.
The final biochar samples were labeled based on the
feedstock type and peak pyrolysis temperature as PS300,
PS450, and PS600; CS300, CS450, and CS600; and CC300,
CC450, and CC600, and stored for later experiments.

2.2. Initial evaluation of ammonium sorption

To evaluate the sorption ability of the biochars to ammo-
nium, about 0.1 g of the each biochar was mixed with
50 mL ammonia nitrogen solution (50 ppm) in a centrifuge
tubes, the mixture was then shaken in a mechanical shaker
(120 r/min) at 25 °C for 24 h. After that, the mixtures were
filtered through 0.22-um membrane filters and ammo-
nium concentrations in the supernatants were determined
using the phenate method with a UV/VIS spectrophotom-
eter.[18] The sorption experiments were performed in trip-
licate, and the average values were reported.

2.3. Sorption kinetics and isotherms

Based on the initial evaluation, three biochars with the
highest sorption of ammonium from each of the feed-
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stock types were selected for the kinetic and isotherm
experiments. For sorption kinetics, about 0.1 g of the
selected biochars was mixed with 50 mL ammonium
solutions (50 ppm) in the centrifuge tubes. The mixtures
were then shaken in the mechanical shaker (120 r/min)
at 25 °C. At different time intervals (i.e., 0.5, 1, 2, 5, 10, 20,
and 24 h), some of the tubes were withdrawn from the
shaker. The mixtures were immediately filtered through
0.22-um membrane filters to determine the ammonium
concentrations in the supernatants. For the isotherms,
about 0.1 g of the selected biochars was mixed with
50 mL ammonium solutions of different initial concen-
trations (i.e., 10, 25, 50, 100, 200, 300, and 500 mg/L).
The mixtures were then shaken in the mechanical shaker
(120 r/min) at 25 °C for 24 h. The mixtures were imme-
diately filtered through 0.22-um membrane filters to
determine the ammonium concentrations in the super-
natants. Sorbed ammonium concentrations on the bio-
char were calculated based on difference between the
initial and final aqueous concentrations. The kinetic and
isotherm experiments were performed in triplicate, and
the average values were reported.

2.4. Effects of pH, temperature, and ionic strength

The biochar with the highest sorption of ammonium in
the initial evaluation was selected to test the effects of
pH, temperature, and ionic strength. For each condition,
the biochar (0.1 g) was mixed with 50 mL ammonium
solutions (50 ppm) in the centrifuge tube and the mix-
ture was shaken in the mechanical shaker (120 r/min) for
24 h. Seven pH (1,3,5,7,9,10, and 12), three temperature
(25, 40, 50 °C), and five ionic strength (25, 50, 100, 200,
and 300 mg/L NaCl) values were tested in the experi-
ments. The pH values of the solutions were adjusted with
1.0 mol/L NaOH and 1.0 mol/L HCl solutions. The ammo-
nium concentrations in the aqueous and solid phases
after the sorption were determined using the same
methods as above. The experiments were performed in
triplicate, and the average values were reported.

2.5. Mathematical models

Pseudo-first-order, pseudo-second-order, and Elovich mod-
els were used to describe the sorption kinetic data. The gov-
erning equations of these models can be written as [20]:

First-order: g, = g,(1 — e™ ") (1.1)
k,q’t
Second-order: g, = Lez (1.2)
1+ kg5t
Elovich: g, = % In(aft +1) (1.3)
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Table 1. Yield of the biochar (%) under different conditions.

300°C 450 °C 600 °C
PS 415 33.0 30.7
CC 348 254 22.6
cs 40.0 30.6 28.7

where g, and g, are the amount of ammonia nitrogen
removed at time t and at equilibrium, respectively
(mg/q), k, and k, are the first-order and second-order
sorption rate constants (1/h), respectively, a is the initial
sorption rate (mg/g), and f is the desorption constant
(g/mq).

The Langmuir and Freundlich models were used to
simulate the sorption isotherms. Their governing equa-
tions can be written as [20]:

C

L . . — max —e
angmuir: q, THkC, (2.1
Freundlich: g, = K.C] (2.2)

where Kand K. are the Langmuir bonding term related to
interaction energies (L/mg), and the Freundlich affinity
coefficient (mg"'~"L"/g), respectively, S__ is the Lang-
muir maximum capacity (mg/kg), C, is the equilibrium
solution concentration (mg/L) of the sorbate, and n is
the Freundlich linearity constant.

3. Results and discussion
3.1. Biocharyield

The yields of the biochars from the three feedstocks
the three temperatures ranged from 22.6% to 41.5%
(Table 1). For the same feedstock, biochar production
decreased with the peak pyrolysis temperature with the
highest yield at 300 °C and the lowest yield at 600 °C.
This is consistent with the findings in the literature that
high pyrolysis temperature decomposes more feedstock
biomass.[21,22] The biochar yields also varied among the
three types of feedstock with an order of: PS > CS > CC
for all the three tested temperatures. This was mainly
because the cellulose, hemicellulose, and lignin contents
in the three feedstock materials were different. Under the
same conditions, biomass has higher lignin content may
produce more biochar.[21,23]

3.2. Initial evaluation

In the initial test, all the nine biochars effectively
removed ammonium from aqueous solution (50 mg/L)
with the adsorption rate ranged from 15.8 to 17.6 mg/g
(Figure 1). Among all the samples, CS300 and PS600
showed the highest and the lowest ammonium sorption,
respectively. The biochars converted from the CS and

CC adsorbed more ammonium than their correspond-
ing PS samples. For all the three types of feedstocks,
the biochars produced at lower pyrolysis temperature
showed better sorption ability and C5300, CS300, and
PS300 were the best of their type (Figure 1). Previous
studies have shown that low-temperature biochars tend
to have more surface oxygen-containing groups, which
can interact with cations including ammonium ions in
aqueous solutions.[24,25]

3.3. Adsorption kinetics and isotherms

The three selected biochars showed relatively fast
adsorption kinetics to ammonium in aqueous solutions
(Figure 2). The adsorption was dramatic within the first
2 h and then slowed down to reach the equilibrium
between 10 and 24 h. Simulations from the first-order,
second-order, and Elovich models described the exper-
imental data fairly well with R? values larger than 0.85
(Figure 2 and Table 2). The best-fit parameters of each
model were listed in Table 2. Compared to the other
two models, the Elovich model performed the best, sug-
gesting the adsorption of ammonium onto the biochars
might be controlled by multiple processes.[20]

The adsorption isotherms showed that the three bio-
chars had relatively high sorption capacities (>100 mg/g)
to ammonium in aqueous solutions (Figure 3). Compared
to CS300, PS300 and CC300 had slightly high sorption to
ammonium. Although the R? values were higher than 0.80
(Table 1), neither the Langmuir nor the Freundlich mod-
els matched the experimental data very well (Figure 3).
This also suggested that the adsorption of ammonium
onto the biochars could be controlled by multiple mech-
anisms. The best-fit parameters of the two models were
listed in Table 1, which shows that the Langmuir maximum
adsorption capacities of the three biochars were all higher
than 200 mg/g. Findings from the kinetics and isotherms
indicated that the low-temperature biochars were highly
effective in removing ammonium from water because of
their fast adsorption kinetics and high adsorption capac-
ities.

3.4. Effects of pH, temperature, and ionic strength

The sorption of ammonium onto the selected biochar
(CS300) was high at all the tested pH values (Figure 4(a)).
The optimum pH for adsorption was found to be at 10,
where the ammonium sorption reached 19.2 mg/g. As
the temperature rose, ammonium adsorption onto the
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1st order
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Figure 2. Adsorption kinetics of ammonium onto three biochars
produced at 300 °C.

Table 2. Best-fit model parameters of ammonia sorption onto three biochars produced at 300 °C.

Biochar Model Parameter 1 Parameter 2 R?
CS300 First-order K, =0.662 ge =40.5mg/g 0.867
Second-order K,=0.018 ge =45.1mg/g 0.895
Elovich a=98.45 B=0.126 0.895
Langmuir K=0.003 S = 202.5mg/g 0.879
Freundlich Kf=2.92 n=0.592 0.822
PS300 First-order K,=0.09 ge =28.8mg/g 0.975
Second-order K,=0.0024 ge =36.4mg/g 0.965
Elovich a=4.237 B=0.101 0.952
Langmuir K=10.002 S = 2433 mg/g 0.928
Freundlich Kf=1.91 n=0.668 0.892
CC300 First-order K, =0.655 ge=29.5mg/g 0.704
Second-order K,=0.022 ge =33.0mg/g 0.803
Elovich a=286.19 f=0.188 0.887
Langmuir K=0.003 S =217.4mg/g 0.942

Freundlich Kf=2.54 n=0.617 0.904
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Figure 4. Effects of pH, temperature, and ionic strength on the
adsorption of ammonium onto CS300.

4. Conclusions

Nine biochars were prepared from agricultural residuals
at different pyrolysis temperatures. All of them showed
good sorption ability to ammonium in aqueous solu-
tions; however, the biochars produced at lower temper-
ature were better. The low-temperature biochars showed
fast and high sorption of ammonium with the Langmuir
maximum sorption capacities higher than 200 mg/g.The
sorption of ammonium onto the biochar was relatively
high at various experimental conditions. All these results
suggested that biochars, particularly low-temperature
biochars, derived from agricultural residuals could be
used as an alternative adsorbent to remove or reclaim
ammonium ions from water.
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