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ABSTRACT: The development of competent adsorbents based on
agro-waste materials with multifunctional groups and porosity for the
removal of toxic dyes from aqueous solutions is still a challenge.
Herein, a bionanocomposite made up of neem leaf powder (NLP),
zinc oxide (ZnO), and amino acid (L-cysteine)-functionalized
polyaniline (PANI), namely, NLP/ZnO@L-cysteine-graf ted-PANI
(NZC-g-PANI), has been prepared by an in situ polymerization
method. The as-prepared bionanocomposite was tested for the
adsorptive removal of three anionic dyes, namely, methyl orange
(MO), amido black 10B (AB 10B), and eriochrome black T (EBT), as
well as three cationic dyes, namely, brilliant green (BG), crystal violet
(CV), and methylene blue (MB), from synthetic aqueous medium.
The morphological and structural characteristics of the NZC-g-PANI
nanocomposite were examined with the help of HR field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR), and Raman spectroscopy. FTIR and Raman
studies show that the formulated NZC-g-PANI have an ample number of functional moieties such as carboxyl (−COOH), hydroxyl
(−OH), amines (−NH2), and imines (−N�), thus demonstrating outstanding dye removal capacity. C−S linkage helps to attach L-
cysteine with polyaniline. Moreover, the predominance of chemisorption via ionic/pi−pi interaction and hydrogen bonding between
the NZC-g-PANI nanocomposite and dyes (BG and MO) has been realized by FTIR and fitting of kinetics data to the PSO model.
For both BG and MO dyes, the biosorption isotherm was precisely accounted for by the Langmuir isotherm with qmax values of up to
218.27 mg g−1 for BG at pH 6 and 558.34 mg g−1 for MO at pH 1. Additionally, thermodynamic studies revealed the endothermic
and spontaneous nature of adsorption. NZC-g-PANI showed six successive regeneration cycles for cationic (MO: from 96.3 to
90.4%) and anionic (BG: from 94.7 to 88.7%) dyes. Also, batch adsorption operations were validated to demonstrate dye
biosorption from real wastewater, such as tap water, river water, and laundry wastewater. Overall, this study indicates that the
prepared NZC-g-PANI biosorbent could be used as an effective adsorbent for the removal of various types of anionic as well as
cationic dyes from different aqueous solutions.

1. INTRODUCTION
The exponential growth of the population has led to rapid
industrialization, which has played a crucial role in the
proliferation of water pollution. Wastewater discharged from
dye, food, textile, and paper industries is a major source of
effluents into water bodies. Dyes, though used in small
amounts, are highly observable. Around the world, nearly
700,000 tonnes of organic dyes are used in the textile
industry.1 When these effluents are released into water, they
contain a high concentration of synthetic and organic dyes that
are toxic to aquatic and human life at even very low
concentrations. It causes skin rashes, dysfunction of organs
like the liver and kidney, neurological issues, and potential
mutagenic and carcinogenic effects.2−4 Most of the dyes
released into water as effluents are nonbiodegradable and quite
stable. Dyes also affect the photosynthetic capability of aquatic

plants by limiting sunlight penetration in the water body.5 At
low concentrations, dyes even decrease dissolved oxygen
content, and gas solubility therefore increases BOD, COD,
TOC, and TDS levels.6 Dyes are mainly made up of dye agents
and dye enhancers. Water is colored by the dye agent, which is
amplified by the dye enhancer to make the dye soluble in water
and adhere to surfaces. Thus, the dyes that infiltrate into water
supply untreated endanger ecotoxicological damage.7 In the
coming years, as the population continues to grow
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exponentially, there will be greater stress on meeting the
demand for clean water. The ill effects of dyes on mankind and
the environment have forced scientists and researchers around
the world to focus their attention on dye removal from
aqueous solutions.
In the past few decades, several processes like coagulation,8

ion exchange,9 reverse osmosis,10 membrane separation
process,11 flocculation,12 and photocatalysis13−15 methods
have been used for water purification, but each method has
its own limitations. However, these water filtration techniques
are expensive, produce secondary contaminants, need addi-
tional processing, use a lot of energy, and have low
sequestration of the targeted contaminants over time. Among
the above methods, biosorption is gaining popularity as an
efficient method for the treatment of wastewater due to its high
efficiency and low-cost regeneration, recovery of adsorbates, no
sludge formation, and availability of different materials that can
be used as adsorbents.3,4,16−19

Unmodified agricultural waste materials such as vegetable
peels, fruit peels, sago waste, rice husks, and other plant waste
have been directly employed as biosorbents for water
purification. But unmodified agricultural waste materials
show less adsorption capacity toward water pollutants. So,
biosorbents need to be changed chemically to improve their
maximum adsorption potential by increasing their specific
surface area, the number of active sites, and the number of
functional groups. The seeds and leaves of the neem tree
(Azadirachta indica) have enormous medicinal values and have
been used since ancient times to cure human ailments in the
Indian subcontinent.20 Unfortunately, neem seeds and leaves
become waste after shedding during the summer months in
India. Therefore, a simple idea has been exploited to
chemically modify these leaves (in the form of powder) to
obtain a bionanocomposite with enhanced adsorption capacity
compared with bare neem leaf powder. This approach may
reduce the plant-waste materials from the environment and
may also be efficiently used to sequestrate water pollutants.
Several methods including lithography, laser ablation,

aerosol techniques, radiolysis, and photochemical reduction
can be used for various nanoparticle synthesis. These
techniques are typically expensive, energy-intensive, or danger-
ous for humans and the environment.21 For instance, in the
chemical synthesis of nanoparticles, dispersants, surfactants, or
chelating agents are used to prevent accumulation and control
the growth of particles. The majority of these reagents can be
regarded as environmental contaminants when they are utilized
in large quantities.22 Thus, emphasis is being paid nowadays to
the synthesis of nanoparticles that are environmentally friendly
and use biologically prepared nanoparticles, which involve the
use of various parts of plants or their products as biosorbents.23

Among various nanoparticles, zinc oxide nanoparticles (ZnO
NPs) are a class of multifunctional inorganic nanoparticles
considered ideal for having many distinct features. In addition,
chemically synthesized ZnO NPs do not show toxic effects on
humans when exposed in small concentrations, although high
doses can show lethal effects.24

Polyaniline (PANI), which is a conducting polymer, has
been used in a variety of applications, including electrodes of
lightweight batteries, energy storage, sensors, electromagnetic
shielding devices, and anticorrosion coatings.25−27 Literature
studies show that PANI is a good choice as an adsorbent for
removing dyes like methyl orange, brilliant green, Congo red,
amido black 10B, malachite green, and eosin yellow from water

solutions because it is easy to make, stable and easy to dope
and has good conducting surfaces.3,28

Researchers are focusing on the use of nanoparticles for the
treatment of water due to their efficiency in adsorption and
potent catalytic activity. But due to the small size of
nanoparticles, there is a problem in the recovery of
nanoparticles from treated water. Due to the easy recovery
of composite adsorbents, nanoparticle impregnation on a
support to form a composite adsorbent is also gaining
popularity. These composite adsorbents show better efficiency
due to the presence of various active sites for adsorbate
uptake.7

The novelty of this research is as follows: (a) the NLP/
ZnO@L-cysteine-graf ted-PANI (NZC-g-PANI) nanocompo-
site has a unique rough and porous surface, which has a high
adsorption capacity due to the availability of multifunctional
groups for the adsorption compared to other conventional
adsorbents; (b) the NZC-g-PANI nanocomposite is based on
agro-waste materials, ultimately making it an efficient, cost-
effective, recyclable, and eco-friendly adsorbent; (c) the NZC-
g-PANI nanocomposite is employed to sequestrate dyes from
synthetic as well as real wastewater samples. Also, the
biosorption of methyl orange (MO) and brilliant green (BG)
dyes by the NZC-g-PANI nanocomposite has been looked at
in terms of isotherms, kinetics, and thermodynamics.

2. EXPERIMENTAL SECTION
2.1. Materials. Aniline monomer [C6H5NH2], ammonium

persulfate (APS) [(NH4)2S2O8], hydrochloric acid [HCl], zinc
acetate dihydrate [ZnC4H6O4], poly(ethylene glycol) (PEG; as
a surfactant), monoethanolamine [C2H7NO], L-cysteine
[C3H7NO2S], methanol [CH3OH], ethanol [C2H5OH],
acetone [C3H6O], sodium hydroxide [NaOH], potassium
nitrate [KNO3], three anionic dyes, namely, methyl orange
[C14H14N3NaO3S], amido black 10B [C22H14N6Na2O9S2],
eriochrome black T [C20H12N3O7SNa], and three cationic
dyes, namely, brilliant green [C27H34N2O4S], crystal violet
[C25N3H30Cl], and methylene blue [C16H18ClN3S], were
purchased from Merck Pvt., Ltd. The structures and some
features of the selected dyes are provided in Figure S1 and
Table S1, respectively. Double-distilled water (DDW) was
used in all experimental processes.
2.2. Preparation of Neem Leaf Powder (NLP). Fresh

neem leaves were collected from the garden of Jamia Millia
Islamia, New Delhi, India. These were washed several times
with tap water to remove dust and other soluble impurities.
These were allowed to dry first at room temperature, followed
by air-drying in an oven at 27 ± 3 °C for 2 days till the leaves
became crisp. Then, the dried leaves were mechanically
crushed into a fine powder by a mechanical grinder to procure
the neem leaf powder (NLP). The NLP was sieved by a sieve
tray (BSS 72/ASTM70), and a 212 μm fraction was separated,
followed by further washing with DDW till the washings
became clear. Finally, washed NLP was air-dried for 24 h in an
oven at 27 ± 3 °C and stored in a precleaned glass. It was kept
in a desiccator to avoid environmental moisture.
2.3. Preparation of ZnO Nanoparticles. ZnO nano-

particles were prepared as reported in ref 29. First, 2 g of zinc
acetate was dissolved in 70 mL of DDW with a magnetic stirrer
(1000 rpm) for an hour to obtain a clear solution. Polyethylene
glycol (0.1% (w/v)), which acted as a surfactant, and 10 mL of
monoethanolamine were slowly added to the solution and
stirred for another 30 min until the solution became clear. The
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content was then transferred to a Teflon-capped autoclave for
3 h at 140 °C. The resultant was washed with DDW and
ethanol by centrifugation (8000 rpm). It was then dried at 80
°C in a hot air oven for 12 h, followed by calcination in a
muffle furnace for 2 h at 400 °C.
2.4. Preparation of NZC-g-PANI Nanocomposites.

ZnO and NLP with a weight ratio of 1:2 (w/w) were
dispersed in 100 mL of 1 M HCl in a 250 mL beaker and were
magnetically stirred at 1000 rpm for 30 min. Then, 0.6 g of L-
cysteine was added ultrasonically for 1 h to it, and 1 mL of
aniline monomer was also added to the above mixture. After
that, 50 mL of 1 M HCl and 0.023 mol of ammonium
persulfate (APS) were added dropwise and then stirred for
another 12 h. The resultant was obtained after washing with
DDW, methanol, and acetone several times. Then, the filtered
material was put in an air oven and dried at 80 °C for one
night to make a ternary biocomposite or NZC-g-PANI. It was
used as a biosorbent for the removal of various cationic as well
as anionic dyes.
2.5. Characterization of NZC-g-PANI Nanocompo-

sites. The Fourier transform infrared (FTIR) spectra of bare
NLP, bare ZnO NPs, and the NZC-g-PANI nanocomposite
(before and after MO and BG dye adsorption) were
investigated in the range of 4000−400 cm−1 using a Perkin
Elmer (Nicolet 6700, Thermo Fisher). High-resolution field
emission scanning electron microscopy (HR FESEM) was
used to record the microstructure of the NZC-g-PANI
nanocomposite (before and after dye adsorption) employing
a Zeiss NOVA NANOSEM-450 field emission scanning
electron microscope. The NZC-g-PANI nanocomposite was
also analyzed using a transmission electron microscope (JEM

2100, JEOL, Japan) instrument operating at 200 kV. Raman
spectra of the samples were carried out at room temperature by
an inVia Reflex Raman Microscope (Renishaw, United
Kingdom) with the samples deposited on the glass slides. X-
ray diffraction (XRD) measurements were performed on a
Rigaku D/max-RA X-ray diffractometer. The diffracted
intensity of the Cu Kα radiation (λ = 0.154 nm, 45 kV, 40
mA) was evaluated in the 5−80° 2θ range. The dye
concentrations in the treated samples were determined using
a spectrophotometer (Shimadzu UV-2450, Japan). The pH at
the point of zero charge (pHpzc) was determined using a
change in pH approach with a pH meter (ANALAB Scientific
pH/ORP Analyzer).
2.6. Batch Adsorption Experiments. A stock solution

containing 1000 mg L−1 of all selected dyes such as MO, AB
10B, EBT, BG, CV, and MB was prepared by dissolving 1 g of
each dye (analytical grade) in 1000 mL of DDW. All of the
batch experimental solutions for biosorption of dye studies
were prepared by appropriate dilutions from the stock solution.
Batch adsorption experiments were carried out with 0.025 g of
the NZC-g-PANI adsorbent dose with 30 mL of 50 mg L−1 of
each dye and shaking on a rotary shaker (250 rpm) for one day
at 25 ± 3 °C. The residual concentration of dyes in treated
water samples was determined by measuring the absorbance of
MO, AB 10B, EBT, BG, CV, and MB at 464, 630, 489.95, 625,
590, and 665 nm, respectively. The yield of removal efficiency
(%R) and dye performance uptake (qe; mg g−1) were
calculated using Formulas 1 and 2, respectively.30,31

R
C C

C
% 100o e

e
= ×

(1)

Figure 1. FTIR in the range of 4000−500 cm−1 (a). Zoom in the ranges of 2000−500 cm−1 (b) and 4000−2000 cm−1 (c). Spectra of NZ-PANI
(without L-cysteine functionalization) and NZC-g-PANI nanocomposites and bare ZnO NPs (d).
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where Co and Ce are the concentrations before adsorption and
after adsorption (mg L−1), respectively. m (g) is the amount of
the NZC-g-PANI nanocomposite, and V (L) is the volume of
the dye solution.
2.7. Dye Selectivity Study. The NZC-g-PANI nano-

composite was evaluated using MO, AB 10B, EBT, BG, CV,
and MB as adsorbates for selectivity tests at neutral pH and
room temperature (25 ± 3 °C). The dye removal efficiency
was observed as MO (100%) > BG (99.7%) > AB 10B
(74.2%) > CV (70.81%) > EBT (65.6%) > MB (65.38%) and
is presented in Figure S2. On the basis of dye removal
efficiency, only two dyes, i.e., BG and MO, were selected for
further adsorption analysis.
2.8. Comparative Study of Pristine PANI, Pristine

ZnO, Pristine NLP, and NZC-g-PANI Adsorbent for MO
and BG Dye Removal. The dye removal efficiency of pristine
ZnO, pristine PANI, pristine NLP, and NZC-g-PANI was
investigated at neutral pH. For this, an adsorbent dose of 0.025
g, MO and BG concentration of 50 mg L−1, was separately
added to the respective Erlenmeyer flask and shaken in a rotary
shaker (250 rpm) for 24 h at 25 ± 3 °C. After equilibrium
attainment, the %R of individual adsorbent materials was
calculated using eq 1. The trend of the %R of all of the
adsorbent material for both MO and BG dyes (Figure S3) was
reported as follows: NZC-g-PANI > PANI > ZnO > NLP.
2.9. Recyclability Test. To investigate the stability and

reusability of NZC-g-PANI, the simultaneous BG and MO dye
adsorption−desorption tests were executed for up to six cycles.
The adsorption experiments for both dyes were performed
with 50 mg L−1 BG/MO dye, NZC-g-PANI dose of 0.3 g, and
at preoptimized solution pH, shaken at 250 rpm. After the
attainment of equilibrium, NZC-g-PANI was filtered from the
solution using a centrifugation machine. In desorption
experiments, BG and MO dye-loaded NZC-g-PANI was
added to 30 mL of 0.1 M NaOH and shaken. After the
desorption, NZC-g-PANI was washed with a 0.1 N HCl
solution followed by drying for reuse in the adsorption
experiment.
2.10. Point of Zero Charge. The solid addition method32

was used to measure the zero point charge of the NZC-g-PANI
nanocomposite using a 0.01 M KNO3 solution. First, 50 mL of
KNO3 solution was transferred to 10 Erlenmeyer flasks of 100

mL capacity. To each flask, 0.15 g of the NZC-g-PANI
nanocomposite adsorbent was added. The pH of the solution
was adjusted between 1 and 10 by the addition of either 0.1 N
HCl or 0.1 N NaOH, and the flasks were covered and shaken
intermittently for 24 h. The resultant pH was noted, and the
difference between the initial and final pH values was
calculated. The initial pH was plotted against ΔpH, and the
intersection point of the obtained curve was taken as pHpzc.

3. RESULTS AND DISCUSSION
3.1. Characterization. 3.1.1. Fourier Transform Infrared

Spectroscopy. Figure 1 shows the FTIR spectra of ZnO NPs
and NZ-PANI (without L-cysteine functionalization) and
NZC-g-PANI nanocomposites. In Figure 1d, absorption
peaks observed at wavenumbers of 3468 and 1565 cm−1

confirm the synthesis of pure ZnO NPs.33 The band at 2370
cm−1 shows the H−O−H vibration of water molecules. The
peak at 664 cm−1 corresponds to the ZnO hexagonal phase.34

Due to out-of-plane CH bending vibrations, ZnO NPs and
NZC-g-PANI and NZ-PANI (without L-cysteine functionaliza-
tion) nanocomposites revealed a strong characteristic band at
about 830 cm−1, which indicates that para coupling, i.e.,
polymerization, happens at the 1−4 position.35 It validates the
adhesion of ZnO NPs to the polymer matrix. In addition, in
Figure 1a,b,d, small peaks are observed in the region between
650 and 500 cm−1, which are assigned to the metal−oxygen
vibration (Zn−O) of ZnO NPs.36 In Figure 1c, the peak of the
NZC-g-PANI bionanocomposite at 3440 cm−1 is associated
with O−H stretching and confirms the presence of L-
cysteine.37 The short band at 674 cm−1 represents the C−S
linkage of the cysteine group to the PANI of NZC-g-PANI
(Figure 1b),38 while this band is found absent in the case of the
unmodified nanocomposite, i.e., NZ-PANI (without L-
cysteine). The various bands of PANI shown in Figure 1b,
which appeared at 852, 1173.2, 1280, 1381, and 1680 cm−1, are
attributed to NH and CH stretching vibrations, benzenoid
ring, and NH2 bending modes.39,40 In addition to the above
peaks, the spectrum of PANI exhibits peaks at 684 and 1581
cm−1, which may be related to NH2 wagging and the presence
of an imine functional group.39 The peaks at 1555 and 1470
cm−1 may be attributed to the stretching bands of nitrogen
quinoid (N�Q�N) and benzenoid (N−B−N) units, which
makes PANI a conducting nature polymer.41

The FTIR spectra of NLP are also found in NZ-PANI
(without L-cysteine functionalization) and NZC-g-PANI nano-

Figure 2. X-ray diffraction patterns of NLP (a), ZnO NPs (b), and NZC-g-PANI (c).
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composites, as shown in Figure 1c. The bands at 1037 and
1250 cm−1 can be attributed to O−H stretching, while bands
at 2857 and 2924 cm−1 are due to the C−H stretching of
methylene groups on the NLP surface and chelated H bridges,
respectively.42Figure 1c shows the broad band from 3370 to
3154 cm−1, representing the O−H stretching vibration mode
in the carboxylic acid groups of NLP.43

3.1.2. High-Resolution X-ray Diffraction. XRD analysis of
ZnO NPs (Figure 2b) shows high and sharp peaks with 2θ
values at 31.74, 35.01, 36.2, 47.02, 56.6, 62.34, 66.36, 67.97,
and 77.02° which confirm the wurtzite (hexagonal) structure
of ZnO NPs.44 The peaks of ZnO NPs seen in the XRD
pattern perfectly match JCPDS card no. 36-1451.45 It is
therefore reasonable to record that ZnO NPs have been
successfully synthesized. Figure 2a shows the XRD pattern of
NLP in which weak peaks at 16.03 and 21.026° are attributed
to the presence of cellulose in NLP. The XRD pattern of NLP
is characteristically amorphous in nature due to the presence of
hemicellulose and lignin in the biomass.30 The sharp
diffraction peaks at 2θ values of 31.74, 35.01, 36.2, 47.02,
and 56.6° correspond to planes of ZnO NPs, which further
assures that ZnO is successfully embedded in the matrix of
PANI.35

Further, the XRD pattern of the NZC-g-PANI nano-
composite (Figure 2c) confirms that ZnO NPs and NLP
were successfully incorporated into the PANI matrix, as is also
evident from the FTIR spectra. The characteristic peaks of
PANI in an amorphous state show weak reflections at 2θ
values of 49.06, 56.2, and 65.58°, thereby confirming the report
of Anand et al.35 Peaks of 2θ values at 15.3, 25.02, and 26.28°
are the characteristic peaks of PANI.46 Overall, the as-prepared
bionanocomposite, i.e., NZC-g-PANI, seems to be amorphous
in nature.

3.1.3. High-Resolution Raman Spectroscopy. All of the
materials were also characterized by Raman spectroscopy. The
Raman spectra of bare ZnO NPs and the NZC-g-PANI
nanocomposite are shown in Figure 3. It was observed that the

Raman spectrum of ZnO NPs (Figure 3a) is in a regular
Raman manner, and the characteristic peaks are observed at
1154, 581, 437, and 330 cm−1, confirming the wurtzite
structure of ZnO.1,47Figure S4 represents the Raman spectra of
NLP. Plant-based materials contain lignin and cellulose.
Several bands between 1500 and 1660 cm−1 are due to lignin

in the NLP. As shown in Figure S4 (zoomed part), prominent
bands at 1576, 1607, and 1628 cm−1 are because of stretching
vibrations of the aryl ring of coniferyl aldehyde and coniferyl
alcohol of lignin.48 On the other hand, bands at 1461, 1376,
and 1092 cm−1 are due to the deformation vibration of
aldehydes and C−C and C−O stretching modes of aldehydes
of cellulose. Additionally, several bands are seen in Figure S4
(zoomed part) between 1200 and 850 cm−1, confirming the
cellulose of NLP.
In Figure 3b, the nanocomposite shows bands at 1239 and

1168 cm−1, which are assigned to C−H bending vibrations of
benzenoid-like aromatic rings and C−N stretching of the
secondary aromatic amine of PANI,49,50 respectively. The
absorption at 1174, 1498, and 1597 cm−1 is due to the
benzenoid ring (C−H bending), C�N stretching in
emeraldine base (imine), and quinoid ring (C�C stretch-
ing),51,52 respectively. The peak at 1456 cm−1 associated with
the C�N stretching mode of the quinoid units confirms the
doped PANI structure. In addition, absorption at 572, 607,
417, 811, and 530 cm−1 may be associated with the doped
PANI structure.53,54 The Raman data coupled with FTIR
provide clear evidence of a large number of imine and amine
groups in the PANI nanocomposites. Furthermore, peaks at
1360 and 1588 cm−1 are associated with NLP,55 while the
peaks at 331 and 1151 cm−1 represent ZnO NPs44,47 in PANI-
based nanocomposites.

3.1.4. High-Resolution Field Emission Scanning Electron
Microscopy. HR FESEM has been employed as a vital tool for
the characterization of adsorbent materials. SEM can reveal the
surface morphology of the adsorbent. It determines the shape,
particle size, and pore size distribution of the adsorbent
material. The surface morphology of the NZC-g-PANI
nanocomposite when examined with the help of HR FESEM
showed the presence of a rough and porous surface where
targeted BG and MO dyes can be trapped and adsorbed. A
number of heterogeneous pores can also be seen in Figure 4a.
The pores in the NZC-g-PANI composite are due to the
functionalization of amino acid, i.e., L-cysteine, which
ultimately helps in the sequestration of targeted pollutants.
The same study has been shown by Hsini et al.56 After
biosorption, significant changes can be easily observed in
Figure 4b,c. Figure 4b,c shows that pores have been packed by
dyes and the lining of pores has thickened, indicating the
occurrence of biosorption.

3.1.5. Transmission Electron Microscope. TEM analysis
was performed to gain insight into the morphology of the
NZC-g-PANI bionanocomposite. The corresponding out-
comes are displayed in Figure 4d. The morphological structure
of NZC-g-PANI presents the flat layered structures of PANI
and NLP, which are tightly stacked together, indicating
successful modification. It is identified from Figure 4d that
ZnO NPs are coated on PANI/NLP layers. We also observe
that ZnO NPs onto PANI/NLP layers are dense, but their
thickness and distribution seem to be nonuniform, as also seen
in the SEM image. It is important to note that even though the
TEM sample was sonicated for a long time, a large number of
ZnO NPs stayed tightly attached to the PANI/NLP layer. This
shows that ZnO NPs and PANI/NLP interact strongly.
3.2. Effect of pH. The pH of the solution is an important

parameter in adsorption studies. The adsorption capacity of an
adsorbent is influenced both by the surface of the sorbent and
the degree of ionization of the functional groups present in the
adsorbate. In our study, the pH effect on the NZC-g-PANI

Figure 3. Raman spectra of bare ZnO NPs (a) and NZC-g-PANI
nanocomposite (b).
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nanocomposite was studied with the help of 50 mg L−1 BG and
MO dyes. pH was varied from 1 to 10 by a 0.1 N HCl/NaOH
solution to find out the most optimum pH for BG and MO dye
adsorption, which can be seen in Figure 5b. The pHpzc of the
NZC-g-PANI nanocomposite is observed at about 2.0, as is
clear from Figure 5a. At pH > pHpzc, the NZC-g-PANI surface
has a negative charge, while at pH < pHpzc, NZC-g-PANI has a
positive charge. The obtained results suggest that there is a
decrease in the MO percentage removal with an increase in
pH. A maximum percent removal of ∼100% of MO onto
NZC-g-PANI takes place at a pH value of 1, while there is an

increase in BG percentage removal with an increase in pH. At
low pH values (pH < 2.0), the NZC-g-PANI nanocomposite
with a positive surface charge facilitates stronger interactions
with anionic contaminants, i.e., MO dye. In contrast, at high
pH values (pH > 2.0), the NZC-g-PANI nanocomposite with a
negative surface charge reveals a high affinity toward cationic
BG dye.57,58

3.3. Effect of NZC-g-PANI Dose. The effect of NZC-g-
PANI dose on the percentage removal of BG and MO dyes
and the adsorption capacity of the biosorbent were studied. A
varying amount of the NZC-g-PANI sorbent (0.01−0.07 g)

Figure 4. SEM of the NZC-g-PANI nanocomposite before (a) and after the adsorption of MO (b) and BG (c) dyes. Transmission electron
microscopy (TEM) image of the NZC-g-PANI nanocomposite (d).

Figure 5. pHpzc for the NZC-g-PANI nanocomposite (a), and the effect of pH on the adsorption of MO and BG (b) dyes.
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was added to 50 mg L−1 BG and MO dyes in a 100 mL
Erlenmeyer flask. The flasks were covered and shaken for 2 h
using a shaking incubator to attain equilibrium. Samples were
centrifuged, and the supernatant was placed in a UV
spectrophotometer to determine the residual concentration
of the dye in the aqueous solution.
On increasing the NZC-g-PANI dose from 0.01 to 0.04 g,

the adsorption capacity of NZC-g-PANI was enhanced toward
cationic BG as well as anionic MO dye due to an increase in
the number of pores present on the adsorbent and adsorption
sites. Further increase in NZC-g-PANI dose resulted in no
additional increase in BG and MO adsorption, as shown in
Figure 6. At high dosages of the adsorbent, dye molecules are
comparatively fewer in numbers to combine with all of the
adsorption sites present on the NZC-g-PANI adsorbent, which
gets exhausted, resulting in the reduction of adsorbent per unit
mass adsorption capacity.37 Adsorption tends to reach an
equilibrium when the adsorption mass reaches a particular
value. Equilibrium was reached after 0.04 g of adsorbent dose
for both BG and MO dyes.
3.4. Contact Time and Adsorption Kinetics. The

contact time study is essential for designing batch experiments.
The adsorption capacity of MO and BG dyes on the NZC-g-
PANI nanocomposite steadily increases with the increase in
contact time (Figure S5a). A constant adsorption capacity was
achieved after 60 min for both MO and BG dyes. Comparative
adsorption of MO and BG dyes onto the NZC-g-PANI
adsorbent shows that the MO (qt = 119.61 mg g−1) dye was
sequestrated slightly more than the BG (qt = 119.44 mg g−1)
dye, and the adsorption rate gradually decreased for both MO
and BG, thus reaching an equilibrium. During the initial phases
of adsorption, many vacant sites are available on the NZC-g-
PANI nanocomposite, which, with the passage of time,
decreases. Left out, vacant sites of NZC-g-PANI become
difficult to occupy by BG and MO dyes due to existing

repulsive forces between solute particles found on the solid
adsorbent and adsorbate molecules, resulting in the slowing of
the adsorption rate eventually.59

Adsorption kinetics is responsible for controlling the
adsorption rate, which also determines the time needed for
the adsorption process to reach equilibrium. Adsorption
kinetics also gives information about the path used for
adsorption and the mechanism involved in the adsorption
process. To investigate the adsorption of BG and MO on the
NZC-g-PANI nanocomposite, pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetic models were used.

3.4.1. Pseudo-First-Order Kinetics. The pseudo-first-order
kinetic model is the earliest known equation that describes the
rate of adsorption based on adsorption capacity. It involves the
reactions between functional groups that are present on
adsorbent and adsorbate atoms, ions, or molecules by the
formation of cation exchange reactions. The linear form of the
pseudo-first-order equation59 is as follows

q q
k t

qlog( )
2.303

logte
1

e= +
(3)

where qe (mg g−1) is the amount of the dye adsorbed by the
adsorbent at equilibrium. qt (mg g−1) is the amount of the BG/
MO dye adsorbed by NZC-g-PANI at varying times in min. K1
is the rate constant of pseudo-first-order kinetics.
A graph of straight-line log(qe − qt) vs time was plotted, as

shown in Figure S5b. The correlation coefficient (R2) of BG is
0.572 and that of MO is 0.828 (Table 1), which shows that the
adsorption of both dyes does not follow the PFO model.

3.4.2. Pseudo-Second-Order Kinetics. Ho and Mckay60

gave the pseudo-second-order kinetic model for the adsorption
of adsorbates and made the following assumptions:

(a) Adsorption occurs in localized areas, and no interaction
is seen between adsorbed molecules.

Figure 6. Effect of NZC-g-PANI dosages for the adsorption of MO and BG dyes.

Table 1. Variables of PFO and PSO Models for the Adsorption of MO and BG Dyes on the NZC-g-PANI

PFO PSO

pollutant qeexp(mg g−1) qecal(mg g−1) K1 (min−1) R2 qeexp(mg g−1) qecal(mg g−1) K2(g mg−1 min−1) R2

BG 49.77 13.70 −0.00132 0.572 49.77 50.25 0.0182 0.999
MO 49.87 3.966 −0.00038 0.828 49.87 50.15 0.0163 0.999
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(b) Adsorption energy is the same for each ion and is
independent of the covered surface.

The linear form of the pseudo-second-order kinetic model is
as follows

t
q k q q

1 1

t t2 e2

= +
(4)

where K2 is the rate constant for pseudo-second-order kinetics
(g mg−1 min−1).
Pseudo-second-order rate constant K2, qe, and correlation

coefficient (R2) were calculated from the slope and intercept of
the plot (Figure 7a,b). R2 for both dyes in Table 1 gave a value
of 0.999, showing excellent linearity, which suggests that the
adsorption of MO and BG can be illustrated by the PSO
kinetic model.37

3.5. Dye Initial Concentration and Adsorption
Isotherms. The initial adsorbate concentration is an
important function that controls the process of adsorption.
The effect of the initial adsorbate concentration was
determined by preparing varying concentrations of MO and
BG dyes (10−250) mg L−1 and then comparing them with %R
(Figure 8) and adsorption capacity (Figure S6), keeping all
other parameters (pH, adsorbent dose, and time) at optimum
values. It is evidently clear from Figure 8 that the initial
adsorption of BG and MO dyes increases up to 50 mg L−1 with
an increase in initial dye concentration. On a further increase
in dye concentration, no more dye adsorption takes place.
Adsorption takes place in two phases: (a) at low concen-
trations, active sites present on the NZC-g-PANI adsorbent get
occupied by BG and MO dyes by the adsorption process. (b)
As the concentration of the targeted dye increases, the number

Figure 7. Pseudo-second-order kinetic model for the adsorption of MO (a) and BG (b) dyes.

Figure 8. Effect of the initial MO and BG concentration on the NZC-g-PANI nanocomposite.
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of finite active sites on the NZC-g-PANI adsorbent decreases,
thus slowing the process of adsorption.
Adsorption isotherm implies that the amount of solute can

be adsorbed onto an adsorbent, resulting in an equilibrium
concentration of solute in the solution at a constant
temperature. Accumulation of any substance over a solid
surface is possible due to the interaction or attraction of the
adsorbate over the adsorbent. These interactions are generally
because of electrostatic forces referred to as van der Waals
forces (VWFs). Many isotherm equations have been used to
study the solute adsorbed by an adsorbent (per unit mass). In
the current study, the most accepted adsorption models,
Freundlich and Langmuir adsorption isotherms, have been
used.

3.5.1. Freundlich Isotherm. The Freundlich isotherm is the
earliest equation describing the adsorption process. The
Freundlich adsorption isotherm shows the adsorption of an
adsorbate on a heterogeneous surface, which is not confined to
monolayer formation and shows various interactions that occur
between adsorbed molecules.18 For many systems, adsorption
heat decreases with the adsorption rate. This has been
explained by the Freundlich isotherm, which was proposed
as an empirical isotherm and is explained by the linear
equation, which can be used to calculate the constant of Kf and
n.2

q K n Clog log 1/ logeq f eq= + (5)

where qeq (mg g−1) is the amount of the solute adsorbed/unit
weight of the adsorbent, Ceq (mg L−1) is the equilibrium
constant of the solute, Kf is the Freundlich constant, and 1/n is
the adsorption intensity.
The graph between ln qeq vs ln Ceq is shown in Figure 9a. R2

values obtained from Table 2 for MO and BG are 0.871 and
0.830, respectively, which shows that the adsorption of both
dyes does not follow this model.

3.5.2. Langmuir Isotherm. The Langmuir adsorption
isotherm is used to explain the dynamic equilibrium stage

between the adsorbate and the adsorbent, where the
adsorption of the adsorbate is restricted to a single molecular
layer or before a relative pressure of unity is obtained.
The Langmuir isotherm, which was proposed by Lang-

muir,61 was considered suitable for describing the chem-
isorption process with the formation of covalent bonds
between the adsorbate and the adsorbent, but the isotherm
can be used to describe the binary adsorption behavior. The
linear form of the Langmuir equation is represented by eq 6.

C q Q b Q C/ 1/ 1/e e o o e= + (6)

where Ce (mg L−1) is the equilibrium concentration of the
adsorbate in the aqueous phase. qe (mg L−1) is the equilibrium
concentration of the adsorbate in the adsorbent phase. Qo (mg
g−1) is the single-layer adsorption capacity, b = Ka/Kb, where
Ka and Kb are the rate constants for the adsorption and
desorption processes, respectively.
A graph of 1/qe vs 1/Ce is shown in Figure 9b. Values of R2

in Table 2 for the adsorption of MO and BG dyes are
calculated as 0.992 and 0.983, respectively. It specifies the high
potential of the Langmuir model for the adsorption of both BG
and MO dyes. The Langmuir adsorption isotherm is the most
commonly used model for pollutant adsorption from an
aqueous solution, especially when adsorption takes place onto
the adsorbent at specific sites. Table 2 and Figure 9b suggest
that the removal of MO and BG is obtained on the
heterogeneous surface of the NZC-g-PANI composite, and
the formation of monolayer adsorption consequently supports
the proposed chemisorption mechanism. The Langmuir
maximum adsorption capacities of MO and BG dyes onto
the NZC-g-PANI composite were up to 558.34 and 218.27 mg
g−1, respectively. Such high maximum adsorption capacities
toward BG and MO may be attributed to multifunctional
groups present on the surface of the NZC-g-PANI biosorbent.
The adsorption capacity of as-prepared NZC-g-PANI for MO
and BG dyes from aqueous solution is compared to another
adsorbent, as given in Table S2.

Figure 9. Freundlich (a) and Langmuir (b) isotherm plots for the adsorption of MO and BG dyes on NZC-g-PANI.

Table 2. Variables of Freundlich and Langmuir Models for the Adsorption of MO and BG Dyes on the NZC-g-PANI

Langmuir model Freundlich model

dye qmax(mg g−1) Kl(L mg−1) Rl R2 1/n Kf(mg g−1)(L mg−1)1/n R2

MO 558.34 0.0023 0.893 0.992 1.468 4.26 0.871
BG 218.27 0.0028 0.874 0.983 3.311 1.22 0.830
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3.6. Thermodynamic Study. Figure S7 shows the effect of
temperature on the adsorption capacity of the NZC-g-PANI
nanocomposite. The qe of the NZC-g-PANI significantly

increased with increasing temperature in the range of
298.15−328.15 K, which reached up to 199.5 mg g−1 for BG
and 236 mg g−1 for MO dye at 323 K. The results suggest that

Figure 10. Graph between ln Kc and 1/T for BG and MO to show thermodynamic variables.

Table 3. Thermodynamic Variables for the Adsorption of MO and BG Dyes on the NZC-g-PANI

Kc ΔG° (kJ mol−1)

dye 298.15 K 308.15 K 318.15 K 328.15 K 298.15 K 308.15 K 318.15 K 328.15 K ΔH° (kJ mol−1) ΔS° (J mol−1 K−1)

MO 23.06 25.04 63.93 72.31 −9.29 −9.94 −10.52 −11.15 6.32 34.61
BG 42.85 48.5 53.94 59.97 −7.75 −8.24 −10.97 −11.67 15.40 62.59

Figure 11. Proposed mechanism for the adsorption of BG and MO onto NZC-g-PANI.
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targeted BG and MO adsorption on NZC-g-PANI is aided at
higher temperatures. This result can be explained by the fact
that the mobility and diffusion of BG and MO moieties
enhance on increasing the temperature, causing an increase in
contact with active adsorption sites on NZC-g-PANI.
Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS),

which are the various thermodynamic variables, were
compared with the adsorption of MO and BG dyes onto the
NZC-g-PANI nanocomposite. These were calculated using
Gibbs free energy and the van’t Hoff equation as follows

G H T S= (7)

K S R H RTln / /c = (8)

where T denotes temperature in Kelvin, Kc represents the
distribution coefficient of adsorption, and R is the universal gas
constant.
A linear graph (Figure 10) was plotted between ln Kc and 1/

T for MO and BG dyes to show the thermodynamic variables
as given in Table 3. Negative values for BG and MO dyes can
be seen for Gibbs free energy, and an increase in Gibbs free
energy (ΔG) was witnessed with increasing temperature. The
enthalpy change (ΔH) is positive for both MO and BG dyes,
showing the endothermic nature of adsorption. Entropy (ΔS)
is positive for both MO and BG dyes, showing an increase in
randomness during the adsorption process.
3.7. Mechanism of BG and MO Biosorption onto NZC-

g-PANI. It is very complex to understand the process of dye
adsorption on the surface of the biosorbent because multiple
types of factors participate in it between the adsorbate and the
adsorbent. The interface and affinity of dye molecules with the
adsorbent surface are influenced by the surface characteristics
of the adsorbent, as well as the functional groups and
molecular structure of the dyes.18

In this study, the proposed dye adsorption mechanism
(Figure 11) is illustrated by FTIR spectra (Figure S8) the and
SEM study (Figure 4) of the NZC-g-PANI nanocomposite
before and after MO and BG adsorption. Before adsorption,
the NZC-g-PANI IR peak has already been clarified in Section
3.1.1.

After BG dye adsorption onto the NZC-g-PANI biosorbent,
FTIR spectra show a shift in band intensity from 3433 to 3431
cm−1 due to the hydrogen bond interaction between the polar
N+ atom of BG dye molecules and the NZC-g-PANI
surface.62,63 After BG dye adsorption, new peaks arise at
2337 cm−1, which is attributed to the C�N stretching of the
aromatic tertiary amine, and 637 cm−1, which is attributed to
the C−H stretching of benzene rings.64 Furthermore, it is
evident that the peak at 1581 cm−1 is allocated to the stretch
vibration of the C�N bond of the quinoid structure of the BG
dye.65 After BG biosorption, it shifts to higher wavenumbers
(1590 cm−1), which discloses the participation of the quinoid
structure in the adsorption process. The peak at 1215 cm−1,
which is attributed to the C−O stretching of the carboxylic
group66 on the surface of NZC-g-PANI, disappears after both
BG and MO biosorption. It clearly indicates that carboxylic
groups on the surface of NZC-g-PANI take part in both MO
and BG dye removal via hydrogen bond formation. In the
FTIR spectrum of MO-sorbed NZC-g-PANI (Figure S8) and
BG-sorbed NZC-g-PANI (Figure S8), the vibrational band due
to the aromatic C�C bond of the NZC-g-PANI bionano-
composite shifted in the range of 1620−1700 cm−1 to a higher
wavelength. It is due to localization of aromatic π-electrons of
NZC-g-PANI owing to the π−π interactions of aromatic rings
of both MO and BG dyes and NZC-g-PANI molecules.67

The value of pHpzc of the NZC-g-PANI nanocomposite was
recorded at 2.0 (Figure 5a). If pH is above 2.0, the surface of
the NZC-g-PANI nanocomposite becomes negatively charged
due to the presence of a hydroxyl (OH−) group. Thus, the
negatively charged surface of NZC-g-PANI interacts electro-
statically with the N+ atoms of BG molecules available in
aqueous solution. Previous studies also show that electrostatic
interaction strengthens the bond very strongly between the
cationic dye and the adsorbent,68 while, at pH < pHpzc, the
negatively charged sulfonic acid group (−SO3

−) of the MO
dye electrostatically interacted with the positively charged
protonated PANI chain of the NZC-g-PANI biosorbent.36

Furthermore, the adsorption of dye molecules on an adsorbent
can also be governed by π−π interaction. The NZC-g-PANI
bionanocomposite has a C�C bond π-system due to the
organic aromatic structure in PANI, which interacts with the π-

Figure 12. Recyclability test of the NZC-g-PANI nanocomposite for BG and MO dye removal.
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electron of the aromatic ring of BG as well as MO dyes via
π−π interaction. The π−π interaction between the BG and
MO dyes with the NZC-g-PANI biosorbent is supposed to be
weaker than the electrostatic interaction.64 The carboxyl
(−COOH) group and water molecules on the surface of the
NZC-g-PANI adsorbent offered H atoms to form hydrogen
bonding (H-bonding) with the polar N+ atoms of the BG dye.
The hydroxyl group of NZC-g-PANI is also attached to the azo
group of the MO dye by hydrogen bonding (Figure 11).3

Overall, electrostatic interaction, π−π bond interaction, and H-
bonding are responsible for the biosorption of MO and BG
dyes onto the NZC-g-PANI biosorbent.
3.8. Regeneration Study. In Figure 12, six regeneration

adsorption capacities of NZC-g-PANI have been shown for
both dyes. In the first cycle of BG and MO dyes, it was
observed that the uptake abilities of NZC-g-PANI were 96.3
and 94.7%, respectively. In the subsequent cycles, the
adsorption efficiency of NZC-g-PANI was slightly reduced
for both dyes and reached 92.2 and 90.1% in the 5th cycle,
respectively. However, in the 6th cycle, the uptake ability of
NZC-g-PANI was further reduced, and equilibrium adsorption
efficiencies of 90.4 and 88.7% were observed for BG and MO,
respectively. This might be explained by the fact that the
regeneration process may result in the diminution of binding
sites on NZC-g-PANI, leaving some BG/MO dye moieties in
the regenerated NZC-g-PANI biosorbent.69 Consequently, the
decrease in the uptake capacity of NZC-g-PANI is consid-
erable, manifesting excellent reusability and outstanding
regeneration behavior.
3.9. Application of NZC-g-PANI toward Real Water

Samples. The practical application of the NZC-g-PANI
biosorbent was also studied for real environmental samples
from tap water (Faculty of Engineering and Technology, Jamia
Millia Islamia, New Delhi, India), river water (Yamuna, New
Delhi, India), and laundry wastewater (New Delhi, India). All
samples were mixed individually with various concentrations of
BG (10, 30, 50, and 100 mg L−1) and MO (20, 40, 80, and 100
mg L−1) dyes under optimum conditions. After treatment with
the NZC-g-PANI biosorbent, the aliquots of the dyes were
taken out from the reaction beaker, and unknown concen-
trations of the dyes were measured via ultraviolet−visible
(UV−vis) spectrophotometry. The outcomes of real water
samples presented in Table 4 show good removal efficiency (%
R), which supports the validity of the proposed biosorbent, i.e.,
NZC-g-PANI, for the removal of targeted dyes from real
samples.

4. CONCLUSIONS
In the current study, a multifunctionalized NZC-g-PANI
bionanocomposite was prepared by the in situ polymerization
method. The synthesized nanocomposite was characterized
using FESEM, TEM, FTIR, Raman, and XRD analysis and was
used as a novel adsorbent for the removal of MO and BG dyes
from aqueous solution. The adsorption capacity was
investigated as a function of pH, initial BG/MO adsorbate
concentration, contact time, and NZC-g-PANI adsorbent dose.
Based on the coefficient correlation (R2) values of 0.992 and
0.983 for MO and BG, respectively, the Langmuir isotherm
showed a better fit. Maximum adsorption capacities of 558.34
and 218.27 mg g−1 were obtained for MO and BG,
respectively. Kinetic analysis revealed that the PSO model
executed better than the PFO model. Thermodynamic studies
revealed the endothermic and spontaneous nature of

adsorption The magnitude of the enthalpy (ΔH) change was
6.32 and 15.40 kJ mol−1 for MO and BG, respectively, while
entropy (ΔS) change values were 34.61 and 62.59 kJ mol−1 for
MO and BG, respectively. The dye adsorption mechanism
confirmed that π−π interactions, electrostatic interactions, and
hydrogen bonding are responsible to sequestrate both BG and
MO dyes from aqueous solutions. The regeneration study
showed that the NZC-g-PANI biosorbent had potential
reusability for efficient BG and MO uptake up to six
consecutive cycles. The efficacy of NZC-g-PANI on the real
water sample presents excellent %R toward MO and BG dyes.
From this study, it can be acknowledged that the synthesized
bionanocomposite made up of NLP, ZnO, and L-cysteine-
functionalized PANI can be used as a potential adsorbent for
the removal of cationic and anionic dyes from synthetic as well
as real water samples.
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