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Abstract
The present study was focused on the synthesis of brinjal waste activated carbon (BWAC) from the dry woody part of brinjal plant by
chemical activation method. The BWAC was used as adsorbent to remove acid yellow 17 (AY-17) from the synthetic solution. For
BWAC synthesis, phosphoric acid was used as a chemical reagent for chemical activation at a ratio of 1:1, followed by pyrolysis of
chemically treated biomass in N2 atmosphere at high temperatures in a vertical reactor for improved chemical and surface properties of
BWAC. TheBWACwas characterized by several techniques such asBET surface area, pore distribution, SEM, FTIR,XRD, and point
of zero charge (pHPZC). Various affecting parameters such as equilibrium time, initial pH, BWAC dose, AY-17 concentrations, and
temperature for dye removal by BWAC were also investigated in the batch experiment. The maximum of 99.58% removal of AY-17
dye by BWAC occurred at pH 3. More than 97% dye was removed by BWAC from aqueous solution for initial 15 mg/L AY-17 dye
concentration with other conditions such as 2 g/L dose, 5.00 ± 0.2 pH, 80 min equilibrium time, and 25 °C temperature. Therefore,
further experiments were carried out at pH 5. Equilibrium data were fitted with the isothermmodels such as Langmuir, Freundlich, and
Temkin, and according to the correlation coefficient (R2), the Langmuir model was best fitted among them. The experimental kinetic
data was well-validated with the pseudo-second-order kinetic model. The mass transfer studies of the dye onto BWACwere described
by three models, such asWeber-Morris (intra-particle diffusion), Banghum’s, and liquid film diffusion models, and the result reported
that all steps were involved for the adsorption process. The order for the rate-determining step, according to R2, was intra-particle
diffusion > Bangham’s model > liquid film diffusion model. Recovery and recycling of dye-treated BWACwith desorption efficiency
of ~ 73%was possible by 1MNaOH treatment after 5th cycles. The simulated dye solution after treatment byBWACwas used in seed
germination for toxicity assessment.
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1 Introduction

The excessive exploitation of global natural resources due to
rapid industrialization leads to severe environmental problems

including water and air pollution, biodiversity loss, and ex-
haustion of resources which have seriously affected the
Earth’s life support system [1]. Thus, in face of increased
threats of water bodies from pollution, climate change, and
ever-increasing population, the conservation of available
freshwater resources and their maintenance has gained the
urgency [2]. The leather industry is culpable for being a vora-
cious of consumer of freshwater in large quantity for its var-
ious processing and non-processing activities and simulta-
neously releasing highly polluting wastewater. This would
result in not only the water crisis for public but also pose threat
to contaminate the ground water and running water with dyes,
salts and other organic chemicals [3]. Leather dye effluent is
one of the main polluting sources coming out from the tanning
and dyeing processes [4]. Dyes are being designated as a sta-
ble compounds, so their presence in water are undesirable due
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to difficult in degradation, lasting color, increase the chemical
oxygen demand, and disturb the life activities of microorgan-
ism present in the aquatic environments [5]. A monoazo dye
like acid yellow 17 (AY-17) which used in leather, paper and
pulp, textile (dyeing silk, cotton, silk), and hot stamping foil is
most problematic due to highly water soluble, as it tend to pass
unaffected through conventional biological treatment system
[6]. Beside, disperse dyestuffs have been found to have parti-
tion coefficient, resulting substantial potential for
bioconcentration [7].

Strict environmental regulations have been established
with the dyestuff for its discharge by many governmental
agencies, which require associated industries to find econom-
ical, viable, and effective treatment technologies for effluents
[4]. Most of the dyes used in leather industries for dying pur-
poses are carcinogenic and mutagenic in nature. The presence
of AY-17 dye in aqueous media creates severe environmental
issues and also highly poisonous to human beings and ani-
mals. Sometimes, it undergoes chemical as well as biological
changes, consumes soluble oxygen from the water bodies, and
increases biological oxygen demand which leads to detrimen-
tal to the aquatic life [7]. Many health issues have been caused
by adsorption of the azo dyes and their breakdown products
(i.e., toxic amines) through gastrointestinal tract, skin, and
lungs. It is harmful to respiratory system (i.e., dyspnea), skin
(dermatitis), eyes (irritation to eyes), and cardiovascular and
nervous system of human beings. Besides, it disturbs the
blood formation by formation of hemoglobin adducts. Thus,
it is very much essential to degrade and/or remove even a very
small amount of the AY-17 dye from the effluents of the
source industries [8].

During the past years, a number of treatment technologies,
such as adsorption [9], coagulation-flocculation [10], advanced
oxidation processes [11], membrane-based separation [12], ion-
exchange resin, and biological treatment process [13] have been
developed for the removal of dyes from the effluents.Most of the
processes may be feasible for the treatment and/or removal of
dyestuffs, but their initial capital investment and operation costs
are huge that they cannot be applied widely at large scale amidst
of emaciated profit margin by some industries, especially in de-
veloping countries [4]. Besides, several other disadvantages like
large quantity ofwaste generation, incomplete treatment, and low
selectivity are associated with some of the processes. Among
various methods, adsorption-based treatment technology oc-
cupies a prominent place for the removal of dyestuffs due to
cost-effective treatment process [14]. As eco-friendly and sus-
tainable alternative to the traditional processes, adsorption has
received an increasing attention in the removal of aqueous pol-
lutants [15]. Adsorption of the toxic soluble dyes from the efflu-
ents through commercial activated carbon is highly efficient.
However, high cost and 10–15% loss during regeneration has
limited its use. Therefore, to minimize the treatment expenses
incurred, low-cost, renewable, locally available, and effective

alternative adsorbents are needed. Consequently, a number of
renewable biomass and waste materials like Typha angustata
L. [7], turmeric industrial waste [8], Ipomoea carnia stem waste
[16], de-oiled soya, bottom ash [17], bagasse fly ash [18], acti-
vated sludge [19], coir pith [20], Elaeagnus stone [9],Mangifera
indica sawdust [21], pecan nutshell [22], rambutan (Nephelium
lappaceum) peel [23], etc. have been tried for the removal of
dyes. Besides, magnetic adsorbent like activated carbon-Fe3O4

nanocomposite has also been applied for the sorption of AY-17
dye from aqueous phase [24]. However, agricultural waste-based
activated carbons are widely used for removal of heavy metals
and dyes containing wastewater because they have the high sur-
face area, chemical stability, high adsorption capacities, and easy
regeneration [25]. Similarly, in present investigation,
dried brinjal (Solanum melongena L.) plant woody waste
has been chosen as the precursor for the preparation of
high surface area with great biosorptive efficiencies
brinjal waste activated carbon (BWAC). It is commonly
called aubergine in Europe and brinjal in India and be-
longs to Solanaceae family. To the best of our knowledge,
there are no reports on the use of the woody waste of the
S. melongena as adsorbent for the removal of AY-17 dye
which is low cost, biodegradable, and poses no threat to
the environment after disposal. According to the National
Horticulture Board (NHB), such agricultural waste con-
tains the huge amount of lignocellulosic substances hav-
ing three main structural components: cellulose (approxi-
mately 65%), hemicelluloses (20–40%), and lignin (15–
25%), besides extractives, lipids, sugars, proteins, water,
and other compounds with different functional groups
[26]. These ingredients are very useful in making a good
adsorbent with some active sites like hydroxyl, carboxyl,
methyl, amino, etc. which ensures high removal efficiency
of aqueous pollutants [15].

Several chemical activating reagents such as NaOH, KOH,
ZnCl2, H3PO4, K2CO3, Na2CO3, etc. are used in literature.
However, in present investigation, phosphoric acid is used
as an activating agent because it is low corrosive and eco-
friendly [27]. Thus, BWAC was synthesized, chemically ac-
tivated by H3PO4, and subsequently characterized by BET,
SEM, FTIR, and XRD analyses. In batch mode experiments,
the synthesized BWAC was used to remove AY-17 dye from
simulated solution with different operating parameters. The
adsorption isotherms and kinetics models were fitted with
experimental data to evaluate the model parameters. The mass
transfer of dye from bulk of solution to BWACwas described
by the Weber-Morris , layer f i lm diffusion, and
Bangham’s models. Thermodynamics parameters such as
ΔG°, ΔH°, and ΔS° were also estimated using the ther-
modynamic equation and van’t Hoff plot. The reusability
of BWAC adsorbent was also investigated with different
eluents. The effect of seed germination was also studied
with before and after adsorption of dye effluent.
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2 Materials and methods

2.1 BWAC adsorbent preparation

The waste dried brinjal plant (BW) was collected from the
local agricultural fields of Varanasi, Uttar Pradesh, India,
and used as a raw precursor for the preparation of activated
carbon from BW. The collected brinjal wastes were washed
with tap water 2–3 times, and after then, it was washed with
deionized water to remove unwanted impurities from the sur-
face and then dried in the sun for 2–3 days. The dried wastes
were cut into small pieces by disintegrator (Wiley mill model
2 (USA)) and then converted into powder with the help of a
mixer grinder. The fine powder was sieved between 90 and
150 μm particle sizes by using mesh sieves. The particle size
of the plant material influences many its properties and per-
formances as an activated carbon such as stability in suspen-
sion, appearance, reactivity, viscosity, etc. The smaller parti-
cle sizes are more effective on the performances of adsorption
as they yield larger external surface area resulting in availabil-
ity of more active sites for adsorbing of solutes [28]. The
chosen particle size range (90–150 μm) has also been selected
by most of the authors in the literature [29, 30] for preparation
of activated carbon for maximum adsorption of solute.

Ortho-phosphoric acid (H3PO4) (85% pure) was used as a
chemical activating agent, and the brinjal waste powder was
mixed with H3PO4 acid in 1:1 (w/v) ratio with the help of glass
rod and kept for 12 h at room temperature following the meth-
od in the literature [30]. After that, chemically treated brinjal
waste was washed with distilled water 3–4 times to remove
excess acid. Then, chemically treated brinjal waste powder
was dried in the hot air oven for 12 h at 105 °C. After drying,
the chemically treated brinjal waste powder was pyrolyzed by
using split tube furnace (Narang Scientific Works Pvt. Ltd.,
India) in the presence of N2 gas in a tubular reactor at 700 °C
for 90 min. The pyrolyzed material was cooled in room tem-
perature in the flow of N2 gas and then washed with diluted
ammonia solution (A.G. Grade, RFCL Limited, New Delhi,
India) and finally activated carbon washed with double-
distilled water until the pH of filtrate solution has not reached
up to 7 and then dried overnight at 90 °C. The dried samples
were again sieved between 90 and 150 μm particle size, and
BWAC was stored in an airtight container for future use.

2.2 Dye solution preparation and analysis

Leather dye AY-17 also known as acid yellow 2 GL was
provided by a local tannery industry, Leder Chemical Pvt.
Ltd., Kolkata, West Bengal, India. All the reagents used dur-
ing the experiments were of analytical grade, and deionized
water was used for the preparation of dye stock solution. The
stock solution of 1000 mg/L AY-17 was prepared by dissolv-
ing 1000 mg of dye in 1 L distilled water, and it was diluted

with distilled water for preparation of desired concentration.
The stock solution of AY-17 was kept in the dark place to
avoid the photo degradation due to the sunlight. The calibra-
tion curve for AY-17 was prepared by using a UV-Visible
spectrophotometer by measuring the absorbance at the maxi-
mum wavelength (λmax) of 402 nm.

2.3 Characterization

The important physicochemical properties like moisture con-
tent, volatile matter, ash content, and fixed carbon content
were examined by carrying out proximate analysis. The dif-
ferent constituents of proximate analysis and method of anal-
ysis were followed according to the American Society for
Testing and Materials such as moisture (ASTMD 5142), ash
(ASTMD 3174), volatile content (ASTMD 872), and fixed
carbon (ASTMD 3175). BET surface area and pore volume
of BWAC were observed in N2 atmosphere by adsorption/
desorption technique at − 195 °C on an ASAP 2020 adsorp-
tion apparatus (Micromeritics). The point of zero charge of the
BWAC was obtained by solid addition method [31]. The
structural, functional groups and surface properties of
BWAC were also characterized by FTIR, XRD, and SEM
techniques. The FTIR analysis was obtained from an FTIR
spectrometer (Thermo-Nicolson 5700, USA) using KBr as a
reference chemical, the samples were passed into spectroscop-
ic quality KBr and spectra were recorded in the range of
4000–400 cm−1. The X-ray diffraction of BWAC before and
after adsorption was recorded by Rigaku D/Max-B diffrac-
tometer with Cu Kα in the range of 10–80° (2θ). The surface
physical morphologies of the BWAC after and before dye
adsorption were identifying by using scanning electron micro-
scope technique (ZEISS, EVO 18, Research, Germany).

2.4 Batch experimental studies

The BWAC was used for the adsorption of AY-17 by agitat-
ing known amount of BWAC with 100 mL of dye solution of
desired concentration in Erlenmeyer flasks inside a water bath
shaker at 120 rpm. Different operating parameters like con-
centration of AY-17 dye, contact time, initial solution pH,
BWAC dosage, and reaction temperature were tested, and
the remaining concentration of AY-17 was analyzed using
Evolution™ 201 UV-Visible spectrophotometers (Thermo
Fisher Scientific) at a wavelength of 402 nm. All kinetics
experiments were done by using 0.2 g of BWAC in 100 mL
simulated dye solution (15–60 mg/L of dye concentration) at
25 °C for 100-min treatment time. The flasks containing sam-
ples were agitated by using water bath shaker at 120 rpm. The
flasks were taken at the regular time interval then centrifuged
and measured the remaining concentration of dye. The effect
of pH on adsorption of AY-17 was analyzed over the range of
pH 1–11 by mixing of the desired amount of BWAC in
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100 mL of 15 mg/L dye concentration. The BWAC dose
effect on the adsorption process of AY-17 was carried out
by mixing of the adsorbents ranging from 0.1 to 0.8 g in
100 mL of solution with varying concentrations from 15 to
60 mg/L at 25 °C. The thermodynamics of adsorption of AY-
17 onto BWAC was study by mixing of 0.2 g BWAC in
100 mL solution having dye concentrations ranging from 15
to 300 mg/L. All experimental conditions for adsorption of
AY-17 onto BWAC are shown in Table 1. The percentage
removal and adsorption capacity of BWAC (mg/g) were cal-
culated by using Eqs. (1) and (2), respectively.

Percentage removal of AY‐17dye ¼ Ci;AY−Ce;AY

Ci;AY

� �
� 100 ð1Þ

Adsorption capacity mg=gð Þ ¼ Ci;AY−Ce;AY

� �� V

m

� �
ð2Þ

where Ci,AY and Ce,AY are the concentration of AY-17 (mg/L)
at initially and equilibrium condition, respectively. V (L) and
m (g) are the volume of solution taken in the experiment and
the mass of BWAC, respectively.

2.5 pHPZC of BWAC

The point of zero charge of BWACwas determined by the pH
titration [32] method. Fifty milliliters of 0.01 M KNO3 was
taken in eleven different flasks and the pH (2–12) was adjust-
ed by the addition of 0.1 N HCl and NaOH solution. Fifty
milligrams of BWAC was added in each flask, and the pH
reading of suspension was taken after 48 h; the difference in
initial pH and final pHwas obtained. Finally, a graph (Fig. 1a)
between initial pH verses ΔpH (initial pH − final pH) was
drawn to obtain point of zero charge (pHPZC) of BWAC.

2.6 Regeneration and reuse of BWAC

Initially, regeneration experiments were performed with four
eluents such as NaOH, KOH, NaCl, and EtOH, for the deter-
mination of suitable eluent. The AY-17 dye-loaded BWAC

obtained after treatment with 15 mg/L of dye at 25 °C for
120 min were used for the desorption experiment (Table 1).
This dye-loaded BWAC was then brought into contact with
100 mL of eluents solutions of varying concentrations from
0.05 to 1 M for AY-17 dye desorption. The suspensions were
agitated for 120min at 25 °Cwith a shaking speed of 120 rpm,
and final dye concentration after 1st desorption experiment
was measured. After the selection of the suitable eluent, other
cycles of adsorption-desorption experiments with that eluent
were performed. After desorption, BWAC were washed with
double-distilled water for two times and reused for the next
cycle. Four sequential cycles of adsorption-desorption were
carried out.

2.7 Effect of dye on seed germination

The seed germination of Vigna radiata (mung seeds) assessed
the quality of treated effluent. Seed germination was done by
untreated and treated solution [33]. Surface sterilization of
healthy mung seeds of equal size was done with 70% ethyl
alcohol followed by 0.1% (w/v) HgCl2 for few minutes and
washed with deionized water 4–5 times. Seed germination
was done in moist filter paper in a petri dish with untreated
effluent, treated effluent (dye concentration of 15, 30, 45, and
60 mg/L) and control (aqua guard water). Seed germination
was done at room temperature, and its growth (root and shoot)
was monitored and measured after 7 days of incubation.

3 Results and discussion

3.1 Characterization of BWAC

Characterization of BWAC was essential to know the
physico-chemical and structural properties responsible for ad-
sorption phenomena. The proximate analysis of raw BW was
done and high carbon content was observed which signifies
the applicability of BWAC to be used as adsorbent although
significant amount of volatile matter was also detected. It was

Table 1 Experimental condition for AY-17 dye adsorption onto BWAC adsorbent

S. no. Experimental parameters Operating parameter range

Initial pH BWAC dose (g/L) Temperature (°C) Initial AY-17 dye
concentration(mg/L)

Contact time (min)

1 Equilibrium time 5 2 25 15–60 10–100

2 Initial pH 3–11 2 25 15 80

3 BWAC dose 5 1–8 25 15–60 80

4 Temperature 5 2 25–45 15–300 80

5 Desorption – 2 25 15 120
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evident from the analysis that BW contained moisture (4.5%),
volatile matter (11.8%), ash content (24.5%), and fixed carbon
(59.2%). The low moisture and ash content with high content
of fixed carbon were favorable properties of the biomass for
the adsorbents [29]. The unstable organic substances at high
temperature during carbonization and activation result into the
breakdown of bonds and linkages of the molecules. Further,
the volatile matters are released as gas and liquid products
evaporates off turning a material with high carbon content
and increased surface area as well as number of micro-pores
within the surface [34].

The BET (Brunauer-Emmett-Teller) surface analyzer was
performed to find the textural properties through pore volume
as well as surface area of the adsorbents. The nitrogen
adsorption-desorption isotherms of the BWAC was shown
in Fig. 1b which confirmed that type I isotherm of the adsor-
bent. This indicates that the nitrogen molecules are absorbed
mainly in the micro porous structure, but some part of nitrogen
molecules are also absorbed in mesopores (2–50 nm) region
of adsorbent [35]. According to pore size distribution as

shown in Fig. 1b, the pore was concentrated in the micro
porous range (< 2 nm) which signifies the adsorbent. The
BET surface area (211.38 m2/g), micropore volume
(0.04828 cm3/g), and average pore diameter (2.6 nm) of
BWAC were observed which reflected the potential of
BWAC as an effective adsorbent for AY-17 dye. This may
be due to chemical activation of BW-derived biochar
using phosphoric acid responsible for porous structure
formation on the adsorbent surface [27]. The pHPZC of
BWAC was found to be 6.31 which indicates that the
BWAC exhibited positive charge at pH < 6.31, whereas
negative charge surface at pH > 6.31.

The vibrational Fourier transform infrared (FTIR, Thermo-
Nicolson 5700, spectrometer, USA) spectrum of adsorbent is
shown in Fig. 2a. The surface functional groups of BWAC are
more responsible for the adsorption of dye. The surface chem-
istry of BWAC is important aspect for adsorption that is well
supported through the spectrum of FTIR in the range of 4000–
500 cm−1. The pellets were prepared by the mixing of BWAC
with KBr in a proper ratio (1:99). The peaks between 2900 and

Fig. 1 (a) Point of zero charge analysis of BWAC, b N2 adsorption-
desorption isotherm of BWAC (inserted pore size distribution of BWAC)

Fig. 2 a FTIR analysis of BWAC (i) before and (ii) after AY-17
dye treatment. b XRD pattern of BWAC before and after AY-17
dye treatment
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3900 cm−1 of BWAC indicated the O–H stretching of the hy-
droxyl group from carboxyl, phenols, or alcohols as in cellulose,
hemicelluloses, adsorbed water, and some lignin. These acidic
and phenolic groups are responsible for AY-17 dye adsorption
onto BWAC. The band at 2999.6 and 2890.2 cm−1 is also
assigned to the stretching of C-H representing such as alkanes
groups, while peak at 2417 cm−1 was due to the stretching vibra-
tion of C≡C bond in alkyne bonds [32]. A small intensity peak
was appeared at 1620 to 1630 cm−1 on BWAC due to the C-O
stretching which is clearly indicative of a carboxylic acid com-
pound [36]. The peak at 1181 cm−1 is due C-N stretching vibra-
tion of amines group. The peak appeared between 900 and
1200 cm−1 may be the presence of phosphate group species in
the BWAC sample, such as stretching vibration of hydrogen-
bonded P=OOH, P+-O− in acid phosphate esters, P-H in phos-
phine group, andO-C stretching vibrations in P-O-C of aromatics
[37]. The peaks located at approximately 814 and 621 cm−1 are
due to C–H bending and C–H out of plane vibrations, respec-
tively. After the adsorption, the position of all peaks was shifted,
and some peak disappeared, indicating that the adsorption pro-
cess has occurred. The peaks were shifted or added to 1600 cm−1

(C=C), 1250 cm−1 (C-F), 1100 cm−1 (P=O), and 785 cm−1 (C-H)
indicate adsorption of AY-17 dye.

The crystallite size and structure of BWACwere analyzed by
XRD pattern as shown in Fig. 2b. A broad and sharp peak
appeared at around 2θ = 22–28° (Fig. 2b (i)), showing that lattice
miller indices is related to (002) graphitic carbon, indicating the
amorphous nature of activated carbons [35]. The reason for the
broad diffraction pattern is the presence of a small number of
stacked graphite sheets. In addition, the BWAC sample showed
some sharp peaks; the existence of these sharp peaks could be
assigned to residual ash in carbon. The low-intensity peaks at
approximately 2θ of 19°, 20°, and 60° also appeared in the
XRD image (Fig. 2b (i)), which may be due to quartz lattice
structure in BWAC due to high-temperature pyrolysis of BW.
The metallic cristobalite is a high-temperature polymorph of sil-
ica which is present in the adsorbent. From the Scherrer equation,
the average particle size of BWAC was 32.64 nm. The smaller
size particles represent the greater surface area and may show
better adsorption properties against the AY-17 dye. After adsorp-
tion, the intensity of the peak at approximately 2θ = 26° was
decreased, and other peaks disappeared, indicating that adsorp-
tion of AY-17 dye occurred (Fig. 2b (ii)).

The surface morphological changes of BWAC were
inspected by analysis of SEM images of before and after
AY-17 dye treatment, are shown in Fig. 3 a and b, respective-
ly. According to the SEM image, it was confirmed that the
BWAC surface was heterogeneous and there were some mi-
cro size pores on the BWAC surface. That is a suitable con-
dition for molecular diffusion along with providing greater
surface area for dye adsorption. After adsorption, the surface
of BWAC was smooth, and porosity decreased, which con-
firmed that the surface was occupied by AY-17.

3.2 Effects of contact time and initial dye
concentration on the removal percentage

The effect of contact time is an important parameter to evalu-
ate the kinetic rate constant and mass transfer coefficient,
which are essential parameters to predict the order of reaction
and mass transfer controlling step. It does not come into equi-
librium condition until the adsorbate molecules have fully
reached a saturation point on the adsorbent surface. Table 1
exhibits the contact time experimental condition for adsorp-
tion of AY-17 onto BWAC. The relation between removal
percentage of AY-17 and contact time is shown in Fig. 4a.
Results show that the removal efficiency of BWAC towards
AY-17 dye was very fast at the initial stage and attained equi-
librium at 80 min for all concentrations of AY-17 dye, and
thereafter, the adsorption rate was more or less constant. The
reason behind rapid adsorption was the availability of a large
number of active sites on the adsorbent exteriors, and then it
slowly decreased with increase of AY-17 dye attachment onto
sorbent surface [38].

The initial AY-17 dye concentration also plays an impor-
tant role in the adsorption process. Figure 4 a depicts the effect
of different concentration of dye (15, 30, 45, and 60 mg/L) on
their percentage removal by adsorbent. Results revealed that
with increase in dye concentration, the gradual decrease in
percentage removal of dye. Maximum removal of ~ 97%
was observed at a dye concentration of 15 mg/L, then subse-
quently decreased to 95.8% (for 30 mg/L), 94.6% (45 mg/L),
and 91.7% (45 mg/L) keeping the adsorbent dose fixed at
2 mg/L at 80 min of contact time. This can be attributed to
the fact that at a fixed adsorbent dose and with an upsurge in
initial dye concentration, all the available active sites were
exhausted by dye molecules, which resulted in insufficient
active groups on the adsorbent surface for further adsorption
[39]. Thus, higher initial concentration of dye results in reduc-
tion in the initial rate of external diffusion as well as enhance-
ment of intra-particle diffusion rate [29, 40].

3.3 Effects of initial pH on the removal percentage

The acidity/alkalinity of the solution shows a decisive role in
AY-17 dye adsorption onto the BWAC. The aqueous chem-
istry of dye molecules in the aqueous phase and association/
dissociation of functional groups present on the surface of the
adsorbent is governed by the pH of the solution [29]. Thus, the
performance of adsorption of the anionic dye (i.e., AY-17)
onto BWAC is highly dependent on the initial pH of the so-
lution, in which the adsorption occurred due to the strong
interaction between the available electrophilic sites on the ad-
sorbent surface and the anionic charge contained in the AY-17
dye molecules [41]. Furthermore, the surface chemistry of the
adsorbent is highly dependent on the point of zero charge
(pHpzc) of the adsorbent, which is affected by changing the
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pH of the solution. The experimental conditions for the pH
parameter are listed in Table 1, and Fig. 4b depicts the effect
of the initial pH of solution on the adsorption of AY-17 dye
onto BWAC. From Fig. 4b, it was noted that the adsorption of
AY-17 dye decreased on increasing initial pH of the solution,
and at pH 3, the maximum 99.58% dye was removed from the
aqueous solution by BWAC. It was also notable that the re-
moval percentage decreased by only 5.55% as compared to
pH 3 when the pH of the solution was increased up to 6.

Furthermore, at pH 11, the total reduction of removal percent-
age was more than 44% compared to pH 3. The maximum
adsorption at pH 3 could have been due to the protonated
surface formation, which was a more suitable condition for
electrostatic attraction with the anionic dye. The functional
groups (such as -OH,-CHO, -COOH, =CO, etc.) of adsorbent
get protonated and take positive charge when the pH of the
solution was below 6.31, which is the pHpzc of BWAC.
Positively charged surface were attracted to anionic ion of

Fig. 3 SEM images of BWAC
(a) before AY-17 dye treatment b
after AY-17 treatment
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SO3− formed in aqueous solutions of the dye. In contrast, the
negative charge was dominated when the pH of the solution
was higher than pHpzc. Therefore, strong repulsion forces act
between the negatively charged surface of BWAC and AY-17
dye. Moreover, electrostatic attraction, hydrogen bonding,
and pore diffusion were also involved in the adsorption of
AY-17 onto the BWAC adsorbent [42]. The possible reaction
mechanism to illustrate this phenomenon is shown in Fig. 7b.
Thus, the BWAC removes the AY-17 dye with remarkable
efficiency of 99.58% at solution pH 3.0. The adsorption ca-
pacity of BWAC also showed a similar trend as the removal
percentage (Fig. 4b), when the pH of the solution was raised

from 3 to 11. This was due to decrease in the active sites
responsible for capturing the dye molecules. Similar results
were reported by Njoku et al., in which activated carbon was
prepared from rambutan (Nephelium lappaceum) peel by
microwave-induced KOH activation method and used for
AY-17 dye adsorption. The results reported that the removal
percentage was almost constant between pH 2 and 8 [23].
Over 97% removal by BWAC was shown to be at pH 5 in
the present work, which was quite good, so for the stability
and economic purpose of the adsorbent and use of treated
wastewater in agricultural field as well, all other experiments
were carried out at pH 5.

Fig. 4 Effect of a contact time, b initial pH of solution, cBWAC adsorbent dose, and d reaction temperature on adsorption of AY-17 onto BWAC, and e
van’t Hoff plot for adsorption of AY-17 onto BWAC
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3.4 Effects of adsorbent dose and initial dye
concentration on the removal percentage

The effect of initial AY-17 concentration on percentage re-
moval by BWAC is an indispensable aspect of the applicabil-
ity of the isotherm models. It also estimates the maximum
adsorption capacity (mg/g) of BWAC. Table 1 shows the con-
dition of parameters for adsorption of AY-17 onto BWAC.
Figure 4 c illustrates the consequence of initial AY-17 con-
centration on percentage removal with different adsorbent
doses. Removal of AY-17 dye was enhanced for all concen-
trations (15, 30, 45, and 60 mg/L) with increased adsorbent
doses due to larger availability of active sites on the adsorbent
surface for interaction with dye molecules [43]. Thus, as an-
ticipated, an increase of sorbent dose from 1 to 6 g/L shows
the positive correlation between sorbent doses with removal
percentage of dye for all concentrations. However, further
increase in the sorbent dose, there is no significant changes
in the removal percentage of dye for all concentration and the
relationship turned into stationary. This may be attributed to
partial aggregation of biomass (adsorbent), which resulted in a
reduction in effective surface area for sorption of dye mole-
cules [4]. Maximum exclusion (99.2%) of dye was observed
for 15 mg/L dye concentration at 6 g/L of adsorbent dose.
However, removal percentage of dye marginally increased
from 97.2 to 99.2% as the dose was increased from 2 to 6 g/
L for 15 mg/L of dye concentration was observed. Thus, for
economical and eco-friendly adsorption of AY-17 dye, ad-
sorption dose of 2 g/L was critically appropriate to separate
the dye from effluent successfully with minimum disposable
of spent solid waste.

3.5 Effect of temperature

The effect of temperature on the removal percentage of AY-17
onto the BWAC is an essential parameter, which helps to
investigate the effect of temperature on the removal percent-
age and to estimate the values of thermodynamic parameters
such as Gibbs free energy (ΔG0), enthalpy change (ΔH0), and
entropy change (ΔS0). Figure 4 d shows the effect of temper-
ature on the removal percentage of AY-17 with varying the
dye concentration from 15 to 300 mg/L, and all other exper-
imental conditions were fixed, such as contact time 80 min,
initial pH 5, and 2 g/L BWAC dose. The temperature pro-
foundly influences the removal percentage of AY-17 dye from
solution by BWAC. The results displayed in Fig. 4d con-
firmed that the removal percentage of AY-17 dye was de-
creased with the increased reaction temperature, and it also
decreased with increasing initial dye concentrations. The re-
moval percentage was decreased from ~ 97 to ~ 93%, ~ 95 to
~ 91%, ~ 94 to ~ 89%, ~ 91 to ~ 86%, ~ 84 to ~ 77%, ~ 73 to ~
68%, and ~ 62 to ~ 58% for the 15, 30, 45, 60, 100, 200, and
300 mg/L dye concentrations, respectively, when the reaction

temperature was increased from 25 to 45 °C, and confirmed
that the adsorption phenomena was of exothermic nature [44].
The reason for this change may be increasing Brownian mo-
tion in solution and breakdown of hydrogen bonding at high
temperatures that were formed between dye molecules with
active functional groups of the BWAC [32]. Due to this, with
increasing temperature of the solution, the AY-17 dye mole-
cules leave from the solid phase (BWAC) and move towards
the bulk liquid phase (AY-17 dye).

3.5.1 Adsorption thermodynamic studies

To evaluate the feasibility of the adsorption process, it is es-
sential to estimate thermodynamic parameters [45, 46].
Thermodynamic parameters studies are performed based on
the effect of temperature on the adsorption of AY-17 by
BWAC. The standard change in Gibbs free energy (ΔG0

(kJ/mol)) is an energy associated with a chemical reaction that
is used to complete the reaction and estimated by Eq. 4. If the
ΔG0 < 0, then the reaction is considered as spontaneous, and
if ΔG0 > 0, then the chemical reaction is non-spontaneous.
The enthalpy change ΔH0 (kJ/mol) is estimated the adsorp-
tion process is exothermic or endothermic. Similarly, entropy
change (ΔS0 (J/mol K)) shows the intensity of randomness at
the solid-liquid interface during the adsorption [32]. The fol-
lowing equations were used to calculate the standard change
in free energy ΔG0 (kJ/mol), enthalpy change ΔH0 (kJ/mol)
and entropy changeΔS0 (J/mol K) of the adsorption [42, 45]:

KC ¼ Cad

Ce
ð3Þ

ΔGO ¼ −R*T*ln KCð Þ ð4Þ

ΔGO ¼ ΔH0−TΔS0 ð5Þ

−R*T*ln KCð Þ ¼ ΔH0−TΔS0 ð6Þ
where R, Kc, and T are the universal gas constant (8.314 J/
K mol), equilibrium constant, and temperature in Kelvin, re-
spectively. The linear plots were drawn between ln Kc vs. 1/T
(van’t Hoff plot) and used to calculate enthalpy and entropy
from the slope and intercept, respectively (Fig. 1e) [32].
Table 2 shows the values of thermodynamic parameters such
as ΔG0, ΔH0, ΔS0, and R2. The negative values of ΔG0

confirmed that adsorption of AY-17 dye onto BWAC was a
spontaneous process. Additionally, the values of ΔG0 were
decreased with increasing temperatures, indicating that the
adsorption process was unfavorable at the higher temperature.
Therefore, adsorption process at higher temperature was not
suitable for the adsorption of AY-17 by BWAC [47]. Similar
results were also reported by Liu et al., where adsorption ca-
pacities of modified zeolites were favorable at low
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temperatures for anionic Congo red dye. The negative and
decreasing values ofΔH0 (− 33.56 to − 14.08) confirmed that
adsorption of AY-17 by BWAC was exothermic and adsorp-
tion process less feasible at higher temperatures. The negative
ΔS0 (− 83.77 to − 43.97) values for different concentrations
showed less randomness at the interface of liquid-solid phases
during the adsorption process [4].

3.6 Adsorption kinetic models

The kinetic study gives more valuable information for the
modeling and designing of adsorption processes. The time
experimental data were analyzed with three traditional kinetic
models such as pseudo-first-order, pseudo-second-order, and
Elovich models to determine the adsorption behavior and ki-
netic parameters of AY-17 by BWAC [42, 48]. The linear
form of the pseudo-first-order kinetic model can be expressed
in Eq. (7):

log qe−qtð Þ ¼ log qeð Þ− k1
2:303

� �
� t ð7Þ

where k1, qe, and qt are rate constant of pseudo-first-order
kinetic (1/min), equilibrium adsorption capacity of BWAC
(mg/g), and adsorption capacity of BWAC at time “t” (mg/
g). The value of k1 and qe was calculated using a linear plot
between log (qe-qt) vs. t, as shown in Fig. 5a. The pseudo-
second-order kinetic model can be represented by the follow-
ing Eq. (8):

t
qt

¼ 1

k2q2e
þ t

qe
ð8Þ

where k2 is rate constant of pseudo-second-order kinetic and
its unit is g/mg min [49]. Figure 5 b shows the linear relation-
ship between t/qt vs. t, which is used to estimate the values of
k2 and qe (theoretical).

The Elovich kinetic model can be expressed by Eq. (9):

qt ¼
1

β

� �
1nαβ þ 1

β
1n t ð9Þ

where α and β are initial AY-17 adsorption rate (mg/g min)
and Elovich constant (g/mg), respectively, which depicts the
surface coverage for chemisorption, and these can be calcu-
lated from the intercept and slope of the linear plot between qt
vs. lnt, as shown in (Fig. 5c).

The kinetic studies of the adsorption process of AY-17 dye
onto BWAC was investigated at 15–60 mg/L initial AY-17
concentrations by the pseudo-first-order model, pseudo-
second-order model, and Elovich model equations, and the
outcomes are illustrated in Fig. 5a–c and Table 3.

The correlation coefficients (R2) and calculated adsorp-
tion capacity values (qe,Cal) were determined from the
pseudo-first-order kinetic model, and Table 3 shows that
the correlation values were significantly lower for all con-
centrations and calculated adsorption capacities are incom-
parable with experimental capacities values (qe,Exp), indi-
cating that the adsorption process did not fit well with a
pseudo-first-order kinetic model. From Table 3, the estimat-
ed values of R2 were too high ≥ 0.99–0.984, and qe,Exp
values closed to qe,Cal for the all concentrations of AY-17
dye when experimental data were linearly fitted with the
pseudo-second-order kinetic model. Thus, adsorption of
AY-17 dye onto BWAC followed the pseudo-second-
order kinetic model; hence, adsorption phenomena occur
through the chemisorption process, involving valence
forces through the sharing of electrons between the adsor-
bent surface and adsorbate molecules [42].

The calculated values of R2 for the Elovich kinetic model
were low as compared to the pseudo-second-order kinetic
model for all concentration cases and lies between 0.964 and
0.944 (Table 3). Hence, the sequence of the best linear fit,
according to R2, in general, was pseudo-second-order >
Elovich model > pseudo-first-order.

Table 2 Estimated values of
ΔG0, ΔH0, ΔS0 and correlation
coefficient for adsorption of AY-
17 onto BWAC

Parameter Temperature (K)

C0(mg/
L)

ΔH0(kJ/
mol)

ΔS0(J/mol K) R2 ΔG0 (kJ/mol)

298 ± 1 303 ± 1 308 ± 1 313 ± 1 318 ± 1

15 − 33.556 − 83.772 0.980 − 8.700 − 8.096 − 7.672 − 7.258 − 7.036
30 − 31.260 − 79.012 0.988 − 7.788 − 7.203 − 6.960 − 6.507 − 6.165
45 − 26.948 − 67.196 0.996 − 6.929 − 6.547 − 6.294 − 5.939 − 5.552
60 − 23.779 − 59.834 0.989 − 6.004 − 5.611 − 5.309 − 5.011 − 4.814
100 − 24.023 − 66.512 0.986 − 4.193 − 3.955 − 3.457 − 3.155 − 2.934
200 − 14.559 − 41.121 0.971 − 2.239 − 2.135 − 1.960 − 1.724 − 1.409
300 − 14.081 − 43.971 0.979 − 0.923 − 0.780 − 0.606 − 0.327 − 0.044
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3.7 Isotherm models for AY-17 dye adsorption onto
BWAC

Adsorption isotherms are essential and used extensively in
deciding the maximum adsorption capacity of BWAC. It also
helps to predict the adsorption mechanism and to design the
adsorption system. Adsorption isotherm was an equilibrium
condition when adsorbate molecules were adsorbed on the
adsorbent surface with homogenous or heterogeneous or by
both at constant temperature. In the present study, the exper-
imental data were linearly fitted with three traditional isotherm
models such as Langmuir [50], Freundlich [51], and Temkin
isotherm model [52].

Langmuir model represents the equilibrium relationship
between pollutant species concentration (adsorbate) with the
number of active sites onto the adsorbent surface. The linear
form Langmuir adsorption isotherm was expressed as:

Ce
qe

¼ 1

qmKL
þ 1

qm
Ce ð10Þ

where qe, Ce, and qm are the experimental adsorption capacity
of adsorbent (mg/g), equilibrium AY-17 dye concentration
(mg/L), and theoretical maximum adsorption capacity (mg/
g), respectively. KL is Langmuir constant (L/mg). The linear
plot draw betweenCe/qe andCewas used for the calculation of

Fig. 5 Linear fitted kinetic models: a pseudo-first-order, b pseudo-second-order, and c Elovich model. Linear fitted isothem models: d Langmuir, e
Freundlich, and f Temkin model
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qm and KL (Fig. 5d). The isotherm was either favorable or
unfavorable depending on estimating the separation factor
RL [53], and it can be represented as:

RL ¼ 1

1þ KL � Ci
ð11Þ

The value of RL indicates linear/irreversible isotherm (RL =
0), favorable isotherm (0 < RL < 1), and unfavorable (RL > 1).

Freundlich [51] model usually used to describe the adsorp-
tion on a heterogeneous surface or surface supporting site of
varied affinities [53]. The linear form of Freundlich adsorption
isotherm model is given as:

log qe ¼ logKF þ 1

n
logCe ð12Þ

where KF ((mg/g) (L/mg)1/n) and n are the Freundlich con-
stants and their values are calculated from the linear plot of log
qe vs. log Ce (Fig. 5e) and shown in Table 3.

Temkin isotherm gives the information about the interac-
tion between adsorbent molecules and adsorbate species [52],
and it can be expressed by the following equation:

qe ¼ B1nAþ B1nCe ð13Þ
where A and B are the Temkin constant, and B = RT/bt, R
(universal gas constant), T (absolute temperature) in Kelvin,
and bt is the heat of adsorption. The values of A and B were
found by linear plot with qe vs. ln Ce as depicted in (Fig. 5f).

The adsorption isotherm experimental data for adsorption
of AY-17 by BWAC was linearly fitted with Langmuir,
Freundlich, and Temkin models. The values of R2 and other
model constants are depicted in Table 4. The R2 values at all
temperatures were higher for Langmuir, followed by
Freundlich and Temkin, as shown in Table 4. According to
R2 values, it can be concluded that the Langmuir model was
the best linear fitted with experimental data as compared to
Freundlich and Temkin model. The maximum adsorption ca-
pacity (qm) was varied from 93.55 to 82.31 mg/g from 25 to

Table 3 Estimated values for
adsorption kinetic model
parameters for the adsorption of
AY-17 dye onto BWAC

Kinetic model Experimental parameters Acid yellow 17 concentration (mg/L)

15 30 45 60

qe, exp (mg/g) 7.28 14.38 21.26 27.52

First-order kinetic qe, cal (mg/g) 6.94 11.64 17.87 23.13

K1 (L/mg) 0.054 0.042 0.039 0.037

R2 0.870 0.857 0.877 0.854

Second-order kinetic qe, cal (mg/g) 8.159 16.444 24.851 32.669

K2[(g/mg min) 0.011 0.004 0.002 0.002

R2 0.996 0.991 0.989 0.984

Elovich kinetic model β (g/mg) 0.747 0.385 0.222 0.162

α (mg/g min) 3.512 5.0879 5.302 5.483

R2 0.964 0.947 0.945 0.944

Table 4 Adsorption Isotherm
model parameters for adsorption
of AY-17 onto BWAC

Isotherm model Experimental parameters Temperature (°C)

25 30 35 40 45

Langmuir qm (mg/g) 93.545 92.507 90.416 86.655 82.305

KL (L/mg) 0.092 0.078 0.068 0.061 0.057

R2 0.987 0.990 0.988 0.986 0.983

RL 0.421 0.461 0.495 0.522 0.539

Freundlich n 2.329 2.227 2.198 2.167 2.169

Kf [(mg/g)/(mg/L)1/n] 12.554 11.078 10.120 9.155 8.506

R2 0.981 0.983 0.981 0.980 0.978

Temkin A (L/mg) 2.102 1.592 1.347 1.141 1.032

B 14.561 14.955 14.786 14.501 13.949

R2 0.953 0.955 0.950 0.954 0.958
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45 °C temperatures. RL values for the initial AY-17 concen-
tration of 15 mg/L at constant BWAC dose were found in the
range of 0.421 to 0.539 for temperature range from 25 to
45 °C, indicating a favorable condition for adsorption.
Table 5 shows the comparative study of maximum adsorption
capacity (qmax) of different adsorbents reported earlier with
the data obtained in this work. The data showed that the
BWAC prepared from Brinjal woody waste can be used as
an effective adsorbent for the removal of AY-17 from its sim-
ulated solution.

3.8 Mass transfer analysis

The adsorption phenomenon mainly depends on the mass
transfer operation, and by the use of extensive mass transfer
models, the rate-determining step of any adsorption process
can be estimated [42, 59, 60]. Mass of adsorbate molecules is
transferred from the homogeneous/heterogeneous surface of
the adsorbent to the pores of the adsorbent, characterized by
mass transfer constant [61]. In the case of adsorption of AY-
17 onto BWAC, intra-particle diffusion, pore and liquid film

Table 5 Comparison of maximum adsorption capacity (qmax) of different adsorbents for removal of dyes from liquid

S. no. Adsorbents Dyes Adsorption capacity (mg/g) References

1. Silica nanofiber Acid yellow 17 40.32 [2]

2. Ionene chloride modified silica NF Acid yellow 17 84.75 [2]

3. Activated carbons from rambutan peel Acid yellow 17 197.16 [23]

4. Magnetic activated carbon-Fe3O4nanocomposites Acid yellow 17 100 [24]

5. Mesoporous carbon material ST-A Acid yellow 17 35 [54]

6. Activated carbon (CWZ-22) Acid yellow 17 46 [54]

7. Orange peel Acid violet 17 19.88 [55]

8. Soya bean waste Acid blue 25 38.3 [56]

9. Activated pericarp of pecan Acid blue 25 28.75 [57]

10. Activated carbon from industrial waste Rhodamine-B 16.12 [58]

11. Brinjal waste activated carbon Acid yellow 17 93.55 Present study

Table 6 Mass transfer analysis for adsorption of AY-17 onto BWAC

Mass transfer model Concentration (mg/L)

15 mg/L 30 mg/L 45 mg/L 60 mg/L

Weber andMorris model First stage Kid(1) (mg/g min1/2) 0.468 0.727 1.185 1.715

C1 3.063 6.492 8.473 9.570

R2
1 0.984 0.999 0.989 0.997

Second stage Kid(2) (mg/g min1/2) 0.541 1.237 1.985 2.778

C2 2.7086 3.652 3.967 2.999

R2
2 0.995 0.998 0.996 0.996

Third stage Kid(3) (mg/g min1/2) 0.0105 0.021 0.010 0.007

C3 7.373 14.179 21.181 27.577

R2
3 0.929 0.938 0.915 0.912

Overall stage Kid(ov) (mg/g min1/2) 0.435 0.923 1.492 2.044

Cov 3.303 5.767 7.318 8.242

R2
ov 0.955 0.973 0.974 0.978

Bangham’s model Ko(mL/(g/L)) (10−3) 8.562 8.091 7.077 6.800

α 0.660 0.642 0.653 0.627

R2 0.934 0.908 0.914 0.921

Liquid film diffusion model KFD 0.0542 0.0418 0.0399 0.0365

C − 0.041 − 0.211 − 0.169 − 0.172
R2 0.891 0.881 0.896 0.877
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diffusion can explain the transfer of AY-17 molecules, or
sometimes it is dominated by all of them. In the present study,
Weber and Morris, Bangham’s, and liquid film diffusion
models were used to analyze mass transfer mechanisms and
rate-controlling step.

Weber and Morris model was also known as the intra-
particle diffusion model and widely used for predicting the
rate-controlling step in the adsorption process [62]. The equa-
tion of Weber and Morris model can be expressed as [42]:

qt ¼ Kidt0:5 þ C ð14Þ
where qt,Kid, t, andC are the adsorption capacity (mg/g) at the
time (t), intra-particle diffusion constant ((mg/g (min)0.5), con-
tact time (min), and boundary layer thickness (mg/g), respec-
tively. The values of Kid and boundary layer thickness were
estimated by linear plotting of the graph between qt vs. t

0.5.
This model suggested that if the plot between qt versus t

0.5 was
linear and passed through the origin, then the rate-controlling
step was intra-particle diffusion. If the plot was linear but did
not pass through the origin, the adsorption process involved

some other rate-controlling steps [63]. It is clear from Fig. 6a
that the multi-linearity plot did not pass through the origin and
were divided into three sections for all concentrations, which
indicated that multi-steps were involved in controlling the
mechanism [42]. This result confirmed that intra-particle dif-
fusion was not only a rate-controlling step; some other con-
trolling steps were also involved in the rate-controlling of AY-
17 adsorption, such as boundary layer diffusion, pore diffu-
sion, etc. [2, 7]. The first section in the Weber-Morris plot
described the film diffusion. In which AY-17 dye molecules
were transferred from the liquid phase to the outer surface of
the BWAC via a hydrodynamic boundary layer. The second
section involved the diffusion of AY-17 dye molecules from
the surface of the BWAC into micro-sized pores, known as
intra-particle diffusion. In the final section, AY-17 dye mole-
cules reached an equilibrium state with BWAC. Table 6
shows the values of the overall and sectional intra-
particle rate constant, boundary layer thickness, and R2

for all concentration ranges. The boundary layer thick-
ness (C) values increased with increasing concentration
of AY-17 dye (Table 6), which confirmed that the

Fig. 6 Mass transfer models: aWeber and Morris model, b Bangham’s and Burt model, and c liquid film diffusion model for adsorption of AY-17 dye
onto BWAC
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boundary-layer diffusion mechanism was promoted at
higher concentration of AY-17 dye.

If pore diffusion was an influential factor for adsorption of
AY-17 onto BWAC, then Bangham and Burt model was used
to check the rate-controlling step [64, 65]. Bangham’s model
is revealed by Eq. (15):

loglog
Ci;AY

Ci;AY−qtmg

� �
¼ log

kBmg

2:303v1

� �
þ α log t ð15Þ

where Ci,AY, qt, Vl, and mz are the initial AY-17 concentration
(mg/L), adsorption capacity at time “t” (mg/g), volume of
solution (L), and mass in g/L of BWAC, respectively.
Figure 6 b shows the linear plots of Bangham’s model for
the 15 to 60 mg/L concentrations of AY-17, and α and kB
are the Bangham’s constants, which were estimated from the

linear plot between loglog Ci
Ci−qtm

� �
vs. log(t). Table 6 shows

the value of Bangham’s constants and R2. According to the R2

and linear fitted plot, Bangham’s model was not rate-
determining step for the adsorption of AY-17 dye onto

BWAC; it is also controlled by the boundary layer diffusion
or both surface or pore diffusion.

The three-segmented curve of the Weber-Morris model
gave the idea of the intentness of liquid film/layer diffusion
for the adsorption of AY-17 dye onto BWAC in present work.
Therefore, the film diffusion model was employed to equilib-
rium time data at four different concentrations (15 to 60 mg/
L). Equation (16) represents the layer film diffusion model
equation [42]:

ln 1− fð Þ ¼ −KFD � t þ C ð16Þ

where KFD and f = qt
qe

are the film diffusion constant and

fractional ratio of equilibrium adsorption capacities. The
values of KFD and intercept were calculated by plots between
ln(1-f) vs. t and if the linear fitted plot passes through the
origin, then liquid film diffusion was the rate-controlling step.
Figure 6 c and Table 6 show the linear fitted plot and estimated
values of KFD and intercept, respectively. The liquid film dif-
fusion plot for AY-17 dye adsorption onto BWAC gave the
linear plot for all concentrations with low R2 and negative
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intercept values. This result confirmed that liquid film diffu-
sion was not a rate-determining step for the adsorption pro-
cess. According to R2 (Table 6) values from three mass trans-
fer models, the rate-controlling sequence was intra-particles
diffusion > Bangham’s model > liquid film diffusion
model. The original structure of AY-17 dye along with possi-
ble reaction mechanism for AY-17 dye adsorption onto
BWAC is shown in Fig. 7.

3.9 Desorption and regeneration studies of adsorbent

Regeneration and reuse are necessary for the economical use
of activated carbon as an adsorbent, which is an essential
factor in determining adsorbent stability, economical cost of
the waste treatment plant, and minimum waste discharge into
the environment. The selection of suitable eluents is directly
dependent upon the nature of the adsorption process; thus,
NaOH, KOH, EtOH, and NaCl were used as eluents in de-
sorption studies. In the present elution experiments (Fig. 8a),
four eluents were used with varying concentrations from 0.05
to 1 M to determine which eluents would be suitable for the
elution process of AY-17 dye-loaded BWAC. It was observed
from the figure that the percentage desorption of AY-17 dye
was 88.48, 75.88, 29.45, and 10.2% for 1 M concentration of
NaOH, KOH, EtOH, and NaCl, respectively. The maximum
desorption percentage AY-17 dye for all concentrations was
higher in NaOH, followed by KOH, EtOH, and NaCl. In the
first cycle of spent adsorbent, 88% of AY-17 dye was released
from the dye-loaded BWAC. Batch studies of adsorption–
desolation were repeated for four times with the same adsor-
bent, and the results are shown in Fig. 8b. The adsorption of
AY-17 dye onto BWAC decreased by 3.81, 8.57, 16.11, and
24.38% in the second, third, fourth, and fifth cycles as com-
pared to the initial adsorption rate, respectively. The adsorp-
tion of AY-17 dye in the 5th cycle was approximately 73%,
which was 24% lower than the initial adsorption rate. This
continuously decreasing adsorption rate may be due to exces-
sive alkaline treatment, which results in damage to active
groups or sites of BWAC and also reduced in surface area
and pore volume of BWAC. Therefore, the AY-17 dye could
be desorbed from AY-17 dye-loaded BWAC by NaOH, and
1 M NaOH solution concentration has excellent desorption
performance than the other eluents. Thus, due to the superb
adsorption-desorption performance, BWAC is a promising ad-
sorbent for the AY-17 dye adsorption from aqueous solution.

3.10 Phytotoxicity assessment for environmental
safety

Toxicity impact assessment for environmental safety was
done with the treated simulated solution after AY-17 adsorp-
tion on plant growth and development. In present investiga-
tion, mung bean (Vigna radiata) seed germination bioassay

was used as a biomarker due to quick growth, sensitive, and
mostly grown pulses in the agricultural fields of the Indian
subcontinent [66]. A toxicity study of treated and untreated
samples of simulated dye solution was done by using equal-
sized seeds of mung bean. The seeds were surface sterilized
with 0.1% (w/v) HgCl2 and 70% (v/v) EtOH followed by 3–4
times washing with deionized water. Seeds were germinated
in petri-dish over filter paper in presence of Aquaguard water
(control), simulated solution of four different concentrations
(15 mg/L, 30 mg/L, 45 mg/L, and 60 mg/L) of AY-17 dye
(untreated) and after the treatment of simulated solution of
four different concentrations of dye (treated). The results were
shown in Fig. 9 a and b as comparison of dye’s effect on the
growth of seed germination with concentrations for treated
and untreated AY-17 dye solution. The untreated AY-17
dye solution had a toxic impact on the growth of seeds germi-
nation with a high concentration. The growth of seed was too
slow for untreated dye solution as compared to BWAC treated
dye effluent. Therefore, BWAC-treated dye effluent can be
used in gardening and agriculture purposes after toxicity test.

Fig. 8 a % Desorption of AY-17 from BWAC with different desorbing
reagents. b%Adsorption/desorption rate for AY-17 by BWAC up to 5th
cycles
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4 Conclusions

Dried woody waste of Solanum melongena plant is available
worldwide in large quantities, and that was used to synthesis
of BWAC for removal of AY-17 from aqueous solution. The
BWAC was characterized by SEM, XRD, FTIR, BET, and
pHPZC analysis and results revealed that BWAC had hetero-
geneous and microsized pore surface, amorphous nature, high
availability of functional groups (-OH, -COOH, =CO,
P=OOH), and high surface area (211.38 m2/g). The initial
pH and concentration were profoundly impacted on percent-
age removal of AY-17, and removal of dye was suitable when

the pH of the solution was lower than pHPZC of BWAC, and
the maximum of 99.58% removal occurred at pH 3 for 15 mg/
L dye concentration in 80 min contact time. The experimental
data were best fitted with the Langmuir isotherm model as
compared to Freundlich and Temkin models on the basis of
R2. Among various kinetic models, the pseudo-second-order
kinetic model was superior to describe the adsorption kinetics
of AY-17 dye onto BWAC. Mass transfer study confirmed
that the transfer of AY-17 molecules from bulk phase to solid
phase was not solely controlled by intra-particle diffusion;
some other rate-controlling steps were also involved in reac-
tion mechanisms such as liquid film diffusion and pore

Fig. 9 Effect of (a) before AY-17
dye treatment, (b) after treatment
of AY-17 dye on seeds
germination
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diffusion. The sequence for the rate-determining step, accord-
ing to R2, was intra-particle diffusion > Bangham’s model >
liquid film diffusion model. Various desorbing agents were
used in desorption study and 1 M NaOH showed the maxi-
mum desorption rate with ~ 88% for 1st cycle and decreased
up to 73% in 5th cycle, which confirmed that BWAC exhib-
ited good ability up to 5th cycles for removal of AY-17 dye.
The treated effluent showed significant role for the germina-
tion of seeds which was able to support for the growth of
mung bean (Vigna radiata) seeds.
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