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Abstract: Previous studies for removal of ammonium from wastewater were mainly conducted
using biochars produced from agricultural residue. Feedstock type (agricultural residue, wood,
animal waste, and aquatic waste), as well as pyrolysis temperature, can significantly influence
biochar properties and hence its adsorption capacity. Such studies are useful in decision making for
selecting biochar depending on feedstock availability and pyrolysis temperature. This study aims to
explore the effects of different types of biochar (laboratory prepared novel water hyacinth and algae
biochar, conventional cedar wood, rice straw, and pig manure biochar) on the adsorption kinetics
for ammonium removal from wastewater. The adsorption kinetics of biochars were compared to
that of commercially available clinoptilolite and interpreted with their respective physicochemical
properties (SEM, FTIR, XRD). Batch tests were performed to evaluate the effects of biochars on
adsorption of ammonium nitrogen at different concentrations (10 mg/L and 100 mg/L). The tests
reveal that clinoptilolite has the highest adsorption capacity. Among biochars, pig manure (animal
based) biochar has a higher adsorption capacity in comparison to conventional agricultural residues
based biochars. The capacity of pig manure biochar under highly concentrated ammonium solution
(100 mg/L) is merely 20% lower than that of clinoptilolite. Both water hyacinth and algae biochar
produced at higher temperature (600 ◦C) show higher sorption rate and capacity (depending on
the initial concentration of ammonium) for ammonium in comparison to that produced at a lower
temperature (300 ◦C). This is likely due to an increase in porosity at higher temperatures of pyrolysis.

Keywords: agricultural residue; aquatic species; biochar; ammonium nitrogen adsorption;
pyrolysis temperature

1. Introduction

Nitrogen (N) is a critical nutrient required for subsistence of all living organisms [1]. Usage of the
nitrogenous fertilizer, in agriculture, is beneficial for plant growth and survival. Ammonium is one
such type of nitrogenous fertilizer which is predominantly used in agriculture as a high-N fertilizer.
However, in recent years, a substantial amount of ammonium has been deposited into water bodies
via agricultural runoff, municipal, and industrial effluent, causing widespread eutrophication of seas,
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lakes, and rivers. Therefore, it has become imperative to control the excessive discharge of ammonium
into water bodies.

In addition to the conventional biological ammonium removal processes, various other
physicochemical or a combination of these methods have been developed to remove ammonium from
wastewater, such as membrane filtration [2], ion exchange [3], chemical methods of precipitation [4],
biological treatment [5], and adsorption [6]. Among most of these mentioned ammonium removal
technologies, adsorption is a promising alternative with a potential to recover and reclaim N for
economic and effective land application. Ammonium adsorption is performed using solid porous
materials with large surface areas and high affinities to strongly interact with the target material.
Various adsorption materials, such as carbon (C) nanotubes, clinoptilolite (a natural material widely
recognized for its ammonium adsorption application), and activated C have successfully demonstrated
their capability to remove ammonium [7]. However, most of these adsorbents are expensive, have
poor adsorption ability, or are not suitable to reclaim N. Therefore, it is necessary to develop novel
engineered materials that are highly efficient, cost-effective, and environmentally friendly for the
purposes of reclamation of N from wastewater.

Biochar is a porous carbonaceous solid material with a high degree of aromatization and strong
anti-decomposition ability that is produced by the thermal decomposition of biomass (e.g. plants
and animal waste) under limited oxygen conditions [6–8]. Previous studies have shown that biochar
application is a potential sustainable approach for saving irrigation water [9], removal of dimethyl
sulfide [10], and soil carbon sequestration [11]. Owing to its large specific surface area, high density of
negative surface charges, surface functional groups, adoption of biochar to remove or reduce organic,
and inorganic contaminants from water/wastewater, including ammonium has been reported [8]. The
molecular structure and the pore size distribution of the produced biochars depend majorly on two
factors: (a) the type of feedstock (such as plant-based (wheat, wood, corn, straw, etc.) and animal based
(poultry litter, pig manure, etc.)) and (b) pyrolysis conditions (i.e., temperature, heating rate, N flow,
and water content) [12–15]. During the process of pyrolysis, biomass undergoes a variety of physical,
chemical, and molecular changes which consequently contribute to the adsorption and immobilization
of the target contaminant. For instance, biochars produced at higher temperatures tend to possess a
larger surface area and porosity compared to the biochar generated at a low temperature range. Such
variations may affect the adsorption performance of biochar [13]. Further, the type of feedstock may
also influence functions groups present in produced biochar, as different feedstocks are composed
of varying degrees of cellulose, hemi-cellulose, and lignin content. Woody biomass pyrolyzed at
higher temperature generates a more C-rich biochar compared to non-woody feedstock [16,17]. Also,
higher lignin and mineral content in the feedstock results in varying physio-chemical properties of
biochar [18].

Research (in literature) demonstrates that most biochars are produced from agricultural
residuals [19–22]. On the one hand, agricultural residuals exhibit a great amount of the global
production of crop biomass dry matter which are potentially available for biochar pyrolysis [23]. On
the other hand, crop biochar application does not only lead to enhanced soil carbon sequestration
and plant available nutrients [14,24], but also decreases the toxicity of contaminants in soil [25–28],
especially in aqueous solutions [26]. For instance, Gao et al. [20] utilized biochars produced from
three different agricultural residuals (cotton stalks, corncobs, and peanut shells) and under three
different pyrolysis temperatures (300 ◦C, 450 ◦C, and 600 ◦C, respectively) for the removal of aqueous
ammonium. Khalil et al. [22] also analyzed removal of ammonium from fish farms using biochar
produced from rice straw. However, though these studies show the potential use of biochar for
ammonium removal from aqueous solution, they focused only on biochars generated from agricultural
residuals without looking into the possibility of animal waste and aquatic waste biochars that do not
compete with food chains. The effect of aquatic species such as Sargassum horneri algae and water
hyacinth (invasive species commonly found in South China) which have a negligible effect on food
chain and animal waste have been rarely utilized for biochar production and ammonium adsorption.
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These are available in abundance and considered harmful in nature, and thus utilization of such species
for biochar production and its associated ammonium adsorption capacity needs to be investigated.

This study attempts to evaluate the effects of different biochar types (from different feedstocks
such as agricultural, wood, animal, and aquatic) on the adsorption kinetics for ammonium removal
from wastewater. The feedstocks were selected based on their commonality in literature (rice straw,
cedar wood, and pig manure), as well as availability in east coast region (Shantou) of China (for aquatic
species such as water hyacinth and Sargassum horneri). Biochars from aquatic species do not usually
compete with the food chain, unlike agricultural residues, which have an alternative use in feeding
animals on small farms in mainly agrarian economies. Further, the effect of pyrolysis temperature
was also investigated for laboratory prepared biochars derived from aquatic species at 300 ◦C (low
temperature biochar) and 600 ◦C (high temperature biochar), respectively. Adsorption kinetics of
ammonium for biochars and micro-structural analysis were also compared with that of commercially
obtained clinoptilolite. Elucidation of the effect of the pyrolysis conditions and the type of feedstock
on adsorptive capacity of biochar for ammonium will be helpful in providing basic information to
support a detailed understanding of the biochar interaction with contaminants for the preliminary
design of bio-filtration systems for removal of ammonium from wastewater.

2. Materials and Methods

2.1. Production of Biochars from Aquatic Species Outside Food Chain and at Different Pyrolysis Temperatures

The materials used for the present study included (a) three commercially available biochars;
namely, pig manure biochar, cedar biochar, and rice straw biochar; (b) four laboratory produced
biochars; namely, water hyacinth and Sargassum horneri algae at two different pyrolysis temperatures;
and (c) one commercial clinoptilolite. The three commercial biochars were purchased from Jinguo
Boiler Company, China. According to the specifications provided by the manufacturer, pig manure
biochar was produced by heating pig manure mixed with rice husk particles at 600 ◦C; cedar biochar
was produced by heating cedar at 750 ◦C, and rice straw biochar was produced by heating compressed
rice straw at 600 ◦C, each for a heating time of 10 min and under a low oxygen environment. Costs
of rice straw biochar, pig manure biochar, and cedar wood biochar as provided by supplier were
approximately 0.86 USD, 0.87 USD, and 0.43 USD per kg, respectively. The cost of clinoptilolite
(0.46 USD per kg) was slightly higher than that of cedar wood biochar and lower than other biochars.

For laboratory produced biochars, the protocols as mentioned by Bordoloi et al. [20] were adopted.
Water hyacinth plants, an abundant cellulose biomass, and Sargassum horneri algae, an abundant
carbohydrate biomass were the precursors for biochar preparation. The feedstocks were washed under
clean tap water, sliced into pieces, and sundried for 4–5 days until the stem color changed from green to
brown. Dry water hyacinth and algae samples were separately processed through a fixed bed pyrolysis
reactor (OTF-1200X-100 Hefei Kejing) under 300 ◦C and 600 ◦C, respectively (refer to Figure 1), and
at a fixed pyrolysis time of 180 min. The carbonization process was conducted under low oxygen
conditions by covering both sides of the tube furnace (with an alundum combustion boat of 90 mm ×
90 mm × 30 mm) through an air valve and a constant heating time of 10 °C/min. Each time, 3–4 gram
of biochar was produced. The commercial clinoptilolite (particle size 2–3 mm) was purchased from
Liaoning Province in Northeast China. More details of the biochars investigated can be referred to in
Table 1.
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Table 1. Characteristics of different adsorbents.

Biochar Pyrolysis
Temperature (°C)

BET Surface
Area(m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameter (nm) References

Clinoptilolite 450 84.45 0.053 2.51 [29]
Pig manure 350 23.8 0.053 8.83 [19]
Pig manure 700 32.6 0.035 4.26 [19]
Rice straw 224 31.6 0.042 5.2 [30]

Cedar wood 460 259 0.088 21.1 [31]
Sargassum horneri 700 34.426 0.043 2.503 [32]
Water hyacinth 700 36.16 0.047 5.21 [33]
Water hyacinth 300 4.77 0.201 16.83 [33]

For laboratory prepared biochars, the cost was calculated by combining expenditure incurred for
1) Extracting (labor cost of 2 USD per kilogram of Water hyacinth and Algae); 2) Transportation cost
(0.3 USD) from water body to Laboratory at Shantou University; 3) Processing of both aquatic species
in laboratory, and 4) Pyrolysis process (mainly electricity cost of 24 USD). Total cost for production of
biochar of 1 kg from aquatic species was approximately 26.3 USD. The cost was significantly higher as
compared to commercially purchased biochars, which were produced at a much larger scale. For the
current study, which was conducted at a very small scale (0.105 kg of biochar required), it is therefore
not scientific to conduct any cost comparison. Further systematic studies are required in the direction
of cost comparison of production of biochar from different feedstocks considering its scale.

Figure 1. Overview of newly laboratory prepared biochars from aquatic species in this study at two
different pyrolysis temperatures (300 ◦C and 600 ◦C). Apart from these biochars, three other biochars
(pig manure, cedar wood, rice straw) and commercially used clinoptilolite were utilized in this study
for adsorption of ammonium.

2.2. Characterization of Laboratory Prepared Produced Biochars and Clinoptilolite.

The microscopic structures of the adsorbents were analyzed by a high-resolution scanning electron
microscope (SEM) (Gemini 300, Carl Zeiss AG, SEM) with an acceleration of 0.5 and 1KV. X-ray
power diffraction (XRD) analysis was performed using a computer-controlled X-ray Diffractometer
(D8 ADVANCE, Bruker) equipped with a stepping motor and graphite crystal monochromator, at a
scanning rate of 0.02◦/sec for 2θ ranging between 5 to 50◦. Infrared spectra of the biochar were recorded
on a Fourier transform infrared spectrometer (Nicolet6700, Somerfield, FTIR). The FTIR spectrum
was recorded over a wavenumber range of 4000–800 cm−1, with 32 scans performed, under a spectral
resolution of 4 cm−1 (details of the methods can be referred to Garg et al. [34] and Kumar et al. [35])

2.2.1. Morphological Properties of the Materials

Figure 2a–h shows the SEM micrographs of biochars at two magnifications (i.e., 500×, 1000×).
SEM images of pig manure biochar (Figure 2b) display a large porous and foam-like structure (but the
greater size particles may result in lower surface-to-volume ratio in the biochar). Cedar wood biochar
(Figure 2d) shows a layered structure in accordance with water hyacinth and algae biochar (Figure 2e,f)
at 300 ◦C. The planar cleavage and smoothened surface of the water hyacinth and algae biochar may
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be due to volatilization of all hydrocarbons. The effect of temperature can be clearly seen in biochars
produced from water hyacinth (Figure 2e–g) and Sargassum horneri algae (Figure 2f–h). As observed,
the rise in temperature will result in carbonization of biomass, that will in turn result in a release of
volatile matter from char generating higher pores and surface area. Thus, the biochar produced at
600 ◦C can be seen to be further inerratic and flat, in comparison to the biochar produced at lower
temperature, with several micro pores on the surface, demonstrating an increase in surface area and
thereby providing additional sites for adsorption, nutrients, and water retention. Rice straw biochars
(refer Figure 2c) have a small pyramidal (hollow and porous) structure, with a high surface-to-volume
ratio making it suitable for high adsorption.

Figure 2. Cont.



Sustainability 2019, 11, 7136 6 of 18

Figure 2. Cont.



Sustainability 2019, 11, 7136 7 of 18

Figure 2. Scanning electron microscope (SEM) images of (a) Clinoptilolite; (b) pig manure biochar;
(c) rice straw biochar; (d) cedar wood biochar; (e) water hyacinth biochar (300 ◦C); (f) Sargassum horneri
biochar (300 ◦C); (g) Water hyacinth biochar (600 ◦C); (h) Sargassum horneri biochar (600 ◦C).

On the other hand, clinoptilolite (Figure 2a) appears to have large tabular crystals with a porous
structure, smaller particle size, and high silica content that will result in a higher surface area and
porous characteristics.
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2.2.2. Atomic and Molecular Structures of the Materials

Figure 3a–h shows the XRD patterns of all the adsorbents. As evident from the figures, the
characteristic peak at 2θ = 26.7◦ and 29.3◦, displayed for all the adsorbent types, corresponds to Quartz
and Calcite, respectively. Calcite and quartz are the most commonly found minerals in biochar due
to carbonation of Ca oxide. The peaks at 2θ = 28.3◦, 31.3◦, and 40.4◦ in the case of pig manure and
rice straw biochar represents Whitlockite mineral due to the presence of phosphate in the feedstock.
The presence of calcite is probably due to high Ca content found in the pig manure feedstock due
to pig diets. For rice straw biochar, additional Quartz peaks are displayed at 2θ = 20.9◦, 26.6◦, and
39.5◦, demonstrating its crystalline behavior. Sylvite peaks are located at 40.7◦ in the case of rice straw
biochar and aquatic biochars for both temperatures of pyrolysis (300◦C and 600◦C). In contrast, wood
biochar does not display any peak, hence confirming its amorphous nature. However, the commercially
obtained clinoptilolite displayed its crystalline nature with the existence of Quartz peaks with 2θ at
9.8◦, 11◦, 13◦, 17.3◦, 18.7◦, 22.2◦, 26.6◦, 29.9◦ and31.9◦. This observation is in coherence with the FTIR
spectrum (Figure 4) which confirms the main components of clinoptilolite to be SiO2 and Al2O3.

Figure 3. Cont.
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Figure 3. The XRD results of (a) Clinoptilolite; (b) Pig manure biochar; (c) Rice straw biochar; (d) Cedar
wood biochar; (e) Sargassum horneri (300 ◦C); (f) Sargassum horneri (600 ◦C); biochar; (g) Water
hyacinth (300 ◦C); (h) Water hyacinth (600 ◦C) (Q = Quartz, C = Calcite, S = Sylvite, W = Whitlockite).

2.2.3. Chemical Structure of Clinoptilolite and Biochar

The Fourier Transform infrared spectroscopy (FTIR) spectra of selective biochars (as some biochars
did not show peaks) and clinoptilolite are shown in Figure 4a–d. FTIR spectroscopy can provide
direct information on the existence of different surface fractional groups present in the organic matter
of biochars. For pig manure biochar (refer Figure 4a), the strongest peak position is observed near
1039 cm−1, 875 cm−1 and 1417 cm−1. This can be attributed to C-O stretching, aromatic C-H and C = C
aromatic stretching, respectively. The peaks at 875 cm−1 and 1417 cm−1 are indicative of calcite, which
are in agreement with the XRD analysis. However, in Figure 4b, the peak position in the FTIR spectra
of wood biochar seems to be unclear, implying that there is mainly presence of amorphous C along
with the absence of C-O and C-H groups; hence, humidity and lower carbon content. The figure of
wood biochar is consistent to its XRD result. The FTIR spectra of rice straw biochar (refer Figure 4c)
is very similar to that of pig manure biochar with broad bands centered at 874 cm−1, 1088.3 cm−1,
1610 cm−1 and 3411 cm−1 representing stretching of aromatic C-H, C = O, C = C, and −OH, respectively.
The occurrence of the bands at 874 cm−1 can also be due to an increasing degree of condensation
of organic compounds in the biochar. FTIR (refer Figure 4d) of clinoptilolite shows broad band at
3500–3300 cm−1 and 1600–1650 cm−1 illustrating discrete water absorption bands attributed to –OH
bonds or phenolic groups. From Figure 4, it can be further concluded that clinoptilolite has TO4 (T = Si
and Al) (stretching at 1036 cm−1) as well as C = O (stretching at 1730 cm−1) [36]. From the FTIR results,
it is observed that rice straw biochar and clinoptilolite have aromatic C compounds and moisture. Peak
shifting is observed to the lower wavenumber for pig manure, which shows an increase in mass of the
C = O molecule in comparison to straw biochar. This is because frequency of vibration is inversely
proportional to mass of the vibrating molecule; hence, the lighter the molecule is, the higher vibration
frequency and wave numbers, revealing pig manure biochar has higher aromatic content than straw
biochar samples.
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Figure 4. FTIR spectra of (a) Clinoptilolite (b) pig manure biochar; (c) rice straw biochar; (d) cedar
wood biochar; (e) Sargassum horneri (300 ◦C) biochar; (f) Sargassum horneri (600 ◦C) biochar; (g) water
hyacinth (300 ◦C) biochar; (h) water hyacinth (600 ◦C) biochar.

2.3. Testing Procedure for Batch Experiments.

Adsorption kinetics: 5 g of each biochar was mixed with 50 mL ammonium solution prepared at
two different concentrations (i.e., 10 mg/L and 100 mg/L) and the adsorption kinetics of ammonium
was analyzed. The Erlenmeyer flasks (250 ml, used for preparation of ammonium solution) were
covered with plastic film for minimizing evaporation. The flasks were then immediately placed in a
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constant temperature shaker (25 ± 0.5 ◦C) and shaken at 150 rpm for uniform mixing of biochar with
the ammonium solution. 1 mL of the suspension was taken from each flask at different time intervals
i.e., 0 to 240 min, for analysis of Total Ammonium Nitrogen (TAN) concentration in the remaining
solution. TAN was measured using a UV-visible spectrophotometer 752 (Spectrum Instruments,
China) following the colorimetric procedure as described by [37]. All samples were tested against
their absorption prior to reagent addition. The adsorbed TAN concentrations on all material samples
were calculated based on the difference between the liquid phase initial prior to biochar addition and
final TAN concentrations. The experimental treatments trials were performed in three replicates and
average value is reported.

Adsorption isotherms: The adsorption isotherm of ammonium onto the biochar was attempted
by mixing the biochar at different dosages (i.e. 10, 20, 50, 80, 100, 120, and 150 mg/L) with 250 mL of
different concentrations of ammonium solution in Erlenmeyer flasks. The flasks were shaken on the
constant temperature shaker (25 ± 0.5 ◦C) at 150 rpm for 240 min. Water samples were then withdrawn
to measure the TAN concentration with the method mentioned above. A pH of 7 was maintained
throughout the tests, as it was found to be the most optimal range of adsorption efficiency [22].

The ammonium uptake (Qe) was calculated using the following equation:

Qe =
(C0 − Ce)V

M
(1)

where,

Qe—the amount of total adsorbed ammonium (mg/g)
C0—initial concentrations of ammonium in solution (mg/L)
Ce—equilibrium concentrations of ammonium in solution (mg/L)
V—the solution volume (L)
M—the adsorbent weight (g)

The fitting parameters of Lagergren pseudo-first order kinetics, pseudo-second order kinetics
and Langmuir isotherm were obtained using the cftool function in Origin 8.0 software (OriginLab
Corp, USA). Adsorption kinetics of ammonium were described from both pseudo-first-order model as
Equation (2) and pseudo-second-order model as Equation (3):

ln(Qe −Qt) = ln Qe − k1t (2)

t
Qt

=
1

Q2
e

k−1
2 +

t
Qe

(3)

where,

k1—the rate constant of pseudo-first order (min−1)
Qt—adsorption capacity of nitrogen at interval time of t (mg/g)
k2—the rate constant of pseudo second order (g/(mg·min))

Adsorption process of nitrogen was described by Langmuir model as Equation (4)

Ce

Qe
=

1
QmaxkL

+
Ce

Qmax
(4)

Qmax—the maximum adsorption capacity of nitrogen (mg/g)
kL—the Langmuir constant (L/g)
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3. Results and Discussion

3.1. Ammonium Adsorption Kinetics of Different Adsorbents

Dynamics of Ammonium Nitrate adsorption in 10 mg/L and 100 mg/L are presented in Figues 5
and 6, respectively. The experimental results were fitted to the kinetic models of pseudo-first order and
pseudo-second order as given in Figures 5 and 6. The pseudo-second order model is most acceptable
in describing adsorption kinetics of nitrates on biochar [19,38]. As observed in the figures, it can be
highlighted that the rate of adsorption takes place in two phases; for the initial phase within retention
time up to 200–300 min, about 60–70% of the adsorption is completed (for all the studied adsorbents)
and the later phases, remaining adsorption takes place until it reaches an equilibrium state. Higher
adsorption rate in the beginning can be due to initial accumulation of ammonium on the surface of
biochar during the first 240 min. After initial accumulation, the surface of biochar tends to be saturated
with ammonium, thereafter, causing repulsion of further ammonium ions. This trend is consistent
with the studies obtained by Gao et al. [20] and Khalil et al. [22]. However, the adsorption capacity
(Qe) values obtained in the present study are much lower (in an order of 10 times) than that observed
by Gao et al. [20], which may be due to variation in the testing conditions of feedstock. Gao et al. [20]
and Khalil et al. [22] utilized biochar from crop residues (cotton stalks, corncobs, and peanut shells),
along with very high ammonium concentration of 500 mg/L mixed with NaCl. However, Qe values
of the current study are comparable with the results obtained by Zhang et al. [19], where biochar
was generated from raw corn and tested for its adsorptive capacity for ammonium solution of up
to 160 mg/L. Natural clinoptilolite has exhibited the highest adsorption capacity (Qe = 0.38 mg/g)
compared to all biochars utilized in this study, which may be due to deprotonating of carboxyl and
phenolic groups or precipitation of the free aluminum as oxides, resulting in the negatively charged
organic groups serving as the adsorption sites for ammonium [39,40]. However, the adsorption capacity
of clinoptilolite in 100 mg/L ammonium solution was more than 6 times that in the solution of 10
mg/L ammonium. The trend is similar for biochars as well, but the differences in their adsorption
capacity vary as compared to clinoptilolite. This seems to suggest that for maximizing efficiency of any
adsorption material to be used in a biofilter system, it is important to understand the concentration of
ammonium in an incoming effluent.

Among all biochars, pig manure (from animal waste) seems to have the highest adsorption
capacity (0.2 mg/g), followed by rice straw biochar (0.09 mg/g) and cedar wood biochar (0.08 mg/g).
Khalil et al [21] explored utilization of one type of biochar from rice straw (activated using soaking
with NaOH) for adsorption of ammonium from fish wastewater. Their study found that rice straw
biochar shows adsorption capacity ranges from 1–4.5 mg/g for concentration of ammonium solution
up to 25 mg/L. The studies undertaken by Khalil et al. [22] produced activated biochar, with necessary
pre-activation process, was not the same in case of the commercially available biochar used in the study.
Lower values of ammonium adsorption in the present study could be due to differences in the biochar
activation process. The laboratory produced biochars from aquatic species such as water hyacinth and
algae showed least adsorption capacity (< 0.8 mg/g). The reason for this is probably due to a lack of
carboxyl ((C = O) and OH—groups in plant-based biochars (wood and aquatic species) as compared
to pig manure. Further, there is also a lower density of quartz in cedar wood as well as algae/water
hyacinth biochars as compared to pig manure. This explains the reason of least adsorption rate in
the case of cedar wood, algae, and water hyacinth biochars. Interestingly, aquatic species biochars
produced at a higher pyrolysis temperature (600 ◦C) show consistently higher adsorption capacity in
the beginning (~ 50 %), but their difference becomes negligible at equilibrium. This shows that the rate
of adsorption is faster in biochar produced at higher temperatures. The result is in contrast to a study by
Gao et al. [20] where biochars produced from low pyrolysis temperature (obtained from crop residues
such as cotton stalks, corncobs and peanut shells) shows faster sorption rate or higher adsorption
capacity, in the presence of NaCl added to ammonium solution. Additionally, it can be understood
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that depending on the feedstock (crop residue or aquatic species) composition, i.e. cellulose, lignin,
and hemi-cellulose content, the quality of the produced biochar can vary significantly [41,42].

The pyrolysis (mainly cellulose and hemi-cellulose) at a lower temperature of around 400 ◦C
can lead to release of aliphatic and labile compounds whereas, pyrolysis (mainly lignin) at higher
temperatures (> 500 ◦C) can lead to release of carbon dioxide, ethylene, and ethane [43]. Therefore,
biochar produced mainly at lower temperature may not be fully charred and may contain mobile
organic compounds [44]. These mobile organic compounds can be released during leaching and may
lead to toxic effects [43]. Yao et al. [45] also investigated effects of various biochars from peanut hull,
Brazilian pepperwood, sugarcane bagasse, and bamboo on adsorption and leaching of ammonium. It
was found that biochars produced at a higher pyrolysis temperature (~ 600 ◦C) are likely to reduce
leaching of nutrients. In the current study, however, no signs of leaching from biochars was observed
during the testing period. It is suggested that long-term studies need to be conducted for biochars
(especially produced at lower temperature of 300 ◦C) in order to explore possible leaching effects.

Figure 5. Adsorption kinetics curves of different adsorbents such as (a) Clinoptilolite; (b) Pig manure
biochar; (c) Rice straw biochar; (d) Cedar wood biochar (e) Sargassum horneri (300 ◦C) and Sargassum
horneri (600 ◦C) biochar; (f) Water hyacinth (300 ◦C) and Water hyacinth (600 ◦C) biochar in initial
10 mg/L ammonium solution.

Interestingly, the adsorption capacity of pig manure rises to around 2 mg/g (~9 times) in an
ammonium solution of 100 mg/L (Figure 6). The adsorption capacity of pig manure is only 20% lower
than that of clinoptilolite. Rice straw biochar also possesses higher adsorption capacity (1.4 mg/g;
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Figure 6) in a solution of 100 mg/L. For other biochars such as water hyacinth and algae, the effect of
an increase in concentration of solution seems to be lower, suggesting that the effect of an increase
in concentration of ammonium solution is higher in pig manure and straw biochars. By comparing
Figures 5d–e and 6e–f, it was noticed that the effect of a difference in pyrolysis temperature (300 ◦C
and 600 ◦C) increased significantly with an increase in ammonium concentration (from 10 mg/L to
100 mg/L). However, towards equilibrium, the difference can be noticed only for water hyacinth biochar
and not for algae biochar. It is reasonable to confirm that pyrolysis temperature has more influence on
the sorption rate than its capacity (at equilibrium) in both types of biochar. The further investigation,
on comparison of the characteristics of the pristine materials before and after the adsorption (Figure 7)
revealed clear change in peaks as observed in an FTIR analysis for both clinoptilolite and rice straw
biochar, indicating that adsorption has taken place.

Figure 6. Adsorption kinetics curves of different materials such as (a) Clinoptilolite; (b) Pig manure
biochar; (c) Rice straw biochar; (d) Cedar wood biochar; (e) Sargassum horneri (300 ◦C) and Sargassum
horneri (600 ◦C)biochar; (f) Water hyacinth (300 ◦C) and Water hyacinth (600 ◦C) biochar in initial
100 mg/L ammonium solution.
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Figure 7. FTIR spectra of pristine materials and after the adsorption (a) Clinoptilolite; (b) Rice
straw biochar.

3.2. Ammonium Adsorption Kinetics of Different Adsorbents

Langmuir adsorption isotherm was utilized to demonstrate the equilibrium between the adsorbent
and adsorbed material (i.e. biochar and ammonium). This isotherm is seen to best fit the equilibrium
data (with all adjusted R2 > 0.91), indicating the homogeneous adsorption of ammonium into the
surface of the biochar (Figure 8).

Figure 8. Adsorption isotherms curves of different materials such as (a) Clinoptilolite; (b) pig manure
biochar; (c) rice straw biochar; (d) cedar wood biochar; (e) Sargassum horneri (300 ◦C) and Sargassum
horneri (600 ◦C) biochar; (f) water hyacinth (300 ◦C) and water hyacinth (600 ◦C) biochar.
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4. Conclusions

This study demonstrates the effect of different biochar types (from agricultural residue, wood,
animal-based, and aquatic species), as well as pyrolysis temperature (for biochars from aquatic species)
on adsorption capacity for ammonium nitrogen. An attempt was made to interpret adsorption
mechanism of all biochars using their micro-structural analyses (SEM, XRD, and FTIR). The results of
adsorption capacity for all biochars were compared with that of commercial clinoptilolite.

Clinoptilolite has the highest adsorption capacity in both low and highly concentrated ammonium
solutions. It can be therefore used as a standard reference adsorbent to quantify effects of the newly
developed biochar. Pig manure (animal-based) biochar has the highest adsorption capacity, followed
by agricultural residues based (rice straw) biochar and wood-based biochar. Among all biochars,
aquatic-based biochars have the lowest adsorption capacity. The capacity of pig manure biochar
increases significantly under a highly concentrated ammonium solution (100 mg/L) and is merely
20% lower than that of clinoptilolite. Both water hyacinth and algae biochar produced at higher
temperatures shows higher sorption rate and capacity (depending on the initial concentration of
ammonium) for ammonium as compared to that produced at lower temperatures. This is likely due to
an increase in porosity at higher pyrolysis temperature. Further, comparison of expenditure incurred
during production of biochars needs to be conducted to carry out cost-benefit analysis for using various
biochars in different applications (wastewater treatment at certain scale). In addition, systematic
studies need to be conducted to quantify any possible leaching from biochars (especially produced at
pyrolysis temperature ~ 300 ◦C).
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