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KEYWORDS Abstract Herein, in-house built heating chamber aided facile preparation of biochar was carried
Biochar; out using Bangladeshi sprouted corncob as the precursor for removing methylene blue (MB).
Corncob; The corncob biomass (CCB) was pyrolyzed at 700 °C for 2hrs (heating rate: 10 °C/min) using
Methylene blue; the in-house built heating chamber in a muffle furnace, eliminating the necessity of pyrolytic cham-
Dye removal; ber. The prepared corncob biochar (CCBC) was characterized for elemental composition, crys-
Adsorption tallinity (XRD), functional groups (ATR-FTIR), surface morphology-elemental composition

(SEM-EDX), surface area (BET), surface charge (point of zero charge), particle size-stability
(DLS-zeta potential) and thermal stability (STA). Adsorption efficacy of CCBC was investigated
in batch experiment with MB dye as well as effect of various factors such as contact time
(5-120 min), initial MB concentration (7-15 mg/L), pH (2-10) and adsorbent dosage (10—
35 mg). Without any chemical treatment for activation, CCBC produced maximum adsorption
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capacity (Qmax) of 20.42mgg~" at 25 °C. The adsorption behavior of MB by CCBC could be better
understood by Langmuir isotherm and Pseudo-second order kinetic model as they were the best fit-
ted isotherm and kinetic models. Thus, waste to treat waste, meaning agricultural wastes like corn-
cob can easily be converted into effective adsorbent for treating dye bearing wastewater.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Dearth of water along with water pollution have been posing an alarm-
ing scenario to the scientific community (Hasan et al., 2019; Quispe
et al., 2022; Yaseen et al., 2019). “Clean Water and Sanitation”, the
6th goal of United Nations Sustainable Development Goals (SDGs),
is anticipated to be accomplished by the year 2030. The vexatious
unbridled contamination of water sources by anthropogenic sources
and growing population are mounting concerns to researchers across
the world (Issaka et al., 2022; Palansooriya et al., 2020). One of the
most crucial contaminants responsible for polluting water is the dye
bearing wastewater (Mishra et al., 2010; Sobhani, 2022). Several indus-
tries such as textile, food, furniture and paint etc. use dye as a prime
chemical. Textile industries contribute to 20% (approximately) of the
total discharged wastewater according to World Bank Report
(Keskin et al., 2021; Tavangar et al., 2019). With trivial biodegradabil-
ity, dyes are carcinogenic and under sunlight its half-life is higher than
2000 hrs (Bessy et al., 2022). However, researchers are struggling
worldwide to find the best possible solution that leads to the effective
treatment of dye contaminated water (Chan et al., 2011).

According to our literature survey, a number of techniques are in
operation for remediation; for instance, adsorption, membrane filtra-
tion, coagulation, ion exchange which are attributed to physical treat-
ment whereas photocatalytic degradation, ozonation, fenton reagents,
hypochlorite treatment, electrodialysis, chemical precipitation, electro-
chemical treatments are considered as chemical treatment. The biolog-
ical treatment method comprises aerobic/anaerobic digestion of dye
bearing effluents (Bessy et al., 2022; Keskin et al., 2021; Mobarak
et al., 2022; Moosavi et al., 2020; Shakoor et al., 2020; Tavangar
et al., 2019). Above mentioned methods have their particular advan-
tages and disadvantages according to their way of interaction. Gener-
ally, methods categorized as physical are quite simple, cost effective
but some drawbacks of this method are sludge production, low volume
of treatment, need further steps like flocculation etc. (Keskin et al.,
2021; Moosavi et al., 2020; Ong et al., 2014; Shahmirzadi and
Kargari, 2018). On the contrary, chemical methods exhibit effective
decolorization, use low cost reagents in treatment, but show agglomer-
ation, low permeability, poor mass transfer and yield unnecessary
sludge including toxic substances are some of the drawbacks (Keskin
et al., 2021; Ong et al., 2014). In addition, biological processes are
slow, complex to manage and require large footmark but this method
cannot satisfactorily meet the discharge criteria (Keskin et al., 2021;
Moosavi et al., 2020).

Adsorption technique outweighs the above mentioned effluent
treatment methods based on economic perspective, raw materials
accessibility, operating flexibility, versatility in design, applicability
without prior treatment, no generation of unwanted byproducts,
abundancy in variety of sources, and adsorbent recovery probability
(Barquilha and Braga, 2021; Bonilla-Petriciolet et al., 2017, 2017,
Dotto and McKay, 2020; Helfferich, 1985). Such emoluments made
materials like activated carbon, silica gel, activated alumina, zeolites
etc. to be the most widely used adsorbents even though the rum-
mage for cheapest as well as effective adsorbents are still underway
(Foo and Hameed, 2011). Clays, agricultural, industrial and munic-
ipal waste derived adsorbents, also conversant as bio-sorbents, are
getting much attention due to lower cost as well as exalted efficacy
(Bhatnagar and Sillanpdd, 2010; P. S. Kumar et al., 2021; Varsha
et al., 2022). Based on the ease of availability and sustainability

of the bio-sorbents, biochar has the supremacy according to a myr-
iad number of studies, which also depicted biochar as an ecological
adsorbent. In addition to that, biochar also contributes to waste uti-
lization and/or recycling, thus countenancing the zero waste strat-
egy, particularly for countries with sturdy agriculture (De
Bhowmick et al.,, 2019; Gupta et al., 2009; Inyang et al., 2016;
Kong et al., 2014; Oluk et al., 2021). With not much surprises, bio-
char can be prepared from numerous cost-effective biomasses, i.c.,
rice straw, pine, palm shell, saw dust, sorghum, coca, coconut, seed,
weeds, animal manure etc. (Kwapinski et al., 2010; Lonappan et al.,
2016; Nanda et al., 2016). Pyrolysis, hydrothermal carbonization,
gasification, flash carbonization and torrefaction are some of the
most widely known thermochemical preparation procedures of bio-
char (Bridgwater, 2012; Ng et al., 2017). Among all the aforemen-
tioned procedures, pyrolysis which involves thermal decomposition
of plant-derived biomass under low oxic or anoxic conditions to
produce biochar has become the most used technique (Cha et al.,
2016; Kloss et al., 2012; Sohi et al., 2009).

Biochar is known for its carbon rich porous structure that can be
produced by conjunction of thermal treatment and limiting oxygen
(Saini et al., 2020; Yang et al., 2015). Physico-chemical properties of
biochar such as large surface area and high porosity are said to be
exclusive since biochar’s adsorption efficacy is directly proportional
to these properties (Gayathri et al., 2021; Hemavathy et al., 2020;
Yaashikaa et al., 2020). Therefore, fine-tuning of raw materials compo-
sition and pyrolysis condition (temperature, rate of reaction, heating
time etc.) not only influences the dye removal efficiency but also
imparts versatility to biochar for treating a wide range of pollutants
(Rafiq et al., 2016). Moreover, treatment with acid, alkali or oxidizing
agents significantly improves the properties of biochar (Jothirani et al.,
2016; Kumar et al., 2011; Suganya et al., 2017).

Agricultural waste, i.e., corncob biomass becomes a burden when
agriculture dependent developing countries like Bangladesh produces
5,400 Kilotons of maize in the fiscal year 2019-2020. Heterogenous
micropore structure, high carbon content as well as hemicellulose con-
tent etc. are the perquisite of corncob derived biochar which eases the
adsorptive removal of azo dyes, MB for instance (Mullen et al., 2010;
Suwunwong et al., 2020).

This study of ours utilized locally available corncob waste for
preparing biochar using a simplistic inhouse built pyrolysis chamber.
The efficacy of the CCBC for adsorptive removal of MB was also eval-
uated and the kinetic and isotherm data were exploited for finding the
best fitted mechanism of adsorption.

2. Materials and methods

2.1. Materials

The precursor biomass (corncob) for biochar preparation was
procured from a local market in Dhaka, Bangladesh (Moham-
madpur  krishi  market; 23°45'57.2"N  90°21'33.5"E).
Hydrochloric acid (HCl) and ethanol (C,HsOH) were pro-
cured from Sigma-Aldrich, UK. Methylene blue, the model
dye for the adsorption study was purchased from Merck, Ger-
many with the properties listed in Table 1. Mili-Q water was
used at all stages of sample preparation.
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Table 1

Properties of methylene blue dye (Al-Qodah et al., 2007).

Name of the dye

Methylene Blue

TUPAC name

3,7-bis(dimethylamino)-phenothiazin-5-ium chloride

Chemical formula Ci6H1sCIN3S
Type Cationic
Molecular weight 373.9 gmol ™!
Maximum Adsorption Wavelength (A,ax) 664 nm
Solubility in water 40 g/L
CAS number 61-73-4
Color Index 51
N
I N
. H3C\ Z /CHS
Chemical structure N S N
I +
c |
CH, CH,

2.2. Methods

2.2.1. Preparation of biochar

The preparation of CCBC from CCB has been visualized in
Fig. la. Briefly, the collected corncobs were washed to remove
dirt and loose particles, followed by drying under sunlight for
2-3 days and oven drying for few hours. The dried corncobs
were chopped into smaller pieces, grinded in a tumbler ball
mill (Pascall Engineering, UK) at 50 rpm and then screened
in a 50-mesh sieve to get uniform size. The sieved corncob
powder was oven dried at 105 °C and stored in an airtight con-
tainer. Requisite amount of CCB powder was first taken in a
ceramic crucible with a lid, placed in an in-house built
stainless-steel chamber (Fig. 1b) of length x width x height:
12" x 12" x 7" (Fig. lc) and subjected to pyrolysis at
700 °C for 2 h in a Muffle furnace (Nabertherm L3/11/C6,
Germany). The rate of heating was maintained at 10 °C per
min. After completion of pyrolysis, the prepared biochar was

(a)

Sun-drying

[l
Oven Drying

Furnace

Corncob Bio-char LU

(CCBC)

Pyrolysis at 700°C

Fig. 1

= &

Grinding in Tumbler Ball Mill

washed with distilled water in order to neutralize the pH.
Washing with HCI (ImolL™") and absolute ethanol were also
done to remove residual ash and organic impurities. After
washing, the biochar powder was oven dried and stored in air-
tight conditions.

2.2.2. Adsorption experiments

The adsorption experiment involved taking 30 ml of MB dye in
100 ml Erlenmeyer flasks, placing it in an orbital shaker and
shaking at 150 rpm under ambient conditions. Different con-
centrations of M B solution were prepared by diluting the stock
solution (1000 ppm MB) as required. Effect of different fac-
tors, i.e., pH (2-10), contact time (5-120 min), initial dye con-
centration (7-15 mg/L) and adsorbent dosage (0.010-0.035g)
were also studied. pH adjustments were done with HCI and
NaOH solutions (0.1 M each). The adsorbent was separated
by centrifugation at 6000 rpm shortly after completion of orbi-
tal shaking. Absorbance of the separated solution was

Mesh size

(a) Preparation scheme of bio-char from corncob; (b and c) in-house built heating chamber.
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recorded using a UV-Vis spectrophotometer (Shimadzu UV-
1800) at 664 nm. The kinetics and isothermal study of the
MB adsorption onto CCBC were also done varying the contact
time and initial MB concentration respectively. The adsorption
of MB onto CCBC at time t, q, (mg/g), at equilibrium g, (mg/
g) and removal percentage was calculated by the following
equations (1) to (3) (Ganguly et al., 2020),

G - C
4 = Tt x vV (1)
Co—C,
—0 e 2
9. <V (2)
RemovalPercentage = GG x 100 (3)

0

where C,, C; and C. = initial, at time t and equilibrium con-
centration (mg/L) of MB solution; W = adsorbent dose (g)
and V = volume of MB (L).

3. Characterization

The elements of CCBC; more specifically C, H, N, S and O
were quantified by an elemental analyzer (Vario EL Cube, Ele-
mentar, Germany). Phase analysis was carried out by X-ray
powder diffractometer (Rigaku Smart Lab). The XRD analy-
sis was done within the 20 range of 10° to 80° and the X-Rays
were generated using ceramic made Cu tube (CuKa radiation
with A = 1.54060 A)‘ Other operating conditions were: fixing
step = 0.01°, scanning rate = 30°/min, voltage = 40 kV and
current = 50 mA).

The presence of functional groups in CCBC were identified
with ATR-FTIR (Attenuated Total Reflectance-Fourier
Transform Infrared Spectroscopy) instrument (Shimadzu IR
Prestige-21 with MIRacle-10 ATR accessory). Surface struc-
ture of CCBC was explored by Scanning Electron Microscope
(Phenom Pro-Desktop 1481). The elemental analysis of CCBC
was carried out with Energy Dispersive X-ray spectroscopy
(TEAM EDS; EDAX, USA).

Particle size as well as zeta potential were determined by a
DLS instrument (Malvern Panalytical Zetasizer Ultra). The
power and wavelength of the equipped laser were 10mW and
632.8 nm respectively. The CCBC sample was finely dispersed
in Mili-Q water and sonicated for 15 min before DLS analysis.
The nitrogen adsorption—desorption isotherm was measured
using Brunauer-Emmett-Teller (BET) sorptometer (BET-201-
A, PMI, Tampa, FL, USA). Prior to the BET analysis, the
sample was degassed at 120 °C for 9 h.

TGA (thermogravimetric analysis) and DSC (differential
scanning calorimetry) analysis were carried out for thermal
stability profiling of the prepared CCBC adsorbent by the
aid of a simultaneous thermal analyzer (STA) (NETZSCH
STA 449F5). The point of zero charge (pHpzc) of CCBC
was determined adapting the pH drift method with little alter-
ation which is also reported by other literatures (Barquilha
et al., 2019; Giri et al., 2020; Pohanish, 2017). In 100 ml conical
flasks, 0.02 g CCBC and 50 ml 0.1 M NaCl solution was added
and placed for orbital shaking at 150 rpm for 12 h at 25 °C.
The pH of NaCl solution was maintained 3—12 by using NaOH
and HCl solution. The initial and final value of pH is measured
using pH meter. pHpzc was calculated by plotting the change

in pH (ApH) against the initial pH of the samples (Sumalinog
et al., 2018). The equation (4) for ApH is as follows:

ApH = prinaI - pHinitial (4)

4. Results and discussion

4.1. Elemental analysis

Elemental composition (C, H, N, S and O) together with dif-
ferent molecular ratios H/C, O/C and (O + N)/C of native
sprouted CCB and CCBC were analyzed and represented in
Tables 2 and 3respectively. The obtained values of elemental
composition of CCB were compared with CCB from different
regions of the world. CCB used in our study showed difference
in percentage of carbon and oxygen compared to the consis-
tent values from other regions.

Elemental analysis of CCB gives insight of several charac-
teristics such as polarity index, hydrophilicity and aromaticity.
This helps to assess the potentiality of biochar for intended
application. According to Table 2, the CCB used in all the
studies contain low percentage of nitrogen and sulfur which
signifies environment friendly feedstock with low rates of
nitrogen oxide and sulphur oxide emission during pyrolysis
(Mohamed Noor et al., 2012).

The elemental compositions (C, H, O, N; O/C, H/C and
(O + N)/C ratio) of CCB (Table 2) have decreased after pyrol-
ysis at high temperature (Table 3) which is due to their elimi-
nation as H,O, CO,, and CO molecules during pyrolysis
(Worasuwannarak et al., 2007). Percentage of carbon in CCBC
rose substantially from 41.01% to 78.05% where possible rea-
son could be the removal of —-OH groups during dehydration
(Gupta et al., 2018). In addition, Cracking of nitrile group,
NO,, NH; during high temperature pyrolysis attributed for
the decrease of N content (Tian et al., 2013). The decrease in
H/C, O/C and (O + N)/C ratios in CCBC depicts complete
carbonation, good aromatization, better aromaticity and sta-
bility, lower hydrophilicity and polar functional groups on
the biochar surface (Dieguez-Alonso et al., 2018; Hao et al.,
2013; Stefaniuk and Oleszczuk, 2015). Life span of biochar is
also a crucial parameter to predict based on O/C ratio.
According to Spokas K.A., when the O/C ratio is between
the value of 0.2 to 0.6, it is predicted to have a life span of
100 years (Anupam et al., 2015; Spokas, 2010). Our prepared
CCBC has O/C ratio of 0.23, which depicts its 100 years life
span.

4.2. X-ray powder diffraction study

The XRD diffractogram of CCBC sample pyrolyzed at 700 °C
is shown in the Fig. 2. The pattern shows two broad humps
like diffraction peaks within the 20 angle of 17.42°~27.72°
and 38.12°~46.71°.

This substantify the formation of amorphous phase of the
biochar which begets due to the disorderly stacked up carbon
rings. These two broad peaks correspond to (002) and (001)
plane of amorphous form of carbon (Gonzalez-Canche et al.,
2021; Saremi et al., 2020; Villagobmez-Salas et al., 2018;
Yeboah et al., 2020). According to Mreohan et. al. (Mohan
et al., 2018), the existence of (002) plane might be due to the
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Table 2 Comparison of elemental composition of corncob biomass from different region.

Elements Bangladeshi Middle eastern Serbian (Wt%)  Hawaiian (wt%)  Turkish Marmara Turkish East Black
sprouted (wt%)  part of China (wt%) regional (wt%) Sea regional (wt%)

C 41.01 48.12 47.6 47.0 49.32 49.0

H 6.66 6.48 6.3 6.4 5.35 5.6

N 1.71 1.89 0.6 0.5 0.63 0.5

S — — 0.2 0.1 - —

O* 50.62 43.51 43.9 434 44.70 43.8

H/C 0.16 0.13 0.13 0.13 1.52 0.11

o/C 1.23 0.90 0.92 0.92 0.9 0.89

(O + N)/C 1.27 0.94 0.93 0.93 0.91 0.90

Ref. This study (Liu et al., 2014) (Trninic et al., 2012) (Demiral et al., 2012)  (Demirbas, 2004)

*Oxygen value = 100 - (% carbon + % hydrogen + % nitrogen + % sulfur) (Ro et al., 2010).

Table 3 Elemental composition of CCBC.

Elements Percentage (%)
C 78.05
H 2.21
N 1.26
S _
(0) 18.48
H/C 0.028
o/C 0.23
(O + N)/C 0.25
14000
24°(002)
12000
10000
7
e’-:: 8000
=4 43° (001)
@ 6000
=
2
=
= 4000
2000
0 T T Y T v T T T d T v T T 1
10 20 30 40 50 60 70 80
20 (Degree)
Fig. 2 XRD pattern of the prepared CCBC.

parallel and azimuthal orientation of the aromatic, partially
carbonized lamellae (Zhang et al., 2019) whereas the (001)
plane might be due to the condensed aromatic carbonized
planes (Wang et al., 2022). Nevertheless, absence of any sharp
peaks alluded no crystallinity which might have happened due
to the presence of silica or relevant other inorganic metal oxide
impurities (Mohan et al., 2018; Petronijevic et al., 2021).

4.3. ATR-FTIR study

Fig. 3 exhibits the ATR-FTIR spectra of CCB, CCBC and MB
dye loaded CCBC for characterization based on functional
groups. For the CCB (Fig. 3a), the —OH stretching vibration
was observed at the broad absorption peak of 3334 cm™!
(Chakraborty et al., 2018; Zhao et al., 2021). The C—H stretch-
ing vibrational peak at 2883 cm ™' might be from the hemicel-
lIulose and cellulose structure (N. S. Kumar et al., 2021; Wang
etal., 2019). The band at 1637 cm ™' can be assigned to the aro-
matic C = C bond while band at 1382 cm™' can assigned to
the N-O symmetric nitro group (Chen et al., 2012; N. S.
Kumar et al., 2021). In addition, a series of peaks at
1000 ~ 1305 cm™' can be assigned to assorted functional
groups with oxygen (Chen et al., 2012).

At elevated pyrolysis temperature (700 °C), most major
bands of CCB disappeared while converting into CCBC due
to the degree of carbonization. In case of CCBC, aromatic
C—H deformation at 700 cm ' with increased intensities is also
observed compared to pristine biomass (Wang et al., 2018).
The bands at around 1520 cm ™! (Fig. 3 a, b and c) represent
aromatic ring vibrations from lignin structure. The intensity

(a) CCB

=
3
> (b) CCBC 1522 1024
E
E
5 | ©ccBc-mB
=

1004

702
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm_l_)

Fig.3 ATR-FTIR spectra of (a) CCB, (b) CCBC and (c) CCBC-
MB.



6

N.S. Pinky et al.

of the band at 1024 cm ™' got decreased after pyrolysis which
corresponds to the C—O-C stretching vibration (Fig. 3 a and
b). The bands below 1000 cm™' are related to hydroxyl and
cellulose groups (Wang et al., 2019). The MB dye loaded
CCBC shows almost identical spectrum as CCBC, except for
few changes in peak positions. This predicts higher cycles of
reusability from the prepared CCBC.

4.4. SEM and EDX study

The surface morphology and micro-structure of biochar was
investigated by SEM analysis (Fig. 4). From Fig. 4a, the pres-
ence of varied size of granules and pores distribution through-
out the entire surface was quite visible and this provided more
active sites to bind with dye molecules at various magnitudes
(Ma et al., 2021).

The existence of rough spongy surface was also confirmed
by SEM analysis. This structural phenomena is the result of
formation of porous channel due to the elimination of volatile
organic materials as well as demolition of fiber structure at ele-
vated temperature while pyrolysis was carried out (N. S.
Kumar et al., 2021; Wu et al., 2020). The EDX spectrum of
CCBC is shown in Fig. 4d. Three main constituents, i.e., C,
N and O were detected through the EDX analysis where C,
N and O were 85.83%, 3.76% and 10.40% respectively. Higher
carbon content as well as low oxygen content substantify the
effectiveness of the in-house built pyrolytic chamber
(Adesemuyi et al., 2020).

4.5. Point of zero charge

The surface charge of the adsorbent becomes zero at a specific
pH value and this value is termed as point of zero charge
(pHy,c) (Nath et al., 2021). This parameter is important for
understanding the mechanism and optimum conditions for
adsorptive removal of pollutants like dyes or heavy metals.
Fig. 5 shows the pH,,,. of the prepared CCBC adsorbent.

From the plot of ApH vs the initial pH, the intersection
point along the x-axis represents the pHpzc (Gatabi et al.,
2016). According to such, the pHpzc of CCBC was 6.8 which
means the net surface charge of CCBC becomes zero at pH 6.8
(Cruzet al., 2020). When the value of pH < pH,,., it indicates
the surface of CCBC is positive and can easily interact with
anionic dyes whereas pH > pH,,. denotes the negatively
charged surface of CCBC and its preferable reaction with
cationic dyes (El Haddad et al., 2012). Thus, maintaining pH
of solution above 6.8 will favor the removal of cationic dyes
like MB. Effect of pH in batch experiment also supports the
statement as highest MB removal was seen at pH 8, which is
higher than the pHpzc (6.8).

4.6. BET analysis

The BET analysis was carried out to determine the surface area
(Sget) and pore size distribution of CCBC based on N,
adsorption/desorption isotherms at — 196 °C which is pre-
sented in Fig. 6 (a and b). Sget of CCBC adsorbent was found

5.00K|

4.50K]|

4.00K|

3.50K]|

C ka1 (d)

Element Weight % Atomic %

3.00K! CK 85.83 88.61
o NK 376 333
200K oK 10.40 8.06
1.50K]

0.50K s

0.00%, 14 28 22 56 7.0

Fig. 4 (a-c) SEM images and (d) EDX spectrum with elemental composition of CCBC.
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ApH

pH

Fig. 5 Plot of pHpzc determination of CCBC.

to be 435.15 m?/g. Such a large surface area might be due to
the fact that, at elevated pyrolytic temperature, the volatile
components present in the adsorbent get eliminated creating
tiniest of interconnecting pores (Vyavahare et al., 2021). Then
again, the micropore surface area was found 394.73 m?/g (t
plot) which is 90% of total surface area. In addition, the shape
and a substantial increase in the adsorption volume at the first
measurement point of CCBC isotherm also indicates that
CCBC is strongly microporous (Maziarka et al., 2021).

According to IUPAC classification, CCBC demonstrates
type-1 adsorption isotherm curve which depicts the microp-
orous structure of the adsorbent. The Hy type hysteresis loop
is also present since non-limiting adsorption is observed at
higher relative pressure. This also implies the uniform narrow
slit-shaped porosity of CCBC. In addition, the pore diameter is
2533 A along with 0.2533 cm?/g total pore volume of the pre-
pared CCBC (N. S. Kumar et al., 2021).

4.7. Particle size and zeta potential analysis

Multi Angle-DLS (MADLS) aided particle size analysis tech-
nique was employed for determining the particle size of CCBC.

170

1 (a)

160

150

—=— Adsorption
—e— Desorption

140

130

120

Quantity adsorbed (cm’/g STP)

110 1 1 ] 1
0.0 0.2 0.4 06 08 1.0

Relative pressure (P/P)

An average particle size of 432 nm was found and this distribu-
tion is shown in Fig. 7a. The consolidated effect of ball milling
and sieving of the CCB contributed to such minute sized
CCBC particles. The stability of CCBC was measured in terms
of zeta potential analysis (Fig. 7b). According to the data
obtained, multiple peaks were obtained which corresponded
to the values —34.80, —22.12 and —12.43 mV at solution pH.
The apex at -22.12 mV as well as the sharp peak at
—34.80 mV depict the moderate to good stability of the CCBC
particles. The occurrence of such multiple peaks might be due
to the significant distribution of particle size of the prepared
CCBC adsorbent (Hossain et al., 2020; Wang et al., 2021).

4.8. Thermal analysis

The TGA and DTG (derivative thermogravimetry) profiles of
the CCBC (Fig. 8a) show evidences of minute mass change of
the prepared CCBC adsorbent which was 4.51% within room
temperature to 800 °C. A huge residual mass, quantitatively
more than 95% depicts the strong thermal stability of the
CCBC particles compared to the CCB (raw material) without
compromising its porosity (Zhao et al., 2017).

The TGA curve reveals a dual mass loss step where the first
step accounts for 4.49% of mass loss up to 130 °C that is due
to the elimination of moisture and volatile organic compounds
(Ghodke et al., 2021). The second mass loss was observed after
510 °C up to 800 °C which is attributed to 3.97% weight loss
probably due to the elimination of large complex molecules
along with inorganic compounds during heat treatment.
DTG curve supports the two step wight loss of CCBC. Thus,
the amount of residual biochar at 800 °C is 95.49% which
depicts strong thermal stability of CCBC (Subratti et al.,
2021). The DSC and DDSC (derivative differential scanning
calorimetry) curve of CCBC is shown in Fig. 8b. According
to the thermogram, two endothermic as well as two exothermic
processes were recorded. Peak temperature and the area of the
two endothermic processes were 512 °C, +89.93 J/g and
605.9 °C, +80.95 J/g respectively whereas peak temperature
and area of 73.7 °C, —7.905 J/g and 154.3 °C, —94.84 J/g
respectively were observed for the two exothermic processes.
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Fig. 6 BET analysis of CCBC (a) N, adsorption—desorption isotherm, (b) BJH adsorption pore size distribution curve.
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4.9. Adsorption studies

4.9.1. Effect of contact time and initial MB concentration

Cost effectiveness as well as economic benefits are greatly
influenced by the contact time during any treatment process.
Herein, the effect of contact time and initial MB concentration
on removal percentage was experimented with various shaking
durations ranging from 5 to 120 min and MB concentration
from 7 to 15 ppm. The results have been shown in Fig. 9a
and 9b, from which it is clearly understandable that adsorption
efficacy of CCBC is dependent on contact time and initial MB
concentration. Within 15 min of shaking, around 94% MB
removal was attained. Such high percentage of removal within
shortest time period was possible because of higher availability
of active sites. Only 3% removal was attained in the next
15 min and steady removal was observed for further contact
time until equilibrium was achieved after 120 min. Saturation
of CCBC surface with MB caused such phenomena since it
becomes hard for MB molecules to further find more available
sites for adsorption (Adeogun et al., 2018).
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4.9.2. Effect of adsorbent dose

The effect of adsorbent dosage on the removal % of MB is
shown in Fig. 9c. With the increase of adsorbent dosage from
0.01 g to 0.02 g, the % removal also increases from 83% to
97%. Further increase of CCBC dose doesn’t quite increase
the removal efficacy and ultimately reached equilibrium for
0.02 g with removal efficiency of 97.72%. This is due to the
fact that, at first there were more available active sites for
MB to get adsorbed onto CCBC surface. But after equilibrium
is achieved, lesser number of active sites are present which
caused lower removal rate. In addition, if doses are given in
excess amount, there is a chance of adsorbent particle aggrega-
tion which will lead to limited binding sites (Shirmardi et al.,
2016; Zhu et al., 2018).

4.9.3. Effect of pH

Generally, interaction between adsorbent and adsorbate
greatly depends on the solution pH (Abd El-Rahim et al.,
2009). Fig. 9d represents the relation between % removal
and pH of the MB solution (pH ranging from 2 to 10). With
the increase of pH from 2 to further, removal percentage also
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rose sharply till pH 4 and then remained almost steady up to
pH 6. Maximum removal percentage was attained at pH 8
(97.7%) and further increase in pH led the removal percentage
drop to 96% (pH 10). Nath et. al. also reported similar results
where maximum MB was adsorbed at pH 8 on okra (A4bel-
moschus esculentus L.) mucilage modified biochar (Nath
et al., 2021). At lower pH, the concentration of H" ions are
high as well as various surface-active sites become protonated
which renders biochar surface with positive ions. This leads to
the electric repulsion between cationic MB and CCBC. On the
contrary, at increased pH, deprotonation of active sites made
the CCBC surface negatively charged which facilitated the
electrostatic attraction between CCBC surface and MB mole-
cules. The saturation of adsorbent with cationic MB molecules
can be clearly observed by steady portion of the fig at pH 5-6
(Nath et al., 2021).

4.10. Adsorption isotherms

In adsorption processes at equilibrium, isotherm models play
significant role in providing information about the adsorption
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0.02 g, pH = 8, shaking speed = 100 rpm); (b) Effect of initial MB
concentration (CCBC dose = 0.02 g, pH = natural, shaking speed and time =

100 rpm and 30 min); (c) Effect of adsorbent dose

100 rpm and 30 min) and (d) Effect of pH for MB adsorption on CCBC
100 rpm and 30 min); all the experiments were carried out at 25 °C.

efficiency, favorability, mechanism and affinity between adsor-
bate and adsorbent (Kyzas and Matis, 2015; Wang et al.,
2018). For the adsorption of MB onto CCBC surface, different
isothermal models such as Langmuir, Freundlich, Temkin and
Dubinin—Radushkevich (D-R) were employed for analyzing
the equilibrium data. The linear forms of Langmuir and Fre-
undlich isotherm models are presented by the equation (5)
and (6) whereas their non-linear forms are represented in equa-
tion (7) and (8) respectively. The Temkin and D-R isotherm
models are represented in equation (9) and (10) respectively

(Dubinin, 1947; Freundlich, 1906; Langmuir, 1918;
Padmavathy et al., 2016; Temkin, 1940).
Ce C, 1
ey (5)
q. dm KLqm
1
Ing, = InKp + ZlnCe (6)
quLCé’

o - 7

9%=11K.C ()
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q. = KF(C,_,)% (8) lnqe = anm - KES% (10)
Here, C, = MB concentration at equilibrium (mgL™"); qe =-
RT RT e iy .
q, = TMKT + TInC‘, 9) amount adsorbed at equilibrium (mgg—"), q,, = maximum
adsorption capacity of CCBC (mgg™"); K, = Langmuir con-
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model; (e) Temkin isotherm model, (f) Dubinin—Radushkevich (D-R) isotherm model (conditions: pH =
t = 30 min, shaking = 100 rpm, temperature

25 °C).

natural, CCBC = 0.02 g,
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stant (Lmg™'); Kr = Freundlich constant, ((mg/g) (Lgil) "),
n = constant (relates adsorption intensity); R = universal gas
constant (JK'mol™"); T = temperature (K); Ky = equilibrium
binding constant (Lg™"); b = constant (relates heat of adsorp-
tion) (Jmol™'); Ky = constant (relates mean adsorption energy
E from equation (11)) (moFPkJ?); &, = polanyi potential (kJ-
mol™") defined by equation (12), (Liu et al., 2019).

1
E= T (11)
g, = RTIn(1 +i) (12)

Ce

From Langmuir isotherm, the favorability of adsorption
process was calculated based on the constant Ry by using
Eq. (13) (Medhat et al., 2021; Malik, 2004)

1

R =——
L1+ K.C,

(13)

Here, C, = highest initial dye concentration. The Ry value
helps in predicting the favorability of the adsorption process
(favorable when Ry is greater than zero but <1) (Medhat
et al., 2021). The value of adsorption energy E from D-R
isothermal model can be used to predict whether an adsorption
process is physisorption (E < 8kJmol™'") or chemisorption
(8 < E < 16kJmol™ ) (Bering et al., 1972).

Fig. 10 shows the corresponding plots of Langmuir
(Fig. 10a and 10b), Freundlich (Fig. 10c and 10d), Temkin
(Fig. 10e) and Dubinin—Radushkevich (Fig. 10f) isotherms.
Table 4 lists all the important parameters extrapolated from
the fitted plots of isothermal models. Best fitted isothermal
model for MB adsorption onto CCBC was determined based
on the correlation coefficient (R?) values of the fitted plots.
The Linear fitting of Langmuir isotherm exhibited best fitting
(R? = 0.9995) which also suggests the occurrence of mono-
layer adsorption process and when an adsorbed particle enters
an active site, no further adsorption is carried out (Langmuir,
1918). The maximum adsorption capacity (Quax) Was
20.416mgg~" and the Ry value was 0.01, suggesting a favor-
able adsorption of MB by CCBC.

The adsorption intensity value greater than unity (n greater
than 1) in Freundlich adsorption isotherm model also depicts
the favorability of the adsorption process. Temkin isotherm
model gave equilibrium binding constant value (K1) and heat
of adsorption (b) of 890.63Lmg~" and 907.49Jmol ™" respec-
tively. The energy of adsorption (E = 6.34 kJ/mol) from D-
R model suggests the physisorption of MB onto CCBC
surface.

4.11. Adsorption kinetics

Kinetic models of adsorption give information regarding the
rate of reaction, rate controlling step and mechanism of
adsorption (Anastopoulos and Kyzas, 2014). In our adsorptive
experiment of CCBC and MB, pseudo first and second order,
Elovich and intraparticle diffusion kinetic models were
exploited. The linear and non-linear expressions of pseudo first
and second order kinetic models are given by the equations
(14) - (17) and linear form of Elovich and intraparticle diffu-
sion kinetic model is presented in equation (18) and (19)
(Yan et al., 2020).

Table 4 Parameters of isotherm plot fittings for the adsorp-
tion of mb by ccbe.

Model Fitting Parameters values
type
Langmuir Linear Qumax (mgg ™) 20.42
Non-linear Ky (ng’l) 13.68
R, 0.01
R? 0.9995
Quax (mgg ™) 19.87
Kp (Lmg ") 16.84
Ry 0.007
R? 0.97193
Freundlich Linear K (mg' /"L 18.49
Non-linear "g ') 5.39
n 0.006
Ry 0.9358
RZ
Kg (mg!/oL Y 18.07
ng=1hy 5.34
n 0.005
Ry 0.95431
RZ
Temkin Linear Kt (Lmg b 890.63
(Imol™") 907.49
R? 0.97473
Dubinin- Linear Qumax (mgg ™) 19.25
Radushkevich Kg (mol’kJ—?)E 0.012
(kJmol ") 6.34
R’ 0.96757
In(q, — q,) = Inq, — kit (14)
4, = q.(1 =€) (15)
t 1 t
— = t+— (16)
4, kg,
kzqzl
_ e 17
U= T gt (17)
Ina,b, 1
=—2+ —Int 18
q, b, + b. (18)
q, = kiZ‘O'S + Ci (19)

Here, g, = amount adsorbed at equilibrium (mgg™'); q, =-
amount adsorbed at time t (mg g~ ); k; and k> = rate constant
of pseudo first and second order kinetic model (gmg ' min™'); =
initial adsorption rate (mgg'min™'); b, = degree of surface
coverage (gmg™!); k; = rate constant of intraparticle diffusion
model (mgg'min="7) and C; = constant related to thickness of
boundary layer (mgg™').

Pseudo first order kinetic model makes assumption about
the adsorption mechanism which is related to the membrane dif-
fusion theory. According to this theory, the rate of adsorption is
related to the variation between the adsorption capacity at equi-
librium and quantity of adsorbate with time. In this process,
reaction rate depends on the concentration of the adsorbate
for a mono adsorbate system and this kinetics is known to be
governed by physisorption. Conversely, according to the pseudo
second order model, the rate of sorption is reciprocal to the rate
of adsorption. It includes membrane diffusion, surface adsorp-
tion and particle diffusion where chemical reaction among the
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model (Conditions: C, = 10 ppm, pH = natural, CCBC = 0.02 g, t = 30 min, shaking = 100 rpm, temperature = 25 °C).

adsorbent and the adsorbate is termed as a rate-determining
step, hence describe the chemisorption mechanism of the pro-
cess (Ho and McKay, 1999). Elovich kinetic model was also
employed to assist second order Kkinetics assuming the
heterogeneous-based chemisorption process. Mechanism
regarding adsorbate-adsorbent interaction is not portrait by this
model (Mezenner and Bensmaili, 2009). The intraparticle diffu-
sion model was also exploited for the kinetics calculation. If this

intra-particle diffusion is determined to be the rate controlling
step, then a linear plot passing through the origin will be origi-
nated. If opposite phenomena occurs, then some extend of
boundary layer or other kinetic models might be more appropri-
ate (Arami et al., 2008; Weber Jr and Morris, 1963).

Fig. 11 (a and b) represents the linear fitting of pseudo-first
order and pseudo-second order kinetic model whereas Fig. 11
(c) represents their non-linear fitting. The Elovich and Intra-
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Table 5 Different kinetic model parameters of MB adsorption by CCBC.

Kinetic model Curve fitting Parameters values

Pseudo-first order Linear qe (mgg™h) 2.22

Non-linear k; (gmg'min~") 0.103

R’ 0.8089
Qe 14.52
k; 0.276
R? 0.99146

Pseudo-second order Linear e (mgg ™) 15.00

Non-linear k> (gmg'min~") 0.071

R’ 0.99864
qe (mgg™") 15.48
k; (gmg'min~") 0.035
R’ 0.99586

Elovich Linear a. (mgg 'min~") 753.23
be (gmg ™) 0.661
R’ 0.82744

Intraparticle diffusion Linear k; (mgg 'min=) 0.68
C; (mgg™") 10.74
R? 0.69643

particle diffusion model have been shown in Fig. 11 (d and e)
respectively.

The extrapolated values of different parameters from the
fitted plots of kinetic models are listed in Table 5. Maximum
value of co-relation co-efficient (R> = 0.998) was obtained
from the linear fitting of pseudo second-order kinetic model.
The value of C; in intraparticle diffusion is greater than zero,
which means the fitted plot doesn’t pass through the origin

and hence intraparticle diffusion is not the rate controlling step
(Anastopoulos and Kyzas, 2014).

4.12. Thermodynamics

Gibbs free energy (AGy) can be exploited for approximating
the viability of an adsorption process. The spontaneity of a
process is depicted by the negative AG, whereas positive

Table 6 Gibbs free energy calculated using constants from various isotherm models.

isotherm Fitting constant temperature (T), K Universal gas Gibbs free energy
constant (R), Jmol 'K ™! (AGy), KJ/mol
Langmuir Linear 13.68 298 8.314 —6.48
Non- linear 16.84 —6.99
Freundlich Linear 18.49 —7.23
Non-linear 18.07 —7.17
Temkin Linear 890.63 —16.83
Dubinin-Radushkevich Linear 0.012 +10.96
100
80 -
é 60
=
>
£
£ 40
=
20
0
1 2 3 4 5

Fig. 12

Cycle

Regeneration study of CCBC.
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AGy value represents the opposite. Following equation (20)
shows the expression of Gibbs free energy (AGy), (Kim
et al., 2004).

AGo = —RTIn (K) (20)

Here, T = temperature of the experiment (298 K in all of
our experiments), R = universal gas constant (8.314 Jmol~!-
K™") and K = equilibrium constant which has been obtained
from Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich isotherm models (Nawi et al., 2018). The values
obtained are listed in Table 6.

All the values of AG, are negative except for Dubinin-
Radushkevich model which has the value of + 10.96KJ/mol.
The negative as well as smaller values of AG, produced by
Langmuir, Freundlich and Temkin models can be termed as
indication of feasibility as well as and spontaneity of the
adsorption process (Abdulraheem et al., 2015; Yagmur and
Kaya, 2021).

Intraparticle
diffusion

Q
S
B o

4.13. Regeneration and reusability study

Regeneration of used adsorbent is imperative to ensure the
economic feasibility as well as to prevent pollution which
may occur if this used adsorbent is discharged into environ-
ment. In order to perform the desorption study, five adsorp-
tion—desorption cycles were carried out with 0.5 M HCI as a
regenerating agent.

For this investigation, orbital shaking of 30 ml 10 ppm MB
solution was done at 100 rpm for 90 min. The amount of
CCBC was 0.02 g. Removal % of MB found to be 96.67%
in first cycle, remained almost stable in next two cycle and then
fall to 88.28% after the fifth cycle (Fig. 12).

4.14. Adsorption mechanism and comparative study

Biochar is a widely recognized eco-friendly absorbent for
removing a wide variety of pollutants because of having a large

Hydrogen
bonding

H—o
OH=

Electrostatic
interaction

“".‘:MB:O

pH>pH

pzc

Fig. 13  Mechanism of MB adsorption onto CCBC.

Table 7 Comparison of adsorption efficacy of CCBC prepared from corncob using various techniques.

CCBC preparation Chemical treatment removed dye removal % maximum adsorption Ref.
technique and time capacity (mg/g)
Pyrolysis at 450-550 °C sulfuric acid real textile dye 98% at 6.02 (Sonu et al.,
wastewater 45 min 2020)
Pyrolysis at 850 °C potassium hydroxide MB 99.05% at 2249 (Yu et al.,
180 min 2019)
Burning in a chamber at — MB 64% at 7.58 (Tsamo et al.,
370-400 °C 15 min 2019)
Carbonized at 400 °C epichlorohydrin mediated MB 99.96% 499.8 (Liu et al.,
composite with chitosan 2022)
Hydrothermal Phosphoric acid MB 80% at 140.25 (Wang et al.,
carbonization at 160 °C 120 min 2020)
Pyrolysis at 400 °C triethylenetetramine Tartrazine 90.02— 85.47 (Mahmoud
sunset yellow 90.42% 74.07 et al., 2020)
90.37-
92.44%
Pyrolysis at 500 °C — Brilliant green 91.7 % in 16.53 (Giri et al.,
5 days 2020)
Pyrolysis at 700 °C = MB 97.72% at 20.41 This study*

30 min
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surface area and charged surface (Ambaye et al., 2021).
Although the mechanism that governs the adsorption process
involves many complex interactions, researchers opine the
adsorption process to be comprised of multiple mechanisms,
i.e. pore filling, Van Der Waals forces, electrostatic interac-
tions, precipitation and surface sorption, m — m interactions,
cation - 7 interactions etc. (Srivatsav et al., 2020). Fig. 13 sum-
marizes the possible mechanism that might be governing the
adsorptive interaction between MB and CCBC adsorbent.
Table 7 lists a comparison of adsorptive removal of
assorted dyes by CCBC prepared through various techniques.

5. Conclusion

A facile preparation technique using in-house built chamber and the
potential of CCBC derived from Bangladeshi originated corncob in
remediation of MB dye has been studied. Elemental analysis showed
variation in wt% of the major elements (C, H, N, O) compared with
other regional corncobs. Batch experiment governed the optimum con-
ditions of the adsorption process in terms of dye concentration, adsor-
bent dose, time interval and pH of the medium. In addition,
spontaneity of the process is also confirmed by thermodynamic study.
Efficient extermination of MB by CCBC involved a number of mech-
anisms including surface diffusion, intra-particle diffusion, hydrogen
bond interaction, n -7 interaction and electrostatic interaction. There-
fore, good removal efficacy of MB using CCBC proved that it can be
utilized as an adsorbent for eradication of cationic dye from textile
waste water.
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