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ABSTRACT

Biochar derived from coir pith (C-BC) was initiated for the removal of Ni(II) ions from simulated
aqueous solution. C-BC showed higher uptake compared with other adsorbents. The surface
morphology and functionality of the C-BC before and after adsorption were characterized using
scanning electron microscopy-energy dispersive spectroscopy, Fourier transform infrared spec-
troscopy, and desorption studies reveals the benefits C-BC. The adsorption capacity was effective
of C-BC owing to the results from mesoporous structure and large surface area as well as shift
in the FT-IR studies. The adsorption of Ni(Il) ions onto C-BC was investigated with the effect of
contact time, dosage of adsorbent, initial metal concentration and pH of the of Ni(Il) ions solu-
tion. The experimental maximum sorption capacity of C-BC for Ni(I) removal was approximately
99.8% at pH 7. Through comparison with other natural seed and plant materials, the optimization
of biochar adsorption was well described with kinetics, isotherms, and with column studies. The
kinetics was found to follow pseudo-second-order with a good correlation coefficient (R = 0.9704).
Langmuir model implies that chemisorption and monolayer adsorption is the rate-limiting steps.
They are found to be the satisfactory fit to the equilibrium adsorption data of C-BC (R?>=0.9921). In
column studies, the breakthrough time increased with increase in bed height and decreased with
decrease in flow rate and initial Ni(II) concentration. The column data were modeled by Thomas
model, modified dose-response model, and Yoon-Nelson model. The results obtained clearly
indicates that C-BC could be used for the removal of Ni(II) from simulated aqueous solution. The
maximum adsorption capacity of Ni(II) onto C-BC is 99.8 mg g, higher than Ni with an average
removal power of 65.75% mg g™ of Platanus orientalis bark. C-BC has an excellent energetic and
dynamic performance comparing with BC.

Keywords: Adsorption; Coir pith biochar; FI-IR; Fixed bed column kinetic models; Isotherms;
Models; Ni(II) ions; SEM-EDAX

1. Introduction of heavy metals cause significant environmental problem
because of their mobility in the liquid phase of ecosys-
tems, toxicity to higher life forms, and bio magnifications
in the food chain [1]. Nickel (Ni), a heavy metal, commonly
present in the discharges from various industries such as

Heavy metals contamination in the environment is an
increasing economic, public health, and environmental prob-
lem. Industrial wastewaters with elevated concentration
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electroplating, batteries, porcelain enameling, ceramic, min-
ing, metallurgy, and stainless-steel manufacturing plants.
Ni contamination in the ecosystem is a disturbing factor
for microorganisms, plants, and other biotic communities
[2]. Exposure to Ni causes skin allergies, dry cough, lung
fibrosis, shortness of breath, rapid respiration, cyanosis, and
extreme weakness in human beings. Thus, it is very import-
ant to remove the Ni from industrial wastewaters before it is
discharged into the ecosystem.

Numerous methods, such as chemical precipitation,
coagulation and flocculation, ion exchange, reverse osmo-
sis, and membrane separation, electrochemical reduction,
and biological treatment, have been developed to remove
Ni from wastewater [3]. However, these technologies are
expensive, generate secondary wastes, and remain inef-
fective when nickel is present in low concentrations.
Adsorption, an effective and versatile method for removal
of heavy metals is when combined with suitable desorption
step solves the problem of sludge disposal. A number of
low-cost adsorbents have been examined for the removal of
metallic pollutants from wastewaters [4].

Biochar, a carbon-rich fine grained residue, is produced
when a biomass is pyrolyzed (<700°C) in the absence of
oxygen or under low oxygen pressure. On the whole, the
biochar produced at high temperatures displays highly effi-
cient carbon (C) layers and also has strong aromatic nature,
but then has fewer H and O functional groups due to dehy-
dration and deoxygenation of the biomass [5]. Recently,
biochar has received considerable interest in environmental
sciences because of its effectiveness in removing both inor-
ganic and organic pollutants from soil and aqueous solution
[6]. Sugar cane biochar removed 86.96 mg g of Pb(II) from
aqueous solution [7]. The previous study on biochar states
that it is one of the most capable support materials for bio-
sorbent due to its high stability and high metal adsorption
capacity owing to its oxygen-rich groups on its surface and
porous structure [8]. Biochar is progressively being consid-
ered as an alternative agent for isolation of heavy metals in
waste water treatment technologies [9].

Biochar prepared from oily seeds of Pistacia terebinthus L.
removed 3.53 mg g of Cr(VI) under optimized conditions
[10]. Biochars obtained from peanut, soybean, canola, and
rice straws have great adsorption capacities (Q _ =0.48, 0.33,
0.28, and 0.27 mol kg) for Cr(III) [11]. However, the pollutant
removal efficiency of the biochar is highly influenced by the
physical and chemical properties such as surface functional
groups, coordination to p electrons (C=C), carbon content,
electrostatic interactions, and insoluble matters, and which
is completely depend upon the raw materials used for the
biochar preparation.

The most of the earlier studies on heavy metals
adsorption onto biochar were restricted to batch experiment
studies. However, such basic information’s could not be
applicable for large or industrial scale applications where
the contact time is not sufficient to attain equilibrium. Thus,
it is necessary to evaluate the metal removal efficiency of
the biochar in continuous flow system or fixed-bed col-
umn study before its application in wastewater treatment
at large scale. Several investigators have identified that the
fixed-bed column studies are most efficient arrangement
for cyclic adsorption—-desorption as it provides the best use

of concentration gradient known to be the driving force
of adsorption. Furthermore, fixed-bed column studies are
economical, highly sensitive, and simple to operate and eas-
ily adapted to large or industrial-scale treatment. Hence,
the objectives of the present study were to (i) investigate the
potential of the coir pith biochar (C-BC) for the removal of
Ni(II) from aqueous solution in batch and fixed-bed column
studies, (ii) evaluate the experimental variables on Ni(II)
adsorption onto C-BC in batch experiments, (iii) assess the
experimental parameters such as column bed height, flow
rate, and initial metal concentration for process optimiza-
tion in column studies, (iv) and analyze the experimental
data’s with common dynamic models to understand the
mechanism and efficiency of Ni(II) adsorption onto C-BC.

2. Materials and methods
2.1. Samples and materials

Coir pith waste was collected from Thondamuthur vil-
lage of Coimbatore, Tamil Nadu, India. The waste materi-
als were washed with deionized water, oven dried (60°C
for 24 h), and used for the production of biochar using
a small scale biochar producing plant (Safire Scientific
Company, Tamil Nadu Agriculture University, Coimbatore,
Tamil Nadu, India) [12]. The produced biochar were sieved
(<0.25 mm) and used for the batch experiments and column
studies. A stock solution of Ni(II) (1,000 mg L) was pre-
pared by dissolving 4.478 g NiSO,:6H,O in deionized water.
Working concentrations (50 and 250 mg L™) solutions were
prepared by diluting the stock solution. All other chemicals
used in the experiments were of analytical grade.

2.1.1. Point of zero charge of the adsorbent

Consequently, the point of zero charge (pHpzc) for
C-BC was determined. About 0.05 g of C-BC was taken in
50 mL Erlenmeyer flasks containing 0.01 mol L™ NaNO,
solutions. Alternatively, the pH values of the solutions were
adjusted between 2.0 and 8.0 using the solutions of HNO,
and NaOH. Further, the mixtures were kept in a shaker to
equilibrate at 25°C for 24 h, and the final pH was noticed
after 24 h [6].

2.2. Batch experiments

Batch experiments were performed using 0.05 g of
C-BC agitated with 25 mL of Ni(II) solution individually
at 26°C + 2°C in a rotary shaker at 100 rpm [10]. Samples
were collected at the predetermined time intervals, and the
Ni(II) solution was separated from the adsorbent by centrif-
ugation at 6,000 rpm for 5 min [13]. The supernatant was
analyzed for the residual Ni(II) concentration using UV-vis
spectrophotometer (Hach make: DR/2400 model) at 470 nm.
The Ni(II) removal (%) was calculated using the following
equation:

Removal capacity (%) = {(COCC")}AOO (1)
0

where C; and C, are the initial and equilibrium Ni(II) con-
centrations (mg L), respectively. All the experiments were
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carried out in duplicate to avoid any discrepancy in exper-
imental results and metal solution controls were kept
throughout the experiment. Experimental variables consid-
ered were (i) the effect of pH 2-8 on the adsorption capaci-
ties, (ii) dosage of C-BC (0.05-0.25 g), and (iii) initial Ni(II)
concentration (50-250 mg L™).

2.3. Modeling of adsorption isotherms

The adsorption isotherm studies were performed at
equilibrium conditions, in order to determine the rela-
tionship between the amount of metal ions adsorbed on
the adsorbent surface and the concentration of remain-
ing metal ions in the aqueous phase. Langmuir [Eq. (2)],
Freundlich [Eq. (3)], and Temkin [Eq. (4)] isotherms were
plotted by using standard straight line equations and cor-
responding two parameters of Ni(Il) was calculated from
their respective graphs. The Langmuir isotherm is based on
the monolayer sorption of metal ions on the surface of the
sorbent and is represented by the following equation [14].

SHERNER o
1, \4.b) \4,

where C, is the concentration of metal ions in mg L™ at equi-
librium, g, is the maximum capacity of the metal monolayer
to be adsorbed in mg g™, and b is the constant that refers
to the bonding energy of adsorption in L mg™. Freundlich
equation can be expressed as:

log g, =log K, + 1 log C, 3)
n

where C, is the equilibrium concentration of metal ion
(mg L), g, is the amount of metal ion adsorbed per unit
weight of adsorbed at equilibrium (mg g”), n is the
Freundlich constant and K, is the adsorption capacity
(mg g™). K, and n can be determined from a linear plot of
logg, against logC, [15].

The linearized form of Temkin equation is expressed as:

q,=B,InK,+B,InC, 4)

where B, = RT/b, C, is the equilibrium concentration of a
metal in solution (mg L™), g, the amount of Cr(VI) sorbed
onto the C-BC (mg g™), K, (L g™') the equilibrium potential
corresponding to maximum binding energy, B, (J mol™) the
Temkin constant relates to the heat of sorption, R the gas con-
stant (8.314 ] mol K™), and T the absolute temperature (K).

2.4. Adsorption kinetics

The first-order rate constant for adsorption of Ni(Il)
has been studied with the help of Lagergran’s equation.

k
log (g, —q,)=log(q,) —[2.3103} ®)

where g, is the amount of metal adsorbed at equilibrium

(mg g™), g,is the amount of metal adsorbed at time ¢ (mg g™),

k, is the rate constant of adsorption (min™).
Pseudo-second-order rate equation is expressed as:

LA (e ©)
9 ko \a

where k, is the second-order rate constant for adsorption
(g mg™ min™), g, is the amount of metal adsorption at equi-
librium (mg g'), and g, is the amount of metal adsorption
in time t (min™). A plot of t/g, vs. t yields a straight line
with a slope of 1/g,. The value of k, is determined from the
intercept of the plot [16].

2.5. Characterization of C-BC

Fourier transform-infrared spectroscopic analysis was
used to identify functional groups responsible for Ni(II)
adsorption onto C-BC. Briefly, infrared spectra of Ni(II)
loaded and unloaded C-BC were recorded on a Schimadzu,
FTIR-8400 spectrometer, Japan, equipped with software-IR
Solution. The absorbance data were obtained in the range
of 400-4,000 cm™ [17]. The surface morphology of the C-BC
before and after Ni(Il) adsorption were examined using
scanning electron microscopy (SEM), the corresponding
SEM micrographs being obtained using at an accelerating
voltage of 15 kV (Hitachi SE 900, Ibaraki, Japan) at 5,000x
magnification. The surface elemental composition of C-BC
before and after Ni(II) adsorption was recorded on a Quanta
FEI 250 (Czechoslovakia) equipment.

2.6. Column study

The experimental arrangement for fixed-bed column
study consists of the columns of burette connecting to a
peristaltic pump and the overhead tank containing aque-
ous Ni(I) solution of varied concentrations. The known
amount of C-BC was packed up to a desired bed height in
the column. Columns are mounted vertically and glass wool
is used at the bottom of the column to act as supporting
material of the adsorbent bed and also serves the purpose
of filtration of the adsorbent particles. Control valves of the
peristaltic pump after the overhead tank helps to regulate
the flow and a graduated burette to measure the influent
liquid flow rate are incorporated in the feed line of the col-
umn. At the top of the column, the influent nickel solution
(50, 75, and 100 ppm) was pumped through the packed col-
umn (10, 15, and 20 cm), at flow rates of 1, 2, and 3 mL min™,
using a peristaltic pump. Samples were collected from the
exit of the column at standard time intervals and analyzed
for residual Ni(II) concentration. All the experiments carried
out at the room temperature 26°C + 2°C. All experiments
were carried out in duplicates and mean values are used
for the data analysis.

2.7. Mathematical modeling of column data

Breakthrough curves obtained at different bed heights,
flow rates, and initial Ni(II) concentration were analyzed
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using common dynamic models such as Thomas model,
modified dose response model, and Yoon-Nelson model.
Thomas model is expressed as:

C, 1
== )

o 1+ exp{kFT(qom - CUV)}

where k, is the Thomas rate constant mL min™ mg”, C, is
the equilibrium concentration (mg L) at time ¢ (min), g, is
the maximum column adsorption capacity (mg g™), V is the
cumulative throughput volume (dm?®), F is the volumetric
flow rate (L min™) and C is the initial nickel concentration
(mg L™). The Thomas model is the resultant of the concept
based on the following theory: (a) Langmuir adsorption/
desorption, (b) no axial dispersion, (c) the rate driving
force follows second-order reversible reaction kinetics [18].
The modified dose-response model is expressed as:

So1- ! — ®)
Co  1+(F/b)1+(F /D)

where amdr and b are the modified dose-response model
constants [19], C, is the equilibrium concentration (mg L™) at
time ¢ (min), g, is the maximum column adsorption capacity
(mg g), and C is the initial nickel concentration (mg L™).
From the value of b, the value of g, can be estimated using the
following equation.

L ©)
m
where m is the mass of adsorbent (g).

The Yoon-Nelson model is based on the statement that
the rate of decrease in the probability of adsorption for each
adsorbate molecule is proportional to the probability of
adsorbate adsorption and the probability of adsorbate break-
through on the adsorbent. The linear equation model for a
single component system is expressed as:

C
lr{Co ’Cj—km—rkw

(10)

where k., is the rate constant (per min), T is the time required
for 50% adsorbate breakthrough (min).

A plot in the form of linear is expressed as In[C/(C, - C,)]
against sampling time (f). It was used to establish the values
of k., and T from the intercept and slope of the plot. In the
linear plot a general equation of the form y =a — bt is obtained
from which the values of k, and t are obtained by equating
a=and b=k, [18].

3. Results and discussion

This study represents an attempt to assess the potential
of C-BC for removing Ni(Il) from aqueous solution. The
high carbon content (61%), good particle size ratio (1.00),
low moisture content (0.27%), and ash content (16%) indi-
cate the good adsorptive capacity of the C-BC. The physico-
chemical properties of the C-BC are depicted in Table 1.

3.1. Effect of nickel concentration

Effect of initial concentration was studied by varying
the Ni(II) concentration from 50 to 250 mg L™ with 0.05 g
of adsorbent (at a contact time interval of 10 min) and the
results are depicted in Fig. 1. In all the experiments, a rapid
removal was observed during the first 30 min and gradu-
ally decreased with laps of time until it reaches the equi-
librium. The maximum removal (99.8%) was observed for
100 mg L™ and minimum removal (71.6%) was observed for
250 mg L. Thus, the concentration 100 mg L™ was taken
as optimum concentration for further experiments. The
enhanced removal at low concentration could be due to
the faster movement of Ni(II) ions into the reactive sites of
C-BC. However, the decreased removal in higher concen-
trations (200 and 250 mg L) was due to the fact that adsor-
bents had a fixed number of active sites, which become
saturated above a certain concentration [20,21]. The good
adsorption can be attributed to two main factors like high
probability of collision between metal ions and the sorbent
surface and high diffusion rate of metal ions onto sorbent
surface [22,23].

3.2. Effect of adsorbent dosage

The effect of adsorbent dosage (0.01-0.05/25 mL) on
Ni(II) removal was evaluated and the results are depicted
in Fig. 2. The concentration of Ni(Il) and pH were kept at
100 ppm and 7, respectively. The maximum removal 99.6%
of nickel was observed at 0.05 g and minimum removal
92.9% was observed for 0.01 g. Thus, further experiments
were carried out with 0.05 g C-BC, as it removed 99.6% of
Ni(II) from aqueous solution. The percentage removal of
Ni(II) ions increases due to the increase in the adsorbent
dosage. This is mainly due to an increase in the biosorption
binding sites. At a high adsorbent dose, all active sites of
the C-BC are fully exposed and occupied by the Ni(II) ions
saturating the surface and yielding higher adsorption value
[24]. The results are consistent with previous studies report-
ing the increased metals adsorption according to increase
in the adsorbent dose [19].

3.3. Effect of pH

The pH of the solution is an important variable which
controls the adsorption of the metal ions at the solid-water
interface by altering surface properties of the adsorbent
and the ionic form of the metal solution [3,25]. Thus, the
0.05 g of C-BC was mixed with 25 mL of Ni(II) solutions at
different pH values (2-8), and the results are depicted in
Fig. 3. The pH of the solution was altered after the addi-
tion of C-BC. From the graph, it was observed that the Ni(II)
adsorption of Ni(Il) takes place at all pH ranges from 2
to 8 and the maximum adsorption efficiency (99.6%) was
observed at pH 7. When the pH value is increased the max-
imum adsorption at pH 7 could be due to the protonation
of both amine and carboxyl groups in the C-BC, eventually
the negative charge present in the surface increases, thus
favoring the adsorption of Ni(Il) ions. This occurs due to
the reduction of electrostatic repulsion between the surface
and metal cations eventually leading to strong electrostatic
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Fig. 1. Effect of concentration on the removal of Ni(Il) onto
C-BC. The Ni(Il) removal was decreased with increased initial
concentration.
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Fig. 2. Effect of dosage on the removal of Ni(I) onto C-BC.
A minor increase in adsorption capacity was observed with
increased adsorbent dose.
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Fig. 3. Effect of pH on the removal of Ni(Il) onto C-BC.
The maximum adsorption (99.8%) was observed at pH 7.

attraction between the Ni(II) ions and C-BC [26]. When the
pH is lower (pH < pHpzc), the adsorbent surface will have
positive form and will have the lesser adsorption. Due to
the increase in alkalinity of the solution, the carboxylic acid
functional groups changes into carboxylate anions and the
adsorption increases progressively till pH > pHpzc. After

that, carboxylic acid functional groups completely get
converted into carboxylate anions, with nearly no change
in adsorption [27]. However, deprotonation of carboxylic
group in acidic pH (3-6) may faintly decrease the Ni(II)
adsorption onto C-BC. Thus, further experiments were car-
ried out at neutral pH 7. The results are in accordance with
previous study who reported Cd adsorption onto peanut
husk biochar at neutral pH [28].

When the pH is low, the adsorbent surface will acquire
positive charge and the adsorption is less. Once the alkalin-
ity of solution is increased, the carboxylic acid functional
groups turn into carboxylate anions and the adsorption
increases gradually until pH > pHpzc. At the end, carbox-
ylic acid functional groups completely turn into carboxyl-
ate anions, with virtually no change in adsorption. Hence,
increase in the pH of the solution depicts the different effects
on the adsorption process. This can be demonstrated by the
point that Ni(I) species hydrolyzes and it is precipitated
into Ni(OH), at pH 7.0 [27].

3.4. Adsorption isotherms

The Langmuir, Freundlich, and Temkin isotherm mod-
els were widely used to describe the interaction between
metal ions in solution and adsorbents [15]. The Langmuir
isotherm is valid for monolayer adsorption onto a surface
containing a finite number of identical binding sites. The
maximum absorption occurs when the adsorbent surface
is covered by a single molecular layer of soluble material.
The absorption energy is fixed and identical at all the points.
The molecules or ions of adsorbed material cannot move in
the adsorbent surface [29]. In Langmuir isotherms, R, values
indicate whether the isotherm is favorable or not and it is
calculated using the following formula:

1

R, ZM (11

The adsorption data were analyzed according to
the isotherm Eq. (2) and the important parameters are
reported in Table 1. The Langmuir plot is shown in the Fig. 4.
Langmuir constant (g, ) and affinity constant (R,) were used
to compare the results, and it represents the adsorption
capacity of the adsorbent. The results reveal that the C-BC
had higher Q__ and the R, values as compared to the other
biochars [30]. The adsorbent with high Q_ and R, values
were usually advantageous for the waste-water treatment
process [31].

Freundlich isotherm illustrates the factor 1/n which
implies the favorability of adsorption. The high K, values
depicts the high affinity of C-BC toward Ni(II) ions, while
low K, values indicates low adsorption rate of metal ion
[32]. Table 2 reveals that though the values of 1/n were good
for Ni(II) ions, the K, values of Freundlich isotherm do not
fit the adsorption data. The Temkin adsorption isotherm
model was chosen to evaluate the adsorption potentials of
the adsorbent for the adsorbate. By comparing the linear
correlation coefficients (R?) of the three isotherms studied,
it was found that the Langmuir isotherm described the
equilibrium data well with high R? value 0.9921 (Table 2).
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Table 1
Physico-chemical properties of coir-pith biochar
S.no Characteristics Result
1 pH 7.7
2 EC (ds m™) 2.87
3 Water holding capacity (%) 193.41
4 Moisture content (%) 0.27
5 Volatile content% 18
6 Fixed carbon content% 61
7 Ash content% 16
8 Zeta potential (mV) -26.3
9 Particle size (SP area ratio) 1.00
10 Surface area m’ g™
300°C 1.00
400°C 6.22
600°C 87.5
11 Porosity cm? gt
300°C 0.011
400°C 0.020
600°C 0.085
0.03
0.025 %
0.02 /
.3 0.015
X
3 0.01 . G,
0.005 /,,/
. "
0 2 4 6 8

C, (mg L

Fig. 4. Langmuir isotherm for concentration of Ni(II) adsorption
by C-BC at pH =7, dosage =0.05 g.

The results indicate that Ni(Il) adsorption proceeds by
monolayer sorption formation [33]. Also, it implied that
C-BC had a high affinity for Ni(II) ions in solution. Table 3
depicts the comparison of maximum adsorption capacities
of different adsorbents with the present study.

3.5. Kinetic model

The kinetic study of the adsorption processes often
used to describe the efficiency of adsorption and the
potential rate controlling step in the adsorption system.
The kinetics study was completed in 110 min with initial
Ni(II) concentrations (50-250 mg L) using 0.05 g of C-BC
at 25°C [26]. Pseudo-first-order and pseudo-second-or-
der were used to model the kinetic data. The validity of
the kinetic model is usually checked by the correlation
coefficient (R?), calculated from the linear plots. The R?
values are more close to 1.0, indicating a better fit to the

Table 2
Isotherm model constants for Ni(II) ion adsorption onto coir-pith
biochar

Isotherm models Parameters Values
Langmuir model q, (mgg™) 249.733
K, (Lmg™) 3.372604
RL
50 mg L™ 0.005895
100 mg L 0.002956
150 mg L™ 0.001973
200 mg L 0.00148
250 mg L 0.001185
R? 0.992119
Freundlich model K, (mg g™) (L mg™)" 156.7607
n 3.323
R? 0.8565
Temkin model K, 84.742
B, 39.0362
R? 0.9775

model [49]. In this study, R? values pseudo-second-order
model (0.9704) was close to 1.0 indicating the better fit of
the model [50] (Table 4). The pseudo-second-order plot is
shown in Fig. 5. It was found that, the equilibrium sorption
capacities determined using pseudo-second-order model
was in agreement with the experimentally determined equi-
librium sorption capacities (Table 4). In general, the adsorp-
tion reaction was known to proceed the following: (1) trans-
fer of adsorbate from bulk solution to adsorbent surface,
(2) migration of adsorbate into pores, and (3) interaction of
adsorbate with available sites on the interior surface of pores.

3.6. Characterization of C-BC

Representative scanning electron micrograph of the
C-BC before and after Ni(II) adsorption is shown in Figs. 6a
and b. The C-BC has irregular shape with granular surface,
which play a vital role in Ni(II) adsorption process [28].
However, the nature of C-BC was altered after Ni(II) adsorp-
tion and suggested that Ni(Il) effectively interacted with
C-BC. Ni(Il) adsorption onto C-BC was further confirmed
by energy-dispersive spectroscopy (EDS) analysis. Before
adsorption, the EDS pattern for C-BC did not show the
characteristic signal of Ni, whereas, after sorption, a clear
signal of Ni was observed at 0.4 keV (Figs. 7a and b) [51].

The two chief physical properties that has impact over
the metal sorption capacity of biochar are surface area
and porosity. After the pyrolysis of C-BC, the micro pores
were formed in biochar this is due to the loss of water in
dehydration process. Biochar pore has various sizes and
incorporates nano- (<0.9 nm), micro- (<2 nm), and mac-
ro-pores (>50 nm). The most important factor for metal
sorption is pore size. The biochar with small pore size will
not capture bulky sorbate, irrespective of their charges
or polarity. Both these two physical properties will differ
significantly with temperature. The studies in the present
research reveals that higher temperature usually leads to
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Table 3

Comparison of maximum adsorption capacity (g,) (mg g™) of different adsorbents for Ni(II) ions
Adsorbent Metal ions Q,..(mgg) Reference
Activated carbon from Hevea brasiliensis Ni(II) 16.892 Rozaini et al. [34]
Activated carbon from lotus stalk Ni(II) 31.45 Huang et al. [35]
Cyanobacterium Oscillatoria laetevirens Ni(II) 84.745 Das [36]
Jackfruit (Artocarpus heterophyllus) leaf powder Ni(II) 11.5 Boruah et al. [37]
Palm fibers Ni(II) 4.42 Boudaoud et al. [38]
Platanus orientalis Ni(II) 285.714 Sheida Akar et al. [39]
Novel chelating sponge Ni(II) 65.39 Cheng et al. [40]
Magnetic graphenes Ni(II) 158.5 Guo et al. [41]
Multi-carboxyl-functionalized silica gel Ni(II) 31.92 Li et al. [42]
Magnetite nanorods Ni(II) 95.42 Karami [43]
Chelating resin Ni(II) 62.79 Chen et al. [44]
Bagasse fly ash Ni(II) 6.48 Srivastava et al. [45]
Activated carbon from scrap tire Ni(II) 19.53 Gupta et al. [46]
Coal dust Ni(II) 20.408 Kapur and Mondal [47]
Peat Ni(II) 61.27 Przemystaw Bartczak et al. [48]
C-BC Ni(II) 249.733 Present research work

List of comparison of the adsorption capacity of other materials

Table 4

Adsorption kinetic model constants for Ni(II) adsorption onto coir-pith biochar

Kinetic models Parameters Initial concentration (ppm)
50 100 150 200 250

Pseudo-first-order Jyerp (M 87) 49.9355 99.871 149.6775 197.42 244.195
Jocarc (MG &™) 44.65517 120.2368 187.3268 189.3485 509.0483
k, (min™) -0.0463 -0.03269 -0.04084 -0.02498 -0.03676
R? 0.780826 0.819031 0.938445 0.610672 0.754937

Pseudo-second-order Tooxp (MG &™) 49.9355 99.871 149.6775 197.42 244.195
9o (MG &™) 58.05755 109.5936 166.2146 181.8138 231.9527
k, (g mg™ min™) 0.000883 0.000452 0.000372 0.000321 0.000175
R? 0.970423 0.960158 0.969428 0.949036 0.905098
h 0.051253 0.049589 0.0061783 0.058431 0.040549

qe,exp

*+ 50mg L1
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Fig. 5. Ho's pseudo-second-order kinetic plots for adsorption of
Ni(II) by C-BC.

values are obtained from the experiment. It is the value of adsorption capacity at equilibrium condition.

bigger pore size, thus larger surface area (Table 1). The tem-
perature is increased from 300°C to 600°C, porosity of C-BC
increased from 0.011 to 0.085 cm® g™, while surface area gets
increased from 1.0 to 87.5 m? g™'. But it must be noticed that,
in some cases, biochar produced at high temperature shows
lower surface area and porosity. In a previous study [52], it
was observed that reduced surface area for biochar produced
from wheat straw at 700°C compared to that at 600°C (363
vs. 438 m? g!). Generally, at high temperature, the porous
structure of biochar might be damaged or obstructed by tar,
which leads to decreased surface area. Usually, the biochar
which is rich in lignin develops macroporous-structured
biochar, while the biochar rich in cellulose yields a
predominantly microporous-structured biochar [53].
Numerous functional groups such as sulfhydryl, alkyl,
hydroxyl, aryl, carboxyl, keto, phosphonate, sulfonate, and
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Fig. 6. Scanning electron micrographs of coir-pith biochar before and after Ni(II) adsorption. The C-BC has irregular plates with
numerous mesopores over the surface. (a) before adsorption and (b) after Ni(II) adsorption.
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Fig. 7. Energy dispersive spectrum of C-BC (a) before and (b) after Ni(Il) adsorption.

amide groups are thought to contribute to the adsorbtion
of metal ions in biochar. Thus, to understand the functional
groups involved in the adsorption of Ni(Il) ions in C-BC,
Fourier-transform infrared (FTIR) analysis was carried out,
and the results are shown in Fig. 8. The spectra were plotted
using the same scale on the transmittance axis for C-BCbefore
and after adsorption. The FTIR spectra of the C-BC display
number of adsorption peaks, indicating the complex nature
[54]. The basic changes observed in the spectrum before and
after Ni(I) binding on C-BC indicated the influence of dif-
ferent functional groups on Ni(II) adsorption process. The
wave number 2,854 cm™ was assigned to the C-H stretch
aldehyde groups. The shift at 1,689 to 1,627 cm™ indicates
the presence of carboxylic acid salts [55]. The change in the

——CBC
—— CBC Ni treated

100 =

80 =

60 -

404

Transmittance (%)

20

2000
Wavenumber (cm™)
Fig. 8. FT-IR spectra of C-BC before and after Ni(II) adsorption.

A minor shift in the carboxyl group was observed in Ni(II)
treated C-BC.

peak from 1,442 to 1,389 cm™ depicts the presence of C-C
aromatics. The peak at 879 shows the bonding of C-H bend-
ing thereby indicating presence of alkyl group in adsorption
process.

3.7. Effect of bed height

Breakthrough curves obtained for Ni(II) adsorption
onto C-BC at various bed heights are shown in Fig. 9. Bed
heights of 10, 15, and 20 cm were maintained with weighed
amount of 2.5, 3.5, and 5.5 g of biochar, respectively. The
uptake of Ni(II) increased with an increase in bed height
from 10 to 20 cm. The metal ion has the breakthrough and
exhaustion time increased with an increase in bed height
as more binding sites were available for sorption. It also
resulted in a broadened mass transfer zone (Table 3). The
S-curve has the slope decreased as its bed height increased
from 10 to 20 cm, signifying the breakthrough curve steeper
as the bed height decreased. On the other hand, with an
increase in bed height, the abode time of Ni(II) solution
inside the column was increased, thus making the nickel
ions to distribute deeper into the C-BC.

3.8. Effect of flow rate

The effect of flow rate for the adsorption of Ni(II) onto
the C-BC at flow rates of 1, 2, and 3 mL min™, at an inlet
Ni(II) concentration of 50 mg L™ and bed height of 20 cm
is shown in Fig. 10. The figure notifies that rapid uptake
of nickel ion in the initial stages and rate decreased there-
after and finally reached the saturation [56]. Increase in
flow rate makes the breakthrough curves steeper and it
rapidly reached the breakthrough. This is because of the
residence time of the adsorbate in the column, which is
time-consuming for adsorption equilibrium to be reached
at high flow rate. The contact time between the adsorbate
and the adsorbent is minimized which leads to the early
breakthrough.
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Fig. 9. Breakthrough curves expressed as C/C, vs. time at differ-
ent bed depth (initial nickel concentration 50 mg L™ initial pH
7, flow rate 1 mL min™, and temperature 20°C + 1°C) on C-BC.
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Fig. 10. Breakthrough curves expressed as C/C; vs. time at
different flow rate (initial nickel concentration 50 mg L, initial
pH 7, bed height 20 cm, and temperature 20°C + 1°C) on C-BC.

3.9. Effect of concentration

The breakthrough curve obtained for the effect of inlet
initial Ni(II) concentration at bed height 20 cm and solution
flow rate of 1 mL min™ is shown in Fig. 11. At 100 min, for
inlet initial concentrations of 50, 75, and 100 mg L™, the
value of C/C, reached 0.63, 0.82, and 0.94 respectively. Due
to the increasing driving force and the decrease of adsorp-
tion zone length, the slope of breakthrough is steeper with
the larger inlet concentration. The results corroborate
with previous fixed-bed column studies reporting high
adsorption of Pb(II). A steeper breakthrough slope due
to increase in driving force and decrease in adsorption
zone length with larger inlet concentration was reported
earlier [57].

3.10. Dynamic adsorption models

The Thomas model illustrates adsorption kinetics of
fixed bed column. Table 5 illustrates the Thomas rate con-
stant k, and the maximum solid phase concentration Q,
and the correlation coefficient R* (ranged between 0.994
and 0.996). Owing to the increase in mass transport resis-
tance, the values of k, decreased with increasing inlet

1.2
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N, 0.6 —100mg L1
[$)
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Fig. 11. Breakthrough curves expressed as C/C, vs. time at
different inlet concentrations (flow rate 1 mL min™, initial pH 7,
bed height 20 cm, and temperature 20°C + 1°C) on C-BC.

concentration of Ni(II) while the values of Q, were increas-
ing. This may be due to the difference in the inlet concen-
trations between Ni(II) on the C-BC adsorbent surface and
in the solution. The adsorption capacity Q, decreases with
increase in bed height and flow rate. As a result, more
adsorption sites were available for Ni(II) ions. A similar
study was already reported [58]. The external and inter-
nal diffusions were not limiting step on the fitness of this
model for adsorption process. Increased flow rate and ini-
tial concentration maximizes the adsorption capacity, Q,
but minimizes with increase in bed height. This study is
in agreement with k values [59] and with for regression
coefficient [60].

The experimental data also fitted well with modified
dose-response model as evident from the breakthrough
curves shown (Table 5). It was observed in this study
that the modified dose-response constants a,, . and b, .
decreased with an increase in initial nickel concentra-
tion and flow rate. The R? values ranged between 0.978
and 0.986. The modified dose-response model reduces the
error, especially with lower and higher breakthrough curve
times [61].

The breakthrough time and rate constants of this Yoon—
Nelson model are presented in Table 5. Increased rate con-
stant and decreased breakthrough time was noticed with
substantial increase in Ni(Il) inlet concentration. Moreover,
the rate constant considerably increases with increase in flow
rate and decreases with increase in bed height. At higher
bed height, the Ni(II) molecules had more time to establish
through the column, which had reduced adsorption rate.
This result is consistent with the previous study of adsorp-
tion of Pb(I) Ions using mixture of clay plus bamboo bio-
char. Decreased rate constant was recorded with increased
bed height and breakthrough time [62]. In this study,
The R? values ranged between 0.98 and 0.99. On comparing
the values of R? of the three models studied, Thomas and
Yoon-Nelson models can better be used for the adsorption of
Ni(II) on to C-BC in a fixed bed column. The results corrob-
orate an earlier finding that the R? values of modified-dose
response model was lower than the other two models when
a column study was conducted with reference to adsorption
of copper on to rice husk [63].
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Table 5

Modified-dose response, Thomas, and Yoon—-Nelson model parameters at different flow rates, bed heights, and adsorbate solution

inlet concentrations

Kinetic Flow rate Bed height Initial concentration
model 4 I min'  2mLmin? 3mLmin® 10ecm  15ecm  20em  50ppm  7Sppm 100 ppm
Modified-dose response model
Ayor 6.6275 6.831 4.6227 4.1283 4.7626 5.2449 6.675 6.8319 4.239
byiox 0.0916 0.158 0.1867 0.0559 0.066 0.0825 0.0916 0.0794 0.06154
R? 0.9869 0.978 0.9785 0.9796 0.9845 0.9852 0.9869 0.9798 0.9781
Thomas model
K 0.0013 0.0016 0.0013 0.0007 0.0013 0.0012 0.0013 0.001 0.0006
Q, 0.842 1.457 1.7401 1.0509 0.9666 0.7662 0.842 1.0932 1.1616
R? 0.994 0.988 0.9938 0.9956 0.9968 0.9958 0.994 0.9892 0.9952
Yoon-Nelson model
T 92.616 80.15 63.804 57.798 67.661 84.2804 92.6161 80.1671 63.8594
K\ 0.0671 0.077 0.0663 0.0658 0.0658 0.0599 0.06711 0.0781 0.0643
R? 0.994 0.988 0.9938 0.9956 0.9968 0.9958 0.994 0.9892 0.9952

3.11. Desorption studies

The desorption studies were conducted to consider the
suitability of adsorbent (C-BC). In this respect, 0.05 g of
C-BC is added to 15 mL of Ni(Il) solution concentration of
100 mg L7, and the mixture was shaken on a shaker. The
adsorbents in the mixture were separated, and the Ni(I)
ions adsorbed onto C-BC was added into 6 mL of ethanol.
To end with, the concentration of Ni(II) ions in the solu-
tion was measured by inductively coupled plasma optical
emission spectrometry. The desorption efficiency of C-BC
was 98.56% for Ni(II) ions (Fig. 10). In addition to this, the
desorption of Ni(II) ions onto C-BC, was carried up to five
turns without any decrease in the stability of the adsor-
bents. The most important factor is the reusability of adsor-
bents which is used to assess their probable applications.
Consequently, it is essential to repeat the use of an adsor-
bent with further appropriate conditions. Moreover, the
results revealed the competences of the recycled adsorbent
for the isolation of heavy metal ions and it is found that
they are closely the same as those with the fresh adsorbent
even after recycling five times [27]. Finally, all the results
indicated that the adsorbent depicts good performance for
flaunting Ni(II) ions.

4. Conclusion

C-BC efficiently removed (>99%) of Ni(Il) from aque-
ous solution. Batch studies revealed a maximum removal
of Ni(Il) at pH 7. FTIR studies clearly demonstrated the
ionic interaction between Ni(II) and the functional groups
of C-BC. Scanning micrographs confirmed the mesoporous
nature of the C-BC that helps absorb the Ni(II) ions more
efficiently. All the column study experiment results well
fitted the three mathematical models, viz. modified-dose
response model, Thomas model, and Yoon-Nelson model. It
gave a linearly fitted equation. In short, the flow rate and bed

height influences the adsorption of Ni(II) ions on to C-BC.
This suggests that C-BC can efficiently be used to remove
heavy metal, especially Ni(II), from aqueous solution. Also,
the use of C-BC in remediation in the environment may
reduce the problem of coir-pith waste by the coir industries.
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