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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos Biochar is a solid material obtainable from biomass pyrolysis and useful for pollution alleviation and soil

amendment. In this study, Biochars A and B were produced from elephant grass at pyrolytic temperatures of 400

Keywords: °C and 600 °C, respectively, for removal of nitrate ion from aqueous solution. The physicochemical character-
Elepgam grass istics of the biochars were evaluated. The biochars were also characterised using Fourier Transform Infrared
Biochar

(FTIR) spectroscopy, Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), and X-ray Diffraction
(XRD). Operational variables such as pH, contact time, and concentration of nitrate ion were varied and optimum
variables were obtained. Kinetic and equilibrium data were subjected to kinetic (pseudo-first order, pseudo-
second order, Avrami fractional order, Elovich and intraparticle diffusion) and equilibrium (Langmuir,
Freundlich, Liu, and Redlich-Peterson) models, respectively, to elucidate the interaction between the nitrate ion
and biochars. The yields of Biochars A and B were 41.40 % and 32.25 %, respectively. The two biochars
possessed good cation exchange capacity, water-holding capacity, carbon stability, and porosity. Avrami frac-
tional kinetic order was the best model that explained the kinetic data. Maximum adsorption capacities obtained
from Liu model (the best equilibrium model) are 140.7 and 237.5 mg g~ * for Biochars A and B, respectively.
Adsorption process was spontaneous and exothermic. There was a decrease in the disorderliness in the nitrate-
biochar system. Biochar B performed better than Biochar A for removal of nitrate ion from water. In summary,
the biochars produced from elephant grass excellently removed nitrate ion from solution and could be utilised for
water decontamination.

Nitrate ion

Pyrolysis

Liu isotherm

Avrami fractional order

deforestation bring about movement of carbon from the lithosphere and
biosphere to the atmosphere higher than the amount plants can utilise

1. Introduction

Agricultural wastes (biomass) are being turned out in large quanti-
ties yearly by many countries as the population growth increases. It is
disheartening to know that some of the agricultural wastes are thrown
away without utilising them for constructive purposes. Indiscriminate
disposal of biomass eventually results in environmental pollution and
various health challenges for living organisms including man [1,2].
Unwanted and dangerous gases are released enormously into the at-
mosphere when agricultural wastes decompose and fossil fuel is burned.
Agricultural sector is a major source of atmospheric greenhouse gases
(GHGs) and, in most cases, the majority of the emitted GHGs are not
consumed. Emission of CO2 (one of the GHGs) as a result of soil respi-
ration is quite higher than the emission from burning of fossil fuels [3].
Tilling of agricultural fields, burning of fossil fuels, and excessive
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for photosynthesis [3]. A number of problems in our planet earth are due
to an increase in the atmospheric concentration of GHGs being released
into the atmosphere [4]. Therefore, it is important to reduce the emis-
sion of GHGs from agricultural soil so as to alleviate the challenges of
climate change. Environmental pollution undoubtedly constitutes a
great danger to the ecosystem. In view of the problems emanating from
careless disposal of the biomass in the ecosystem, there is an urgent call
for optimal biomass utilisation for reduction in diverse environmental
issues ranging from GHGs emission to pollution, leaching of soil nutri-
ents and pandemic [5,6]. The good news is that there are reduction
technologies, such as energy conservation and the usage of renewable
energy, for emission of GHGs. The presence of biochar in soil can indi-
rectly reduce the emission of GHGs [3].
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Nitrogen exists in soil in form of organic nitrogen compounds, nitrate
and ammonium, however, nitrate is the main form of nitrogen that
plants consume. Nitrate contamination in the soil arises from applica-
tion of nitrogen fertilisers (such as ammonium sulphate), livestock
manure, aquaculture baits, sewage and septic wastes [7]. Nitrate is one
of the most widespread pollutants in drinking water [8] because nitrate
run-off is a source of eutrophication (nutrient accumulation in soil),
which is accelerated via anthropogenic activities. Eutrophication pro-
cess degrades the water ecosystem and could lead to fish death, algal
bloom, and economic loss [9]. Nitrate is a groundwater pollutant and its
presence in potable water constitutes a risk to human health and can
cause methaemoglobinemia (blue baby syndrome) and cancer in chil-
dren [10]. High concentration of this pollutant in agricultural soil can
equally result in several environmental damages. The challenges pose by
the presence of nitrate in water have made World Health Organization
(WHO) to set threshold limit of < 50 mg/L as the permissible concen-
tration of nitrate-nitrogen in drinking water [11].

Conventional water treatment techniques, such as filtration and lime
softening, cannot be used for elimination of nitrate ion from water
because nitrate is highly soluble and stable in water [12]. There are
many viable methods for nitrate removal in water. Some of the nitrate
removal methods are biological denitrification, electrodialysis, reverse
osmosis, ion exchange and adsorption [10]. There are many limitations
to the usage of some of the aforementioned methods. Some of the
methods are slow and inefficient while installation and maintenance
cost of some of these methods is high [13]. Specifically, ion exchange
resins have selectivity problem and the resins may retain other anions
that can destabilise equilibrium of the ionic composition [14] while
biological denitrification requires specific microorganisms for perfor-
mance [12]. Adsorption method is the most outstanding, simplest, best,
most efficient and most economical method for nitrate ion uptake from
water [15,16].

Biochar is a stable carbon-rich solid product obtained when biomass
is thermally decomposed (pyrolysed) in a closed system or in a system of
restricted air conditions between 350 °C and 700 °C [17]. Pyrolysis
thermally decomposes the carbohydrate structure of biomass into
carbonaceous solid residue (biochar), and condensable and
non-condensable vapours of diverse compounds of different molecular
weights. Biochar is a value-added product that can be used for various
purposes such as energy production, soil remediation and fertilisation,
reduction of greenhouse gas emission, carbon sequestration, and
adsorption of pollutants [18-21]. When biochar is added to soil, it
buffers the pH, increases the water-holding capacity and increases the
cation exchange capacity of soil. Biochars are also good materials for
retention of hazardous compounds [15].

Elephant grass is a perennial native weed of Africa, which is used as
forage for livestock. The scientific name of elephant grass is Pennisetum
purpureum Schum. It is a tufted grass that can grow up to 4 m high with
pale green leaves (up to 4 cm width). It has a strong midrib tapering to a
fine point and the grass can be used for ornamental purposes and
structural landscaping [22]. Elephant grass is a widely cultivated plant
and can spread by man, wind and water. In appearance, the grass is
similar to sugar cane but has narrower leaves and shorter than sugar
cane that can grow up to 6 m [23].

Agricultural wastes can be used in their native form for removal of
nitrate ion from water, however, their usage is marred with low
adsorption capacities in most cases [12]. The agricultural wastes can
therefore be converted to biochars for improvement in adsorption fea-
tures. Biochars have been prepared from a number of different kinds of
biomass, such as corncob [16], Douglas fir [24], sugarcane bagasse and
wood chips [25], sawdust [26], oak sawdust [27], birch wood [28],
wheat straw [29], soybean [30], and used for removal of nitrate ion from
aqueous solutions. The chemical and physical characteristics of biochars
depend on various factors such as the nature of the biomass feedstock,
residence time, reaction rate, and temperature of the pyrolysis [25,31,
32]. The temperature of pyrolysis of biochars has tremendous impact on
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the characteristics of biochars and this greatly influence the ability of
biochars to adsorb pollutants from aqueous solutions [33]. Zhao et al.
[16] prepared three types of biochars from corncob at three pyrolytic
temperature values (300 °C, 450 °C, and 600 °C). The biochars were
used for nitrate ion removal from aqueous solutions and it was found
that the biochar produced at 600 °C was the best adsorbent for nitrate
removal. In another study reported by Kameyama et al. [25], the of
biochars pyrolysed at 800 °C gave the best adsorption of NO3-N than
those pyrolysed at 400 °C and 600 °C. Similarly, date palm biochar
produced at 700 °C exhibited higher efficiency for removal of NO3—N
from aqueous solutions than the one pyrolysed at 300 °C [31]. This
observation was also supported by the report of Zhou et al. [26]

There is an emergent demand for development of effective technol-
ogies for removal of nitrate from natural water system. The idea of this
research was conceived to evaluate the possibility of using elephant
grass as feedstock for production of biochars and to probe further the
effect temperature on biochar characteristics. Other specific objectives
are to: (1) evaluate the adsorption properties of the elephant grass
biochars for removal of nitrate ion (NO3) from aqueous solutions, (2)
assess the adsorption characters of biochars by varying the pH, contact
time and concentration of nitrate ion in solution, and (3) evaluate the
adsorption data using kinetic models (pseudo-first order, pseudo-second
order, Avrami fractional order, Elovich and Intraparticle diffusion),
equilibrium models (Langmuir, Freundlich, Liu, and Redlich-Peterson)
and thermodynamic equations such as van’t Hoff equation.

2. Materials and methods
2.1. Preparation of biochars

All the reagents used in this work were of analytical grades and used
without further treatment. The solutions were prepared using double
distilled water. The biomass, elephant grass (Pennisetum purpureum S.),
was collected from the Teaching and Research Farm of The Federal
University of Technology, Akure, Nigeria. The biomass, which was used
as feedstock or precursor for the research work, was washed, cut into
small pieces, sun-dried for 21 days, subsequently oven-dried for 24 h at
105 °C in the laboratory, and stored in a clean polythene bag until usage.

Biochars were produced from the dried elephant grass using a locally
constructed fixed-bed slow pyrolytic reactor (thermochemical reactor)
of ca. 17.4 L capacity. The reactor consisted of pyrolytic canister,
furnace, condensing unit, digital electronic control unit, water reservoir,
water pump flow meter, control valve, and interconnected pipe for
collection of liquid and gas products. The reactor can withstand pressure
of 2.3 MN/m? and temperature up to 1200 °C [34]. The temperature of
the reactor was set at 400 °C and 600 °C to produce Biochars A and B,
respectively. The biochar was the residual product inside the reactor
after pyrolysis. The two biochars produced in this study were not
chemically modified because they were also used for soil amendment
[351.

2.1.1. Characterisation of Elephant grass and biochars

The percentage yield, elemental composition, ultimate, and physi-
cochemical analyses of the elephant grass and biochars were investi-
gated using standard methods, such as Official Methods of Analysis of
the Association of Official Analytical Chemists (AOAC) and American
Society for Testing Materials—Miscellaneous Materials (ASTM D-2866)
methods. The elephant grass and the Biochars A and B were also char-
acterised using Fourier Transform Infrared (FTIR) spectroscopy, Scan-
ning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), and X-
ray Diffraction (XRD) spectroscopy.

The yield in percentage of biochar was determined from the mass of
the biochar obtained after pyrolysis and the mass of dried elephant grass
used for pyrolysis as shown in Eq. (1).
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massofbiochar(g)

Yieldofbiochar(%) = x 100 @

massofelephantgrass(g)

The percentage yield of liquid condensates was evaluated using Eq.
(2). The percentage of non-condensable gaseous products was deter-
mined using Eq. (3).

massofliquid(g)

Yieldofliquidcondensate(%) = x 100 (2)

massofelephantgrass(g)

%ofgaseousproduct = 100 — (%yieldofbiochar + %yieldofliquidcondensate)
3

The elemental (CHN) analysis was performed using Elemental Ana-
lyser (Thermo Fisher Scientific 2000) while the amounts of extractable
macro- and micro-nutrients (N, P, K, Na, Ca and Mg) were determined
using Inductively-coupled Plasma-Mass Spectroscopy (PerkinElmer)
after acid digestion of the biochars.

Fourier transform infrared spectroscopy is an efficient characterisa-
tion tool for identification of functional groups present in an unknown
sample [36]. The powdered samples and KBr were separately oven-dried
at 105 °C for 6 h, and stored in a desiccator for 72 h before FTIR analysis.
The FTIR of the samples were recorded over a scanning range of 500
cm™! to 4000 cm™ on FTIR spectrophotometer (Perkin Elmer, PE 100).
The elephant grass and the biochars were prepared for SEM/EDX by
double coating the samples with palladium in order to charge the
samples. The micrographs were measured at an accelerating voltage of
15 kV on JEOL JSM-6390LYV scanning electron microscope to determine
the surface morphologies of the samples. The EDX analysis was carried
out to determine the elemental composition of the samples. Samples
were carbon sputtered and the corresponding cross-sections were ana-
lysed at accelerating voltage of 15 kV. The quantification of the potas-
sium/carbon intensity ratio was added up to 100 % at the surface for
each sample. X-ray diffractograms of the samples were obtained using
Shimadzu diffractometer (XRD-600) with monochromatic Cu Ko radia-
tion (A =0.1542 nm).

2.2. Preparation of solutions and procedure for adsorption study

A 1.0 g/L of the stock nitrate solution was prepared by weighing an
accurate mass of potassium nitrate (KNOs) and dissolving it using
double distilled water. Different working solutions of nitrate ion were
prepared from the stock solution by serial dilution using double distilled
water.

Adsorption experiments were performed three times using batch
adsorption methods to test the potentials of Biochars A and B, prepared
from Elephant grass, as adsorbents for removal of nitrate ion (NO3) from
the aqueous solutions. For a routine adsorption procedure, 50.0 mg of
adsorbent was put into different 25 mL round bottom Falcon tubes, each
containing 20.0 mL of nitrate solution (10-200 mg/L), which was
shaken thermostatically for a period (0-480 min) to achieve equilibrium
at a constant agitation speed of 160 rpm and at temperature ranging
from 298 K to 323 K. The initial pH values of the nitrate solutions ranged
from 6.4 to 6.8. The pH of each solution was adjusted to a desired value
(2.0-10.0) by drop-wise addition of 0.1 mol/L HCI or 0.1 mol/L NaOH.
The optimum pH was determined as the pH with the highest adsorption
of nitrate ion. It was on this premise that all other studies were inves-
tigated. After adsorption experiment, nitrate-adsorbent system was
centrifuged to separate the spent adsorbent. To calculate the concen-
tration of nitrate ion remaining in the solution, the absorbance of the
nitrate solution was measured at wavelengths of 220 nm and 275 nm [7,
10,30] using a double beam UV-vis spectrophotometer (Shimadzu
Model 1800). When necessary, an aliquot of the clear supernatant was
properly diluted with distilled water of specific pH before taking
absorbance readings. The percentage removal of nitrate ion and amount
of nitrate ion removed (by the Biochars A and B) were calculated by
applying Egs. (4 and 5), respectively.
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—C) 1
AdsorptionEfficiency = (C”CM (€))
c,—C,)V
L _(Cc) ©
m

In the above equations, q. is the amount of nitrate ion adsorbed by
the biochars in mg/g, C, is the initial nitrate ion concentration that was
in contact with the biochars in mg/L, C, is the nitrate concentration after
the batch adsorption procedure in mg/L, m is adsorbent mass in g, and V
is the volume of nitrate solution in L.

2.3. Statistical analysis and data modelling

The data obtained were subjected to statistical analysis to test the
significance differences, which were done using ANOVA (one-way
analysis of variance) and Duncan’s new multiple range test (DMRT) with
a p < 0.05 that indicated significance. Statistical package for Social
Science (SPSS) version 20 was used for these tests.

Adsorption data were obtained in three replicates and the means of
experimental data were used. The kinetic and equilibrium adsorption
data were fitted to non-linear models using OriginPro 9.6. The kinetic
models used were pseudo-first order, pseudo-second order, Avrami
fractional order, Elovich and intraparticle diffusion while Langmuir,
Freundlich, Liu, and Redlich-Peterson were the equilibrium models used
in this study. The values of adjusted determination coefficient (Rﬁdj) and
standard deviation (SD) were used to determine the model of the best fit.

3. Results and discussion
3.1. Physicochemical characteristics of the elephant grass and biochars

At the end of the slow pyrolysis of elephant grass, three different
products namely; biochar (solid), liquid condensates (bio-oil and bio-
tar) and non-condensable gases were obtained [35,37,38]. Pyrolysis
temperatures of 400 °C and 600 °C were used to obtain Biochars A and B,
respectively. The percentages of biochar, liquid condensates and gases
are ca. 41 %, 43 % and 16 %, respectively, for Biochar A. The respective
percentages are about 32 %, 58 % and 10 % for Biochar B. Table S1
presents the physicochemical data of the elephant grass and the two
biochars produced. The yields of the biochars decreased from 41.40 % to
32.25 % as the temperature was increased from 400 °C to 600 °C. This
observation followed results that have been reported earlier [39,40].
High pyrolysis temperature is associated with an increase in the amount
of water and volatile compounds as biomass decomposed [40]. As
shown in Table S1, the percentage of moisture content of dried elephant
grass was 10.20 %. This value decreased to 4.80 % (Biochar A) and 2.73
(Biochar B). The moisture content of feedstock has a significant effect on
the thermal process, because it affects heating value directly [41]. For
pyrolysis, an extra heat is required for vaporising the moisture content of
feedstock that contains high water content. Similarly, the reduction in
biochar yield with an increase in temperature may be related to trans-
formation of lignocellulosic composition of the biomass and also, to
dehydration of hydroxyl group [42]. Biochar production is always fav-
oured at lower pyrolysis temperature because condensation of aliphatic
compound at lower pyrolysis temperature is minimal.

The pH of elephant grass was determined as 9.33, this value
increased to 10.36 and 10.82 for Biochars A and B, respectively. The
elephant grass biomass and the biochars were alkaline; the results
agreed with earlier reports [43,44]. The elephant grass is rich in fibre
(41.97 %), cellulose (37.67 %) and hemicellulose (21.15 %). Significant
increase in ash content of elephant grass from 4.93 % (raw) to 23.91
(Biochar A) and 30.00 (Biochar B) was expected because more organic
components of biomass were pyrolysed at higher temperature.

The percentage of volatile matter of elephant grass was 82.44 %,
which is higher than the values reported in literature. The variation may
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be due to plant chemical compositions and some environmental factors.
Although, volatile matter composition insignificantly affects the release
of stronger bonds during thermal conversion of biomass, however, the
performance of feedstocks and the stability of the thermal conversion
products are significantly affected. High quantity of volatile matter of
the elephant grass biomass is associated to fast ignition potential of the
pyrolysis [41]. The values of organic, carbon, ash content, exchangeable
acidity, cation exchange capacity, and electrical conductivity are
directly proportional to temperature of pyrolysis while the values of
carbon stability, water-holding capacity and unstable organic carbon are
inversely proportional to pyrolytic temperature. Other properties of the
elephant grass and the biochars are available in Table S1.

The carbon content of feed stocks is important for recognition of
their potentials as carbon base application. The biomass used in this
research has significant amount of carbon material of 55.67 %. The
organic carbon of the biochar increased as the pyrolysis temperature
was varied from 400 °C to 600 °C because of the stability of biochar
against the biological degradation in soil [42]. Similar results on carbon
contents were also reported for different carbonisation temperature
values [45]. Comparing these results with earlier studies, it could be said
that pyrolysis at elevated temperature promoted the degree of carbon-
isation of biochars.

Table 1 shows the results of the elemental composition (macro- and
micro-nutrients) of the biochars at different pyrolytic temperature
values and it is observed from the table that nitrogen value of the bio-
char increased as the pyrolysis temperature increased from 400 °C to
600 °C, the nitrogen values increased from 0.20 to 0.31 %. Therefore,
the biomass feed stocks are environmentally friendly energy sources
since they all contain trace amounts of nitrogen. However, it could be
deduced from Table 1 that the nutrients in Biochar A are higher than
those in Biochar B.

3.2. Ultimate analysis of the elephant grass and the biochars

The results of ultimate analysis gave the chemical composition of the
elephant grass and the biochars as shown in Table 2. The reported data
showed that carbon content of the native biochar increased from 34.24
% (elephant grass) to 77.76 % (Biochar B). High pyrolysis temperature
resulted in production of biochar with high carbon content; at the same
time, elevated temperature aided the loss of hydrogen as a result of
cleavage of weak bonds in biochar [46]. The percentages of O, H and S
contents decreased significantly as pyrolytic temperature was increased
from 400 °C (Biochar A) to 600 °C (Biochar B). The percentages of O
(58.87 %) and H (5.20 %) present in elephant grass are comparable with
the values that have been reported earlier [47,48]. The results showed
that the percentages of N-contents are almost the same for the elephant
grass and biochars. Alsewaileha et al. [31] observed a decrease in
N-content of biochar when temperature was increased from 300 °C to
700 °C. Kameyama et al. [25] reported characteristics of seven different
biochars but the percentages of the N-contents of the biochars did not
follow a regular pattern. Hence, the percentage of N-content of biochar
may not depend on the pyrolytic temperature. The calculated atomic
ratios of O/C; H/C and (O + N)/C decreased gradually with increased in
pyrolytic temperature. The gradual reduction of H/C in the biochar is an
indication of effective carbonisation of the biomass while a decrease in
the ratio of O/C is attributed to polarity reduction and the hydrophilicity
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Table 2
Ultimate analysis (CHOSN) of elephant grass and biochars.
C N H [¢] S H/C o/C O+
N)/C
Elephant 34.24 1.49 5.20 58.87 0.20 0.15 1.72 1.76

grass
Biochar A 45.95 1.51 3.32  49.06 0.16  0.07 1.07 1.10
Biochar B 77.76 1.57 1.86 17.90 0.05 0.02 0.23 0.25

nature of the biochar surface [49]. The ratio of H/C and O/C were used
as an indicator for carbonisation and reduction in this ratio showed that
there was a loss of water and O-containing functional groups at high
pyrolytic temperature, which decreased the alkyl carbon content but
increased the formation of aromatic carbon [50].

3.3. Fourier transform infrared analysis of the biomass and biochars

Fig. 1 shows the Fourier transform infrared spectra for elephant grass
and biochars. The spectra show that the biochars and the biomass con-
tained mainly the following functional groups: hydroxyl group, carbonyl
group, carboxyl group, ether group, and aromatic C=N [51,52]. The
bands of FTIR spectra of the biochars and the elephant grass were
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Fig. 1. FTIR spectra of elephant grass, Biochar A and Biochar B.

Table 1
Elemental compositions of elephant grass biochars.
Biochar (mg/100 g) (C mol/kg)
N P K Na Ca Mg
Biochar A 0.20°+0.01 35.34°+1.00 2.59°+0.01 1.82°+0.01 3.35%+0.05 1.40°+0.01
Biochar B 0.31°40.01 32.14Y40.01 2.19°+0.01 1.67°+0.01 2.50°+0.10 1.20°+0.10

Values are means of three replicates + standard deviation. Means in the same column followed by same superscript letter(s) are not significantly different from each

other at p < 0.05.
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observed at different peaks: the peaks at 3387 cm™, 3394 cm™ and 3396
em™! (for respective elephant grass, Biochars A and B) correspond to
OH— stretching, which indicates the presence of phenols and alcohol.
The stretching of OH— diminished gradually as the pyrolytic tempera-
ture was increased as shown in Fig. 1. This was expected as a result of
dehydration of cellulose and hemicellulose components, gas evolution
and higher mass loss during thermal decomposition [53,54]. The peaks
at 2918 em™!, 2926 cm™! and 2924 cm™! (Elephant grass, Biochars A and
B) correspond to aliphatic CH— stretching vibration. However, CHy
group was identified in the entire spectra as CHy peaks range between
2915 em™ and 2935 cm ™.

The FTIR data of the elephant grass and biochars reveal that the
absorbance of the stretching vibration peaks of CC= group (2190 cm ™! —
2330 em™) increased as the temperature increased and this resulted in
an increase in carbonaceous chars. This observation is possibly because
of dehydrogenation [55]. The pronounced peaks around 1631 c¢m™,
1620 cm ™!, 1616 em™ for elephant grass, Biochars A and B, respectively,
could be attributed to the C—=C stretching aromatic ring. Besides, there
was another evidence for aromatic carbon with the appearance of peaks
between 887 cm™ and 875 cm™. The result is similar to the report of
Keiluweit et al. [56]. In addition, the intensities of vibration bands of
CC— stretching at 1516 em™, 1597 em™!, 1597 em™ for elephant grass,
Biochars A and B, respectively, are ascribed to the aromatic ring. The
peak assignments in the spectra represented aliphatic C—OC— and
alcohol —OH (1114 cm™ - 1008 cm™) [57].

UFH-SEM

X500  50um

X500 UFH-SEM
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Thermal destruction of cellulose and lignin in the elephant grass
resulted in the exposure of aliphatic alkyl CHy, hydroxyl —OH, ester
C=O0 and aromatic C=0O functional groups in biochars [58]. The
changes in the peaks and the intensities of all the samples are similar.
This shows a strong dependence result of the extent of carbonisation on
production temperature [59].

3.4. Scanning electron microscopy (SEM) and energy-dispersive X-ray
(EDX) analyses

Scanning electron microscopy (SEM) coupled with energy-dispersive
X-ray (EDX) device operating at 15 kV was used to determine the mor-
phologies of the biomass and biochars. For accuracy in data analysis,
each EDX analysis was repeated three times and all the results were
averaged. The SEM micrographs are presented in Fig. 2. The
morphology of the elephant grass (Fig. 2A) revealed that the biomass is
fibrous and has a rough surface with rocky and rod-like shape.

The micrographs of the Biochar A (Fig. 2B) and Biochar B (Fig. 2C)
show that their surfaces have evenly distributed small pores as a result of
destructive volatilisation of organic compounds of lignocellulosic,
which resulted in loss of some compounds. The Biochar A displayed
bigger pores than Biochar B. This report agreed with that of Shaaban
et al. [60] who reported smaller pore sizes for rice husk biochar obtained
at 700 °C than those obtained at 300 °C. As the pyrolytic temperature
increased, the biochar structure became more uniformed as the number

-

15kV' X800  S0um UFH-SEM

Fig. 2. Scanning electron micrographs of elephant grass (A), Biochar A (B) and Biochar B (C).
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of macropores increased and the number of micropores decreased [52].
Apart from good adsorption potentials, the porosities on the surfaces of
biochars will also make them relevant in soil amendment because the
pores will serve as habitat for microorganisms in the soil. Similarly,
porosity will facilitate plant root movement through the soil [60,61].

The average percentages of the EDX elemental mean compositions of
elephant grass and biochars are presented in Table 3. The EDX spectra
are shown in Fig. S1. Approximately five major elements were identified
in the EDX data of biomass and biochars. Carbon, oxygen, potassium,
calcium, and silicon are the most abundant elements in the samples. It is
visible from the Table 3 that carbon and potassium contents increased
significantly as the pyrolytic temperature was increased but the per-
centage content of oxygen decreased as the charring temperature
increased, this phenomenon may be as a result of evaporation of volatile
compounds. In addition, the carbon density produced at high pyrolytic
temperature is higher than the one obtained at low pyrolytic tempera-
ture, which agreed with the results of ultimate analysis.

3.5. X-ray diffraction (XRD) spectroscopy

X-ray diffraction pattern was used to study the crystallinity and
amorphousness of both the raw lignocellulosic waste (elephant grass)
and the biochars obtained at different temperature values. The results of
the XRD are shown in Fig. 3. The intensity of the diffraction patterns was
expressed in terms of Bragg’s angle (20). Two width peaks were detected
at 20 value between 20° and 25°, these regions indicate element with
amorphous structure. Both the biochars and the biomass were mostly
amorphous in nature but they possessed a few crystalline structures
[62]. The amorphous of a biomass structure is determined by the
hemicellulose and lignin [60].

The crystallinity structures of the Biochars A and B are displayed
distinctively as the pyrolytic temperature was increased because higher
temperature increased the volatilisations of organic compounds, which
open up more pores, and the XRD patterns displayed the destructive
characters of crystalline material. Keiluweit et al. [56] reported that an
increased in pyrolytic temperature from 100 °C to 300 °C reduced in-
tensity of the peak of cellulose and it became broader as the cellulose
decomposed gradually. Therefore, the sharp and narrow peaks of the
XRD patterns Biochars A and B are crystalline with high degree of
long-range peaks. The XRD diffraction patterns displayed distinct peaks
of crystalline structure as the pyrolytic temperature increased (Fig. 3B
and C).

3.6. Preliminary batch adsorption study and effect of pH

Elephant grass and Biochars A and B were used for uptake of nitrate
ion from solution. Using 150 mg/L of nitrate solution of pH 2 and con-
tact time of 8 h, the two biochars outperformed the elephant grass in the
removal of nitrate. The data of this study are presented in Fig. S2.

Table 3
Elemental mean composition of elephant grass and biochars.
Elephant grass Biochar A Biochar B

C 30.11 54.29 57.55
N 9.49 3.54 3.79
(0] 41.85 19.31 17.89
Mg 0.21 0.68 0.51
P 0.54 0.71 0.56
S 0.50 0.76 0.88
K 15.00 10.20 8.65
Ca - 1.32 0.95
Al - 0.66 0.63
Si 3.12 6.06 5.96
Fe - 0.90 -
Cl 1.19 1.20 1.79
Na - 0.37 0.84
Cu 1.88 - -
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Elephant grass powder was able to adsorb 40 % of 150 mg/L of nitrate
ion, however, Biochars A and B adsorbed approximately 91 % and 96 %,
respectively. This observation is due to pyrolysis, which improved the
features as well porosities of the Biochars A and B.

The initial pH of the adsorbate solution is a crucial influencing factor
for determination of the interactions between adsorbate and adsorbent.
For pH dependence experiments in this study, 150 mg/L of nitrate so-
lution was used at 25 °C and contact time of 8 h. The dependence of
percentage removal of nitrate on pH is presented in Fig. 4. It is evident
that the variation of pH did not significantly influence percentage
removal of nitrate ion by Biochars A and B. This observation is con-
nected to the fact that adsorption mechanism was controlled by n—n
interactions or van der Waals’ interactions [63,64]. Since variation of
pH on adsorption efficiency is insignificant, pH 7 was used for time and
concentration dependence experiments. The two adsorbents can be used
at any pH value, but pH of 7 is preferable because there is no fear of
acidity or basicity since the pH of potable water is = 7. This pH is also
ideal for potable water treatment.

3.7. Kinetic analysis

One of the important influencing adsorption parameters is contact
time. Rate constants, order of adsorption process and rate-determining
steps are obtainable from the analysis of kinetic data. The kinetic
dependence profiles for nitrate removal are shown in Fig. 5A and C, for
Biochars A and B, respectively. The data in the profiles were obtained at
pH 7 and 25 °C using 150 mg/L of nitrate solution. It is clear from the
profiles that aqueous removal of nitrate ion is time dependent. This is
supported by previous reports [26,30]. The adsorption was rapid
initially until a plateau was reached after which adsorption of nitrate ion
was independent of time. The amount of NO; removed increased up to
40 min (Biochar A) and 50 min (Biochar B), this means that equilibrium
was reached at an initial stage of the adsorption process.

Adsorption kinetics is a paramount factor for evaluation the dy-
namics of adsorption [65]. To investigate adsorption kinetic features of
NOj3 removal on Biochars A and B, the time-dependent data were sub-
jected to kinetic models (pseudo-first order, pseudo-second order,
Avrami fractional order, Elovich and intraparticle diffusion). Details of
these models and the parameters (of data in Fig. 5) obtained from the
models are presented in Table S2. The choice of the best model was done
using the values of Ridj(adjusted determination coefficient) and SD
(standard deviation). A high value (close to unity) of Rﬁdjsigniﬁes good

data fitting to a model. Hence, the higher the value of dej, the better the

a
fit of the data to a choice model. In another view, the lower the SD value,
the better the fitting. A low SD value means that both the theoretical
(calculated) and the experimental values of the data are closer.

A careful study of the Table S2 reveals that the best model for the
time-dependent data is Avrami fractional kinetic model, which is a 3-
parameter empiric model that can be used to explain adsorption sys-
tems at solid-solution interface [66-69]. The model exhibited smallest
difference between the calculated and experimental g values of all the
models used in this study [64]. The values of the average fractional
order (nay) for Biochars A and B are 0.5278 and 0.7192, respectively,
while the values of Avrami kinetic constant (kay) are 0.2556 per min
(Biochar A) and 0.08530 per min (Biochar B). The value of kay for
Biochar A is higher than that of Biochar B by a factor of ca. 3. It is
therefore expected that the rate of adsorption of Biochar A will be higher
than that of Biochar B. The raw kinetic data, though not very visible in
Fig. 5A and B, supported this assertion—Biochar A reached equilibrium
earlier, by 10 min, than Biochar B. The equilibrium contact times of
Biochars A and B are 40 min and 50 min, respectively. For equilibrium
experiments on equilibrium study, contact of 60 min was used. The
contact was increased to ensure that equilibrium will be reached at
higher concentrations of nitrate ion [70,71].

To throw more light on kinetic of adsorption, the time-dependent
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M.F. Adesemuyi et al.

V77 Biochar A
Biochar B

100 +

80

60

40

Percentage Removal

20

Fig. 4. Dependence of adsorption capacity of Biochar on pH for removal of
nitrate ion.

data were subjected to intraparticle diffusion model (Table S2; Fig. 5B
for Biochar A; Fig. 5D for Biochar B). The usage of this model enables
one to explain effect of mass transfer resistance and identify the diffu-
sion mechanism of binding of adsorbate onto adsorbent. As shown in
Fig. 5B and D, the intraparticle diffusion curves had two linear segments
for adsorption of nitrate ion onto the two biochars. The exhibition of two
linear segments signifies that the adsorption process in this study had
more than one adsorption rate. Thus, the first linear segment of the
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curves is attributed to the fast adsorption stage in which adsorbate
molecules are transported to the surface of the adsorbent [72]. However,
the other linear segment is regarded as the diffusion through small pores
[72]. The second linear segment is attained after reaching equilibrium.
The inability of the linear portions of the intraparticle diffusion plots to
pass through the origin means that the diffusion mechanism was not the
sole controlling mechanism of the adsorption process.

3.8. Equilibrium modelling

Typical concentration dependence profiles of adsorption of nitrate
ion onto elephant grass biochars at 25 °C are presented in Fig. 6. The
concentration dependence data were subjected to the Langmuir,
Freundlich, Liu, and Redlich-Peterson equilibrium models. The respec-
tive equilibrium models are presented in Eqs (6-9).

Qmax'KL'Ca
e = 6
1 =T1K.C ©
qe = Kp-C)/"™ )
e K C nL
qe q| ( 8 - (8)
14 (K,-C.)
Kgp-C,
, = here 0 < g <1 9

In the above models, K} is the Langmuir equilibrium constant in L/mg,
Qmax is the maximum adsorption capacity of the biochar in mg/g, Kr is
the Freundlich equilibrium constant in (mg/g (mg/L)’l/ nF), ng is the
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Fig. 5. Kinetic curves (A and C) and intraparticle diffusion plots (B and D) for adsorption of nitrate ion onto Biochar A (A and B) and Biochar B (C and D).
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Fig. 6. Typical equilibrium curves for adsorption of nitrate ion onto Biochars A and B at 25 °C.

Freundlich dimensionless constant, K is the Liu equilibrium constant in
L/mg, ny is the Liu dimensionless exponent, Kgp is the Redlich-Peterson
constant in L/g, agp is the Redlich-Peterson constant in (mg/L) 8, and g
is the Redlich-Peterson dimensionless exponent.

Equilibrium study provides relationship between concentration of
adsorbate in solution and the amount of adsorbate adsorbed on the
adsorbent surface when both liquid and solid phases are in equilibrium
[73]. The modelling of equilibrium (concentration dependent) data into
equilibrium models is important in adsorption studies because insights
into relationship between adsorbate and adsorbent are obtained.
Table S3 shows the various equilibrium parameters of the models used.
The choice of the suitable model was done using the values of SD and
Rﬁdj. The Liu model is the best model that fitted the equilibrium data at

all temperature ranges. Therefore, only the parameters of the Liu model
will be discussed. The Liu adsorption equilibrium model, which is a
3-parameter model, combines the assumptions of Freundlich and
Langmuir models. The values of qnq, (maximum adsorption capacity)
predicted by the Liu model are 140.7 mg g ™! at 35 °C for Biochar A and
237.5 mg g~ ! for Biochar B at 50 °C. The value of K, decreases as tem-
perature increases, which denotes exothermic process. The n; (Liu
exponent) can have any positive value unlike g (Redlich-Peterson
exponent) value, which must be in the range 0 < g < 1. The values of n;,
range between 0.9072 and 2.736 for Biochar A and between 0.6848 and
7.621 for Biochar B.

3.9. Thermodynamic analysis

The experiments on concentration dependence were repeated at
different temperature values (25 °C — 50 °C). The data obtained were
subjected to equilibrium modelling and the best model (Liu model) was
identified. The Liu equilibrium constant, K, at various temperature
values were converted into SI unit and used for evaluation of thermo-
dynamic parameters together with temperature values in Kelvin. The
thermodynamic parameters and van’t Hoff plots are presented in Table 4
and Fig. S3, respectively. It is imperative to discuss influence of tem-
perature on adsorption efficiency and calculate the thermodynamic
parameters through which spontaneity, feasibility and other thermo-
dynamic information of the adsorption process are obtained.

The values of AG® vary from -29.37 kJ/mol to —25.88 kJ/mol for
Biochar A and from —-27.01 kJ/mol to 20.50 kJ/mol for Biochar B. These
values indicate that the adsorption of nitrate ion onto elephant grass
biochars is spontaneous and feasible. The values of AH® are negative,
which is an indication that adsorption process is exothermic. This is
evident from the values of K; shown in Table S3. The value of K, de-
creases as temperature value increases—this observation is a feature of
exothermic process. An increase in temperature lowers the values of

Table 4
Values of thermodynamic parameters of adsorption of nitrate ion onto elephant
grass biochars.

Equation Parameters Units Value for Value for
Biochar A Biochar B
R = gas constant = J/mol
8.314 K
T = absolute K
temperature
K = Liu equilibrium
constant -
AG° = — AG® = standard Gibbs
RTInK, energy change at T = -29.37 -27.01
298
T =303 kJ/ —-28.69 -26.06
T = 308 mol -28.96 -25.09
T =313 -28.20 -24.40
T =318 -26.76 -24.04
T =323 -25.88 -20.50
van’t Hoff AH° = standard kJ/ _69.97 _93.47
InK, — entohalpy change mol
s A CA}\;San;estanclard entropy ;/mol _135.252 992,084
R R
1 Ry - 0.9410 0.9114
T

equilibrium constant for exothermic processes. Going by the negative
values of AS° in Table 4, it could be said that there was a reduction in
disorderliness of the nitrate-biochar system. It can be concluded, from
combined thermodynamic data, that adsorption of nitrate ion onto
elephant grass biochars is a thermodynamically favourable process.

3.10. Comparison of adsorption capacities of various biochars for nitrate
removal

The capacities of Biochars A and B to remove nitrate ion from
aqueous solutions were compared with biochars produced from
different types of biomass as shown in Table 5. Most of the biochars used
for comparison were chemically modified to improve surface properties
of the biochars and increase adsorption of nitrate from solution. It is
important to reiterate that the biochars produced and used for nitrate
removal in this study was not chemically modified because the biochars
were also used for soil amendment (data not shown). The various data
presented in Table 5 clearly indicate that the two elephant biochars have
excellent adsorption efficiencies for nitrate ion uptake from solution.
Biochars A and B have highest adsorption capacities than all other eights
biochars (some of which were chemically modified) reported earlier for
nitrate ion removal. Biochar B, which was pyrolysed at 600 °C,



M.F. Adesemuyi et al.

Journal of Environmental Chemical Engineering 8 (2020) 104507

Table 5

Data on nitrate removal using biochars reported in various studies.
Biochar type Pyrolysis temperature Maximum adsorption capacity (Qn,) inmg/  Equilibrium model that predicted the References

[§9) g Qm
Corncobs (CC600) 600 14.46 Langmuir [16]
Bamboo biochar/montmorillonite composite 460 8.516 Langmuir [18]
Sawdust (SDB500) 500 1.574 Langmuir [26]
Oak sawdust (CK-600) 600 8.940 Langmuir [27]
Birch wood (NaClO oxidation and Acid wash) 700 3.970 Langmuir [28]
Wheat straw (MgFe Layered double 600 24.80 Langmuir [29]
hydroxide)

Al-modified Soybean 500 40.63 [30]
Sugarcane bagasse 300 11.56 Langmuir [40]
Elephant grass-B 600 237.5 Liu This study

performed better than Biochar A (pyrolytic temperature of 400 °C) in the
removal of nitrate ion from aqueous solutions. The usage of elephant
biochars is recommended for efficient treatment of wastewater that
contains high amounts of nitrate ion.
4. Conclusion
e An agricultural biomass, elephant grass, was successfully and gain-
fully converted to biochars using two pyrolytic temperatures of 400
°C (Biochar A) and 600 °C (Biochar B). Conversion of the biomass to
biochars involved no chemical activation because the biochars were
produced primarily for soil improvement.
The two biochars possessed good carbon stability, water-holding
capacity, cation exchange capacity, excellent porosity as well as
abundant surface functional groups on the surface for nitrate binding
and removal.
Out of the pseudo-first order, pseudo-second order, Avrami frac-
tional order and Elovich models used for analysis of the kinetic data,
only Avrami model predicted the best kinetic parameters. Informa-
tion from intraparticle diffusion analysis revealed that there were
two adsorption stages which are: (1) migration of nitrate ion to the
surface of the biochars, and (2) diffusion of nitrate molecules
through small pores of biochars.
e The maximum adsorption capacities obtained from Liu equilibrium
model are 140.7 and 237.5 mg g~! for Biochars A and B, respectively.
e Adsorption of nitrate ion onto the biochars was spontaneous and
exothermic. There was a reduction in randomness in the nitra-
te-biochar system.
Elephant biochars are promising and low-cost alternative green
adsorptive materials for aqueous nitrate removal.
In general, high temperature of pyrolysis improved the characteristic
features of biochars. Biochar pyrolysed at a high temperature per-
formed better in the uptake of nitrate ion from water than the bio-
char pyrolysed at a lower temperature.
Biochars can be produced in large quantities from elephant grass,
which is widely available in most tropical regions. The two biochars
prepared from elephant grass sufficiently removed nitrate ion from
water. We intend to subject elephant grass biochars to various
chemical activations/modifications for surface improvement in our
next study.
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