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a b s t r a c t

Biosorbent synthesized from dead leaves of Prunus Dulcis with chemical activation during the synthesis
was applied for the removal of Acid Green 25 dye from wastewater. The obtained biosorbent was
characterized using Brunauer-Emmett-Teller analysis, Fourier transform-infrared spectroscopy and
scanning electron microscopy measurements. It was demonstrated that alkali treatment during the
synthesis significantly increased surface area of biosorbent from 67.205 to 426.346 m2/g. The effect of
various operating parameters on dye removal was investigated in batch operation and optimum values of
parameters were established as pH of 2, 14 g/L as the dose of natural biosorbent and 6 g/L as the dose of
alkali treated biosorbent. Relative error values were determined to check fitting of obtained data to the
different kinetic and isotherm models. It was established that pseudo-second order kinetic model and
Langmuir isotherm fitted suitably to the obtained batch experimental data. Maximum biosorption ca-
pacity values were estimated as 22.68 and 50.79 mg/g for natural biosorbent and for alkali activated
Prunus Dulcis, respectively. Adsorption was observed as endothermic and activation energy of 6.22 kJ/mol
confirmed physical type of adsorption. Column experiments were also conducted to probe the effec-
tiveness of biosorbent for practical applications in continuous operation. Breakthrough parameters were
established by studying the effect of biosorbent height, flow rate of dye solution and initial dye con-
centration on the extent of dye removal. The maximum biosorption capacity under optimized conditions
in the column operation was estimated as 28.57 mg/g. Thomas and Yoon-Nelson models were found to
be suitably fitted to obtained column data. Reusability study carried out in batch and continuous column
operations confirmed that synthesized biosorbent can be used repeatedly for dye removal from
wastewater.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Dyes are color bearing organic compounds which are used to
apply color to various substrates such as textile materials, paper,
cosmetics and plastics. Dyes impart color to substrate by binding
themselves to fabrics or surfaces (Ngulube et al., 2017). Dye uses as
colorant in different industries like textile, paper, plastic, etc. are
increasing worldwide. About 56% of the annual worldwide pro-
duction of the total synthetic dyes is consumed by textile in-
dustries. During the process of dye production and also dyeing, a
large quantity of dye is released/lost into the effluent due to
improper handling and/or incomplete dye fixation onto the fabric.
Dyes are recalcitrant and stable towards the environment and thus
Gogate).
are harmful to human being and living species including microor-
ganisms (Moussavi and Khosravi, 2011). Some of the dyes are also
carcinogenic and teratogenic offering significant risk to the aquatic
species and human beings (Song et al., 2017). Presence of dyes in
the effluents also reduces the photosynthetic activity of aquatic
plants and thus disturbs the equilibrium of nature. Dyes also impart
bad taste and give significant odor to water bodies (Santos et al.,
2017; Subramaniam and Ponnusamy, 2015). Severe health disor-
ders in terms of dysfunction of liver, kidney and nervous system can
be caused by dyes (Zhou et al., 2015). Discharge of dye effluents
directly into the water bodies can affect the health of the people
who are using this water for drinking purpose (Adegoke and Bello,
2015). Dye removal from effluents is a major problem faced by
textile industries. It is challenging to address the environmental
issues created by dye effluents and in this regard, there is a need to
develop effective treatment methods to destroy or isolate the dyes
from the effluents before discharge into the water bodies to protect
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ecosystem.
Several physical methods such as ultrafiltration (Ng et al., 2017),

electrodialysis (Xue et al., 2015), reverse osmosis (Nataraj et al.,
2009) and chemical methods such as electroflotation (Balla et al.,
2010) and electrochemical oxidation (Singh et al., 2016) have
been applied by researchers for dye removal from aqueous solution.
However these treatment methods are not found to be cost effec-
tive and also some of these treatment techniques involve use of
excessive chemicals which also create additional environmental
concerns (Demirbas, 2009). These limitations may be overcome by
the method of adsorption. In adsorption, activated carbon is
commonly used for dye removal due to its effectiveness, but this
offers drawbacks of high cost of the treatment process, difficulty in
regeneration after exhaustion during the use and reduced
adsorption efficiency after regeneration (Srivastava et al., 2007).
Hence research into development of low cost, sustainable and
efficient adsorbent for dye removal is on the forefront in recent
years. Different adsorbents in their natural form such as Xanthium
strumarium L. seed hull (Khamparia and Jaspal, 2017), bagasse fly
ash (Mall et al., 2005), coconut mesocarp (Monteiro et al., 2017) as
well as in the activated form such as oxalic acid treated Artocarpus
odoratissimus peel (Dahri et al., 2017), surfactant treated saponite
(Tangaraj et al., 2017) and H3PO4 activated cattail (Shi et al., 2010)
have been utilized for removal of dyes from wastewater. In the
present study, removal of Acid Green 25 (AG 25) dye has been
studied using biosorbent synthesized from dead (fallen) leaves of
Prunus Dulcis (PD) in raw form and using NaOH (alkali) treatment
during the synthesis. The literature analysis established that utili-
zation of dead leaves of Prunus Dulcis (DLPD) has not been explored
for the biosorbent synthesis and application for AG 25 dye removal
from wastewater. The advantage of biosorbent selected in the
present study in comparison with other biosorbents is its avail-
ability in large quantity at minimal cost, especially in the agricul-
ture dominated countries. Also the use of such agricultural waste
(biomass) as a biosorbent can reduce the volume of solid waste as it
follows the principle of wealth from waste. AG 25, an organic sul-
phonic acid dye, selected as pollutant in the present study finds
applications in textile, leather and cosmetic industry. AG 25 dye
containing effluent can cause eye and skin irritation and also the
compound is toxic to aquatic organisms. Hence removal of AG 25
dye from wastewater is necessary to protect the ecosystem and
there is always a need to develop effective and economical treat-
ment approaches. In present study, batch experiments have been
carried out initially to investigate the effect of operating parameters
on dye removal. The industrial processes of adsorption typically
need to be conducted in column mode due to the large volumes of
the effluent to be handled and hence column experiments have also
been conducted to probe the effectiveness of synthesized NaOH
activated Prunus Dulcis (NAPD) for operation in continuousmanner.
The effect of operating parameters in the column operation on AG
25 dye removal was also investigated to establish breakthrough
conditions, which are important design parameters.

2. Materials and methods

2.1. Biosorbent synthesis

Dead (fallen) leaves of Prunus Dulcis (DLPD) were collected,
washed, dried and crushed. The obtained powder was screened in
sieve shaker to get particles in the size range of 53e106 mm. The
obtained biosorbent was used as such in the natural form and also
subjected to activation. In the process of activation, Lignin from the
powder (DLPD) was removed by activation of powder with NaOH
solution.1 part of obtained powderwas treatedwith 5 parts of NaOH
solution (1% by weight) for 4 h in a reactor at temperature of 323 K.
The mixture was then filtered, washed with distilled water for
removing colored lignin and then again heated at 323 K in oven. The
synthesized NaOH activated Prunus Dulcis (NAPD) biosorbent in this
mannerwas thenstored inglassbottles tobeused for further studies.

2.2. Pollutant dye

An anionic dye, Acid Green 25 [Molecular
formula ¼ C28H20N2Na2O8S2, molecular weight ¼ 622.57 g/mol],
was obtained from Sigma-Aldrich, India. 1000 mg/L of stock dye
solution was prepared and then diluted to obtain desired dye so-
lutions required for batch and column study.

2.3. Biosorbent characterization

Scanning electron microscopy (SEM, JEOL 6380, USA) was used
to examine surface morphology of NAPD biosorbent before and
after the adsorption of AG 25 dye as well as of the natural form of
DLPD. The functional groups involved in the process of AG 25 dye
adsorption on synthesized NAPD biosorbent were analyzed using
Fourier transform-infrared spectroscopy (FT-IR, Perkin Elmer BX,
USA). BET parameters for the DLPD and NAPD biosorbents were
evaluated using the Brunauer-Emmett-Teller (PMI BET
Sorptometer-201AEL-2OSEL, USA) method. UV Spectrophotometer
(Shimadzu-1800, Japan) was used for determining the concentra-
tion of AG 25 dye in the solution by recording the UV absorbance at
lmax of 642 nm. Limit of detection and limit of quantification, which
are the validation parameters for data were also evaluated as
0.0995 and 0.3318 mg/L respectively.

2.4. Batch equilibrium studies

Batch equilibrium studies were performed in orbital shaker
(Bio-Technics, Mumbai). Desired amount of synthesized biosorbent
was added in 50 mL of aqueous solution of AG 25 dye having a
specific concentration and at the desired pH value. The pH of the
dye solutionwas adjusted to the required value by adding 0.1 NHCl/
0.1 N NaOH as required for pH adjustment. The shaking was per-
formed at constant speed of 150 rpm. The effect of operating pa-
rameters like pH of dye solution, biosorbent loading, time, AG 25
dye concentration and temperature on the extent of dye removal
have been investigated. Samples were withdrawn from the shaker
at specific time intervals and analyzed using UV spectrophotom-
eter. Reusability study of the biosorbent was also performed by first
desorbing AG 25 dye from NAPD biosorbent based on the regen-
eration approach and reusing the biosorbent again in the study. Dye
loaded NAPD biosorbent was thoroughly mixed with 0.1 mol/L
NaOH solution applied as a desorbing agent (Guo et al., 2012) in
orbital shaker. After desorption, reusability of the recovered bio-
sorbent was further checked in five consecutive cycles.

Biosorption capacity (qt) defined as ratio of dye adsorbed (mg) to
biosorbent mass (g) was estimated using the equation given below:

qt ¼ ðCi � CtÞ
m

(1)

where Ci and Ct (mg/L) are initial concentration and concentration
at any time, t of AG 25 dye in the solution, respectively and m is
biosorbent load (g/L).

The extent of dye removal (%) was evaluated using equation as
given below:

Extent of removalð%Þ ¼ Ci � Ct
Ci

� 100 (2)
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2.5. Column biosorption study

Column biosorption experiments were also carried out in a glass
column of 2 cm inner diameter and height of 25 cm. The setup was
equipped with peristaltic pump (Ravel Hiteks, India) for recircula-
tion. Glass wool packing was provided in the column to avoid the
biosorbent loss during the operation and glass beads were used to
support the bed. AG 25 dye solution of required concentrations was
pumped upward through the biosorbent bed at required flow rate.
The residual concentration of dye in the effluent samples was
determined using UV- visible spectrophotometer analysis by col-
lecting the effluent samples from top of the column at required
time intervals. The effect of different operating parameters like
biosorbent height, flow rate of dye solution and initial AG 25 dye
concentration on the dye removal rate was studied and different
breakthrough conditions were then established from the data
analysis. Breakthrough plots of Ct/Ci versus time were obtained for
different sets of column parameters and obtained data were
analyzed by applying the various column models.

Breakthrough time (tb) is the time required for the concentra-
tion in the effluent stream to reach to 5e10% of the feed concen-
tration (Souza et al., 2008). In present study, tb was determined
when effluent stream dye concentration reached to 10% of the feed
concentration. The exhaustion time (teff) was measured as the time
when dye concentration in the effluent stream reaches 90% of the
feed concentration (Wu et al., 2012).

The treated effluent volume, Veff (L) was estimated by using the
following equation (Singh et al., 2017a):

Veff ¼ Qteff (3)

where Q is the flow rate at which dye solution passes through the
column (mL/min).

The maximum (experimental) uptake capacity, qm (mg/g),
defined as ratio of mass of dye adsorbed (qa) to the biosorbent mass
in the column (W) was estimated using the equation given below
(Yusuf et al., 2017):

qm ¼ qa
W

(4)

In addition, the value of qm was also determined using the
mathematical models based to establish the best fitting. Extent of
desorption (%) was also estimated as ratio of mass of dye desorbed
(qd, mg) during the regeneration process to the mass of dye
adsorbed (qa, mg) (Singh and Shukla, 2016):

Extent of Desorptionð%Þ ¼ qd
qa

� 100 (5)
Fig. 1. Scanning electron microscopy images of biosorbents (a) DLPD (b) NA
3. Results and discussion

3.1. Biosorbent characterization

Scanning electron microscopy images of DLPD, NAPD before and
after AG 25 dye adsorption have been depicted in Fig. 1aec
respectively. It can be predicted from Fig. 1b that NAPD biosorbent
has irregular and significant number of cavities/pores where AG 25
dye molecules can get accumulated. DLPD has relatively lower
fraction of irregular structures including the pores. Image in Fig. 1c
is found to be altered morphologically which can be attributed to
adsorption of dye on the NAPD surface, leading to blocking of pores.

The obtained results of FTIR analysis of NAPD before and after
AG 25 dye adsorption are depicted in Fig. 2a and b, respectively. The
broad peak at 3347 cm�1 (Fig. 2a) corresponds to OH and NH group
stretching vibration (Almasian et al., 2016) which shifted to
3354 cm�1 (Fig. 2b) after AG 25 dye adsorption. The band at
2924 cm�1 is attributed to CH group in cellulose (Singh et al.,
2017b; Zeng et al., 2017) of NAPD as seen in both the figures. The
strong band at 1616 cm�1 corresponding to CO stretching (Jia et al.,
2017; Sidiras et al., 2011) in Fig. 2a shifted to 1612 cm�1 after AG 25
dye adsorption. The peak at 1319 cm�1 corresponding to CN stretch
(Pereira et al., 2017) observed in the native biosorbent shifted to
1326 cm�1 after AG 25 dye adsorption. The occurrence of new band
at 1180 cm�1 in Fig. 2b corresponds to SO3 group (Pachhade et al.,
2009; Wu et al., 2015) of AG 25 dye which confirmed the adsorp-
tion of AG 25 dye on NAPD biosorbent.

The obtained data for the BET specific surface area, mean pore
diameter and pore volume of DLPD and NAPD are shown in Table 1.
Specific surface area of DLPD was estimated as 67.205 m2/g
whereas the NaOH treatment increased surface area to 426.346m2/
g as observed in the case of NAPD. Pore diameter obtained in the
case of DLPDwas 3.713 nmwhich reduced to 2.644 nm in the NAPD
due to NaOH treatment. Pore volume of DLPD was obtained as
0.062 cm3/g. NaOH treatment increased pore volume to 0.282 cm3/
g as observed in the case of NAPD. Significant increase in surface
area and pore volume for NAPD as compared to DLPD can be
attributed to removal of lignin from dead leaves of PD due to NaOH
treatment, leading to development of pores and hence an increase
in the surface area and pore volume.

The zero point charge (pHzpc) is the value of pH at which NAPD
biosorbent carries neutral charge. pHzpc was estimated using
method described by Prahas et al. (2008). pHzpc value for NAPDwas
estimated to be 6.27.

3.2. Batch Study

3.2.1. Effect of pH
Fig. 3 depicts the obtained results for the effect of pH on AG 25

dye removal. When pH of the AG 25 dye solution increased from 2
to 10, the dye removal efficiency decreased from 91.04 to 21.69% for
PD before AG 25 dye adsorption (c) NAPD after AG 25 dye adsorption.



Fig. 2. FT-IR spectra of NAPD (a) before AG 25 dye adsorption (b) after AG 25 dye adsorption.

Table 1
BET surface area, pore diameter and pore volume of DLPD and NAPD.

Biosorbent
sample

Specific surface
area (m2/g)

Pore diameter
(nm)

Pore volume
(cm3/g)

DLPD 67.025 3.713 0.062
NAPD 426.346 2.644 0.282
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the case of NAPD biosorbent whereas it decreased from 82.61 to
10.87% for the case of DLPD biosorbent. Biosorption capacity also
decreased for both the biosorbents with an increase in pH of the
dye solution. Maximum dye removal and biosorption capacity was
achieved at pH of 2, which can be attributed to the fact that at pH of
2, significant force of attraction exists between negative sulfonic
group present on AG 25 dye and positive charge on NAPD surface
due to an increase in concentration of positive (Hþ) cations at pH of
2 (acidic conditions) giving maximum dye removal (Hameed et al.,
2007). Similar trend was also observed for Acid Red 57 removal
using surfactant treated sepiolite (Ozcan and Ozcan, 2005). In the
present work, pHzpc value for NAPDwas estimated to be 6.27, which
also confirms that positive charge will be developed on the surface
of NAPD at pH values less than pHzpc driving enhanced removal of
acidic AG 25 dye. The pH of 2, which was established to give
maximum removal, was subsequently used for the further batch as
well as column studies.
3.2.2. Effect of biosorbent dosage (m)
The effect of both DLPD (over the range of 1e20 g/L) and NAPD

(over the range of 0.5e10 g/L) biosorbent dosage on the adsorption
of AG 25 dye was also investigated and the obtained results have
been depicted in Fig. 4. The extent of removal of AG 25 dye was
found to significantly increase from 10.78% at 1 g/L to 82.61% at
14 g/L loading of DLPD and from 27.11% at 0.5 g/L to 91.04% at 6 g/L
loading for the case of NAPD. Beyond these loading of 14 g/L and 6
g/L established as optimum for the case of DLPD and NAPD
respectively, there was only a marginal change in extent of removal
with a further increase in the biosorbent loading. The obtained
results also established improved dye removal at lower biosorbent
dosage for NAPD than DLPD, which can be attributed to more
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Fig. 3. Effect of pH on extent of AG 25 dye removal using DLPD and NAPD.

Fig. 4. Effect of biosorbent dose on the removal of AG 25 dye using DLPD and NAPD.

Fig. 5. Effect of contact time and initial dye concentration on biosorption capacity of
NAPD and the extent of removal of AG 25 dye.
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surface area being available for dye adsorption in the case of NAPD
(Table 1). The increase in dye removal with biosorbent dosage till
the optimum for both the types of biosorbents can be due to easy
accessibility of more number of vacant sites at higher dosage on the
biosorbent surfaces (Gündüz and Bayrak, 2017). After the optimum
biosorbent dosage of 14 g/L for the DLPD and 6 g/L for the NAPD,
marginal variation in removal efficiencies can be attributed to ag-
gregation of particles occurring at higher biosorbent causing a
decrease in biosorbent surface area (Ozacar and Ayhan Sengil,
2005). Considering these results, the further batch study was per-
formed at loading of 14 g/L for the DLPD and 6 g/L for the NAPD.

Increase in biosorbent loading also caused significant decrease
in qt from 10.78 mg/g at 1 g/L to 5.9 mg/g at 14 g/L for the case of
DLPD and from 54.21 mg/g at 0.5 g/L to 15.17 mg/g at 6 g/L for the
case of NAPD. It is important that maximum removal of dye can be
achieved in an efficient manner and hence selection of optimum
loading is important. The observed trend of increase in dye removal
and decrease in qt with an increase in biosorbent dosage till the
optimum is also confirmed from reported trend for methylene blue
dye removal using the peel waste of cucumis sativus (Shakoor and
Nasar, 2017) and rhodamine 6G dye removal using Moroccan
natural phosphate (Bensalah et al., 2017). It is also important to
note that the established optimum loading is different depending
on the pollutant and specific system used for adsorption. Optimum
dose of 4 g/L was reported for methylene blue dye removal using
peel waste of cucumis sativus whereas optimum of 20 g/L was re-
ported for rhodamine 6G dye removal using Moroccan natural
phosphate. Thus, it is important to study the effect of loading of the
specific biosorbent for each pollutant in question and hence the
importance of the present work is clearly established.
3.2.3. Effect of contact time (t) and dye concentration (Ci)
The time dependency of the biosorption of AG 25 on NAPD was

investigated for different dye concentrations over the range of 50 to
200 mg/L and obtained results are shown in Fig. 5. In the first
30 min of operation for all AG 25 dye concentrations studied in the
present work, it was observed that approximately 50% of the dye
removal occurred and subsequently till the treatment period of
120 min, maximum dye removal occurred. Finally the time profile
indicated that saturation was achieved by treatment time of
330 min. The maximum dye removal in initial periods is due to
availability of maximum number of active sites for the dye
adsorption, and the dye removal later slows down gradually due to
reduction in the available sites for adsorption based on the occu-
pancy. Similar trend was also reported for adsorption of Acid Blue
25 dye on activated Ficus racemosa (Jain and Gogate, 2017). Beyond
330 min as the treatment time, dye removal was mostly constant
which can be attributed to the attainment of equilibrium
(Bhattacharyya et al., 2017). Hence, all the further batch experi-
ments were carried out for time of 330 min.

The effect of AG 25 dye concentration on extent of dye removal
and biosorption capacity has also been depicted in Fig. 5. The bio-
sorption capacity increased from 8.01 mg/g at 50 mg/L as the initial
AG 25 dye concentration to 27.52 mg/g at 200 mg/L of AG 25
concentration. The increase in AG 25 dye concentration enhanced
the interaction forces required to overcome the resistance associ-
ated with mass transfer between dye and biosorbent giving higher
biosorption capacity values. Similar trend was also reported for
Bezathren dyes removal using sodic bentonite (Belbachir and
Makhoukhi, 2017) and for the adsorption of Acid red 18 on acti-
vated natural zeolite (Mirzaei et al., 2017).

It was also observed that the extent of AG 25 removal decreased
from 96.1% at 50 mg/L to 82.03% for 200 mg/L of concentration.
Higher extent of dye removal at lower AG 25 dye concentration can
be attributed tomaximum probability of binding of all molecules of
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dye to the biosorption sites at lower concentration, which cannot
be the case for higher AG 25 dye concentration as the available sites
are fixed (Chowdhury et al., 2011). Similar trend was also reported
for tartrazine dye removal using saw dust based biosorbent
(Banerjee and Chattopadhyaya, 2017). It is important to note that
though the extent of removal is higher at lower concentrations, the
actual operation will depend on the available concentration in the
effluent stream as it may not be feasible to lower the concentration
by dilution due to the increased volumes to be treated on dilution.

3.2.4. Kinetic study
The obtained experimental data in the present study for AG 25

dye removal using NAPD were fitted to different kinetic models.
Nonlinear regression analysis was performed to estimate the ki-
netic model parameters.

3.2.4.1. Lagergren pseudo first-order model. Pseudo first-order
model is based on the mechanism that occupation rate of adsorp-
tion sites is proportional to quantum of free sites available for the
adsorption. The nonlinear form of Lagergren pseudo first-order
equation is given as follows (Lagergren, 1898):

qt ¼ qe
�
1� e�k1t

�
(6)

where, qe is equilibrium sorption capacity (mg/g) and k1 is
Lagergren rate constant (min�1).

The obtained pseudo first-order kinetic parameters (k1 and qe)
for different sets of experiments are summarized in Table 2. It can
be seen from Table 2 that the correlation coefficient, R2 values
(average value 0.8554) are significantly deviating from unity. The
comparison of experimental (qexp) and calculated (qcal) values of
biosorption capacities from kinetic models has also been shown in
Fig. 6. It can be seen from Fig. 6 that calculated values of biosorption
capacity (qcal) using the pseudo first ordermodel are deviating from
the experimental values (qexp). The results confirmed that pseudo
first-order equation did not explain the obtained experimental data
properly. The results regarding the suitability cannot be generalized
as in the literature there have been some examples of better fitting
Table 2
Kinetic parameters for the removal of AG 25 dye using NAPD (T¼ 303 K, t¼ 330 min,
pH ¼ 2, m ¼ 6 g/L).

Kinetic model Parameter Values

Pseudo first- order Ci (mg/L) 50 100 200
Equilibrium qexp (mg/g) 8.01 15.23 27.52
Equilibrium qcal (mg/g) 7.79 14.69 26.13
k1 (min�1) 0.042 0.035 0.032
R2 0.8268 0.8905 0.8488

Pseudo second-order Ci (mg/L) 50 100 200
Equilibrium qexp (mg/g) 8.01 15.23 27.52
Equilibrium qcal (mg/g) 8.32 15.87 28.44
k2 (g mg�1 min�1) 0.0089 0.0037 0.0018
R2 0.9772 0.9902 0.9776

Fractional power law Ci (mg/L) 50 100 200
a (mg g�1 min�b) 3.73 6.14 9.90
b 0.1351 0.1588 0.1762
R2 0.9041 0.9124 0.9569

Weber-Morris Ci (mg/L) 50 100 200
First step kip (mg g�1 min �1/2) 0.43 1.08 1.62

C (mg/g) 3.17 3.85 8.08
R2 0.9951 0.9999 0.9936

Second step kip (mg g�1 min �1/2) 0.05 0.28 0.51
C (mg/g) 7.14 10.68 18.37
R2 0.7286 0.9785 0.9988

Third step kip (mg g�1 min �1/2) e 0.06 0.07
C (mg/g) e 14.06 26.08
R2 e 0.8670 0.8292
such as for the case of the adsorption of safranin dye on activated
corncob (Preethi et al., 2006). For the specific systems, experi-
mental investigations and fitting of the model is always recom-
mended as per the methodology described in the present work.

3.2.4.2. Pseudo second-order model. Pseudo second-order model is
based on the principle that rate of occupation of adsorption sites is
proportional to the square of amount of the free sites. The nonlinear
form of pseudo second-order equation is given as follows (Ho and
Mckay, 1999):

qt ¼ q2ek2t
1þ k2qet

(7)

where k2 is pseudo second-order rate constant (g mg�1 min�1).
The obtained pseudo second-order kinetic parameters (k2 and

qe) are summarized in Table 2. It can be seen from Table 2 that the
R2 values (average value 0.9817) are closer to unity. It can also be
seen from Fig. 6 that calculated values of biosorption capacity using
the pseudo second order model are closer to the experimental
values at different times and also equilibrium. The obtained results
established that pseudo second-order equation fitted well to the
obtained data. Similar fitting of second order has also been reported
for the adsorption of AG 25 on polyaniline composite (Ayad and El-
Nasr, 2012) and for the adsorption of methylene blue using acti-
vated coconut shell (Islam et al., 2017).

3.2.4.3. Fractional power model. The nonlinear form of fractional
power model is given as follows (Bharathi and Ramesh, 2013):

qt ¼ atb (8)

where a (mg g�1 min�b) and b (dimensionless) are the constants of
the model.

The obtained fractional power model kinetic parameters (a and
b) are summarized in Table 2. It can be seen from Table 2 that the R2

values (average value 0.9245) are significantly deviating from unity.
It can also be seen from Fig. 6 that calculated values of biosorption
capacity using the fractional power model are deviating from the
experimental values under all the conditions. The obtained finding
indicated that fractional power kinetic model did not explain the
obtained data properly. Similar nature was also observed for
Rhodamine dye removal using biosorbent based on fruit epicarp of
Raphia hookerie (Inyinbor et al., 2016).
Fig. 6. Comparison of qt calculated from different kinetic models with experimental
for the removal of AG 25 using NAPD at initial dye concentration of 100 mg/L.
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3.2.4.4. Weber-Morris model. It is necessary to predict the rate
controlling step in the adsorption as this is a useful information for
design. The obtained kinetic data in the adsorption was analyzed
using Weber-Morris diffusion model to determine the adsorption
mechanism and the controlling step. The model is expressed by the
following equation (Weber and Morris, 1963):

qt ¼ kip
ffiffi
t

p
þ C (9)

where kip is the diffusion rate constant (mg g�1 min�1/2) and C is
the constant (mg/g) quantifying the boundary layer thickness and
these model parameters can be obtained from the slope and
intercept of the linear plot of qt versus

ffiffi
t

p
. Fig. 7 shows the

depiction of the fitting of the Weber-Morris model to the obtained
data and obtained results for parameters are summarized in
Table 2. Linear lines passing through the origin were not obtained
for any of the dye concentrations, which confirmed that intra-
particle diffusion is only one of the steps but not the only con-
trolling step in deciding the efficacy of adsorption (Ma et al., 2017).
It can be also established from Fig. 7 that biosorption of AG 25 on
NAPD is a multistep process consisting of first step as external
diffusion of AG 25 dye on NAPD surface, second step as dye diffu-
sion into the NAPD pores (intra-particle diffusion) and third step of
actual adsorption driven by equilibrium (especially at higher con-
centrations greater than 100 mg/L, for lower concentration of 50
mg/L, only two steps are observed and hence Table 2 also gives data
for two steps only for the lower concentration). It was also observed
from Table 2 that higher kip values are obtained at higher dye
concentrations which can be attributed to availability of enhanced
driving force at higher AG 25 concentrations. Similar trend and
behavior of multistep mechanism have also been reported for Acid
Violet 17 dye removal using activated Ficus racemosa (Jain and
Gogate, 2017a) and for reactive dye removal using biosorbent
based on activated jujube stones (Daoud et al., 2017).
3.2.5. Effect of temperature
Fig. 8 depicts temperature effect on the variation in the sorption

capacity of NAPD at equilibrium with equilibrium concentration.
The obtained equilibrium curves for different temperatures were
found to be steeper initially but became flat later confirming
attainment of saturation of NAPD biosorbent with an increase in
Fig. 7. Weber-Morris plot for removal of AG 25 dye using NAPD.
dye concentration. The equilibrium sorption capacity was found to
increase from 44.28 mg/g at 293 K to 50.79 mg/g at 323 K. Higher
sorption capacity at increased temperature is possibly attributed to
the swelling within NAPD internal structure, enabling deeper
penetration of AG 25 dye into NAPD pores (Babaei et al., 2016).
Similar results for the effect of temperature have also been reported
for Orange G dye removal using nanoclay (Salam et al., 2017).

3.2.6. Equilibrium study
Equilibrium data obtained for adsorption of AG 25 on NAPD

biosorbent have also been analyzed using various isotherms such as
Langmuir and Temkin.

Langmuir model is given as follows (Langmuir, 1918):

qe ¼ qmaxKLCe
1þ KLCe

(10)

where qmax is maximum sorption capacity (mg/g) and KL is Lang-
muir constant (L/mg).

Temkin model is given as follows (Temkin and Pyzhev, 1940):

qe ¼ BT lnðKTCeÞ (11)

where KT (L/mg) and BT (mg/g) are the Temkin model constants.
Nonlinear regression analysis was performed to estimate the

isotherm model constants. To compare the quality of fitting of
isotherm models to the experimental data, relative error values
have also been evaluated. The estimated values of R2, isotherm
constants for the models and relative error values are depicted in
Table 3. R2 values obtained for Langmuir isotherm (average value of
0.9791) were found closer to unity in comparison with R2 values of
Temkin isotherm (average value of 0.9551). The comparison of
experimental and calculated values of the equilibrium sorption
capacities at different conditions from isotherm models has been
shown in Fig. 9. It can also be seen from Fig. 9 that calculated values
of equilibrium biosorption capacity using the Langmuir isotherm
are close to experimental values. Relative error values for the
Langmuir isotherm were also found to be significantly less as
compared to Temkin isotherm, as observed from Table 3. The ob-
tained findings confirmed better fitting of Langmuir model to the
equilibrium data as compared to Temkin isotherm. It is also
important to note that as observed from Table 3, KL values increased
Fig. 8. Equilibrium biosorption isotherms at different temperatures for the removal of
AG 25 dye using NAPD.



Table 3
Isotherm parameters for the removal of AG 25 dye using NAPD obtained for different
models (t ¼ 330 min, pH ¼ 2, m ¼ 6 g/L).

Isotherm model Parameter Values

Langmuir T (K) 293 303 313 323
qmax (mg/g) 44.28 46.62 48.88 50.79
KL (L/mg) 0.044 0.047 0.050 0.058
R2 0.9837 0.9818 0.9774 0.9735
Relative error 1.895 2.274 2.905 3.659

Temkin T (K) 293 303 313 323
BT (mg/g) 6.66 6.81 6.86 6.89
KT (L/mg) 1.77 2.16 2.86 3.96
R2 0.9609 0.9555 0.9512 0.9526
Relative error 9.205 15.022 18.135 13.104
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from 0.044 L/mg at 293 K to 0.058 L/mg at 323 K, confirming the
endothermic nature of the biosorption process.
3.2.7. Thermodynamics study
Thermodynamic parameters of biosorption such as enthalpy

change (DH, kJ/mol), free energy change (DG, kJ/mol) and entropy
change (DS, kJ/mol K) were obtained from the fitting based on the
following equation:

lnK ¼ �DG
RT

¼ �DH
R

1
T
þ DS

R
(12)

Equilibrium constant K in above equation is a dimensionless
parameter. Isotherm constants KL and KT (L/mg) were converted
into units of L/mol and then equilibrium constant K was obtained
by multiplying with the factor of 55.5, which is a molar concen-
tration (mol/L) of water (Tran et al., 2017). The calculated parameter
values after the fitting of the data are summarized in Table 4. It can
be seen from Table 4 thatDG values for all studied temperatures are
negative, indicating spontaneous nature of the biosorption process
(Lin et al., 2017). Positive value of DH (6.991 kJ/mol) confirmed
endothermic nature of the biosorption process (Mella et al., 2017)
as also observed earlier based on the Langmuir model parameters
at different temperatures. It can be also established that asDH value
obtained in the present study is less than 40 kJ/mol, adsorption is
characterized to be physical in nature (Konicki et al., 2017). Positive
DS value suggested an increase in randomness and excellent
adsorption affinity of AG 25 on NAPD biosorbent (Goswami and
Fig. 9. Comparison of calculated adsorption capacities from different isotherms with
experimental values for the removal of AG 25 using NAPD.
Phukan, 2017).

3.2.8. Activation energy
Activation energy for the AG 25 adsorption on NAPD in the

present study has been estimated using following equation
involving the second order kinetic rate constants (Tayade and
Adivarekar, 2013):

lnk2 ¼ lnA� Eact
RT

(13)

Kinetic runs were performed at four different temperatures
ranging from 293 to 323 K and obtained kinetic data was analyzed
using pseudo second order kinetic rate equation (Equation (7)) to
determine values of rate constant, k2 and then the graph of ln k2
against 1/T was plotted (Fig. 10) to evaluate activation energy, Eact
(kJ/mol). If calculated value of Eact is in the range of 5e40 kJ/mol,
adsorption is considered as physical adsorption and if Eact is in the
range of 60e800 kJ/mol, adsorption is considered as chemical
adsorption (Jain and Gogate, 2017b). Eact obtained in the present
studywas 6.22 kJ/mol confirming the physical nature of adsorption.

3.2.9. Comparison with other biosorbents
Table 5 shows the comparison of established values of

maximum biosorption capacities (qmax) in the present work with
qmax values of some of the biosorbents reported in the literature for
different dyes including AG 25. It can be established from the data
given in Table 5 that NaOH activated Prunus Dulcis biosorbent
synthesized in the present work has higher value of biosorption
capacity (50.79 mg/g) in comparison with the other biosorbents
reported in the literature including the one obtained from Pistacia
khinjuk Stocks and specifically applied for AG 25. The obtained re-
sults confirmed the better suitability of NaOH activated Prunus
Dulcis biosorbent for removal of AG 25 dye from wastewater.

3.2.10. Desorption of dye and biosorbent regeneration
One of the important factors to determine feasibility of the

selected adsorbent on the commercial scale is its reusability. The
potential of the adsorbent for dye removal can be decided by its
capacity for use in repeated cycles. Desorption experiments were
conducted in a shaker on NAPD biosorbent saturated with the dye
using the adsorption experiments involving 100 mg/L of AG 25 dye
solution. NaOH solution of 0.1 mol/L concentration was used as a
desorbing agent. The recovered NAPD biosorbent was further used
for dye adsorption in repeated cycles. The obtained results for the
reusability study conducted for 5 cycles have been depicted in
Fig. 11. Extent of desorption (%) was observed to decrease from
98.97 to 87.68% for the 1st to 5th cycle, respectively. Biosorption
capacity also decreased slightly from 15.17 mg/g for 1st cycle to
14.49 mg/g for 5th cycle. The obtained values indicated that the
reusability of this biosorbent is not so good but the established
trends of slight decline in biosorption capacity and desorption ef-
ficiency confirmed that NAPD biosorbent synthesized in the pre-
sent work could be recovered and reused for AG 25 dye removal
from wastewater with some addition of the fresh adsorbent in or-
der to get the desired benefits of reuse and maintaining same
removal efficiencies.

3.3. Column experiments

3.3.1. Effect of biosorbent height (Z)
The column experiments were conducted for different heights

of biosorbent bed as 3, 4 and 5 cm by passing AG 25 dye solution
with initial concentration of 100 mg/L at 8 mL/min as the flow rate
and obtained breakthrough curves have been shown in Fig. 12A.



Table 4
Thermodynamic parameters for the removal of AG 25 dye using NAPD (t ¼ 330 min, pH ¼ 2, m ¼ 6 g/L).

Isotherm DG (kJ/mol) DH (kJ/mol) DS (kJ/mol K)

293 K 303 K 313 K 323 K

Langmuir �34.676 �36.013 �37.384 �38.965 6.991 0.142
Temkin �43.681 �45.671 �47.903 �50.416 21.978 0.224

Fig. 10. Activation energy determination for the removal of AG 25 using NAPD.

Table 5
Literature reports for Maximum biosorption capacity (qmax) values of different biosorben

Dyes Biosorbents

AG 25 Natural Prunus dulcis
AG 25 NaOH activated Prunus dulcis
AG 25 Pistacia khinjuk Stocks
Acid Red 183 Pistacia khinjuk Stocks
Acid brilliant blue Waste coir pith
Methyl orange Banana peel
Congo red Banana peel
Direct blue-86 Orange peel
Congo red Lemon peel
Sunset yellow Peanut hull
Reactive red 195 Pinus sylvestris cones

Fig. 11. Reusability study of NAPD in batch operation.
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The obtained results in the column operation for the different
breakthrough parameters as breakthrough time (tb), exhaustion
time (te) and maximum uptake capacity (qm) are depicted in
Table 6. Steeper curves were obtained for lower biosorbent heights.
Breakthrough time and exhaustion time was observed to increase
with an increase in the biosorbent height in the column. The bio-
sorption capacity of NAPD increased from 22.15 to 37.51mg/g when
biosorbent height in the columnwas increased from 3 to 5 cm. The
obtained trend of larger breakthrough time, exhaustion time and
biosorption capacity values at increased heights can be due to
availability of more number of binding sites for the AG 25 dye
adsorption as more amount of the biosorbent was available at
larger heights. When height of biosorbent in the column was
reduced, dye molecules did not get sufficient time to diffuse
completely into the biosorbent mass, leading to lower values of
biosorption capacities (Taty-costodes et al., 2005). The obtained
experimental results confirmed enhanced performance of the col-
umn at larger biosorbent heights. Similar trend was also reported
ts for removal of dyes from wastewater and comparison with present work.

qmax (mg/g) Reference

22.68 Present study
50.79 Present study
16 (Aydın and Baysal, 2006)
33 (Aydın and Baysal, 2006)
16.67 (Namasivayam et al., 2001)
21 (Annadurai et al., 2002)
18.2 (Annadurai et al., 2002)
33.78 (Nemr et al., 2009)
34.5 (Bhatnagar et al., 2009)
13.99 (Gong et al., 2005)
8.425 (Aksakal and Ucun, 2010)
for direct deep blue dye removal using glucose carbon composite
based bisorbents (Zheng et al., 2016).
3.3.2. Effect of flow rate of dye solution (Q)
The column experiments for understanding the effect of flow

rate of dye solution were conducted for 4 cm height of biosorbent
bed by passing AG 25 dye solution with initial concentration of
100 mg/L at different flow rates of dye solution as 6, 8 and 10 mL/
min and established breakthrough curves have been shown in
Fig. 12B. The obtained results for the breakthrough time (tb),
exhaustion time (te) and maximum uptake capacity (qm) are also
depicted in Table 6. Steeper curves were obtained for higher values
of flow rates. The biosorption capacity of NAPD increased from
23.26 to 33.03 mg/g when flow rate of dye solution in the column
was decreased from 10 to 6 mL/min. The obtained experimental
results confirmed enhanced performance of the column at lower
values of flow rate. The void fraction of the biosorbent bed was
estimated as 0.146. At lower flow rate of 6 mL/min and 4 cm bed
height, residence time of dye solution in the biosorbent bed was
estimated to be 2.09 min. At lower flow rates, dye molecules are
getting enough residence time in the column so that molecules are



Fig. 12. Effect of column parameters on breakthrough curve for biosorption of AG 25
on NAPD A) biosorbent height B) flow rate of dye solution C) initial dye concentration.

Table 6
Breakthrough parameters for different biosorbent height (Z), flow rate of dye solu-
tion (Q) and initial dye concentration (Ci).

Z (cm) Q (mL/min) Ci (mg/L) tb (min) te (min) qm (mg/g)

3 8 100 30 135 22.15
4 8 100 60 220 28.57
5 8 100 105 330 37.51
4 10 100 35 140 23.26
4 6 100 100 320 33.03
4 8 50 95 305 20.76
4 8 200 30 150 36.77
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deeply penetrated into the pores of the biosorbent whereas at
higher flow rate, residence time of molecules is reduced and dye
molecules are leaving the column before the establishment of
equilibrium which leads to decrease in values of biosorption ca-
pacities. Similar trend of lower biosorption capacities at higher flow
rate values was also reported for the Rhodamine B removal using
activated Volvariella volvacea (Li et al., 2015).
3.3.3. Effect of dye concentration (Ci)
The column experiments for understanding the effect of initial

AG 25 dye concentration were conducted using 4 cm of biosorbent
height by passing AG 25 dye solution having different concentra-
tions as 50, 100 and 200mg/L at constant 8 mL/min as the flow rate.
The established breakthrough curves have been shown in Fig. 12C
whereas the obtained results for the breakthrough time (tb),
exhaustion time (te) and maximum biosorption capacity (qm) are
depicted in Table 6. Steeper curves were obtained at higher values
of initial concentrations. The biosorption capacity of NAPD
increased from 20.76 to 36.77 mg/g when concentration of AG 25
dye in the solution was increased from 50 to 200 mg/L. Break-
through time, exhaustion time and hence the volume which can be
treated were observed to decrease with an increase in concentra-
tion of AG 25 dye solution. Less treated volume at larger dye con-
centration can be due to availability of more driving force for mass
transfer, which increases dye diffusion rate within the biosorbent
and saturates the active sites of the biosorbent quickly. Early
saturation at higher values of dye concentration is also due to the
fact that constant mass of biosorbent is available in the column for
all the conditions of lower to higher dye concentration and hence
early saturation occurred for higher dye concentration. Similar
trend has also been reported for methylene blue dye removal using
activated bituminous coal based adsorbent (Qada et al., 2006).
3.3.4. Mathematical modeling of the column data
In the present adsorption study, AdamseBohart, Thomas and

Yoon-Nelson model were applied for analysis of the obtained
experimental data.

Adams-Bohart model is expressed as follows (Bohart and
Adams, 1920):

Ct
Ci

¼ exp
�
kABCit �

kABN0Z
U0

�
(14)

where kAB is Adams-Bohart kinetic constant (L mg�1 min�1), N0 is
maximum quantity of dye adsorbed (mg) per unit volume (L) and
U0 is linear velocity of solution in the column (cm/min).

Thomas model equation is expressed as follows (Thomas, 1944):

Ct
Ci

¼ 1

1þ exp
�
kTqTW

Q � kTCit
� (15)

where kT is Thomas rate constant (mL min�1 mg�1) and qT is
maximum biosorption capacity (mg/g).

Yoon-Nelson model is expressed as follows (Yoon and Nelson,
1984):



Table 7
AdamseBohart, Thomas and Yoon-Nelson model parameters for the removal of AG 25 dye using NAPD.

Column operating parameters Z (cm) 3 4 5 4 4 4 4
Q (mL/min) 8 8 8 10 6 8 8
Ci (mg/L) 100 100 100 100 100 50 200

Adams-Bohart parameters kAB � 105 (L mg�1 min�1) 7.3 5.4 4.8 7.1 4.6 9.4 3.7
N0 (mg/L) 15,623 17,908 20,554 16,054 18,858 12,010 25,023
R2 0.7758 0.7549 0.8230 0.7734 0.7990 0.7955 0.8045

Thomas parameters kT (mL min�1 mg�1) 0.431 0.288 0.206 0.435 0.208 0.447 0.181
qT (mg/g) 22.85 28.51 37.37 24.22 32.65 20.52 38.11
qm (mg/g) 22.15 28.57 37.51 23.26 33.03 20.76 36.77
R2 0.9967 0.9945 0.9950 0.9990 0.9935 0.9949 0.9965

Yoon-Nelson parameters kY (min�1) 0.0431 0.0288 0.0206 0.0435 0.0208 0.0224 0.0363
t (min) 75.42 125.46 205.55 85.25 191.53 180.54 83.85
t0.5 (min) 75 120 200 85 185 175 85
R2 0.9967 0.9945 0.9950 0.9990 0.9935 0.9949 0.9965
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Ct
Ci � Ct

¼ expðkYt � tkYÞ (16)

where kY is Yoon-Nelson kinetic constant (min�1) and t (min) is the
time necessary to achieve 50% dye breakthrough.

Nonlinear regression analysis was performed to estimate the
model parameters and the calculated parameters values for the
Adams-Bohart model (N0 and kAB), Thomas model (kT and qT) and
Yoon-Nelson model (kY and t) as well as R2 values for each fitting
have been given in Table 7.

The fitting of the obtained experimental column data to
different models has been compared in terms of R2 and predicted
values from the model. The R2 values (average value 0.7894) of
Adams-Bohart model were not close to 1 which revealed that
Adams-Bohart model did not fit well to the obtained breakthrough
curves. The R2 values (average value of 0.9957) for the Thomas and
Yoon-Nelson model were closer to 1. Also, the experimental bio-
sorption capacity (qm) values were observed to be also closer to
biosorption capacity values calculated using the Thomas model (qT)
for all the operating column parameters as per the data given in
Table 7. Time required to achieve 50% dye breakthrough obtained
experimentally (t0.5) were quite closer to that obtained by Yoon-
Nelson model for all the operating column parameters as
observed from Table 7. All these findings confirmed that Thomas
and Yoon-Nelson model fitted well to the obtained breakthrough
data.

3.3.5. Column reusability study
In the present study, used adsorbent was regenerated by passing

0.1 mol/L of NaOH solution through the column as a desorbing
agent at the flow rate of 8 mL/min. Maximum dye desorption for
was observed to be occurred in 30 min of treatment for all the 5
cycles of regeneration. During the subsequent reuse, the bio-
sorption capacity of NAPD biosorbent was found to marginally
decrease from 28.57 mg/g for 1st cycle to 25.19 mg/g for 5th cycle of
reuse. The obtained results established that NAPD biosorbent
synthesized in the present work can be used repeatedly in the
column to adsorb AG 25 dye with a small decrease in biosorption
capacity, which can be compensated by using some fresh adsorbent
mixed with the regenerated adsorbent. The performed reusability
study confirmed potential of NAPD biosorbent to adsorb AG 25 dye
from wastewater in repeated cycles with some adjustment in
operation.

4. Conclusions

The present study focused on the biosorbent synthesis from the
fallen leaves of Prunus Dulcis with activation using NAOH and its
application for removal of Acid Green 25 dye from aqueous solution
in batch and column operation. The maximum equilibrium bio-
sorption capacity in batch modewas estimated as 50.79 mg/g at pH
of 2, loading of activated biosorbent as 6 g/L and temperature of
323 K. Pseudo second order and Langmuir isotherm were estab-
lished to give better fitting to the obtained experimental data
whereas the column data in terms of the breakthrough parameters
was observed to be well described by Thomas and Yoon-Nelson
model. The regeneration and reuse study confirmed better utili-
zation of synthesized biosorbent for five cycles in both batch and
column operation with slight decrease in biosorption capacity,
which can be compensated with some operational modifications.
The work has conclusively established the potential of activated
biosorbent to effectively treat the dye containing wastewater.
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