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ABSTRACT

The hollow tube-like banana fibre carbon (BFC) materials was utilized for adsorptive removal of
toxic cationic dyes such as methyl violet (MV) and crystal violet (CV), and anionic dyes such as
methyl orange (MO) and alizarin red S (ARS) from water. Scanning electronic microscopy (SEM)
images revealed the hollow ends of the carbons were prominent. The chemical composition of BEC
indicated that the carboxylate groups majorly contributed to the adsorption capacity. Langmuir iso-
therm and pseudo-first-order kinetics were effectively fitted to adsorption results. The maximum
adsorption capacities were equal to 85.65, 78.95, 65.78 and 65.07 mg/g for MV, MO, CV and ARS,
respectively. The biocarbon of banana fibre could be a good choice for water treatment due to its

attractive adsorption performance.
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1. Introduction

Water pollution by synthetic dyes is a cause of appre-
hension as they can potentially contaminate surface water
and groundwater. In order to meet the increasing demands
of growing population, dye consuming industries such as
food, textile, leather, paper, cosmetics, pulp mills, plastic,
printing and carpet are expanding exponentially [1-3]. It is
estimated that over 10,000 types of textile dyes alone are
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produced worldwide to an amount of 7.1 x 10° metric tons
per year. Approximately 10-25% of the dyes thus produced
are lost during the process of dyeing and 2-20% of them
are discharged directly into the water stream [4]. These dye
effluents cause harmful effects on aquatic communities by
impeding the light penetration, retarding photosynthe-
sis and inhibiting re-oxygenation capacity responsible for
aquatic plant growth. They also affect human health by
causing allergic dermatitis, cancerous and mutagenic effects
[5,6]. Several measures are undertaken to arrest the dye
contamination at its source. However, alternate approaches
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for removal of dyes have been researched as it is not easy
to avoid their discharge into water in the current scenario.
Among them, adsorption is a promising technology because
of its simplicity of operation, low-cost and efficient removal
of contaminant even at low concentrations [7].

A large number of materials have been utilized for
the adsorption of dyes from aqueous solutions. Metallic,
bio-based, organic and inorganic adsorbents have been
investigated for their potential role in eliminating dyes; bio-
mass-based carbons [8,9], nanometal oxides [10,11], clays
[12,13], cellulose and chitosan composites [7,14] etc., being
prominent. However, adsorbents generally face challenges
in terms of cost, efficiency and selectivity towards the target
contaminant. Hence, there is a great scope for the explora-
tion of novel adsorbents for treatment of wastewater.

Abundance and cost-effective nature of biomass such as
crop residues and agricultural byproducts offer great scope
for the adsorption of dyes. A good number of materials
such as sugarcane bagasse, coconut shell powder, rice husk,
coir pith and sawdust have been employed in the raw form
[15,16]. Chemical and physical modifications were also
carried out in certain instances to improve the adsorption
capacity. For example, ethylenediamine modified rice hull
showed adsorption capacities of 14.68 and 60.24 mg/g for
basic blue 3 and reactive orange 16 respectively which cor-
responded to 4.5 and 2.4 fold increase [17].

Generally, the adsorbent biomasses consist of cellulose,
lignin and hemicellulose constituents. Although biomasses
have been found to be efficient for sorption of dyes, they face
problems due to protective cover which hinders permeation
of chemicals, presence of recalcitrant lignin, and huge varia-
tions in structure and properties [18]. Hence, the carboniza-
tion of biomass resulting in porous structures desirable for
high adsorption of contaminants is a preferred method [19].

Banana fibres are natural fibres that are abundantly pres-
ent. They are derived from perennial herb of banana plant.
They are ligno-cellulosic fibres which are recyclable and
biodegradable. It would be advantageous to use them for
water treatment applications. Hence, in this work, banana
fibres were carbonized and utilized to remove four dyes
namely MV, MO, CV and ARS from water both by adsorp-
tion. The application of carbons obtained from banana fibres
without any further activation could be added advantage as
it can be energy efficient and cost-effective. The structure
and properties of banana fibre carbon (BFC) were charac-
terized and studied for adsorption of dyes at different con-
centrations. The potential of BFC towards water treatment
was determined by comparing it with some of the biomass
based carbons reported in literature.

2. Materials and methods
2.1. Materials

Banana fibres were obtained from Tamilnadu Agri-
cultural University, Coimbatore, India. The dyes of MYV,
MO, CV and ARS were procured from Bangalore Scien-
tific, Bengaluru, India. Sodium hydroxide pellets (NaOH)
and hydrochloric acid (HCI) were purchased from Manasa
Agencies, Bengaluru, India. All chemicals were used with-
out further purification. Double distilled water was utilized
for all the experiments.

2.2. Methods

The BFC samples were fabricated by carbonization of
raw banana fibres. A fixed quantity of banana fibres was cal-
cined in N, atmosphere at 550°C for 1 h. They were cooled
to room temperature and stored for adsorption studies. MV,
MO, CV and ARS dyes were prepared in concentrations of
25, 50, 75 and 100 mg/L for the adsorption experiments.
Adsorption tests were done by mixing a fixed amount of
BFC with the dye solutions. The mixture was stirred for
180 min at speed of 300 rpm. The sample was separated by
filtration and colored filtrates were subjected to colorimetric
analysis using a UV-Visible spectrophotometer at the wave-
lengths of 585, 525, 588 and 423 nm for MV, MO, CV and
ARS, respectively. The decrease in intensity of color indi-
cated the removal of dyes from the solution. The screening
for the determination of optimum pH was conducted using
dilute HCl and NaOH for adjusting pH.

2.3. Characterizations

The morphologies of BFC were characterized by scan-
ning electron microscopy (SEM, HITACHI, SU3500). Image
] software was used to determine diameter of the porous
structures. The surface functionalities of BFC were evalu-
ated by Fourier transform infra-red (FI-IR) technique on
a Shimadzu ATR spectrophotometer. The spectrum was
recorded from 4000 to 400 cm™. A total of 64 scans were done
with a resolution of 4 cm™. The physico-chemical character-
ization was performed on a NOVA 1200 (Quantachrome,
USA) instrument. BFC was degassed in vacuum at 200°C
overnight prior to the analysis. The Brunauer-Emmett-
Teller (BET) surface area, total pore volume and the average
pore size of the samples were determined by N, adsorption
studies at 77.4 K. The thermal decomposition in the tem-
perature range from room temperature to 800°C of BFC was
studied using thermosgravimetric analyzer instruments,
USA (SDT Q600) with Ar flow rate of 100 mL/min and heat
ramping of 10°C/min. Raman studies were conducted on
Thermo science dxr spectrometer using 5 MW, 532 nm laser
with exposition of 3 s in the range of 650-2250 cm™.

3. Results and discussion
3.1. Characterization of BFC

The microstructure of the material can play a vital role
in the removal of cationic and anionic dyes under investi-
gation. As shown in Fig. 1A and Fig. 1B, micrometer-sized
tube like structure was observed for BFC in accordance
with the literature [20]. The diameters of the porous struc-
tures varied from 1.88 to 12.08 pm as shown in Fig. 1A. The
morphology of BFC was further revealed by SEM images
as shown in Figs. SIA-S1C (Supplementary Information).
The open ended tube-like morphology of BEC can facilitate
the easy access to the cationic and anionic dyes used in the
study to be accommodated to large extent.

Fig. S2 (Supplementary Information) shows the plots
of N, adsorption-desorption isotherms and pore diameter
versus pore volume. Type I isotherm (International Union
of Pure and Applied Chemistry classification) with an open
loop was observed which is a characteristic of very narrow
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Fig. 1. SEM images of (A) BFC 20 um, (B) BFC at 50 yum.

slit pores or bottle shaped pores. It was observed that BFC
was consisted of micropores and mesopores. The specific
surface area value of BFC was equal to 8.09 m?/g. Although
the surface area of BFC is small, the presence of large num-
ber of functional groups may aid in the larger uptake of cat-
ionic and anionic dyes based on their feasible interactions at
optimum pH values.

In the Raman spectra given in Fig. S3 (Supplementary
Information), the presence of D and G bands were observed
at 1354 and 1585 cm™, respectively. In general, D band rep-
resents disordered carbon that corresponds to turbostatic
carbon sheets or minor graphitic domains while G band is
ascribed to in-plane displacement of carbons within hex-
agonal carbon layers. The I/I . ratio was determined to be
equal to 0.85. This value which is lower than 1 is an indi-
cation of higher extent of graphitization compared to the
number of defects present in BFC [21]. This can be helpful
in promoting adsorption of the contaminants by enhancing
n-n electron donor-acceptor interactions among BFC and
the dyes under investigation [22].

Thermal degradation profile of raw banana fibres is pre-
sented in Fig. 54 (Supplementary Information). About 9% of
weight loss observed up to 100°C was attributed to loss of
physically adsorbed water. The major weight loss of about
57% between 180-650°C was associated with the decompo-
sition of hemicellulose. Degradation of lignin was not seen
because of the complex structure and its typical gradual
weight loss profile between 100-800°C [23]. Differential
scanning calorimetry (DSC) of banana fibre showed major
peak at 320°C which could be ascribed to degradation of
a-cellulose [24].

3.2. Adsorption experiments

3.2.1. Influence of initial concentration of dyes on removal
efficiency

The effect of initial concentration of adsorbate on the
removal efficiency of MV, MO, CV and ARS was exam-
ined as shown in Fig. 2. It is a common observation for all
the dyes that removal capacity was high when the initial
concentration was 25 mg/L. It declined as the concentra-
tion was increased to 50, 75 and 100 mg/L. This behavior
was attributed to the availability of large number of active
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adsorption sites on the adsorbent at lower initial concen-
tration of the adsorbate. The same number of active sites
would be available for the higher concentrations of the
adsorbate, thus causing the drop in removal efficiency. It
was also seen that the removal of dyes was swift in the first
40 min accounting for more than 60% of the removal capac-
ity which became steadier as the contact time was increased
to 180 min. This is again due to the rapid filling up of active
sites in the initial stage of adsorption.

3.2.2. pH effect

pH of the dye solution plays a significant role in decid-
ing the adsorption performance. The influence of pH on
the removal percentage of the dyes was investigated and
results are presented in Fig. 3. In the case of MV, the per-
centage removal increased with the pH of the dye solution
and maximum removal efficiency was observed at pH of 9
becoming stable on further increase of pH values. The dif-
ference in removal percentage at different pH values could
be attributed to the extent of ionization/dissociation of MV
and surface charge of BFC adsorbent. At lower pH values,
electrostatic repulsion between cationic MV and positively
charged BFC predominates while at higher pH values, elec-
trostatic attraction prevails as surface of BFC would carry
negative charge. This result is in agreement with the reports
published in literature [25,26]. It was observed that pH of
MO solution had negligible impact on the removal effi-
ciency of BFC. The reasons for this are that MO can exist in
two different chemical forms, that is, anthraquinone or azo
bond based on the pH values. The dominance of either of
the forms at different pH contributes to the sort of behavior
observed for MO dye removal [27,28]. The variation of CV
with pH showed a pattern which was similar to the case
of MV. The electrostatic repulsion at acidic pH and electro-
static attraction at basic pH were the reasons for the lower
and higher removal percentages, respectively [29]. ARS
showed high percentage removal at acidic pH which then
decreased as the pH of the solution changed to basic. This
can be explained by interaction of anionic charge of ARS
with the positively charged surface of BFC at acidic pH and
electrostatic repulsion at basic values as the BFC surface
would carry negative charge [30].
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Fig. 3. Variation of removal efficiency of BFC with pH of differ-
ent dyes utilized in the study.

3.2.3. Isotherms

Adsorption isotherms are practical in identifying the
distribution profile of the adsorbate between liquid and
solid phases when adsorption process attains equilibrium

[31,32]. The calculation of adsorption isotherms was done
by Langmuir and Freundlich models. The Langmuir equa-
tion assumes mono-layer adsorption of the adsorbate on
the homogeneous surface of the adsorbent and states that
there is no interaction between the neighboring adsorbent
molecules whereas Freundlich model predicts multi-layer
coverage of the adsorbate on the heterogeneous adsorbent
surface. Langmuir isotherm can be expressed by the follow-
ing equations:

QE — KLCe
1+4,C,

where ‘Q " and ‘C;” represent equilibrium adsorption capac-
ity and equilibrium adsorbate concentration, respectively.
‘K" and ‘a,” denote Langmuir constants. Theoretical max-
imum adsorption capacity, ‘Q, ’, can be found from K, /a,.

max ’

The linear form of Freundlich equation is represented as:

1)

logQ, = iloch +logK, ()
n

F

where ‘C and ‘Q " are equilibrium adsorbent concentration
and equilibrium adsorption capacity, respectively. ‘K,” and
‘n, are Freundlich constants.

The results displayed in Table 1 show that the adsorption
data were in better agreement with Langmuir model with R?
values higher than 0.998 compared to Freundlich model with
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Table 1
Langmuir and Freundlich parameters for MV, MO, CV and ARS dyes removal
Langmuir constants Freundlich constants

Contaminant Q, (mg/g) K, (L/mg) R? K. (mg/g) 1, R?

Methyl violet 85.65 0.18 0.99853 71.05 2.68 0.94658

Methyl orange 78.95 0.15 0.99679 65.25 2.76 0.95623

Crystal violet 65.78 0.12 099122 51.26 2.64 0.95642

Alizarinred S 65.07 0.10 0.99495 40.82 2.85 0.96256
Table 2
Comparison of adsorption capacities of BFC with few bio-based adsorbent materials reported in literature

SI No Adsorbent Dye Adsorption capacity (mg/g) Reference

1 Sunflower seed hull Methyl violet 92.59 [33]

2 Silver nanoparticles modified carbon Methyl orange 2748 [34]

3 Tomato waste nanoporous carbon Crystal violet 68.97 [35]

4 Palm kernel fibre Crystal violet 789 [36]

5 Banana fibre powder Direct red 23 21.05 [37]

6 Banana fibre powder Direct red 80 36.50 [37]

7 Multiwalled carbon nanotubes Malachite green 198.41 [38]

8 Multiwalled carbon nanotubes Methyl orange 178.21 [38]

8 Banana fibre carbon Methyl violet 85.65 This work

9 Banana fibre carbon Methyl orange 78.95 This work

10 Banana fibre carbon Crystal violet 65.78 This work

1 Banana fibre carbon Alizarinred S 65.07 This work
R? values lower than 0.94. The Langmuir adsorption capac- Q, =kt (5)

ities for MV, MO, CV and ARS were equal to 85.65, 78.95,
65.78 and 65.07 mg/g, respectively. These adsorption capaci-
ties were significant because these were determined for BFC
fabricated without any activation process. Chemical or phys-
ical activations on BFC may be carried out to obtain higher
adsorption capacities. A comparison of adsorption capacities
of BFC with some of the carbon based adsorbents for removal
of dyes reported in the literature is presented in Table 2.

3.2.4. Adsorption kinetics

The kinetics of removal of dye provides useful
insights about adsorption rate which governs the resi-
dence time of dye on the solid-liquid interface. Kinetic
factors also come into play while designing and mod-
eling adsorption systems. In the current study, kinetic
investigations were carried out by measuring the absor-
bance of filtrate obtained upon adsorption in intervals of
20 min as shown in Table 3. Models such as Lagergren
pseudo-first-order kinetic model, pseudo-second-order
model and intra-particle diffusion model were applied for
the kinetic data results [39,40]. They are represented by the
following equations:

k,

log(Q. ~Q)=log Q. o=t ©
Lz 1 > +it (4)
Q kQ Q

The kinetic data corroborated well with Lagergren pseu-
do-first-order model with regression coefficient (R?) having
values above 0.998 whereas lower R? values in the case of
pseudo-second-order model implied poor adherence. There
was a close agreementof Q  and Q,  for Lagergren pseu-
do-first-order model. This indicates the adsorption mecha-
nism primarily involved physisorption than the chemical
sorption.

The intra-particle diffusion model assumes that if a
graph of the amount of contaminant adsorbed (Q,) ver-
sus square root of time (f,,) is linear, and if these lines
pass through the origin, then adsorption depends only
on intra-particle diffusion. However, Fig. S5 showed
that the plots were not linear over entire time range and
instead, can be separated into multi-linear curves, imply-
ing that multiple steps were involved in adsorption pro-
cess. It can be concluded that adsorption of MV, MO, CV
and ARS on BFC involved more than one process, and
intra-particle diffusion was not the rate-limiting step.
This behavior is in agreement with studies reported in
the literature [41-43].

3.2.5. Dye removal mechanism

Even though physisorption was the major con-
tributor to adsorption, chemical sorption also played
significant role as confirmed by the FT-IR spectrum
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Table 3
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Lagergren and pseudo-second-order kinetic parameters for MV, MO, CV and ARS

Models Parameters Methyl violet dye concentration (mg/L) Methyl orange dye concentration (mg/L)
10 15 20 25 10 15 20 25
Lagergren Q. (mg/g) 30.87 4463 5755 72.33 3213 4641 58.79 72.33
kinetic model  k (min™) 0.078 0.075  0.080 0.075 0.092 0.094 0.87 0.075
R 0.99952 099899  0.99989 0.99998 099912 0.99921 0.99931 0.99998
Q,,, (mg/g) 30.88 4464 5759 72.35 3212 4641 59.61 72.35
Pseudo- Q. (mg/g) 3213 4641  58.79 72.33 30.87 44.63 57.55 72.33
second order  k (min) 0.071 0063  0.081 0.088 0.075 0.075 0.084 0.088
kinetic model g 095126 096214 092545 0.90365 091235 092467 090243 0.90365
Q.,, (mg/g) 32.12 4641 5961 72.35 30.88 44.45 57.39 72.05

Q,and Q, are the amounts of adsorbate adsorbed (mg g™) at equilibrium and at contact time t (min) respectively, and k, is the
pseudo-first-order rate constant (min™). k, is the pseudo-second-order rate constant (min™).

Models Parameters Crystal violet dye concentration (mg/L) Alizarin red S dye concentration (mg/L)
10 15 20 25 10 15 20 25
Lagergren Q... (mg/g) 2541 36.62 46.95 61.69 24.23 3911 48.85 60.96
kinetic model  k (min™) 0.069 0.084  0.082 0.089 0.087 0.086 0.88 0.99
R? 0.99889 0.99867  0.99859 0.99979 0.99987 0.99950 0.99977 0.99968
Qmp (mg/g) 25.45 36.60 47.03 61.80 24.23 3917 49.03 61.30
Pseudo- Q. (mg/g) 24.20 32.14 38.25 42.87 21.77 30.25 38.17 49.24
second order k. (min) 0.049 0051  0.067 0.042 0.075 0.062 0.072 0.071
kinetic model g, 091478 093415 090444 090781 0.82478 092477 0.83699 091742
Qmp (mg/g) 2545 36.60 47.03 61.80 24.23 3917 49.03 61.30
1404 ing plus which additionally contributed to adsorption
- € capacity of BFC.
120 m
= d 1706::/m-1 Voo ‘
: 1
S 100 """\———"“V""ﬂ/\'i‘}\'“\jj}m 3.2.6. Reusability of BFC
@ 1702 cm”
2 80 —estarty,,_ € ¥ 57\8 em” 1101* e The regeneration properties of BFC material were inves-
S s tigated by treating the dye adsorbed BFC with 0.01 N HCI. It
‘E 604 b 1718 cm 15§ i l was found that the removal efficiency decreased from 89.29,
2 By 1090 cm”™" 76.36, 92.81 and 78.33% to 81.28, 69.75, 85.25 and 70.48%,
S 40 -1 respectively, for MV, CV, MO and ARS respectively after
= a S 1 three cycles of adsorption-desorption. Further desorption
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Fig. 4. FT-IR spectrum of (a) BEC (b) ARS (c) CV (d) MO (e) MV.

of dye adsorbed BFC as shown in Fig. 4. BFC origi-
nally had broad peak at 3314 cm™ corresponding to
absorbed hydroxyl group. The absorptions at 1701, 1597
and 1192 cm™ could be attributed to C=0, C=C and
C-O, respectively. The functional groups were expected
to interact electro statically with the dyes leading to their
removal from contaminated water. Upon adsorption of
dyes on BFC, the shift of C=O and C-O groups by few
wavenumber units confirmed minor chemisorption tak-

which interferes with the analysis [18].

4. Conclusions

Bio-based carbons of banana fibres with hollow ends
were fabricated in the present study and investigated for
their ability to remove two cationic and two anionic dyes.
The adsorbent exhibited favorable adsorption capacity
towards all the dyes and recorded adsorption capacities of
85.65, 78.95, 65.78 and 65.07 mg/ g for methyl violet, methyl
orange, crystal violet and alizarin red S, respectively. This
biocarbon of banana fibre is a potential adsorbent for dye
removal as it showed good adsorption performance with-
out any type of activation.
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Supplementary
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Fig. S1. SEM images of BFC.
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Fig. S2. Plot of pore diameter Vs pore volume.
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Fig. S3. Deconvoluted Raman spectrum of BEC.
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Fig. S5. Intra-particle diffusion graphs for adsorption of (A) MV, (B) MO, (C) CV and (D) ARS.
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