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ABSTRACT

Banana peel (BP) and green coconut mesocarp (GCM) were evaluated as adsorbents for the
removal of the dyes reactive gray BF-2R (RG), reactive turquoise Q-G125 and remazol
golden yellow RNL-150% (RGY). Adsorbents were classified as mesoporous materials, with
the pHzpc of 5 for BP and 7 for GCM. The initial pH of the best-adsorbing solution of the
dyes was 2.0. There was no significant difference between the kinetic models evaluated by
the F test at a 95% level of confidence, except for the RGY/GCM system. The adsorption
process is not merely a function of an intraparticle diffusion step. The Freundlich model
was the best fit for RGY/GCM, and no significant difference was evident between the two
models evaluated for the other systems by the F test. For RG/BP, the models did not fit the
experimental data. The adsorbents evaluated may be useful for the treatment of effluents
that contain dyes.

Keywords: Adsorption process; Kinetic study; Equilibrium study; Agro-industrial residue;
Anionic dyes

1. Introduction

Textile and clothing production are the fourth
largest economic activity in the world and are among
the industries that consume the highest quantity of
water. During the dyeing process, most of the dye is
taken up by the fibre, but the fraction that is not
absorbed is released with water disposal. It is
estimated that 1–15% of the effluent dye is lost during
the dyeing process [1].

The disposal of wastewater containing industrial
dyes to rivers and lakes without proper treatment has

caused many problems. Some dyes have mutagenic,
carcinogenic or teratogenic properties, in addition to
colouring the body of water, causing changes in
appearance. Photosynthetic activities of algae and
phytoplankton in lakes and rivers are also adversely
affected. Furthermore, the improper wastewater
disposal leads to promotion of disturbances in gas
solubility, causing damage to the gills of aquatic
organisms and disrupting their spawning sites and
refuges [2–8].

The main processes used in the removal of dyes
from wastewater from the textile industry are as
follows: conventional biological treatments (activated
sludge), physicochemical processes (coagulation/*Corresponding author.
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flocculation), advanced oxidation processes and
membrane filtration processes. However, these tech-
nologies are not completely effective and may not
have economic advantages in the treatment of target
compounds because many require large areas or are
limited due to the associated costs [2,9–13].

Of these treatment processes, adsorption is
reported to be an effective method for removing
contaminants from wastewater; it also offers the possi-
bility of regeneration, recovery and recycling of adsor-
bent material; a relatively moderate cost compared to
other methods of treatment; and a lower processing
time with few variables that need to be controlled
[3,14,15].

With the aim of reducing the environmental
impacts caused by agro-industrial waste, these waste
products are being employed as adsorbents in
adsorption processes due to their unique chemical
composition, abundance, low cost and renewable nat-
ure [11,16–23].

Bananas are one of the most consumed fruits in
the world, and the peel is the main waste residue. The
banana peel (BP) accounts for 30–40% of the total fruit
weight and represents a major agricultural waste in
banana-producing regions around the world [24–26].
Coconut shell can be readily acquired and handled,
and therefore it is one of the most studied materials
for reuse [16,27]. Research wastewater treatments
using agro-industrial wastes as adsorbents have been
adopted and encouraged [21].

Given the above conditions, the aim of this study
was to evaluate adsorption processes using agro-
industrial wastes as adsorbents for the removal of
dyes from solutions to address environmental issues
in conjunction with technological development.

2. Experimental

In this work, all reagents used for pH adjustment
and for tests were of analytical grade. The dye
solutions (remazol golden yellow RNL-150% (RGY),
reactive gray BF-2R (RG) and reactive turquoise
Q-G125 (RT)) were prepared. The colour index (CI)
names, CAS Registry Number, molecular formula and
molecular weight of these dyes were reported by
Nascimento et al. [28].

Adsorption assays were performed in a finite bath
system; at the end of each test, the samples were
filtered. The concentration of the dye solution was
measured before and after contact with the adsorbent
using UV–vis spectrometry (Thermo Scientific, model
Genesys 10S spectrometer) at a wavelength of high
absorbance for each dye. Blank assays for dyes

and adsorbents were also performed using the same
procedure.

The amount of dye adsorbed per gram of
adsorbent was calculated using Eq. (1):

q ¼ Co � Cfð ÞV
M

(1)

where q is the adsorption capacity (mg g−1); Co and Cf

are the initial and final concentrations, respectively, of
dye in the solution (mg L−1); V is the volume of
solution used (L); and M is the adsorbent mass (g).

2.1. Preparation and characterisation of the adsorbents

The BP and green coconut mesocarp (GCM) were
washed with water, dried at 60˚C, ground in a knife
mill (Tecnal) and washed again thoroughly with
distilled water, as described previously by Bhatnagar
and Sillanpää [16]. After washing, samples were dried
again at 60˚C and classified in a series of Tyler sieves
with particle sizes of <0.4 mm, 0.4–0.6 mm and
0.6–0.8 mm.

Functional groups on the surface of the adsorbent
were identified with infrared spectroscopy. The
absorption spectra were obtained using an infrared
spectrometer (FTIR IRAffinity Shimadzu) with a
diffuse reflectance accessory (Pike Technologies Inc.,
Model: EasiDiff TM). The spectra were recorded in the
400–4,000 cm−1 wavelength range.

The surface area of the material was determined by
N2 adsorption at 77 ± 5 K with a Micromeritics device
(model ASAP 2420). Prior to analysis, 0.2 g of the
sample was pretreated at 60˚C under vacuum
(DEGASS) for 3 h. This treatment was performed to
remove moisture from the surface of the solid material.

The pH at the point of zero charge (pHzpc) of the
adsorbent was estimated by pH measurements before
and after contact with the solid according to the
method outlined by Regalbuto and Robles [29]. In
assays, 0.25 g of the adsorbent were placed in 50 mL
of H2O, with an initial pH range of 2 to 10. The pH
solution was adjusted with HCl (0.1 mol L−1) or
NaOH (0.1 mol L−1). The solutions were agitated for
24 h and then filtered before the pH was measured.
The graph of (pHfinal–pHinitial) vs. pHinitial was con-
structed, and the pHzpc value was estimated from this
graph where (pHfinal–pHinitial) is zero.

2.2. Preliminary studies

The influence of the initial pH of the dye solution
was evaluated using mixtures containing 0.1 g of
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adsorbent in 50 mL of 100 mg L−1 dye solution at pH
levels of 2 to 10, adjusted with solutions of HCl
(0.1 mol L−1) or NaOH (0.1 mol L−1) and stirred at
300 rpm for 120 min.

The effect of the adsorbents’ concentration was
evaluated in the range of 1–60 g L−1. Dye solutions
with an initial concentration of 100 mg L−1 and a pH
value determined in the initial pH study were kept in
contact with the adsorbent and stirred at 300 rpm for
120 min.

To observe the influences of multiple variables on
the adsorption processes and to determine the best
working conditions, a 23 factorial design was
performed with a central point in triplicate. The vari-
ables were as follows: adsorbent mass (0.25, 0.50 and
0.75 g), adsorbent particle size (<0.4, 0.4–0.6 and 0.6–
0.8 mm) and stirring speed (100, 200 and 300 rpm). The
variable used to determine the efficiency of the process
was the adsorptive capacity (q, mg g−1).

For the tests in the finite bath system, a 125 mL
Erlenmeyer flask was used. The flask contained 50 mL
of the dye solution at a concentration of 100 mg L−1

and used HCl (0.1 mol L−1) for pH adjustment pur-
poses. Assays were performed in a randomised order
and at ambient room temperature (25 ± 2˚C) with the
aid of a shaker.

The calculations of the effects of each factor, the
determination of interactions of each factor with their
respective standard errors and the response surfaces
corresponding to each factor were performed as
described in the literature [30] using the program
Statistica for Windows 6.0.

2.3. Study of adsorption process parameters

Kinetic and equilibrium studies were performed to
determine both the time at which the system reached
equilibrium and the maximum adsorption capacity of
each adsorbent. These studies were based on the
working conditions established by the factorial design.

Independent kinetic experiments were conducted
with six concentrations of each dye and for each
adsorbent, with measurements taken at intervals of 5
to 360 min. Pseudo-first-order (Eq. (2)), pseudo-
second-order (Eq. (3)) and Weber–Morris (Eq. (4))
kinetic models were used:

dqt
dt

¼ k1 qe � qtð Þ (2)

where k1 is the adsorption constant of the pseudo-
first-order equation (min−1), qe and qt are the quanti-
ties of dye adsorbed (mg g−1) at equilibrium and at
time t, respectively;

dqt
dt

¼ k2 qe � qtð Þ2 (3)

where k2 is the adsorption constant of the
pseudo-second-order equation (g mg−1 min−1);

qt ¼ kdif t
1=2 þ C (4)

and where kdif is the intraparticle diffusion coefficient
(mg g−1 min−1/2) and C is the constant related to
diffusion resistance (mg g−1).

The constant k2 is used to calculate the initial
adsorption rate h (mg g−1 min−1) for t → 0 in Eq. (5):

h ¼ k2q
2
e (5)

Based on the results obtained in the kinetic studies,
the Langmuir (Eq. (6)), Freundlich (Eq. (7)) and
Fritz–Schlunder (Eq. (8)) adsorption models were used
to evaluate the adsorption process:

qe ¼ qmaxKCe

1þ KCe
(6)

where qe is the amount of material adsorbed onto the
solid phase at equilibrium (mg g−1), qmax is the maxi-
mum amount of material adsorbed onto the solid
phase (mg g−1), K is the Langmuir constant (L mg−1)
and Ce is the equilibrium concentration of the
adsorbate (mg L−1);

qe ¼ KF Ceð Þ1=n (7)

where KF is the adsorption capacity relative (mg g−1)
(mg L−1)−1/n, 1/n is the intensity of adsorption;

qe ¼ KFSC
b1
e

1þ aCb2
e

(8)

and where KFS (mg g−1) (mg dm−3)−b1 and a
(mg dm−3)−b2 are the constants from the Fritz–Schlunder
isotherm; and b1 and b2 are heterogeneity factors.

The experimental data obtained from the equilib-
rium and kinetic studies were adjusted by mathemati-
cal models using a non-linear regression method
(Origin 8.0). The model parameters were obtained by
minimising the sum of the squared deviations
between the experimental and predicted values. The
model fit was assessed by the relative standard
deviations and the regression coefficients (R2). The
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performances of the better fitting models were
compared using an F test as described in the literature
[31]. The critical value calculated (Fcal) is defined in
Eq. (9):

Fcal ¼ S2RðAÞ
S2RðBÞ

(9)

Here, S2R(A) and S2R(B) represent the variances of
models A and B, respectively, with SR(A) > SR(B). If
Fcal > Ftab, then model B provides a better fit than
model A at a 95% confidence level. Ftab is the critical
value tabulated.

3. Results and discussion

3.1. Characterisation of the adsorbents

The origin and nature of the biosorbents, such as
their physical structure, chemical nature and func-
tional groups, may control their biosorption perfor-
mance [32]. FTIR spectra of BP and GCM were
obtained to understand the nature of the functional
groups present in the materials.

The infrared spectra of BP and GCM are shown in
(Fig. 1), and the bands found in these spectra are
shown in Table 1.

The compounds found in these biomass sources
are mainly cellulose, hemicellulose, pectin substances,
chlorophyll pigments, and other low-molecular-weight
compounds. It is believed that the adsorption
characteristics of these materials are mainly due to the
presence of hydroxyl and carboxyl functional groups
present in pectin substances [33].

Similar results were also obtained in the literature
of Albarelli et al. [24], Hameed et al. [34,35], Vieira
et al. [36,37], and Amel et al. [38].

The results of textural characterisation of the
adsorbents for adsorption/desorption of N2 are shown
in Table 2.

As shown in Table 2, GCM had a larger surface
area and pore volume than BP; nevertheless, both had
pore sizes in the range of 20–500 Å. According to the
International Union of Pure and Applied Chemistry
(IUPAC), these are mesoporous materials.

(Fig. 2) shows the test results carried out with the
BP and GCM adsorbents in 50 mL of solution with a
pH ranging from 2 to 10.

According to (Fig. 2), the pHzpc of the BP was 5.0
and that of the GCM was 7.0. Below the pHzpc value,
a solid material has a positive surface charge, thereby
promoting the adsorption of anions. Above the pHzpc

value, the surface is negatively charged, thereby
favouring the adsorption of cations.

Similar results were obtained by Vieira et al. [36],
who studied the adsorption of blue remazol (R160)
into babassu coconut mesocarp and determined the
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Fig. 1. Infrared spectra of BP (a) and GCM (b).

Table 1
Bands found in the infrared spectra of BP and GCM

Wavenumber
(cm−1)

Groups/FunctionsBP GCM

3,417.9 3,417.9 Presence of O–H groups. This band is associated with axial stretching of OH groups of cellulose, lignin
and polyphenols.

2,927.9 2,925.1 C–H from methyl and methylene groups. These groups are common in the structure of lignin, cellulose
and hemicellulose.

1,732.1 1,732.1 C–O stretching of carboxylic acid or ester.
1,631.8 1,612.5 Presence of conjugate C–C bond of diene.
1,111.0 1,118.7 Aromatic C–O stretching vibrations of the lignin component and –C–O–C– stretching.
910.4 925.8 Ester vibrations and mono-substituted aromatic rings due to the lignin fraction in the raw material.
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pHzpc to be 6.7. Zhang et al. [39] studied the adsorp-
tion of congo red by ball-milled sugarcane bagasse
and found a pHpzc of 5.0.

3.2. Preliminary studies

The influence of the initial pH of the dye solution
was investigated by comparing the adsorption capac-
ity of the adsorbents at pH 2–10, as shown in (Fig. 3).

In the pH studies, it was observed that the dye
adsorption performance was affected by the initial pH
of the solution, with smaller values of q at more basic
pH values, presumably due to electrostatic repulsion.
The highest adsorption capacity for all dyes and
adsorbents evaluated was observed at pH 2.

Aksu and Isoglu [40] studied the effect of pH
solution on the adsorption of the reactive dye remazol
turquoise blue-G using sugar beet pulp; the adsorp-
tion reached a maximum at pH 2.

According to Wang [13], adsorbents maintain a net
positive charge when the pH solution is lower than
pHpzc. As a result, an electrostatic interaction occurs
between the negatively charged dye molecules and
the positively charged adsorption sites on the
adsorbent. At low pH, the electrostatic attraction is
significantly higher, thereby causing an increase in
dye adsorption. This phenomenon at low pH is due to
an increase in the number of protonated species on
the surface of the adsorbent, including carboxylic,
phenolic and chromenic groups.

Table 2
Adsorbent characterisation using the BET method

Adsorbent Surface area (m2 g−1) Pore volume (cm3 g−1) Pore size (Å)

BP 18.6 0.02 34.9
GCM 82.0 0.07 35.8
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Table 3 shows the minimum and maximum of
both adsorption capacity and percentage removal
obtained in the adsorbent concentration study.

Similar behaviour was observed by Ertaş et al. [41]
in a study of the biosorbents cotton stalk, cotton waste

and cotton dust for the removal of methylene blue. It
was shown that when the adsorbent dose increased
from 0.25 to 1.50 g, the percentage of dye removal by
cotton stalk, cotton waste and cotton dust increased
from 35.08 to 48.36%, from 68.03 to 85.41% and from

Table 3
Relationship between the minimum and maximum adsorption capacities, and the minimum and maximum percentage
removals obtained in the adsorbent concentration study

RGY/BP
RGY/
GCM RG/BP RG/GCM RT/BP RT/GCM

Adsorbent concentration (g L−1) 4 40 4 40 4 40 4 40 4 40 4 40
q (mg g−1) 7.8 2.5 6.8 1.1 1.8 1.2 4.8 1.6 5.6 0.9 4.1 1.0
% removal 11.1 70.2 9.6 94.9 14.0 75.4 38.0 100 54.7 100 34.2 96.6
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Fig. 4. The effect of varying the concentration of adsorbents used for dye adsorption. (a) RGY/BP; (b) RGY/GCM;
(c) RG/BP; (d) RG/GCM; (e) RT/BP and (f) RT/GCM. ▫: % dye removal and ◦: q (mg g−1).

14098 G.E. do Nascimento et al. / Desalination and Water Treatment 57 (2016) 14093–14108



83.93 to 91.47%, respectively, at an equilibrium time of
90 min. However, unit adsorption, indicating the
amount of solute adsorbed per unit adsorbent,
decreased with an increase in adsorbent dose. For
example, when the adsorbent dosage increased from
0.25 to 1.50 g, the values of unit adsorption for cotton
stalk, cotton waste and cotton dust decreased from
3.51 to 0.81 mg g−1, from 6.80 to 1.42 mg g−1 and from
8.39 to 1.52 mg g−1, respectively.

The effect of varying the concentration of adsor-
bents used for dye adsorption is shown in (Fig. 4).

A previous investigation of the effect of mass on
the removal of indigo carmine by rice husk ash
showed that the indigo carmine removal increased up
to a certain limit and then remained almost constant.
An increase in adsorption with increasing adsorbent
dose can be attributed to greater surface area and the
availability of more adsorption sites. Furthermore, in

Table 4
Main and interaction effects and their standard errors. Statistically significant effects, at the 95% confidence level, are
shown in boldface

Effect

Estimates

RGY/BP RGY/GCM RG/BP RG/GCM RT/BP RT/GCM

Mean 3.86 ± 0.04 4.612 ± 0.005 4.01 ± 0.05 3.39 ± 0.01 3.807 ± 0.007 4.15 ± 0.02
Principal effects
Mass (M) −2.43 ± 0.08 −2.24 ± 0.01 −2.2 ± 0.1 −1.15 ± 0.02 −2.72 ± 0.02 −2.34 ± 0.03
Particle Size (PS) −0.76 ± 0.08 −0.46 ± 0.01 −0.2 ± 0.1 −0.81 ± 0.02 −0.29 ± 0.02 −2.61 ± 0.03
Stirring Speed (SS) 1.87 ± 0.08 0.77 ± 0.01 2.0 ± 0.1 1.21 ± 0.02 1.79 ± 0.02 2.04 ± 0.03
Effects of interaction
M vs. PS 0.41 ± 0.08 0.08 ± 0.01 0.4 ± 0.1 0.46 ± 0.02 0.34 ± 0.02 1.42 ± 0.03
M vs. SS −0.79 ± 0.08 −0.30 ± 0.01 −1.2 ± 0.1 −0.30 ± 0.02 −0.56 ± 0.02 −0.99 ± 0.03
PS vs. SS −0.12 ± 0.08 −0.60 ± 0.01 0.9 ± 0.1 0.16 ± 0.02 −0.13 ± 0.02 −0.90 ± 0.03
M vs. PS vs. SS 0.02 ± 0.08 0.52 ± 0.01 −1.1 ± 0.1 −0.17 ± 0.02 0.07 ± 0.02 0.98 ± 0.03
ts vs. s 0.34 0.04 0.4 0.09 0.09 0.13

(b)(a)1

2

(a) (b) (c)

Fig. 5. Response surfaces for adsorption capacity. (1) RGY/BP and (2) RGY/GCM. (a) Mass vs. Particle Size; (b) Mass vs.
Stirring Speed and (c) Particle Size vs. Stirring Speed.
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Fig. 6. Response surfaces for adsorption capacity. (1) RG/BP and (2) RG/GCM. (a) Mass vs. Particle Size; (b) Mass vs.
Stirring Speed; (c) Particle Size vs. Stirring Speed.
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Fig. 7. Response surfaces for adsorption capacity. (1) RT/BP and (2) RT/GCM. (a) Mass vs. Particle Size; (b) Mass vs.
Stirring Speed; (c) Particle Size vs. Stirring Speed.
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all cases, sorption was attained more rapidly at a
lower adsorbent dosage [17], as shown in (Fig. 4).

The mass corresponding to the intersection of the
curves in (Fig. 4) was used as a central point for the
factorial design to find the best value of percentage
removal vs. adsorptive capacity.

Using the data obtained with the completion of the
23 factorial design and the software Statistica for
Windows version 6.0, main and interaction effects were
calculated and are presented in Table 4. The effects
considered statistically significant at a 95% level of
confidence were those that extend student t vs.
standard errors (ts vs. s).

As shown in Table 4, all of the effects were statisti-
cally significant at a 95% confidence level, except for

the interaction effects of particle size vs. stirring speed
for RGY/BP, the interaction of all three factors for
RGY/BP and the effects of particle size and mass vs.
particle size for RG/BP.

The mass effect was the most important for BP
and RGY/GCM. The principal effects, which were stir-
ring speed and particle size, were the most important
for RG/GCM and RT/GCM, respectively.

Significant interaction effects were observed at a
95% confidence level, which means that the adsorbent
mass, particle size and stirring speed variables cannot
be independently evaluated.

The response surfaces for the interactions of
different pairs of statistically significant factors are
presented in Figs. 5, 6 and 7.
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Fig. 8. Adsorption kinetics in finite bath system: (a) RGY/BP; (b) RGY/GCM; (c) RG/BP; (d) RG/GCM; (e) RT/BP and
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It can be observed in Figs. 5, 6 and 7 that the
highest adsorption capacity q (mg g−1) was obtained
for a lower adsorbent mass (0.25 g), for a small parti-
cle size (<0.4 mm) and for the highest stirring speed
(300 rpm).

Based on these results, another factorial design
experiment was conducted with a mass of 0.25 g and
a lower stirring speed of 300 rpm; however, the repro-
ducibility of the results was compromised due to the
small mass of adsorbent material available in solution.
At higher stirring speeds, the adsorbent was pushed
to the walls of the flask, reducing the contact of the
liquid–solid system and, consequently, the adsorption
capacity.

3.3. Study of adsorption process parameters

Fig. 8 shows a plot of the kinetic adsorption data
for the RGY, RG and RT dyes in the solid phase using
the BP and GCM adsorbents.

It was found that the kinetics evolved rapidly
during the first few minutes, removing most of the
dye in approximately 30 min, as expected from a good
adsorbent. This was followed by a slow phase equilib-
rium which was reached after a maximum of 180 min
for the adsorbents studied.

The nonlinear fittings of pseudo-first-order and
pseudo-second-order kinetic models for the experi-
mental data are shown in (Fig. 9).
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As shown in (Fig. 9), using the models given in
Table 5 and the results obtained from the F test (Fcal
(Table 5) > Ftab (2.69)), assuming a confidence level of
95%, the pseudo-second-order model showed a better
fit to the experimental data for only the RGY/GCM
system. For the RGY/BP, RG/GCM, RT/BP and RT/
GCM systems, no significant difference was observed
between the two models. Fig. 9(c) shows that neither
model fit the experimental data for the RG/BP
system.

The kinetics results obtained here are corroborated
by Saeed et al. [42], who studied the removal of
crystal violet dye using grape skin as an adsorbent.
The adsorption kinetics showed that the system
reached equilibrium at 100 min and that the pseudo-
second-order model was best suited to the data
obtained.

The kinetics data were also analysed to determine
whether the intraparticle diffusion rate is the limiting

step of adsorption. In this study, the linear regression
by parts method was used for data adjustment, as
shown in (Fig. 10).

The Weber–Morris equation did not satisfy a linear
relationship with the experimental data, which
was multilinear. This result, as Lakshmi et al. [17]
demonstrated, indicates that the adsorption process
is not merely controlled by an intraparticle diffusion
step. This implies that two or more steps control the
process.

The intraparticle diffusion parameters for the
regions, kdif1, kdif2 and kdif3, were determined from the
slope of the plotted graph (Fig. 10). The differences in
the diffusion rate parameter between the three regions
is attributed to macropore diffusion, transitional pore
diffusion and micropore diffusion (kdif1 > kdif2 > kdif3,
Table 6) [43].

The values of C give an indication of the boundary
layer thickness. For instance, at a higher value of C,
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Fig. 10. Intraparticle diffusion Weber–Morris model. (a) BP e (b) GCM.

Table 5
Parameters for the kinetic models of dye adsorption obtained for concentration of 100 mg L−1

RGY/BP RGY/GCM RG/BP RG/GCM RT/BP RT/GCM

Pseudo-first-order
R2 0.929 0.930 0.746 0.814 0.852 0.802
k1 (min−1) 0.019 ± 0.003 0.15 ± 0.02 0.023 ± 0.06 0.09 ± 0.02 0.033 ± 0.007 0.06 ± 0.01
qe,calc (mg g−1) 7.9 ± 0.4 7.2 ± 0.2 4.8 ± 0.4 8.5 ± 0.4 10.4 ± 0.6 10.2 ± 0.6
S2R (mg2 g−2) 6.69 3.69 8.18 16.76 21.71 27.86
Pseudo-second-order
R2 0.929 0.976 0.761 0.919 0.929 0.907
k2 (g(mgmin)−1) 0.0265 ± 0.0007 0.031 ± 0.004 0.006 ± 0.003 0.012 ± 0.003 0.004 ± 0.001 0.006 ± 0.002
qe,calc (mg g−1) 9.1 ± 0.5 7.7 ± 0.1 5.4 ± 0.5 9.3 ± 0.4 11.5 ± 0.5 11.3 ± 0.5
h (mgg−1 min−1) 0.25 1.76 0.17 1.04 0.53 0.77
S2R (mg2 g−2) 5.02 1.27 5.35 7.33 10.36 13.00
qe,exp.(mg g−1) 8.1 7.7 5.7 9.7 11.2 12.1
Fcal 1.33 2.91 1.53 2.29 2.09 2.14
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Table 6
Intraparticle diffusion Weber–Morris model constants

Parameters RGY/BP RGY/GCM RG/BP RG/GCM RT/BP RT/GCM

kdif,1 mg(g min1/2)−1 0.874 ± 0.165 0.952 ± 0.214 0.277 ± 0.129 0.663 ± 0.231 0.902 ± 0.283 0.788 ± 0.096
C1 (mg g−1) 0.384 ± 0.051 2.329 ± 0.651 1.018 ± 0.394 3.077 ± 0.702 1.661 ± 0.859 2.812 ± 0.292
R2
1 0.900 0.862 0.543 0.707 0.754 0.957

kdif,2 mg(g min1/2)−1 0.461 ± 0.029 0.259 ± 0.049 0.179 ± 0.028 0.481 ± 0.076 0.751 ± 0.074 0.585 ± 0.062
C2 (mg g−1) 1.565 ± 0.241 4.830 ± 0.414 1.812 ± 0.231 3.461 ± 0.630 1.632 ± 0.616 3.495 ± 0.512
R2
2 0.984 0.866 0.910 0.907 0.962 0.957

kdif,3 mg(g min1/2)−1 0.041 ± 0.013 0.034 ± 0.014 0.157 ± 0.032 0.136 ± 0.024 0.351 ± 0.054 0.473 ± 0.046
C3 (mg g−1) 7.359 ± 0.223 7.155 ± 0.227 2.798 ± 0.532 7.374 ± 0.394 5.309 ± 0.896 3.667 ± 0.757
R2
3 0.729 0.624 0.882 0.912 0.931 0.972
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Fig. 11. Dye adsorption isotherms. (a) RGY/BP; (b) RGY/GCM; (c) RG/BP; (d) RG/GCM; (e) RT/BP and (f) RT/GCM.
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the effect of the boundary layer is more significant.
When the values of C are nonzero, this indicates that
the line as plotted on the graph qt vs. t1/2 (Fig. 10)
does not pass through the origin. Therefore, the
mechanism of intraparticle diffusion is not the deter-
mining step in the process of mass transfer; rather,
other mechanisms must operate simultaneously to
control the adsorption process [44].

The adsorption models were applied to the experi-
mental data over the time range of 0–240 min to ensure
that equilibrium had been reached in the system.

The nonlinear fit of the Langmuir, Freundlich and
Fritz–Schlunder models to dye removal is shown in
Fig. 11.

The experimental results indicated a favourable
adsorption of the dyes for the adsorbents studied.

The results of the F test (Fcal (Table 7) < Ftab (5.05)),
assuming a confidence level of 95%, showed no signifi-
cant difference for the models as evaluated for each sys-
tem, with the exception of the RGY/GCM system. The
best fit was the Freundlich model. For the RG/BP sys-
tem, none of the three models fit the experimental data.

Table 7
Isotherm parameters of the Langmuir, Freundlich and Fritz–Schlunder models calculated for the adsorbents used

Models RGY/BP RGY/GCM RG/BP RG/GCM RT/BP RT/GCM

Langmuir
R2 0.912 0.951 0.826 0.879 0.972 0.904
qmax (mg g−1) 14.7 ± 2.5 9.6 ± 1.2 15.5 ± 1.6 9.8 ± 0.9 13.4 ± 0.8 12.3 ± 0.9
K (L mg−1) 0.08 ± 0.03 0.12 ± 0.04 0.02 ± 0.02 0.4 ± 0.1 0.36 ± 0.08 0.7 ± 0.2
S2R (mg2 g−2) 5.78 0.54 4.4 3.9 2.1 6.2
Freundlich
R2 0.974 0.995 0.855 0.939 0.985 0.835
KF (mg g−1)(mg L−1)−1/n 2.1 ± 0.3 1.8 ± 0.1 0.5 ± 0.3 3.6 ± 0.4 4.5 ± 0.3 5.5 ± 0.9
N 2.1 ± 0.2 2.3 ± 0.1 1.4 ± 0.4 3.7 ± 0.5 3.1 ± 0.2 4.8 ± 1.1
S2R (mg2 g−2) 1.69 0.05 3.6 2.0 1.2 10.6
Fritz–Schlunder
R2 0.957 – – 0.903 – 0.928
KFS (mg g−1)(mg dm−3)−b1 2.2 ± 0.9 – – 409 ± 164 – 86.4 ± 7.7
a (mg dm−3)−b2 0.08 – – 103.9 – 12.3
b1 0.5 – – 3.4 – 3.9
b2 0.001 – – 3.1 – 3.8
S2R (mg2 g−2) 1.69 – – 1.6 – 2.3
Fcal 3.4 10.8 1.2 2.4 1.7 4.6

Table 8
Previous studies for anionic dye adsorption by banana and coconut wastes

Adsorbent Dye name qmax (mg g−1) Reference

Babassu coconut mesocarp Rubi S2G 1.7 Vieira et al. [36]
Green coconut mesocarp Remazol Black B 2.9 Leal et al. [46]
Banana peel Methyl orange 21.0 Annadurai et al. [47]
Banana peel Congo red 18.2 Annadurai et al. [47]
Banana pith Acid brilliant blue 4.42 Namasivayam et al. [48]
Green coconut mesocarp Remazol golden yellow RNL-150% 9.6 This work
Green coconut mesocarp Reactive gray BF-2R 9.8 This work
Green coconut mesocarp RT 12.3 This work
Banana peel Remazol golden yellow RNL-150% 14.7 This work
Banana peel Reactive gray BF-2R 15.5 This work
Banana peel RT 13.4 This work
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Although GCM had a greater surface area and
pore volume, it can be observed in Table 7 that BP
showed a higher adsorptive capacity for the dyes
evaluated under the conditions studied. The smaller
adsorptive capacity could be due to the structure of
GCM, which has a greater number of phenolic and
carboxylate functional groups than BP according to
FTIR analysis.

The carboxyl group is one of the functional groups
available in many agricultural waste products, affect-
ing the adsorption capacity for some classes of dyes.
The carboxyl group has a negative charge and is
therefore an important functional group in the adsorp-
tion of cationic dyes. Moreover, the carboxyl groups
inhibit the adsorption of anionic dyes.

The interaction between the dye molecules and
these functional groups can follow an extremely com-
plex pattern. Zhang et al. [45] related the differences
in adsorption performances among dyes to the
molecular structure of the dyes and the surface chem-
istry of the adsorbent, as is also observed in this work.

Table 8 shows the results obtained in previous
studies for anionic dye adsorption using banana and
coconut wastes.

Table 8 compares the adsorption capacity of banana
and coconut wastes for different types of dye. The most
important parameter to compare is the qmax value
because it is a measure of the adsorption capacity of the
adsorbent. The values of qmax in this study are within
the range of values reported in the literature for the
adsorption of anionic dyes onto banana and coconut
wastes.

Importantly, these adsorbent materials were used
without any physical or chemical pretreatment and
are organic residues available worldwide.

4. Conclusion

The adsorbents studied in this work, which were
prepared from agro-industrial wastes, may be viable
alternatives for the removal of the RGY, RG and reac-
tive turquoise Q-G 125 dyes from aqueous solutions.
These materials possess several advantages, such as a
low commercial value (because they are considered
waste), abundant availability and good adsorption
capacity.
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List of symbols

1/n — intensity of adsorption
a — constant of Fritz–Schlunder

[mg dm−3]−b2

b1 — factor of heterogeneity
b2 — factor of heterogeneity
C — constant related to diffusion resistance

[mg g−1]
Ce — equilibrium concentration
Cf — final concentration [mg L−1]
Co — initial concentration [mg L−1]
Fcal — F calculated for the test F
Ftab — F tabulated for the test F
h — initial adsorption rate (mg g−1 min−1)
K — Langmuir constant [L mg−1]
k1 — adsorption constant of the pseudo-

first-order equation [min−1]
k2 — adsorption constant of the pseudo-

second-order equation [g mg−1 min−1]
kdif — intraparticle diffusion coefficient

[mg g−1 min−1/2]
KF — adsorption capacity related to the

Freundlich isotherm [mg g−1]
[mg L−1]−1/n

KFS — constant of Fritz–Schlunder [mg g−1]
[mg dm−3]−b1

M — adsorbent mass [g]
q — adsorption capacity [mg g−1]
qe — adsorption capacity at equilibrium

[mg g−1]
qe,cal — calculated adsorption capacity at

equilibrium [mg g−1]
qe,exp — experimental adsorption capacity at

equilibrium [mg g−1]
qmax — maximum adsorption capacity

[mg g−1]
qt — adsorption capacity at time t [mg g−1]
R2 — regression coefficient
s — standard errors
S2R(A) — deviation of model A [mg2 g−2]
S2R(B) — deviation of model B [mg2 g−2]
t — time [min]
ts — student t
V — volume of solution [L]
σi — relative standard deviation
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