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Abstract

Agricultural waste—based adsorbents offer an innovative, cost-effective, and environmentally benign approach for the removal
of various dyes from wastewater. Herein, Pennisetum glaucum-based novel composites with functionalized carbon nanotubes
(CNT) were developed for the effective and efficient removal of methylene blue (MB) and safranine O (SO) dyes from the
single and binary systems for the first time. Characterization of as-synthesized composites was performed using various
techniques such as field emission scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), and differential scanning calorimetry (DSC). In batch studies, both the dyes were effectively
removed at neutral pH with 0.01 g/10 mL of adsorbent dosage and 10 min of contact time at 30 °C. The adsorption isotherm
and kinetic data were well fitted by the Langmuir isotherm and pseudo-second-order model, respectively. The maximum
adsorption capacity of the composite containing 0.5% of CNT was 181.81 and 386.1 mgg™' for MB and SO dyes, respec-
tively, which were 267.29% and 94.61% greater than raw P. glaucum adsorbent. The adsorption was spontaneous, exothermic,
and physisorption in nature, involving electrostatic, n-x, and H-bonding interactions. The as-prepared adsorbents exhibited
excellent reusability, and their adsorption efficiency was maintained even after ten cycles. Finally, the present work suggests
a promising strategy for the preparation and application of novel green adsorbents for wastewater remediation.
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1 Introduction

Currently, environmental contamination with dyes occurs
on a global scale as a result of an inexorable rise of popula-
tion and industrialization. More often, different industries
use water bodies as sinks to dump their chemical waste. As
per the list of top ten polluting industries registered by an
international non-profit organization, Pure Earth (2016), dye
industries are among the most notable contributing sectors
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[1]. It is predicted that nearly 1.6 million tons of 100,000
new synthetic dyes are generated annually for industrial
requirements and approximately 10-15% of the unused dye-
stuff of this volume is discharged in water bodies directly
[2, 3]. However, the complex structure, xenobiotic and non-
biodegradable properties, makes them resistant to heat and
light, thereby making their removal from wastewater very
challenging [4]. Due to this inappropriate handling of these
dyes, there are serious pollution risks on the ecosystem such
as eutrophication of water bodies and death of plants and
animals [5-7]. Safranine O (SO) is a synthetic azine dye and
has been used as a food dye in cookies and candies besides
being utilized in the dyeing leather, wool, paper, silk, jute
fibers, and cotton. Acute exposure to it resulted in detrimen-
tal health effects like throat and oral irritation, vomiting and
diarrhea, stomach aches, and eye and dermal irritation [8].
Methylene blue (MB) is a cationic dye that is extensively
used in the dyeing industry. It is toxic and exerts detrimental
several health risks in humans upon exposure such as vomit-
ing, nausea, eye injury and methemoglobinemia [9]. So far,
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decontamination techniques have been employed to remove
the dyes from wastewater like ultrafiltration [10], coagu-
lation-flocculation [11, 12], advanced oxidation processes
[13], photocatalysis [14], biological treatment [15], chemical
reduction [16], and adsorption [17], reverse osmosis [18].
However, adsorption by using low-cost adsorbents is consid-
ered as one of the most promising technologies to remedi-
ate dye-containing wastewater due to its cost-effectiveness,
simplicity of design, availability, easy operation and main-
tenance, rapidness, high efficiency, and no secondary pol-
lution [19-22],S. [3, 12, 23-25]. The absorbents which are
employed for the adsorption should possess the following
features like large specific surface area, physicochemical sta-
bility, abundant adsorption sites, non-toxicity, high maximal
saturation capacity, and eco-friendly to the environment [26,
27]. The biomass waste—based adsorbents contain oxygen-
ated functional groups like alcohol, ketone, and carboxylic
groups, which are responsible for the sequestration of dyes
by different adsorption mechanisms. Several agriculture
waste materials like rice husk, coffee, peanut husk, activated
rice husk [28], sawdust, orange peel, banana pith, and wheat
shells have been utilized as adsorbents for the treatment of
wastewater [22, 29, 30]. However, the direct use of these
adsorbents is not much efficient due to its lower adsorption
efficiency and the leaching of soluble organic molecules
from adsorbents increases the total organic carbon, biologi-
cal, and chemical oxygen demand of water [31]. Therefore,
different modifications of biomass have been reported in the
last few decades to enhance the adsorption capacity.

Pennisetum glaucum belongs to the Poaceae family and
Cenchrus genus, commonly known as pearl millet or bajra.
India is the major producer of pearl millet both in terms of
area (7.47 million ha) and production (9.80 million tons),
with average productivity of 1305 kgha™! [32]. Its seeds
are used as cereals, while other part like leaves and stem
remains in the fields as waste and burnt which causes air
pollution. Although some researchers have reported the use
of the pearl millet husk as an adsorbent in raw form or by
using its activated carbon for the removal of dyes and heavy
metals [33-38], yet, the composite of pearl millet stem for
the removal of dyes is not reported until date to the best of
our knowledge.

Carbon nanotubes (CNTs) are typically cylindrical forms
of graphene sheets having high porosity, specific surface
area, and hollow structures with highly hydrophobic sur-
faces [39]. These have exceptional properties like ultra-low
weight, thermal and chemical stability, and high mechani-
cal strength (A. [23, 40]. The morphology, active sites, and
defects of CNTs are responsible for the adsorption of dyes
[39]. Furthermore, chemically functionalized CNT surfaces,
grafted with specific functional groups like hydroxyl, fluo-
rine, carboxyl, and amine, generate high-affinity sorption
sites for increased binding of target adsorbates like dyes via
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n- electron bonding or electrostatic attractions[41-43].
Despite these merits, the practical application of CNTs
remains limited by their poor solubility and rapid aggrega-
tion in their pristine state [44, 24]. Thus, different CNT com-
posites like CNT-graphene composite, starch-functionalized
multi-walled CNTs (MWCNT)/iron oxide composite, Guar
gum grafted Fe;0,/MWCNTs ternary composite, and CNT-
activated carbon fabric composite were used to remove the
dyes from wastewater with good adsorption capacity [45].
However, the high cost and use of chemicals in many of
these reports have made it necessary to consider other envi-
ronmentally benign and low-cost supports for CNT for the
formation of composites. Also, the existing literature lacks
in-depth exploration of the adsorptive potential of compos-
ites of CNT with biomass.

In view of the aforestated, this study involves the use of
low-cost, pearl millet stem waste for the fabrication of com-
posites with functionalized CNT for the efficient removal
of basic dyes, i.e., MB and SO, for the first time to the best
of our knowledge. The overall objective of this report was
to develop a simple method to synthesize CNT-biomass
composite and its characterization to deliver a more practi-
cal and flexible solution for the removal of basic dyes from
wastewater which will directly benefit the environment and
human health. Furthermore, the effect of different adsorption
parameters like temperature, adsorbent dose, time, adsorbate
concentration, and pH, on the adsorption efficiency of adsor-
bents, was studied. Different kinetic models and isotherms
were fitted to the experimental data to evaluate the nature
of adsorption and the type of interactions for the adsorption
of MB and SO dyes on the composite surface. Desorption
studies were also carried out to check the renewal efficiency
of prepared adsorbents.

2 Materials and methods
2.1 Chemicals and materials

Pennisetum glaucum (pearl millet stem) was collected from
the Bhiwani region of Haryana, India, and its identity was
confirmed by the National Institute of Science Communi-
cations and Information Resources, India. Multi-walled
CNTs were purchased from Nanocyl S.A. (Belgium) of NC
7000 industrial grade having carbon purity of 90%, diam-
eter ~9.6 nm, length~ 1.5 um, and surface area 250-300
ng_l. All the used reagents like MB, SO, acetone, HCI,
NaOH, deionized water (DI), HNO;, and H,SO, were pur-
chased of analytical grade from the SRL company and used
as received. The stock solutions of dyes were prepared by
dissolving 1 g of dye in 1 L of water. Solutions of different
concentrations were prepared by diluting the stock solutions
with distilled water.
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2.2 Preparation of adsorbents

The collected pearl millet raw material (RM) was washed
to remove impurities; after that, it was chopped into small
pieces and sun-dried to remove the moisture. The dried
material was ground and sieved with mesh sizes 60, 80,
and 120 BSS, and for further size reduction, it was ball
milled for 5-6 h to study the effect of particle size on the
removal of dyes. The powdered adsorbent was preserved
in an airtight container for further use.

The functionalization of MWCNT with carboxyl
groups was done by using the earlier reported method
[46]. One gram of MWCNT was added in a 500-mL con-
ical flask containing a 100-mL mixture of H,SO, and
HNO; (3:1), and the suspension was kept for 1 day. For
the fine dispersion of MWCNTs, the solution was ultra-
sonicated for 4-5 h. After that, the functionalized MWC-
NTs were filtered by using Whatman filter paper. Several
washings with DI water were given to attain the neutral
pH of the filtrate. The obtained functionalized CNT was
oven-dried and stored for further use.

Three different composites containing different
amounts of functionalized CNT were prepared as shown
in Fig. 1, by adding 5 g of biomass in different coni-
cal flasks containing a solution of 0.025 g, 0.05 g, and
0.102 g of functionalized CNT and 100 mL of DI water.
After that, the suspension was ultrasonicated for 2 h for
even dispersion of fine particles of CNT. The prepared
composites were washed and oven-dried and preserved
in an airtight container for further uses. The synthesized
composites containing 0.5%, 1%, and 2% CNT and bio-
mass (B) were labelled as 0.5% CNTB, 1% CNTB, and
2% CNTB, respectively.

Fig. 1 Preparation of compos-
ites of raw P. glaucum

Ball milling of P. glaucum biomass

2.3 Characterization

Different characterization techniques like FESEM (field
emission scanning electron microscopy), FTIR (Fourier
transform infrared spectroscopy, XRD (X-ray diffraction),
and DSC (differential scanning calorimetry) were employed
for the analysis of RM and its composites. FESEM images of
adsorbents were recorded using a 7610F Plus, JEOL model
operated at 5 kV. FTIR analysis of adsorbents was performed
using Frontier, Perkin Elmer model where the spectra were
recorded in the wavenumber range from 4000 to 500 cm™!. A
diffractometer, Rigaku (model MiniFlex-600) was employed
to perform the XRD analysis of adsorbents. Furthermore,
temperature decomposition and enthalpy changes corre-
sponding to changes in chemical and physical properties of
adsorbent were analyzed by using TA Instrument (DSCQ-10
model).

2.4 Batch adsorption experiments

The adsorption capacity and mechanisms were determined
by analyzing the kinetic experiments, the effect of solution
pH, thermodynamic parameters, and adsorption isotherms
by taking a fixed amount of adsorbent in 10-mL aqueous
solution of each cationic dye having definite initial dye con-
centrations in a conical flask (100 mL) and shaking for a
certain time on a temperature-controlled magnetic stirrer
at preset rpm. The different adsorption analysis parameters
like pH (2-12), composites dose (0.005-0.05 g in 10-mL dye
aqueous solution), contact time (3—120 min), dye initial con-
centration (15-60 mg LY, particle size (250-22.698 um),
and temperature (30—60 °C) were optimized. The pH of the
dye solution was controlled by adding 0.1 N HC] and NaOH.
The effects of individual parameters were investigated of
varying only one parameter while others were fixed. The

0.5%CNTB

1%CNTB

Fabrication of composites of
raw P. glaucum with
functionalized CNT

2%CNTB
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isoelectric point of the adsorbents was determined using
the pH drift method [47]. The kinetic study was performed
by taking 0.01 g adsorbent mass in 10 mL of dye solution
of concentration 30 mg L~! at 30 °C for the time intervals
of (3, 5, 10, 15, 20, 30, 60 min) at neutral pH. The math-
ematical expressions of different kinetic models like pseudo-
first-order, pseudo-second-order, intraparticle diffusion, and
Elovich are given in Egs. (1-4).
Pseudo-first-order model [48]:

In(q, — q,) = Inq, — kit )
Pseudo-second-order kinetic model [48]:

r_ 1t
4 kg2 q, @)

Intraparticle diffusion model [48]:
q,=kt" +c 3)
Elovich model [48]:

1 1
q; ﬂlnt+ ﬁln(aﬂ) 4)

Here, k; (min~1), k, (g mg~! min~!), and k; (mg
g~! min~"?) are the rate constants of pseudo-first-order,
pseudo-second-order, and intraparticle diffusion kinetic
models.c (mg g7!) is the degree of adsorption, # (min) rep-
resents time, and & (mg g~! min~!) denotes the primary rate
of adsorption. B denotes the desorption parameter, and it is
utilized for the characterization of the degree of chemisorp-
tion and activation energy.

The study of different adsorption isotherm experi-
ments was carried out by taking 0.01 g of adsorbent
doses in 10 mL of dye solution of different concentrations
(15-60 mg L™') at neutral pH and room temperature. The
thermodynamics study was conducted in the temperature
range of 30-60 °C (dye concentration 30 mg L~!, adsor-
bent dosage 0.01 g in 10 mL of dye aqueous solution, pH
7, contact time 10 min). The residual concentration of
MB and SO dyes were determined by measuring absorb-
ance at 665 nm and 520 nm, respectively, by using Sys-
tronics UV-visible spectrophotometer model 117. The %
removal and the quantity of dyes adsorbed onto the unit
mass of adsorbents were determined by using the follow-
ing Eqgs. (5-7) [48].

(C() - Ce)

R(%) = x 100 )

(CO - Ce) XV

- (®)

9. =
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where ¢, (mgg™") is the adsorption capacity of dyes at equi-
librium, g, (mgg™") is the adsorption capacity of dyes at time
t, C, (mg L™!) and C, (mg L") are the initial and equilib-
rium concentrations of dyes, V (L) is the volume of dyes
solution, and M (g) is the mass of adsorbents.

Batch adsorption experiments in MB/SO mixed dye solu-

tion

To investigate the % dye removal by synthesized adsor-
bents in the binary mixture of MB and SO dyes, the experi-
ment was carried out by adding 0.01 g of different adsorbents
in a conical flask containing 10 mL (5 mL SO+ 5 mL MB)
solution of dye mixture having an initial concentration of
30 mg L™!; the solution was stirred for 10 min at neutral pH
and 30 °C temperature. After that, the final concentration of
dye solution was measured with the help of a UV-visible
spectrophotometer.

2.5 Regeneration studies

Desorption studies were performed to check the renewal effi-
ciency of prepared adsorbents. Different eluting agents like
HCI, ethanol, acetone, NaOH, and hot water were employed
for the desorption of dyes. Adsorption and desorption exper-
iments were performed up to ten cycles. In each operation,
the dye-loaded adsorbents were washed in acetone to desorb
the SO and MB dye adsorbed during the previous cycle.
Regenerated adsorbents were oven-dried to remove moisture
and stored for the later cycles.

3 Results and discussion
3.1 Physicochemical characterization of adsorbents

FTIR spectroscopy depicts different functional groups pre-
sent on the surface of adsorbent which act as binding sites
for MB and SO molecules. The FTIR spectrum of RM and
its composites are given in Fig. 2a—d. A broad peak at 3394,
3413, 3426, and 3433 cm~' was observed in the case of
RM, 2% CNTB, 1% CNTB, and 0.5% CNTB composites,
respectively, ascribed to the -OH stretching. The presence
of a peak at approximately 2900 cm™! was due to the meth-
ylene group C-H stretching of cellulose and hemicellulose
components. The peaks around 1105 cm™! were related
to C-O stretching, while the peak around 1734 cm™! was
attributed to C=0 [49]. After dye adsorption, the peak at
3433 cm~! in the FTIR spectrum of the 0.5%CNTB was
shifted to the 3413 cm™" and 3406 cm™ in the case of MB
and SO dyes, respectively, as shown in Fig. 2e—f. This shift
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in peak indicates that the dye adsorption takes place due to
hydrogen bonding between the dye molecules and the adsor-
bent surface. The presence of nitrogen and sulfur along with
carbon and oxygen contents in the EDX spectrum of MB
and SO dye-loaded adsorbent, i.e., 0.5% CNTB as depicted
in Fig. 2g, shows the presence of dyes, as MB structure
contains four N and one S atom, while SO contains four N
atoms.

The morphologies of prepared adsorbents were inves-
tigated with the help of FESEM as shown in Fig. 3. In the
FESEM image of RM, it can be seen that the adsorbent
has a heterogeneous morphology involving irregular size
pores, rough flakes, and sheets. After modification, the
fibers of CNT on the surface of RM can be seen in FESEM
images of composites. The increased roughness of surface,
as well as incorporation of more functional groups due to
presence of CNT, resulted in more interaction with dyes,
enhancing the adsorption capacity [20] from 49.5 (MB)
and 198.4 (SO) to 181.81 (MB) and 386.1 (SO) mgg~" for

Live Time : 60

Amp Time(ps) : 3.84  Resolution:(eV) : 129.1

RM and 0.5% CNTB, respectively. After the dye adsorp-
tion, the pores on the adsorbent surface were filled with
the dyes molecules as shown in Fig. 3e.

The crystalline and amorphous analysis of adsorbents
was evaluated by XRD, and the obtained data of RM, 0.5%
CNTB, 1% CNTB, and 2% CNTB adsorbents are given
in Fig. 4a. From the analysis of adsorbent data, it was
found that the strongest peak at 20=21.7° was attributed
to the cellulose crystallinity and represented the (002)
crystal plane of cellulose [50]. Soldier peak at 20 =15.7°
corresponded to the amorphous part of cellulose in all
the adsorbents. The intense peak of CNT at 20=26.3°
appeared in 0.5% CNTB, 1% CNTB, and 2% CNTB adsor-
bents, and its absence in RM indicated the incorporation
of functionalized CNT in raw biomass. The intensity of
this peak in composite adsorbents increased by increas-
ing the % amount of functionalized CNT. Another peak
at 20=42.6° in XRD spectra of functionalized CNT is
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Fig.3 a—d FESEM images of
RM, 0.5% CNTB, 1% CNTB,
and 2% CNTB adsorbents, e
dye-loaded 0.5% CNTB

0.5%CNTB

= w.

= 100nm

Susface of RM

m  100nm

disappeared in composites may be attributed to the less  two exothermic curves at 290 °C and 359 °C in the case of
intensity of this peak in functionalized CNT. all the adsorbents but was absent in functionalized CNT. The

DSC spectra of RM, 0.5% CNTB, 1% CNTB, and 2%  peak at 290 °C represented the thermal degradation of hemi-
CNTB is given in Fig. 4b. The analysis of spectra depicts  cellulosic components, and the peak at 359 °C attributed to

@ Springer



Biomass Conversion and Biorefinery (2023) 13:16925-16942

Functionalized CNT
a) ——RM

26° —— 0.5%CNTB
1%CNTB
2%CNTB

42.6°

Intensity

Intensity

16931
0.5%CNTB
1%CNTB
b) 29%CNTB
RM
Functionalized CNT
CEEEEE Bt —“'Hqﬁﬂ_H_H_

T T

T
300 350 400 450

Temperature(°C)

Fig.4 a XRD spectra and b DSC spectra of functionalized CNT and RM, 0.5% CNTB, 1% CNTB, and 2% CNTB adsorbents

the decomposition of cellulose in adsorbents. In the case
of functionalized CNT, there were no peaks observed up
to 500 °C.

4 Batch adsorption experiments
4.1 Effect of particle size

To study the influence of particle size of RM for the removal
of dyes, the 60BSS (250 um), 80BSS (177 um), 120BSS
(125 pm), and ball milled (22.698 um) adsorbents was taken.
The dye uptake capacity and the results are shown in Fig. 5.
The observed result indicated that particle size has diverse
effects on the removal of dyes. The minimum % removal
of 88% (SO) and 79% (MB) was observed at 250 pm and
maximum % removal of 94% (SO) and 93% (MB) was found
at 22.698 pm particle size. This is because of the charac-
teristics of the nanosized adsorbent like high surface area,
water holding capacity, bulk density, particle size distribu-
tion, porosity, and hydrophilicity for the adsorption of dye
molecules [51]. Therefore, the ball-milled RM adsorbent
was chosen for the removal of dyes molecules for further
biosorption experiments.

4.2 Effect of dosage

Generally, the % removal of contaminants depends on the
dosages of adsorbent. In most cases, the % removal of
various contaminants increases by increasing adsorbent
dosage. The effect of dosage for all the adsorbents was
investigated in the range of 0.005-0.05 g in 10 mL of dye
aqueous solution of concentration 30 mg L' at neutral
pH and 30 °C for a contact time of 10 min to obtain the

2.8
—=— SO
2.7 - —*—MB
2.6
=
2.5
2.4
23
T T T T T T T T T T
0 50 100 150 200 250

Particle size (um)

Fig.5 Effect of particle size of RM on the adsorption of MB and
SO dyes (dosage=0.01 g, dye concentration=30 mg L', contact
time=10 min, solution volume=10 mL, solution pH="7, tempera-
ture=30 °C)

optimum value of adsorbent dosage. Overall, the trend as
can be seen in Fig. 6a—b was similar for all the adsorbents
for the adsorption of MB and SO. By increasing dosage
from 0.005 to 0.05 g in 10 mL of dye aqueous solution, the
% removal was increased from 73 to 97% and 64 to 98% in
the case of MB and SO dyes, respectively. The increased
% removal was ascribed to the raise in contact surface
area between dyes and adsorbents [52, 53]. The dosage of
0.02 g in 10 mL of dye aqueous solution was optimized
for the maximum removal of dyes.
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contact time = 10 min, solution volume =10 mL, solution pH =7, temperature =30 °C)

4.3 Effect of pH and adsorption mechanism

The pH of the adsorption reaction system is a key factor as
it influences the chemical behavior of adsorbates and the
surface charge type of adsorbents [54]. pH of the solution
affects the state of functional groups present on the adsor-
bent surface as well as measures the ionization state of
adsorbate in the solution[55]. In this study, the influence of
pH on the % removal for raw and composite adsorbents was
investigated in the range of 2—12 at room temperature with
0.01 g in 10 mL of dye aqueous solution of dye solution
for a contact time of 10 min (Fig. 7). For prepared adsor-
bents, the % removal was enhanced by increasing the pH
value from 2 to 7 and after that, the dye removal increased
slightly and remained constant. This adsorption behavior of
adsorbents towards different solution pH can be explained
through the relation between the dissociated state of the dye
molecules and pHpzc of adsorbents. The value of pHpzc for
the RM, 0.5% CNTB, 1% CNTB, and 2% CNTB adsorbents
was 6.3, 6.2, 6.1, and 6.0. At pH > pHpzc, the deprotonation
of surface functional groups takes place, which increased
the electrostatic attraction between the negatively charged
adsorbents and cationic dye molecules results in enhanced %
removal [56, 57]. Therefore, pH 7.0 was optimized for fur-
ther experiments. At pH < pHpzc, the surface of adsorbents
was positively charged due to the protonation of carboxyl
and hydroxyl functional groups, and this positive charge
increased with decreasing pH. So, there was strong electro-
static repulsion between positively charged adsorbents and
cationic MB and SO molecules as well as competitive effect
from hydronium ions for the adsorption active sites would
result in decreased removal of both dyes. But surprisingly
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at acidic pH, approximately 30% removal of dyes was still
observed for all the adsorbents with the existence of elec-
trostatic repulsion between dyes and adsorbents. So, it was
revealed that the electrostatic interactions were not the
only interactions accountable for the adsorption process.
In addition, hydrogen-bonding due to hydroxyl groups and
n-n interactions could also considerably contribute to the
adsorption of dyes. As the RM and its composites contain
lignin and the aromatic rings in both dyes present hydro-
phobic properties, there was a possibility of hydrophobic-
hydrophobic interactions between adsorbents and dyes.

4.4 Kinetic studies

The study of the kinetic aspect of any adsorption process
is very important for pilot plant applications. Short contact
time, fast reaction rate, and considerable adsorption capacity
are the important conditions for an efficient adsorption pro-
cess. The adsorption of MB and SO dye showed a fast dye
removal up to 10 min, and after that, it becomes slow and
attained equilibrium before 60 min. This adsorption behavior
was attributed to the rich availability of active binding sites
on the adsorbents at the initial stages with regular possession
of these sites, the biosorption became constant in the later
stages [58, 59]. For better elucidating the characteristics of
the adsorption process such as the type of adsorption, con-
trolling steps, saturation time, and adsorption rate, different
kinetic models like pseudo-first-order, pseudo-second-order,
intraparticle diffusion, and Elovich were employed [60, 61].

The calculated kinetic data were fitted best with the
pseudo-second-order model (Fig. 8) in case of both the
dyes, and it was confirmed by the high value of correlation
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Fig.7 Effect of pH on the
adsorption of a SO and b 3.0 a)
MB by RM, 0.5% CNTB,
RM 0.5%CNTB

1% CNTB and 2% CNTB
adsorbents (dosage=0.01 g,

dye concentration=30 mg L™,
contact time = 10 min, solu-
tion volume = 10 mL, solution
pH=2-12, temperature =30 °C)

a)

4 —=—2%CNTB
—o— 1%CNTB
—a—0.5%CNTB

34 —v—RM

Fig.8 Pseudo-second-order kinetic model plot of a SO and b MB (dosage=0.01 g, dye concentration=230 mg L™, solution volume =10 mL,
contact time =3-60 min, solution pH="7, temperature =30 °C)
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Table 1 Parameters of pseudo-

RM 0.5%CNTB 1%CNTB 2%CNTB

MB SO MB SO MB SO MB SO

; Kinetic models Parameters
second-order model in case of
MB and SO adsorption on raw
and composite adsorbents
Pseudo- second- order g (mgg™!)
k, (min™")
R2

889 1438 952 1544 9.13 1485 9.00 1492
0.5 0.80 0.15 0.12 539 158 0.79 0.08
099 0.99 099 0.99 099 0.99 099 099

coefficient R? (0.99) and proximity between Qe calculated @Nd
qe, experimental 21VeN in Table 1. This finding indicated that the
chemisorption involving electrostatic action of positive and
negative charges was the rate-limiting step rather than mass
transfer [62, 63]. The model considers that the numbers
of adsorption sites are less than adsorbate molecules. The
value of pseudo-second-order rate constants was relatively
higher for 1% CNTB adsorbent than others indicated the
fast rate of adsorption. The ¢, (mgg~") value determined
from the kinetic model was (9.52 and 15.44) and from the
experiment (8.9 and 14.5) for the 0.5% CNTB adsorbent in
the case of MB and SO dye uptake which was higher than
other adsorbents. In the case of pseudo-first-order, Elovich
and intraparticle diffusion kinetic models, the value of R?
was low as given in Table S1 and Fig. S1 (supplementary
data).

4.5 Effect of dye concentration and adsorption
isotherm models

The influence of concentration in the case of both dyes was
investigated in the range of 15-60 mg L~!. It was found
that the adsorption capacity value was enhanced by increas-
ing the initial dye concentration from 15 to 60 mg L=!, but
the % removal was reduced. At higher concentration, the
dye ions provide a driving force to defeat the mass transfer
among the solid and liquid phases, but at extremely higher
concentration, the binding sites become saturated, which
results in a reduction of adsorption efficiency [64]. Adsorp-
tion isotherms are useful models to describe the maximum
adsorption efficiency of adsorbents, specific surface area,
and pore structure of adsorbents, type of adsorption mecha-
nism, i.e., the interaction between adsorbate and adsorbent
and the equilibrium concentration of adsorbate in solution.
The adsorption pattern of adsorbates such as monolayer or
multilayer, chemical or physical adsorption on the adsorbent
can easily be deduced from the shape of isotherm curves and
appropriate results of equilibrium adsorption data[55]. The
linearized expressions of isotherm models such as Lang-
muir, Freundlich, Dubinin-Radushkevich (D-R), and Temkin
are given below [48].
C. 1

C
Langmuir model : — = + 8
qumax ( )

qe qmax

@ Springer

Freundlich model : Inq, = Inky + (ﬁ )lnce )

Dubinin — Radushkevichmodel : Inq, = Inq, — e (10)

RT RT
—ll’th + TlnCe (11)

Temkinmodel : q, = b

where q,,, (mgg~") represents the maximum adsorption
capacity of adsorbent; qp, (mgg™') denotes the model maxi-
mum adsorption capacity; k;(Lmg™') is the Langmuir
adsorption equilibrium constant; kg ((mg g ) (L mg™h )
and n are the Freundlich parameters relating the adsorbed
quantity and the adsorption strength, respectively; p (mol?
kJ~2) is a D-R model parameter, which expresses the average
energy of adsorption and the mean free energy can be cal-
culated as E = \/;2_;}; e refers to Polayi potential and its value
can be calculated as € = RT(1 + Ci); K, (L mol™!) is the
Temkin equilibrium binding constaent represents the maxi-
mum binding energy; and b denotes the adsorption heat. R
(8.314 T K~! mol™") is the universal gas constant and T (K)
is the temperature.

When the equilibrium data were fitted to the different
commonly used isotherm models for the adsorption of MB
and SO dye the obtained value of corresponding isotherm
constants are given in Table 2, and this data fits fairly well
to all the adsorption isotherms (Fig. 9). The adsorption
data were best fitted with Langmuir isotherm suggesting
the monolayer nature of dye adsorption at specific adsorp-
tion sites and gave the maximum adsorption capacity (.,
(mgg™") of value 181.81 mgg™" and 386.1 mgg~! for the
0.5% CNTB adsorbent in case of MB and SO dye adsorp-
tion which was higher than other adsorbents. The affinity
between the adsorbate and adsorbent can be predicted by
using the separation factor R; obtained by the help of Lang-
muir parameters and is defined as in Eq. (12) [65].

1

R = GTkcy (12)

R; values indicate whether the adsorption is favora-
ble (0 < R;< 1), irreversible (R; = 0), unfavourable (R
> 1), and linear (R;= 1). The R, value of adsorbents
was less than unity, indicating the favorability of the
adsorption process. Adsorption capacity depends on the
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Table 2 Isotherm parameters for the adsorption of MB and SO onto raw and composite adsorbents
Isotherms Parameters RM 0.5%CNTB 1%CNTB 2%CNTB
MB SO SO MB SO MB SO
Langmuir g, (mgg~") 495 198.4 181.81 386.1 100.9 262.0 61.3 260.4
klz(ng_]) 0.094 0.057 0.048 0.014 0.098 0.044 0.263 0.043
R 0.90 0.90 0.96 0.94 0.91 0.92 0.93 0.90
Freundlich  kg((mgg™') (Lmg™) M) 28.64 97.81 105.00 11.76 36.55 143.70 210.90 79.20
n 1.302 0.816 1.059 0.778 1.250 0.087 1.398 0.753
R? 0.94 0.92 0.90 0.83 0.96 0.93 0.85 0.92
D-R p(mole? I72) 1.14E-7  1.01E-7  8.59E-8  3.08E-7  6.95E-8  6.43E-8  5.92E-8 1.12E-7
E (kimole™) 2.97 2.20 130 2.68 2.80 2.91 2.10
R? 0.75 0.88 0.95 0.90 0.76 0.95 0.88
Temkin RKT(Lg’l) 0.877 1.756 2.216 0.372 3.845 2.571 6.631 1.447
o (Jmol™") 12.21 24.37 18.77 24.14 14.99 22.68 14.53 26.36
R? 0.86 0.83 0.96 0.97 0.83 0.96 0.85
value of Freundlich constant Kg; the higher the value K = 4.
of kg the more will be the adsorption efficiency. For cC, (13)
MB adsorption, the Kg ((mg g_l) (L mg_l) /ny value
for RM, 0.5% CNTB, 1% CNTB, anq 2% C'NTB was AG° = —RTInK, (14)
28.64, 105, 36.55, and 210.9, respectively; in case of
SO adsorption, the K¢ ((mg g™') (L mg™") /) value for AS®  AH
RM, 0.5% CNTB, 1% CNTB, and 2% CNTB was 97.81, InK, = R " RT (15)

11.76, 143.7, and 79.2, respectively, represented the bet-
ter adsorption capacity of these adsorbents. If 1 <n < 10,
the adsorption is favorable [66]. Langmuir and Freun-
dlich adsorption isotherms can be analyzed by using D-R
and Temkin adsorption isotherms,the adsorption energy
obtained by them can be employed to predict the adsorp-
tion mechanism. The values of K and g isotherm param-
eters indicated the physical nature of adsorption as the
value of the free energy was less than 8 kimol~! for all
the adsorbents.

4.6 Thermodynamic study

Herein, the influence of temperature on the prepared
adsorbents was investigated in the temperature range of
30760 °C. It was recorded that the adsorption capacity
was decreased from 9.016 to 8.809 mg g~'and 14.659 to
14.46 mg g~! for 0.5% CNTB composite in the case of
MB and SO dye adsorption, respectively, on enhancing
the temperature from 30 to 60 °C, which demonstrates
the exothermic nature of the adsorption process. For all
the temperatures, the change in adsorption capacity was
little. So, 30 °C was taken as the optimum temperature for
all the adsorption experiments. The relation between dif-
ferent thermodynamic parameters like Gibbs free energy
(AGY), entropy (AS?), and enthalpy (AH®) are shown in
Egs. (13-15) [67].

where K|, is the equilibrium constant and AH® and AS® val-
ues were calculated by using Arrhenius relation. Thus, the
slope and intercept of the linear plot of InK, vs % of Eq. 15 as
shown in Fig. 10 gave the value of AH® and AS®. The nega-
tive values of AG° represented the spontaneous and feasible
adsorption. The negative value of AH®° demonstrates the
exothermic nature of the adsorption process and indicated
that at higher temperature the adsorption process was most
likely subjected by weak interaction forces [55]. The nega-
tive value of AS® represented that during adsorption there
was a reduction in the randomness at adsorbate-solution
interface [68] (Table 3 ).

5 De-sorption and re-sorption

One of the important steps in the development of adsorp-
tion-based technologies is desorption of loaded adsorbent
as the disposal of spent adsorbent to the environment is a
prior concern. It enables the reuse of the biomass and recov-
ery of the adsorbate. For the regeneration of the exhausted
adsorbent, the eluent (acetone + hot water) was used. In the
first cycle, the % removal by 0.5% CNTB was 98.11% and
98.81% which reduced slightly to 93.45% and 94.45% in
the tenth cycle for MB and SO dyes, respectively, as rep-
resented in Fig. 11. This shows the excellent regeneration
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Fig.9 Langmuir adsorption \
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the desorption process. The obtained results suggested that
these adsorbents can be used at an industrial scale without
loss in adsorption efficiency.

ability and further reusability of adsorbents. The little but
sequential reduction in % removal of dyes was ascribed to
the occupation of some active sites by dye molecules after
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Fig. 10 Van’t-Hoff plot for a SO adsorption and b MB adsorption by RM, 0.5% CNTB, 1% CNTB, and 2% CNTB adsorbents (dosage=0.01 g,
dye concentration =30 mg L', contact time = 10 min, solution volume = 10 mL, solution pH=7, temperature =30760 °C)

Table 3 Thermodynamic

o -1 o -1 o -1 -1
parameters for MB and SO Adsorbents —AG°(kJmol™) —AH°(kJmol™) —AS°(Jmol™" K™)
dye adsorption on the raw and 303 K 313K 333K
composite adsorbents
Raw(MB) 6.02 5.63 5.35 12.47 21.515
Raw(SO) 4.12 3.89 3.23 13.34 30.329
0.5%CNTB(MB) 6.31 5.94 5.66 12.62 21.016
0.5%CNTB(SO) 6.52 6.01 6.31 8.31 6.135
1%CNTB(MB) 5.02 6.02 5.52 13.91 25.207
1%CNTB(SO) 6.31 6.07 6.15 8.05 5.654
2%CNTB(MB) 6.23 6.03 5.37 14.96 28.739
2%CNTB(SO) 6.15 5.94 5.77 9.85 12.318

Fig. 11 Regeneration studies of a) ¥ pyyys————essamrepsensal) ) | STl BOCNIE BSOS RGeS

adsorbents for removal of a MB 98 99

dye and b SO dye 97

3

% Removal
o v o
w -

)
IS3

Adsorption-Desorption Cycles

6 Multi-component studies

To check the adsorption efficiency of raw RM and com-
posite adsorbents in the binary system, the experimental
procedure given in the “Comparative study of biomass
waste—based adsorbents for the removal of dyes” sec-
tion was applied. The observed results are represented in

uRM
9 | }
95 ‘
o4 ‘ [ |
% } H
91 ) | |
w m 11
89 9% s ! ‘ U
2 4 6 8 10 6 8

% Removal

4
Adsorption-Desorption Cycles

Fig. 12 giving that all the adsorbents have a good affinity
for the SO than MB and they showed a good removal % for
SO as compared to MB in binary mixture. The good affin-
ity of SO dye may be due to the presence of four hydrogen
and four nitrogen atoms which can form hydrogen bonds,
©-7 interactions by four benzene rings as compared to MB
which involves only three benzene rings and three nitrogen
atoms as shown in Fig. 13.
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Fig. 12 % removal of MB and SO in binary mixture by RM, 0.5%
CNTB, 1% CNTB, and 2% CNTB (dosage=0.01 g, dyes concentra-
tion=30 mg L~!, contact time=10 min, solution volume=10 mL
(6 mL SO+5 mL MB), solution pH="7, temperature =30 °C)

7 Comparative study of biomass waste-
based adsorbents for the removal of dyes

Comparisons of q,,,, values obtained by the proposed
adsorbents and the other biomass waste—based adsorbents
reported for MB and SO dye removal are given in Table 4.

8 Conclusion and future aspects

In summary, we have successfully prepared P. glau-
cum—based CNT composites for the adsorption of MB and
SO dyes from single and binary systems. To assess the

Fig. 13 Adsorption mechanism
for removal of dyes by RM and
its composites

~

Safranine O
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performance of the synthesized composites, % removal of
dyes at different adsorbent dosages, pH, the particle size
of adsorbent, initial concentration of dye, and temperature
were studied. Results of the experimental adsorption data
showed that the 0.5% CNTB composite exhibit very high
adsorption efficiency as compared to RM and other com-
posites with successful removal of 96 and 97% for MB
and SO, respectively. The kinetic studies indicated that at
the initial stage, the adsorption was rapid and equilibrium
was attained below 60 min. Pseudo-second-order kinetic
model was followed for MB and SO dye adsorption. From
the Langmuir isotherm, the maximum adsorption capac-
ity (qpay) 0f 0.5% CNTB adsorbent was 386.1 mg g~ ! for
the SO adsorption and 181.81 mg g~ for the MB adsorp-
tion, respectively. From the study of thermodynamic
parameters, it was observed that the adsorption process
was thermodynamically feasible and exothermic. Based
on the study on initial pH and FTIR analysis, the adsorp-
tion of dyes was due to hydrogen bonding, Van der Waals
interactions and -7 interactions between dyes species and
oxygen-containing functional groups on the surface of
RM and its composite adsorbents. These adsorbents have
significant dye adsorption efficiency in a binary mixture
of MB and SO dye. Desorption studies indicated that all
the adsorbents have a good regeneration ability up to ten
cycles. The obtained results demonstrated that millet stem
may be used as an effective, inexpensive, and easily used
novel adsorbent for the treatment of wastewater effluents
at an industrial scale. In the future, different composites
of millet stem can be prepared and employed as an adsor-
bent for the removal of dyes, heavy metals, and emerging
contaminants from wastewater effluents and with some
specific modifications for the simultaneous removal of
cationic and anionic dyes at neutral pH.

P. glaucum
composites

=== 7-7 interaction
=== H-Bonding
—~ CNT
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TabI.e 4 Comparative study Adsorbents Adsorbates Qe (MY References
of biomass waste—based
adsorbents for the removal of Iron oxide/activated carbon (Sugarcane bagasse) MB 36.14 [69]
dyes magnetic composites
Palmarosa (Cymbopogon martinii) wastes and alginate MB 6.45 [70]
beads composite
Biopolymer oak sawdust composite MB 38.46 [71]
Magnetite nanoparticles loaded fig leaves composite MB 61.72 [29]
Magnetite nanoparticles loaded Azolla MB 25 [29]
Cellulose (banana peel waste)/SiO, nanocomposite MB 78.75 [72]
Sodium alginate and wastes of oil extraction from almond peanut MB 22.8 [48]
composite
Eichhornia crassipes biomass MB 35.37 [73]
Food waste and Chinese grass residue MB 9.5 [74]
Sugar beet pulp SO 147 [75]
Magnetically modified Sargassum horneri SO 144.4 [76]
Soybean hull SO 29.49 [77]
Untreated coconut coir SO 80.32 [78]
Mesoporous carbon MB 99.15 [22]
RM MB 49.5 Present study
0.5% CNTB MB 181.81 Present study
1% CNTB MB 100.9 Present study
2% CNTB MB 61.34 Present study
RM SO 198.4 Present study
0.5% CNTB SO 386.1 Present study
1% CNTB SO 262 Present study
2% CNTB SO 260.4 Present study
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tary material available at https://doi.org/10.1007/s13399-021-02240-z.
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