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ABSTRACT

The properties of biochar produced by the pyrolysis of a plant biomass in the temperature range
(200°C-500°C), for varying time was analyzed in the present work. The biochar was characterized
using FTIR, ®C nuclear magnetic resonance, X-ray diffraction and SEM. Elemental analysis was also
carried out to estimate the degree of charring at the various stages. The surface area obtained by
Brunauer, Emmett and Teller analysis (1.02-7.97 m? g™') showed that fine micropores were developed
on the biochar surface. The applicability of the char for heavy metal adsorption from aqueous system
was also studied. Langmuir and Freundlich adsorption isotherm models were fitted to the experi-
mental data. From the regression analysis, Freundlich was found to be the best fit model suggesting

multilayer adsorption.

Keywords: Biochar; Adsorption; Isotherm models; Kinetics

1. Introduction

Plant biomass—derived char is gaining much importance
recently as a potential soil amendment. The immobilization
of toxic chemicals in aqueous media and controlled nutrient
release are some of the main focus areas in biochar studies.
The behaviour of biochar greatly depends on the forma-
tion conditions. As already reported by Keiluweit et al. [1],
no well-defined structure exists for biochar. Depending on
the time and temperature, the char obtained possesses vary-
ing degrees of aromaticity and elemental content [2,3]. It is,
henceforth, very essential to choose biochars with desired
properties for particular application. Therefore, a precise
understanding of the structure of the biochar is crucial in
understanding the biochar-controlled processes.

Heavy metals, irrespective of their low concentrations in
the ground water, are posing great threat to mankind [1,2].
Severe contamination of ground water with heavy metals
such as lead, chromium and cadmium has been reported
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from various parts of the world [4]. The WHO has set a toler-
ance limit of 5 pg L™ for Pb* ions in drinking water. Among
the possible removal techniques of heavy metals, adsorption
is accepted as a quantitative, economic and efficient method
[5-7]. A number of researchers have concentrated on fabri-
cating suitable adsorbents for heavy metal retention and
removal from wastewaters [8-11]. Biochar and activated
carbon find immense application in heavy metal remedia-
tion from aqueous systems [11,12,13]. The specific surface
area and porosity of the adsorbent significantly influence the
adsorption process [14,15]. The extent of lignin and cellulose
components in the plant biomass is directly linked to the
porosity of the developed biochar [3,4]. Moreover, the pres-
ence of oxygen functional groups in the solid matrix and pore
surface of the biochar enhances the adsorption process both
on the outer surface and the inner pore volume [5,16].
Developing adsorbents for heavy metal remediation is
never losing its significance, as the water bodies are continu-
ously getting polluted by industrial effluents. Biochar is sig-
nificant in the sense that it is a carbon-rich porous material
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which is environmentally compatible having excellent sta-
bility and cation exchange capacities, high surface area and
is easily synthesized from the available raw materials. The
proportion of cellulose and lignin components considerably
affects the properties of the char which in turn depends on
the pyrolysis condition. Therefore, the degree of charring is to
be regulated to suit our requirements. The focus of the pres-
ent work is on the compositional changes occurred during
heat-induced transformation (200°C-500°C) in an easily
available and abundant agricultural waste, banana stem and
its application in the removal of lead from aqueous media.

2. Materials and methods
2.1. Materials

Banana stem, Musa paradisinca L., an abundant agri-
cultural waste, was procured from a field in Kerala. It was
properly washed, cut into small pieces, dried, powdered and
sieved before the use. For the adsorption studies, Pb(NO,),
salt was purchased from E Merck, India. Other reagents such
as nitric acid, sodium hydroxide, ammonium hydroxide and
sodium sulphide used for the present study were also pro-
cured from E Merck, India. The reagents used in the study
were all analytical grade reagents.

2.2. Biochar preparation

Banana stem was properly washed, cut into small
pieces, dried, powdered and sieved before the use. 10 g of
the powdered banana stem was weighed and transferred to
silica crucible. The crucible was kept in a preheated muffle
furnace, where nitrogen flow was maintained for 15 min con-
tinuously. Then the material was charred at 200°C. Different
sets of samples were kept for charring at 200°C for different
time intervals such as 1, 8, 12, 24, 48 and 72 h. During the
process, hemicelluloses undergo limited volatilization and
carbonization [8]. Likewise, the biochars were prepared at
varying times (1, 8, 12, 24, 48 and 72 h) for the temperatures:
250°C, 300°C, 350°C, 400°C and 500°C. After heating for a
specific time and temperature, the crucibles were transferred
to nitrogen-filled desiccators. The chars were again powered,
sieved and weighed.

2.3. Adsorption experiments

Batch adsorption experiments were carried out on a tem-
perature-controlled water bath shaker set at 200 rpm and
maintained at 30°C. The experiments were carried out in a
stoppered conical flask (100 mL). The adsorbent selected for
all the sorption studies was the biochar prepared at 350°C
(12 h). The adsorbent dose was fixed as 2 g L.

2.4. Characterization methods

Elemental compositions of the biomass and the char pro-
duced at different time and temperature were determined
using Vario EL III, Elementar (Kochi, Kerala, India). The
oxygen to carbon and hydrogen to carbon atomic ratios were
calculated to evaluate the aromaticity of the biochar. Surface
morphologies of the biochars were examined using scanning

electron micrographs (Philips model XL 30 CP). The surface
functionalities in the biochars were characterized by FTIR
(Bruker, Germany) scanning from 3,500 to 500 cm™ with a res-
olution of 2 em™. The ®Cnuclear magnetic resonance (NMR)
of the charred masses was measured using (Bruker Avance
III). The surface area, an indicative of porosity and sorption
capacity, was determined by Brunauer, Emmett and Teller
(BET) analysis (Quantasorb Surface Area Analyzer Qs/7)
studying the adsorption of nitrogen at 77 K. X-ray diffrac-
tion (XRD) pattern of the biochars was obtained from Rigaku
Geigerflex X-ray diffractometer, which enabled to assess the
crystallinity and the mineral content of the biochar.

3. Results and discussion
3.1. Characterization of biochars

For the characterization studies, the biochars prepared
at 12 h were chosen. As the pyrolysis temperature increases
from 200°C to 500°C, the surface area shows an increase from
1.02 to 7.97 m? g (Table 1). The escape of volatile matters
leads to the development of porosity during pyrolysis [14].
The pore diameters obtained indicates that the biochars are
mesoporous materials. No appreciable change in surface area
is noted as the temperature is raised from 400°C to 500°C. The
effect may be because of the formation of stable aromatic car-
bon structure at higher temperature. Thus greater aromatic
character is shown by the chars at higher temperature.

3.1.1. Zero point charge

The point of zero charge of biochars was determined by
potentiometric method using the equation:

o F(C,-C, +[§H]—[H+])

@™

where F is the Faraday’s constant. C, and C, are the con-
centrations of strong acid or strong base after each addition.
[H'] and [OH"] are the equilibrium concentrations of H*
and OH- ions, respectively (eq/cm?). A is the surface area of
suspension (cm?L™). A graph was plotted (not shown) with
0, vs. pH for the biochars. From the point of intersection of
0, with the pH curve, the point of zero charge (pH, ) values
were obtained.

The pH, _on the surface of the biochars was found to be
28,31, 31, 3. 2, 4.0 and 4.6 at 200°C, 250°C, 300°C, 350°C,
400°C and 500°C, respectively. Below the pH, = surface is

Table 1
BET surface area of the various biochars at 12 h

Temperature (°C) Surface area (m* g™') Pore diameters (nm)

200 1.02 2.09
250 1.55 2.75
300 5.67 4.45
350 6.03 6.75
400 7.41 6.61
500 7.97 7.10
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positive and above the pH, surface is negative. The pH,
value at the highly acidic region, indicating greater negative
charge on the surface, may be because of the easy removal
of protons from the surface functionalities (carboxylic,
sulphonic, phenolic, etc.) on the biochar which imparts a
negative charge to the surface [15]. The increase of the pH,
from 2.8 to 4.6 on increasing the pyrolysis temperature from
200°C to 500°C shows that the surface possesses less nega-
tive charge at higher temperatures. This occurs when certain
functionalities such as phenolic, carboxylic acids, etc., are lost
from the surface [16].

3.1.2. XRD

The XRD patterns of the biochar presented as a function
of Bragg’s angle given in Fig. 1 reveal the presence of many
inorganic crystalline materials in addition to the crystalline
cellulosic component. Interplanar spacings of 0.606, 0.533,
0.404 and 0.260 in XRD of 200°C, 250°C and 300°C can be
assigned to the crystalline cellulose [1] while the spacings
at 0.311 and 0.221 may be attributed to the presence Sylvine
(KCl) crystal [17]. As the pyrolysis temperature increases
to 350°C, the cellulosic peaks progressively weaken sug-
gesting the decomposition of thermally labile hemicellu-
lose and cellulose. A complete loss of cellulose crystallinity
observed at 400°C. On heating to 500°C, signals 0.390-0.370
and 0.209-0.207 indicating turbostratic crystallites, broaden
indicating the formation of aromatic units such as phenols,
polyaromatic units, heterocyclics [1].

3.1.3. Elemental composition

Elemental composition shows significant changes while
charring. Uncharred biomass has 50.9% carbon and 42.1%
oxygen. During charring at lower temperatures, the carbon
content decrease gradually in the initial hours of heating
while oxygen content shows an initial increase and then a
decrease [2]. The carbon content loss continues on further
heating. At higher temperature (500°C), the carbon loss is
found to be rapid on extended heating. Table 2 shows the ele-
mental composition of the biochar at 350°C along with O/C
and H/C atomic ratios.

Calculation of oxygen to carbon ratio (Table 2) shows
that oxygen to carbon ratio of biochars increase gradually on
increasing the heating time at lower temperatures. At higher
temperatures also, during the initial hours of heating, a sim-
ilar trend is observed. The aliphatic carbon is lost rapidly

Table 2

whereas the aromatic carbon formation occurs in the initial
hours of charring. As heating proceeds, the loss of aromatic
carbon occurs and then remains almost constant with time.
The labile oxygen fraction associated with the aliphatic car-
bon is lost rapidly in the initial hours of charring while the
recalcitrant oxygen fraction remains fixed in the char [2].
At higher temperatures, after the initial hours of charring,
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Fig. 1. XRD of uncharred sample and biochars at various
temperatures.

Elemental composition of the biochar at 350°C along with O/C and H/C atomic ratios

Time (h) Carbon (%) Hydrogen (%) Oxygen (%) Nitrogen (%) H/C o/C
1 75.81 4.56 21.51 0.27 0.722 0.213
8 72.27 4.17 23.45 0.11 0.692 0.243

12 71.11 4.03 24.14 0.13 0.680 0.255

24 71.01 4.00 24.88 0.08 0.676 0.263

36 70.52 3.92 24.97 0.07 0.667 0.266

48 71.4 3.87 24.01 0.07 0.650 0.252

72 70.42 3.76 24.42 0.05 0.641 0.260
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the oxygen to carbon ratio is observed to decrease as the
heating time is increased and then reach a consistent value.
Higher temperature increases the growth of poly-aromatic
crystallite clusters which explains greater aromatization and
hence greater stability of the biomass on pyrolysis. This is
evident from the decrease in the hydrogen to carbon ratios
as the heating time is increased [18,19]. The nitrogen content
loss observed even at low temperatures may be due to the
easy volatilization of nitrogen [8]. Deluca et al. [20] reported
that nitrogen begins to volatilize even at a low temperature of
200°C. In addition, at higher temperatures, there is a chance
of heterocyclization. There are reports of the presence of
recalcitrant heterocyclic nitrogen containing compounds in
the biochars [21,22]. During pyrolysis, a series of cleavage
and polymerization occur that may result in the creation of
thermally stable heterocyclic structures.

The decrease in the O/C ratio with pyrolysis tempera-
ture (Table 3) demonstrate that there is a reduction in the
biochar surface polar functional groups, making the sur-
face less hydrophilic [23].The charred mass obtained has a
higher proportion of carbon in comparison with oxygen. On
increasing the heating temperature, the hydrogen to carbon
ratio shows an initial decrease which later attains almost a
constant value. The changes in the H/C ratios emphasize that
aliphatic materials are less resistant to heat treatment than
aromatic materials [24].

3.1.4. C NMR

The NMR spectrum of biomass and the charred biomass
(Fig. 2) indicate that no significant change has occurred
during the early hours of pyrolysis. The presence of lignin
component imparts aromatic character to the biomass
evident from the characteristic peak at 127 ppm. On charring
to 350°C for 12 h, it is found that the peaks characteristic
of aliphatic carbon due to cellulosic region faded away
while the aromatic carbon intensity progressively increased
[25]. The characteristic bands observed in the spectra
are: 25-45 ppm (alkyl C), 55-70 ppm (aliphatic alcohols),
110-145 ppm (aromatic and unsaturated C), 127 ppm (fused
aromatic rings) 145-150 ppm (phenol O-C), 190-210 ppm
(carbonyl C) [26]. At lower temperatures, the conversion of
aliphatic to aromatic character becomes significant only on
increasing the pyrolysis time.

3.1.5. Fourier transform infra-red spectroscopy

A transition of functional groups characteristics of cel-
lulose carbohydrate to aromatic functionality has been
observed in the FTIR (Figs. 3 and 4) during the charring.
Uncharred biomass shows dominant carbohydrate bands
between 1,000 and 1,200 cm™ apart from the aromatic bands.
.Aliphatic C-O vibrations correspond to peaks around
1,077 ecm™ [27]. The peak at 1,200 cm™ may be attributed
to the polysaccharide C-O-C stretch. Aliphatic CH defor-
mations are observed around 1,356 cm™. On charring, it is
found that charred matter is dominated by aromatic func-
tionalities. The peaks around 3,200-3,400 cm™(O-H stretch)
and 2,980-2,850 cm™ (C-H stretch of alkyl functionalities on
the surface of the biochar) are destroyed by the pyrolysis to
12 h at 350°C. The destruction of these alkyl functionalities

suggest that the biochar surface becomes more and more
hydrophobic on extended heating [16,28]. The peaks between
1,650 and 1,700 cm™ indicate C=0O stretch due to carboxylic
and lactonic acid functionalities [29]. The loss of C=O vibra-
tions and increase in the intensity of aromatic C=C stretching
vibrations at 1,491 and 1,560 cm™ describe the extent of char-
ring of the biomass due to pyrolysis at the given time and
temperature. Also the aryl C-H vibrations (3,000-3,100 cm™)
progress in intensity on increasing heating time. Aromatic
C-O stretching frequencies are also observed at 1,191 and
1,248 cm™ [30].

Table 3
Variation of O/C and H/C ratios with pyrolysis temperatures
at12h

Temperature (°C) O/C H/C

200 0.541 0.875
250 0.501 0.750
300 0.345 0.687
350 0.255 0.680
400 0.212 0.655
500 0.104 0.641

aromatic carbon aliphatic carbon

72 hours

48 hours

T
1

24 hours

\A/\_J\,nhi_

\/\—/\wf

1 hour

,
|

i

y

300 250 200 150 100 50 4] -50
CHEMICAL SHIFT (ppm)

-100

AN

Fig. 2. ®C NMR spectra of banana stem and biochar at 350°C for
various times.
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Fig. 3. FTIR spectrum of banana stem at 350°C for various
temperatures.

3.1.6. Scanning electron micrographs

Biochar is pyrogenic carbon produced by thermal con-
version of lignocellulosic biomass under oxygen free or
limited oxygen conditions [31]. Observing SEM images
(Fig. 5) of uncharred and charred biomass, it is concluded
that smoothening of surface occurred on charring. The bio-
char surface has a randomly arranged spherical as well as
tubular pore structures. Moreover SEM images demonstrate
that the pores are finely developed and the pore size distri-
bution is heterogeneous. This indicates the excellent possibil-
ity for the various species in aqueous solution to be trapped
and adsorbed by the biochars. The fine pore development
on the surface of charred mass observed contributed to the
surface area of the sample [32]. Therefore, in addition to
ion-exchange mechanism and electrostatic interaction, bulk
diffusion is also possible on the char surface.

3.2. Effect of solution pH

The sorption of 10 and 25 mg L of Pb* onto the biochar
dose of 2 g L at different pH varying from 2.0 to 8.0 was
studied. It was found that the sorption was very low at 2.0
and 3.0 for both the concentrations. The zero point charge
of biochar was found to be 3.2. For pH values 2.0 and 3.0
(pPH<pH, ), the adsorbent surface is positively charged. The
dominant lead species at the pH values 2.0 and 3.0 is Pb*".
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Fig. 4. FTIR spectrum of banana stem at 350°C for various times.

The low sorption percentage observed at pH 2.0 and 3.0 may
be because of the electrostatic repulsion between the posi-
tively charged adsorbent surface and the Pb* species. After
that, the sorption percentage gradually increased reaching
a maximum value of 99.2% and 98.1% for 10 and 25 mg L™
at pH 5.5, respectively. From the speciation diagram [33],
after pH 6.0, precipitation of Pb(OH), starts which interferes
with the adsorption process. From pH value 5.0 to 6.0, the
dominant lead species were found to be Pb* and Pb(OH)".
The equilibrium pH lowered after adsorption, indicating the
release of H* into the solution. Therefore, the possible mech-
anism for the sorption was cation exchange mechanism. The
polar functional groups such as carboxylic groups on the bio-
char surface may exchange protons with the cations in the
solution. Apart from the cation exchange mechanism, there is
a possibility that the electron-rich char surface exerts electro-
static attraction for the cations in the solution. The char sur-
face being porous, an intraparticle diffusion of cations may
occur which get trapped very well in these pores.

3.3. Effect of adsorbent dose

The removal efficiency of Pb* with an initial concen-
tration of 100 mg L™ was studied at 30°C increasing the
adsorbent dose from 2 to 8 g L. The adsorbent percentage
increased from 82% to 95.3% as the adsorbent dose increased
from 2 to 8 g L. This may be attributed to the exposure of
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Fig. 5. SEM photograph of banana stem: (a)-(d) indicate images of uncharred sample and (e)-(h) indicate images of charred sample

at 350°C.

more sorption surface and the availability of more sorption
sites. But the amount adsorbed showed a variation from 37.4
to 11.9 mg g, respectively. This indicates that it is effective to
carry out the adsorption with 2 g L™ sorbent dose than with
higher dosages (Table 4).

3.4. Adsorption kinetics

The adsorption of Pb* as a function of time and

concentration was studied. 10 and 25 mg L' of the Pb* solu-
tions were taken for the study using biochar as the sorbent.
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1 mL of the solution was taken after regular time intervals
(1, 5, 10, 30, 60, 90 and 120 min). The concentrations were
determined using UV-visible spectrophotometer (A_ ).
After 120 min, the adsorption percentage was found to be
a constant for both 10 and 25 mg L. Therefore, the equi-
librium time was fixed as 120 min. The data obtained were
fitted to:

(a) Pseudo — first order

- k 2
kinet del: 1 —q,)=1 ——L1 ¢
inetic mode og(qg qt) 0g4q, 2303
and
(b) Pseudo-second order
kinetic model:l _ 1! + ! 3)

q, kqt q,

where k, is the pseudo-first order rate constant of adsorption
and k, is the pseudo-second-order rate constant of adsorption
and g, and g, are the amounts of metal ions sorbed at equilib-
rium and at time ¢, respectively.

The correlation co-efficient for the pseudo-first-order
kinetic equation is found to be higher than that of the
pseudo-second order indicating that the pseudo-first order
kinetics is the best fit model. This implies that the rate
determining step involves physical adsorption and the solute
uptake rate is directly proportional to the ratio of solute con-
centration and the amount of adsorbent. The parameters of
kinetics are shown in Table 5.

3.5. Adsorption isotherms

The sorption onto the biochar is influenced by the struc-
tural and chemical properties of the sorbent surface as well
as the sorbate. Adsorption also depends on the pore size
distribution, specific surface area, polarity and function-
ality of the biochar surface. A better understanding of the
sorbent-sorbate interaction is made possible from the iso-
therm studies. The varying concentrations 10, 25, 50, 100, 200
and 300 mg L™ of Pb* were chosen for the isotherm study.
The calculated isotherm parameters are given in Table 6. The
sorption data obtained were interpreted using Langmuir and
Freundlich isotherm models:

Langmuir isotherm: ¢ -1 + = (4)

qe Q(Jb QU

where g, and C, are the equilibrium concentration of Pb*
onto the biochar and in solution, respectively. Q° and b are
Langmuir constants related to adsorption capacity and
energy of adsorption, respectively.

Freundlich isotherm:logg, =log K, + lIog C, (5)
n

where K, and 1/n are the Freundlich constants related to
adsorption capacity and intensity of adsorption, respectively.

The sorption data fitted very well with the Freundlich
model with high regression co-efficient. The Freundlich
constant, 1/n, is found to be less than 1, suggesting that

Table 6
Isotherm parameters for the adsorption of Pb(II) onto biochar
Table 4 Isoth P
Effect of adsorbent dose on the adsorption of 100 mg L™ Pb(II) sotherm constants
solution Freundlich
K, 11.88

Adsorbent dose Adsorption Amount adsorbed Un 038

(8L (%) (mg g™) R2 0.996

2 74.0 37.4 i

4 88.4 91 Langmuir

' ' Q°(mg g™ 140.8

6 93.2 15.5 b 0.05

8 95.3 11.9 R? 0.957
Table 5
kinetic parameters

Pseudo-first order kinetic model

Pb* concentration (mg L) k, (min™") qg,exp (mg g™) g, cal (mg g™) R?

10 0.153 4.95 4.77 0.9991

25 0.161 12.18 11.92 0.9980

Pseudo-second order kinetic model

Pb* concentration (mg L) k,x 107 (g mg™ min™) qg,exp (mg g™) g, cal (mg g™) R?

10 7112 4.95 2.79 0.9612

25 3.365 12.18 8.10 0.9120




196

the adsorption sites on the biochar are not homogeneous.
The adsorption behavior is multilayer adsorption which
involves physical adsorption, which confirms the data
obtained from the kinetic studies.

4. Conclusion

Banana stem was used for the biochar production at
different temperatures. The various complex changes that
occurred in the process were monitored using characteri-
zation techniques such as NMR, FTIR, XRD and elemental
composition determination. After 12 h charring at 350°C, aro-
matic functional groups showed dominance as evident from
FTIR and NMR. At higher temperatures, the speed of con-
version of aliphatic functionality to aromatic functionality
was found to be greater. This means that the formation con-
ditions profoundly influenced the char functionality. Taking
advantage of the surface structure and functionalities of the
biochar, the kinetic and isotherm studies of the adsorption of
Pb(II) onto the biochar was conducted. The optimum pH for
the adsorption of Pb(II) was found to be 5.5. The variation in
the amount adsorbed from 37.4 to 11.9 mg g, respectively,
indicates that it is effective to carry out the adsorption with
2 g L sorbent dose than with higher dosages. The kinetic
data obtained fitted very well to the pseudo-first order model
indicating that the rate determining step involved physical
adsorption and the solute uptake rate was directly propor-
tional to the ratio of solute concentration and the amount of
adsorbent. The regression coefficient was found to be higher
for Freundlich isotherm model, suggesting that the adsorp-
tion sites on the biochar were not homogeneous.
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