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A B S T R A C T

The adsorption characteristics of Reactive Black 5 (RB5) and Cong Red (CR) onto Banana Peel Powder (BPP)
from aqueous solution were investigated as a function of pH, contact time, initial dye concentration and tem-
perature. The BPP was characterized by Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron
Microscopy (SEM) analysis. FTIR results revealed that hydroxyl (–OH), amine (–NH) and carboxyl (–C˭O)
functional groups present on the surface of BPP. The SEM results show that BPP has an irregular and porous
surface morphology which is adequate for dye adsorption. The equilibrium data were analyzed using Langmuir
and Freundlich isotherm models. Experimental results were best represented by the Langmuir isotherm model.
The adjustments of models were confirmed by the Chi-square (χ2) test and the correlation coefficients (R2). The
maximum monolayer adsorption capacities of RB5 and CR on BPP calculated from Langmuir isotherm model
were 49.2 and 164.6 mg/g at pH 3.0 and 298 K. Experimental data were also tested in terms of adsorption
kinetics using pseudo-first-order and pseudo-second-order kinetic models. The results showed that the adsorp-
tion processes of both RB5 and CR followed well pseudo-second-order kinetic models. The calculated thermo-
dynamic parameters ΔG°, ΔH° and ΔS° showed that the adsorption of RB5 and CR onto BPP was feasible,
spontaneous and endothermic in the temperature range 298–318 K. The RB5 and CR were desorbed from BPP
using 0.1 M NaOH. The recovery for both anionic dyes was found to be higher than 90%. Based on these it can be
concluded that BPP can be used as an effective, low cost, and eco-friendly adsorbent for CR removal than RB5
from aqueous solution.

1. Introduction

Water pollution due to the release of various toxic chemicals from
industrialization and urbanization is a global problem. Among the
various notorious toxic chemicals, dyes, metals, organics and pharma-
ceuticals are highly concerned (Karthikeyan et al., 2012; Saleh and
Gupta, 2011, 2012a, 2012b, 2012c, 2014; Mohammadi et al., 2011;
Gupta et al., 2011a, 2011b, 2012a, 2012b, 2012c, 2013; Gupta and
Nayak, 2012; Gupta and Saleh, 2013; Jain et al., 2003; Mittal et al.,
2009a, 2009b, 2010a, 2010b; Khani et al., 2010; Saravanan et al.,
2013a, 2013b, 2013c, 2013d, 2013e, 2013f, 2014a, 2014b, 2014c,
2015a, 2015b, 2015c, 2015d, 2016; Devaraj et al., 2016;
Ahmaruzzaman and Gupta, 2011; Rajendran et al., 2016). The large
quantities of colored effluent discharged from textile, leather, paper,
plastic, cosmetics, food and mineral processing industries has become a
significant environment problem (Chatterjee et al., 2011). The disposal
of wastewater containing industrial dyes into rivers and lakes without
proper treatment has caused many problems. Some dyes have

mutagenic, carcinogenic or teratogenic properties, in addition to col-
ouring the body of water, because of which algae and phytoplankton in
lakes and rivers are also adversely affected. Furthermore, the improper
wastewater disposal leads to promotion of disturbances in gas solubi-
lity, causing damage to the tills of aquatic organisms and disrupting
their spawning sites and refuges (Elisandra do Nascimento et al., 2015).
Therefore, it is important to treat colored effluents for the removal of
dyes. Dyes can be classified as anionic (acid, direct and reactive dyes),
cationic (basic dyes) and nonionic (disperse dyes) dyes according to
their dissociation in an aqueous solution. Azo dyes, (write cationic/
anionic) generally possess one or more azo bonds (–N˭N–), these are
heavily utilized in the textile and several food industries.

Several conventional methods are available for color removal from
wastewater, such as membrane separation (Ciardelli et al., 2000),
chemical oxidation (Swaminathan et al., 2003), electrocoagulation
(Alinsafi et al., 2004), adsorption (Mall et al., 2005) and coagulation
and flocculation (Panswed and Wongchaisuwan, 1986). Most of these
methods have certain limitations in their applications, for example,
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very harsh reaction conditions, high cost and secondary pollution. From
the viewpoint of sustainable development and comprehensive utiliza-
tion of resources, adsorption has a promising prospect and a wide range
of applications due to its high removal efficiency, low cost, mild op-
erating conditions, no secondary pollution and good performance over
other conventional treatment processes in the removal of dyes from
waste water.

Many sorbents based on low-cost agricultural by-products had been
used for dye sorption from wastewater, which included mandarin peels
(Pavan et al., 2007), wood apple shell (Jain and Jayaram, 2010), green
coconut fibers (Cristovao et al., 2011), grape fruit peels (Saeed et al.,
2010), peanut hull (Gong et al., 2005), peat (Allen et al., 2004) rice
husk (Han et al., 2008) wood sawdust (Jain and Sikarwar, 2008),
peanut husk (Sadaf and Bhatti, 2014), pine sawdust (Ozacar and Sengil,
2005), banana peel and green coconut mesocrap (Nascimento et al.,
2015), electrocoagulation/banana peel (Carvalho et al., 2015), Banana
peel-activated carbon (Ma et al., 2015) and orange peel (Arami et al.,
2005). As one of the most consumed fruits in the world, banana is a
very common fruit. Banana peel is the main residue, corresponding to
30–40% (w/w), and has been mainly used in composting, animal
feeding and the production of proteins, methane, ethanol, pectin and
enzymes (Silva et al., 2013). Cellulose, pectin, chlorophyll, and other
low molecular weight species are its main constituents. Various che-
mical groups exist on the banana peel surface, including carboxyl, hy-
droxyl and amide groups, which have been extensively proven to play a
critical role in the adsorption processes (e.g. enhancing sorption capa-
city and shortening stable time) (Mohammed and Chong, 2014). Ba-
nana peel contains lipids (1.7%), proteins (0.9%), crude fiber (31%)
and carbohydrates (59%). The various minerals present are potassium
(78.10 mg/g), manganese (76.20 mg/g), sodium (24.30 mg/g), calcium
(19.20 mg/g) and iron (0.61 mg/g). Preliminary investigations show
that several tones of banana peels are produced daily in market places
and household garbage, creating an environmental nuisance and dis-
posal problem. Reuse of banana peel as adsorbent is an interesting way
to solve this problem. It is an abandoned, readily available, low-cost
and cheap, environment friendly bio-material. Considering the above
criteria, banana peel was chosen as an adsorbent for the removal of
anionic dyes from aqueous solutions.

RB5 and CR are the well known anionic azo dyes which are soluble
in water. The sulfonic acid groups present in them made them to exist in
anionic nature. Therefore one can expect the same type of adsorption
for the two dyes on an adsorbent or CR showing more adsorption than
RB5 on BPP. This investigation gave us the real or experimental ad-
sorption trend of the two dyes on BPP. The objective of the present
work is to investigate the adsorption potential of BPP as an alternative
adsorbent material for RB5 and CR removal from aqueous solution. The
study includes an evaluation of the effects of various process para-
meters such as pH, contact time, initial dye concentration and tem-
perature. The adsorption kinetic data was tested by pseudo-first-order
and pseudo-second-order kinetic models. The equilibrium data were
analyzed using Langmuir and Freundlich isotherm models. The results
at different temperatures are used to evaluate thermodynamic para-
meters. In addition, Scanning Electron Microscopy (SEM) was used to
identify the morphological structure of BPP and Fourier Transform
Infrared (FTIR) spectroscopy was employed to elucidate the adsorption
mechanism.

2. Materials and methods

2.1. Preparation of adsorbent

Bananas were purchased from a local market, Seoul, Korea. The
Banana Peels were thoroughly washed with distilled water to remove
surface dirt and adhering impurities, cut into small pieces, crushed and
sieved in a mesh size 150 µm size by standard sieves. The Banana Peel
Powder dried in an air oven at 105 °C for 2 h until a constant weight

was reached. After complete drying, the Banana Peel Powder was stored
in air tied bottles for experimental uses.

2.2. Preparation of dye solution

Stock solutions (1000 mg/L) of dyes were prepared in deionized and
double distilled water and diluted to get the desired concentration of
dyes. Calibration curves for dyes were prepared by measuring the ab-
sorbance of different concentrations of the dyes.

2.3. Chemicals and equipment

All chemical used in this work, were of analytical reagent grade and
were used without further purification. RB5 (≈55% dye content, M.W.
= 991.80) and CR (≥35% dye content, M.W. = 991.82) were pur-
chased from Sigma-Aldrich Korea Ltd. (Seoul, Korea). The structure of
dyes is shown in Table S1. Double deionized water (Milli-Q Millipore
18.2 MΩ cm−1 conductivity) was used for all dilutions. A pH meter
(pH-240 L, NEOMET, Korea) was used for pH measurements. The pH
meter was calibrated using standard buffer solutions of pH 4.0, 7.0 and
10.0. Fourier Transform Infrared Spectrometer (BIO-RAD, FTS-135,
USA) was used for the IR spectral studies (4000–400 cm−1) of ad-
sorbent. For IR spectral studies, 1 mg of sample was mixed and ground
with 100 mg of KBr and made into pellet. The background absorbance
was measured by suing pure KBr pellet. Scanning Electron Microscopy
(JEOL, JSM-7600F, Japan) was used to study the morphological fea-
tures of the adsorbent. The dye concentrations in the samples were
analyzed using UV/Vis spectrophotometer (Optizen Pop, Korea). The
wavelength was selected so as to obtain maximum absorbance for each
dyestuff and the λmax values are 597 nm and 497 nm for RB5 and CR,
respectively.

2.4. Batch experimental procedure

Batch experiments were carried out in 50 mL falcon tubes at 25 °C to
evaluate various parameters such as pH, contact time, initial dye con-
centration and temperature. The pH edge experiments were performed
by mixing 30 mL solution of RB5 and CR concentration (300 mg/L) and
0.03 g of adsorbent in 50 mL of falcon tubes. The pH values of the so-
lutions were adjusted in the range of 3–10 using 0.1 M HCl and 0.1 M
NaOH solutions. All tubes were agitated in a shaker at 180 rpm and
25 °C for 24 h. After reaching equilibrium, the adsorbent was separated
by means of centrifugation at 3000 rpm for 3 min. The remaining dye
concentration was appropriately diluted with distilled water and ana-
lyzed using UV/Vis spectrophotometer.

The dye uptake (q) was calculated from the difference between the
concentrations of RB5 and CR before and after sorption using the Eq.
(1):

=
−

q
C V C V

M
i i f f

(1)

In this equation, Ci and Cf are the initial and final dye concentrations
in the solution (mg/L), Vi and Vf are the initial and final (initial plus
added HCl or NaOH solutions) solution volumes, and M is the mass of
sorbent (g).

Adsorption isotherms of RB5 and CR were evaluated at different
temperatures (298, 308 and 318 K) to measure the maximum sorption
capacities of BPP. The initial concentration of RB5 and CR was varied
from 50 to 300 mg/L, which resulted in different final dye concentra-
tions after sorption equilibrium. Adsorption kinetic experiments were
carried out using different RB5 and CR concentrations such as 50, 100
and 150 mg/L. The experimental procedure was the same as described
in the pH edge experiments, except that the samples were collected at
different time intervals to determine the attainment of sorption equi-
librium. Other remaining procedures were the same as those used in the
pH edge experiments.
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2.5. Desorption studies

Desorption measurements were conducted in order to explore the
feasibility of recovering both the dye and the adsorbent. For this pur-
pose, 0.03 g BPP saturated with RB5 and CR was removed from solution
and transferred into 50 mL polypropylene centrifuge tubes, to this
30 mL of deionized water, 0.1 M HCl, 0.1 M CH3COOH and 0.1 M
NaOH (one at one time) was added and the tubes were agitated in a
multi-shaking incubator at 180 rpm and 25 °C for 24 h. The desorbed
dye concentration was analyzed using UV/Vis spectrophotometer and
desorption efficiency was calculated as follows:

= ×Desorption efficiency
Amount of dye desorbed
Amount of dye adsorbed

100
(2)

3. Results and discussion

3.1. Characterization of BPP

The FTIR spectra of BPP, RB5 loaded BP and CR loaded BPP in the
range of 4000–400 cm−1 were recorded and compared with each other
to obtain information on the nature of the possible adsorbent-dye ion
interactions. They are presented in Fig. 1. The peak at 3376 cm−1 was
due to bounded hydroxyl (–OH) or amine (–NH) groups. The peaks
observed at 2920 cm−1 can be assigned to the –CH group. The peaks at
1735 cm−1 were attributed to stretching vibration of carboxyl group
(–C˭O). The peaks at 1615 and 1445 cm−1 were attributed to stretching
vibration of carboxyl group. The bands observed at 1103 and
1055 cm−1 assigned to alcoholic C-O and C-N stretching vibration re-
spectively, thus showing the presence of hydroxyl and amine groups on
the adsorbent surface. The spectra of the RB5 and CR loaded BPP
showed similar characteristics as the BPP except for slight changes. The
FTIR spectrum of the RB5 and CR loaded BPP indicates that the peaks
are slightly shifted from their positions and the intensity gets altered.
These results indicated the involvement of some functional groups
(hydroxyl, amine and carboxyl) in the adsorption of RB5 and CR on the
surface of BPP through weak electrostatic interaction or Van der Waals
forces.

The banana peels, before and after adsorption were observed using
Scanning Electron Microscopy. Fig. 2(A), show SEM of BPP before ad-
sorption. The peel has an irregular and porous surface. The many pores
on its surface support the adsorption process. Fig. 2(B) and (C) shows
SEM of BPP after adsorption of RB5 and CR. The peel appears to have a
rough surface with carter-like pores as they are partially covered by
RB5 and CR. After adsorption, the pores became thicker and blocked
with RB5 and CR.

3.2. Effect of pH

Solution pH plays an important role in controlling the surface
charge of the adsorbent, the degree of ionization of the adsorbate in the
solution as well as dissociation of various functional groups on the
active sites of the adsorbent (Wawrzkiewicz and Hubicki, 2009). The
effect of pH on the adsorption of RB5 and CR onto BPP was studied in
the range of pH 3.0–10.0 and the results are given in Fig. 3. The
maximum uptake of RB5 and CR occurred at pH 3.0 (26.9 and
146.7 mg/g for RB5 and CR, respectively) and then decreased as the pH
increased from 3.0 to 10.0. This can be explained as in the aqueous
solutions, the anionic dye exists in dissociated form as anionic dye ions:

− ⎯ →⎯⎯⎯⎯ − +− +Dye SO Na Dye SO Na
Water

3 3 (3)

Acidic conditions could be favorable for the adsorption between two
dyes and the adsorbent, because a significantly high electrostatic force
of attraction exists between the positively charged surfaces of the ad-
sorbent and the negative charged anionic dye under acidic conditions

(RB5 and CR are anionic dyes in solution for SO3
- group in their

structure). The low adsorption capacity under alkaline conditions could
be mainly attributed to that the increasing number of negative charge
on the surface of the adsorbent surface could result in electrostatic re-
pulsion between the adsorbent and dye molecules (Aksu and Donmez,
2003). Also the existence of excess OH- ions in solution may compete
with the anionic dyes for the decreasing number of positively charged
sites on the adsorbent surface as the pH increased. Hence, the adsorp-
tion capacity of BPP at high pH was significantly lower than that at low
pH. Several researchers have investigated the effect of pH on adsorption
of RB5 and CR by using different types of adsorbents and reported that
maximum adsorption occurred in the at pH 3.0 (Yang et al., 2011;
Samarghandy et al., 2011).

Fig. 1. FTIR spectra of: (A) BPP (B) RB5-loaded BPP and (C) CR-loaded BPP.
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3.3. Effect of contact time

The effect of contact time on adsorption capacity of BPP for RB5 and
CR was investigated at various initial concentrations (50–150 mg/L)
and shown in Fig. S1. The adsorption of RB5 and CR occurred very
quickly from the beginning of the experiments during the first 60 min,
then a slight increase until 180 min where the maximum adsorption of
RB5 and CR onto BPP was observed. As contact time increases, dye
uptakes also increase initially, and then become almost stable, denoting
attainment of equilibrium. This trend in dye uptake may be due to the
fact that, initially, all adsorbent sites were vacant and the solute con-
centration was high. After some period, only a very low increase in the
dye uptake was observed because there were few surface active sites on

the cell wall of BPP.

3.4. Adsorption kinetic study

The adsorption kinetics that describes the solute uptake rate de-
pending on the contact time of the adsorption is one of the important
characteristics that define the efficiency of the adsorption. Adsorption
kinetics gives important information for designing adsorption systems.
In order to investigate the sorption mechanism further, the pseudo-first-
order and pseudo-second-order models were used to examine the ki-
netic data. The two models are generally expressed as follows:

Pseudo-first-order (Lagergren, 1898)

= − −q q k t(1 exp( ))t 1 1 (4)

Pseudo-second-order (Ho and McKay, 1999)

=
+

q
q k t

q k t1t
2
2

2

2 2 (5)

where q1 and q2 are the amount of adsorbate adsorbed at equilibrium
(mg/g), qt is the amount of adsorbate adsorbed at equilibrium (mg/g),
k1 is the pseudo-first-order equilibrium rate constant (1/min), and k2 is
the pseudo-second-order equilibrium rate constant (g/mg min). The
predicted curves by kinetic models showed good agreement with the
kinetics data (Fig. S2 and S3 in supplementary data). The low R2 values
and the difference between qe and q1 indicate that the pseudo-first-
order model was not well fitted to describe the adsorption of RB5 and
CR by BPP. It may be explained that the pseudo-first-order model does
not fit well to the whole range of contact time and generally under-
estimate the qe values. On the other hand, the R2 values for the pseudo-
second-order model were relatively higher than those of the pseudo-
first-order model. Moreover, the q2 values calculated by the pseudo-
second-order model were close to the experimental qe values. Thus,
these results suggest that the pseudo-second-order model provided a
good correlation for the adsorption of RB5 and CR onto BPP. The es-
timated kinetic parameters and correlation coefficients (R2) from
pseudo-first-order and pseudo-second-order models are given in
Table 1.

3.5. Adsorption isotherm study

The equilibrium adsorption isotherms are one of the promising data
to understand the mechanism of the adsorption. The most commonly
applied isotherms, in solid/liquid system, are Langmuir and Freundlich
isotherms. The Langmuir equation was chosen for the estimation of
maximum adsorption capacity corresponding to complete monolayer
coverage on the adsorbent surface. The Freundlich model was chosen to
estimate the adsorption intensity of the sorbate on the sorbent surface.

Fig. 2. Scanning electron micrographs of (A) BPP (B) RB5-loaded BPP and (C) CR-loaded
BPP.

pH

2 4 6 8 10

q
e 

[m
g

/g
]

0

20

40

60

80

100

120

140

160

CR

RB5

Fig. 3. Effect of pH on the adsorption of RB5 and CR onto BPP.
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In this work, attempts have been made to analyze adsorption by these
two models. Isotherm plots were drawn for the experimental data of the
amount of RB5 and CR adsorbed per unit mass (mg/g) versus equili-
brium concentration of RB5 and CR concentration ranging from 50 to
300 mg/L at selected temperatures of 298, 308 and 318 K and the other
conditions were kept as constant. The correlation coefficients, R2 and
the Chi-square (χ2) test were also carried out and calculated to find the
best fit among the adsorption isotherm models which has been used.
The equation for evaluating the best fit model is to be evolved as:

∑=
−

χ
q q

q
( )e e m

e m

2 ,
2

, (6)

where, qe,m is equilibrium capacity obtained by calculating from a
model (mg/g), qe is the experimental data of equilibrium capacity (mg/
g).

A basic assumption of the Langmuir theory is that sorption takes
place at specific homogeneous sites within the sorbent. This model can
be written in non-linear form (Langmuir, 1918).

=
+

q
q K C

K C1e
m L e

L e (7)

where Ce is the equilibrium solute concentration in mg/L, qe is the
amount of adsorbate adsorbed per unit mass of adsorbent in mg/g and
KL is the Langmuir adsorption constant (L/mg) relating the free energy
of adsorption. At all the studied temperatures the adsorption capacity of
CR on BPP was at least thrice higher than the adsorption capacity of
RB5. The value of qmax was enhanced and raised from 21.2 to 49.2 mg/g
for RB5 and 111.8–164.6 mg/g for CR, respectively, with an increase in
the temperature from 298 to 318 K, which could be attributed to a rise
in kinetic energy of the sorbent particles due to the rise in temperature.
This rise in kinetic energy increases the frequency of collisions between
the biosorbent and the sorbate, resulting in enhanced sorption on to the
surface of the sorbent.

The essential features of the Langmuir isotherm can be expressed by
means of a separation factor or equilibrium parameter RL is calculated
according to the following equation:

=
+

R
K C
1

1L
L o (8)

where KL is the Langmuir constant (L/mg) and Co is the initial adsorbate
concentration (mg/L). The parameter RL indicates the shape of the
isotherm and nature of the adsorption process (RL>1: unfavorable;
RL=1: linear; 0< RL<1: favorable; RL=0: irreversible). The values of
RL are all in the range of 0–1, which indicate the favorable adsorption of
RB5 and CR onto BPP.

The Freundlich model assumes a heterogeneous adsorption surface
and active sites with different energy. The Freundlich model
(Freundlich, 1906) is

=q K Ce f e
n1/ (9)

where, Kf (mg/g) and n are the Freundlich constants related to the
sorption capacity of the adsorbent and the energy of adsorption re-
spectively. The values of Kf increased from 7.71 to 10.7 mg/g for RB5

and 13.46–15.84 mg/g for CR, respectively, with increase in the tem-
perature of the solution 298–318 K. As the Kf is a measurement of ad-
sorption capacity, the increase in the value again confirms that the
adsorption process of RB5 and CR onto BPP is an endothermic process.
The 1/n values are found in the range of 0.17–0.26 for RB5 and
0.37–0.42 for CR, respectively, when the temperature was altered from
298 to 318 K. The 1/n values between 0 and 1 indicate that the ad-
sorption of RB5 and CR onto BPP is favorable under the conditions
studied. The Langmuir and Freundlich correlation coefficients (R2) and
Chi-square (χ2) values are presented in Table 2.

As can be seen from the isotherms in Fig. S4 and S5 in supple-
mentary data, and regression coefficients in Table 2, the results of the
non-linear R2 and (χ2) for the two adsorption isotherms indicates that
the Langmuir isotherm model appears to be a best fitting model for the
adsorption isotherms data of the BPP because it has displayed the
highest R2 and a lowest Chi-square (χ2) values.

3.6. Comparison of RB5 and CR removal with different adsorbents

The adsorption capacity of BPP for the removal of RB5 and CR has
been compared with those of other adsorbents reported in literature
and the values of adsorption capacities (qmax) have been listed in Table
S2. Therefore, it can be noteworthy that the BPP has important po-
tential to removal RB5 and CR from aqueous solution.

3.7. Thermodynamic evaluation

Thermodynamically, in an isolated system, energy cannot be gained
or lost; the entropy change is the driving force (Aravindhan et al.,
2007). In the practice of environmental engineering, both energy and
entropy factors ought to be considered in order to determine the pro-
cesses that occur spontaneously. Thermodynamic parameters including
Gibbs free energy change (ΔG°), enthalpy change (ΔH°) and entropy
change (ΔS°) for the adsorption of RB5 and CR onto BPP were calcu-
lated using the following equations:

= −ΔG RT Klno (10)

where K is the Langmuir equilibrium constant (L/g); R and T represent
the universal gas constant (8.314 J/mol K) and the temperature (K).

The enthalpy (ΔH°) and entropy (ΔS°) values were estimated from
the following equations:

Table 1
Kinetic parameters of pseudo-first-order and pseudo-second-order models for RB5 and CR onto BPP.

Dye Conc. (mg/L) qe (mg/g) Pseudo-first-order Pseudo-second-order

q1 (mg/g) k1 (L/min) R2 q2 (mg/g) k2 (g/mg min) R2

RB5 50 10.6 9.94 0.0384 0.8925 11.0 0.0047 0.9836
100 13.4 12.1 1.0386 0.8122 13.4 0.1527 0.9913
150 20.0 19.3 0.1625 0.8211 20.1 0.0144 0.9810

CR 50 42.3 41.7 0.9955 0.8793 42.4 0.0455 0.9905
100 76.2 75.4 1.2317 0.8628 76.2 0.0346 0.9943
150 115.1 113.9 1.2861 0.9381 115.2 0.0246 0.9950

Table 2
Isotherm parameters for the adsorption of RB5 and CR onto BPP at different temperatures.

Dye Temp. (K) Langmuir Freundlich

qmax b R2 χ2 Kf n R2 χ2

RB5 298 21.2 0.051 0.9994 0.04 7.71 5.76 0.9946 0.3
308 33.6 0.035 0.9958 0.6 8.5 4.25 0.9818 2.6
318 49.2 0.033 0.9978 0.6 10.7 3.78 0.9831 5.1

CR 298 111.8 0.024 0.9963 5.1 13.46 2.67 0.9831 23.1
308 150.1 0.023 0.9964 8.4 15.02 2.41 0.9717 65.7
318 164.6 0.023 0.9944 15.2 15.84 2.36 0.9666 90.7
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= −ΔG ΔH TΔSo o o (11)

= − +K ΔH
RT

ΔS
R

ln
o o

(12)

The values of ΔG° were calculated from Eq. (10). A graph was
plotted between reciprocal of temperature (1/T) and ln K, resulted in a
straight line (Fig. 4). The values of ΔH° and ΔS° are evaluated from the
slope and intercept of the line. The values of ΔG°, ΔH° and ΔS° for the
adsorption of RB5 and CR onto BPP are given in Table 3. The negative
values of ΔG° indicate the spontaneous nature of RB5 and CR adsorption
onto BPP. Generally, a value of ΔG° in between 0 and −20 kJ/mol is
consistent with electrostatic interactions between adsorption sites and
the adsorbing ion (physical adsorption) while a more negative values
ranging from −80 to −400 kJ/mol indicates that adsorption involves
charge sharing or transferring from the adsorbent surface to the ad-
sorbing ion to form a coordinate bond (chemisorption) (AIOthman
et al., 2014). As can be seen from Table 3, the magnitude of ΔG° values
indicates a typical physical adsorption. The positive values of ΔH° in-
dicate the endothermic nature of the adsorption of RB5 and CR onto
BPP in the temperature range of 298–318 K. The magnitude of ΔH° may
give an idea about the type of sorption. Two main types of adsorption
are physical and chemical. In general, the heat evolved during physical
adsorption generally falls into the range of 8–25 kJ/mol, while the heat
of chemical adsorption generally falls into the range of 80–200 kJ/mol
(Aksu and Karabayir, 2008). Therefore, RB5 and CR adsorption by BPP
can be considered as a physical adsorption. The positive values of ΔS°
suggested an increase in randomness at the solid/liquid interface during
the adsorption of RB5 and CR onto BPP.

3.8. Desorption studies

Regeneration requires proper selection of eluent, which strongly
depends on the type of adsorbent and the mechanism of adsorption. The
selected eluent must be effective, harmless to the adsorbent, non-
polluting and economic. For this purpose, deionized water, 0.1 M HCl,

0.1 M CH3COOH and 0.1 M NaOH was used as eluents. Fig. S6 shows
that the efficiency of the adsorption of RB5 and CR onto BPP after
treatment with different eluents. The results show that the CR showed
better desorption than RB5 for all the eluents. 0.1 M HCl had minimum
efficiency of 21.5% for RB5 and 30.8% for CR, respectively, while it was
much better for deionized water (44.8% for RB5 and 56% for CR) and
(37.7% for RB5 and 68.7% for CR) for 0.1 M CH3COOH. But, 0.1 M
NaOH eluent can effectively desorbed (95.7% for RB5 and 98% of CR)
from adsorbent material.

4. Conclusions

The finding of present study suggests BPP as a suitable adsorbent for
CR removal than the RB5 in batch experiments. The batch study
parameters; pH of solution, contact time, initial dye concentration and
temperature were found to study the adsorption process to a certain
extent. Adsorption of RB5 and CR was shown to dependent on the so-
lution pH and the optimum pH value for the better adsorption was
found to be 3.0. Adsorption equilibrium data was better described by
the Langmuir isotherm model than the Freundlich isotherm model. The
monolayer adsorption capacity of BPP for RB5 and CR was found to be
49.2 and 164.6 mg/g, respectively. This indicates BPP removes thrice
higher amount of CR than RB5. The SEM images showed that the RB5
and CR were adsorbed on the pores of BPP. FTIR results revealed that
hydroxyl, amine and carboxyl functional groups may be responsible for
RB5 and CR adsorption. Kinetic studies demonstrated that the me-
chanism for adsorption of RB5 and CR followed the pseudo-second-
order model, which provided the best fit for the experimental data.
Desorption studies were carried out using different eluents. The re-
covery of the RB5 and CR from BPP was found as higher than 90% using
0.1 M NaOH. The calculated thermodynamic parameters exhibited the
feasible, endothermic and spontaneous nature of the adsorption of RB5
and CR at 298–318 K. These results therefore suggest that the BPP can
be considered as a potential adsorbent for the removal of CR than RB5
from wastewater.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.ecoenv.2017.10.075.
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