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This study reports the sorption of crystal violet (CV) dye by grapefruit peel (GFP), which has application
potential in the remediation of dye-contaminated wastewaters using a solid waste generated by the
citrus fruit juice industry. Batch adsorption of CV was conducted to evaluate the effect of initial pH,
contact time, temperature, initial dye concentration, GFP adsorbent dose, and removal of the adsorbate
CV dye from aqueous solution to understand the mechanism of sorption involved. Sorption equilibrium
reached rapidly with 96% CV removal in 60 min. Fit of the sorption experimental data was tested on
ye sorption
rape fruit peel
rystal violet
ixed-bed column

the pseudo-first and pseudo-second-order kinetics mathematical equations, which was noted to follow
the pseudo-second-order kinetics better, with coefficient of correlation ≥0.992. The equilibrium process
was well described by the Langmuir isotherm model, with maximum sorption capacity of 254.16 mg g−1.
The GFP was regenerated using 1 M NaOH, with up to 98.25% recovery of CV and could be reused as a
dye sorbent in repeated cycles. GFP was also shown to be highly effective in removing CV from aqueous
solution in continuous-flow fixed-bed column reactors. The study shows that GFP has the potential of

t sorb
application as an efficien

. Introduction

The global problem of clean water shortage has been exac-
rbated by its pollution caused through discharge of untreated
ndustrial effluents. The problem is further aggravated in devel-
ping countries owing to uncontrolled population growth, and the
se of outdated practices and technologies that consume large vol-
mes of water in agricultural and industrial operations [1]. Several

ndustrial processes utilize toxic chemicals for the manufacture
f finished products, the unused parts of which escape into the
nvironment as industrial waste-wash [2]. Environmental scien-
ists worldwide are thus faced with the daunting task of developing
ost-effective and efficient technologies for their treatment for mis-
ellaneous human activities [3]. Discharge of industrial effluents
ontaining hazardous contaminants, such as phenolics, toxic met-
ls and dyes, even at low concentrations, are a cause of negative
mpact on the environment [4,5]. Out of the various pollutants,

yes rank among the most notorious organic contaminants that
re discharged into the environment during textile, leather, paints,
aper and dye manufacturing [5,6]. These are synthetic, water sol-
ble and dispersible organic compounds, which may adversely

∗ Corresponding author. Tel.: +92 42 99230688; fax: +92 42 99230705.
E-mail address: asmadr@wol.net.pk (A. Saeed).
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oi:10.1016/j.jhazmat.2010.03.041
ent for the removal of CV from aqueous solutions.
© 2010 Elsevier B.V. All rights reserved.

affect aquatic flora and fauna by reducing light penetration through
water surface and their toxic effects, thus causing severe dam-
age to aquatic biota [7]. Dyes are extremely stable due to their
complex aromatic molecular structure, and are thus difficult to
biodegrade [8,9]. From the aspect of environmental safety, the
removal of synthetic dyes from the industrial waste-wash is of seri-
ous concern, since some dyes and their degradation products are
toxic and carcinogenic [4,10]. Various conventional technologies,
such as chemical oxidation and reduction, physical precipitation
and flocculation, photolysis, adsorption, electrochemical treat-
ment, reverse osmosis, bioaccumulation, and/or biodegradation,
have been investigated for their removal from wastewaters [11,12].
Most of these methods, nevertheless, pose techno-economical lim-
itations for field-scale applications [13].

Crystal violet dye, a member of the triphenylmethane group, is
extensively used in animal and veterinary medicine as a biolog-
ical stain, for identifying the bloody fingerprints being a protein
dye, and in various commercial textile operations [14]. It is car-
cinogenic and has been classified as a recalcitrant molecule since it
is poorly metabolized by microbes, is non-biodegradable, and can
persist in a variety of environments [11]. Its removal from wastewa-

ters before their discharge is, therefore, essential for environmental
safety. Adsorption has been reported to be efficient and econom-
ical for the treatment of wastewaters containing dyes, pigments
and other colourants [13]. Granular activated carbon has been used
successfully, but is cost-prohibitive [15]. This has led to search for

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:asmadr@wol.net.pk
dx.doi.org/10.1016/j.jhazmat.2010.03.041
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heaper adsorbent substitutes derived from agricultural and wood
astes [4]. As a result, activated carbon made from male flowers

f coconut [14], rice husk [16] and flame tree (Delonix regia) pods
4], and acid-treated neem (Azadirachta indica) sawdust [5] and
lmond skin [9], have been studied for the sorption of crystal vio-
et. These adsorbents either involve cost-input pretreatments or are
ot abundantly available as wastes. The present report attempts to
liminate such preparatory steps and limitations of availability by
sing raw grapefruit peel, a waste generated in abundance during

ndustrial processing of the fruit.
Grapefruit is cultivated in all tropical and subtropical regions

f the world, with approximately 4 million metric tons annual
roduction [17]. Thus, a lot of grapefruit peel (GFP) is available
hroughout the world. GFP contains several water soluble and insol-
ble monomers and polymers [18,19]. The water soluble fraction
ontains glucose, fructose, sucrose and some xylose, while pectin,
ellulose, hemicellulose and lignin constitute between 50% and 70%
f the insoluble fraction. These polymers are rich in carboxyl and
ydroxyl functional groups, which may bind cationic dye molecules

n aqueous solution [20]. The present work was undertaken to eval-
ate the application potential of the pectin- and cellulose-rich GFP
s an inexpensive and environment-friendly adsorbent for treat-
ng wastewaters containing the cationic crystal violet (CV) dye.
he study is further unique as there is no existing report for the
emoval of any dye by GFP. Parameters investigated for sorption
f the dye included the effect of temperature, pH, biomass dose,
nd dye concentration. FTIR analysis was done to identify the func-
ional groups present in the grapefruit peel, and dye desorption was
one to determine reuseability of the sorbent peel for a number of
epeated applications. An attempt has been made to interpret the
ata, based on ion exchange mechanism, and for finding a fit on
arious kinetics and isotherms equations.

. Material and methods

.1. Sorbent material

Grapefruit peel was collected from the local fresh fruit juice
ending outlets. The GFP was sorted by removing leaves, twigs and
ther debris immediately after collection. After thorough washing
ith tapwater, GFP was washed with double distilled water, oven
ried at 70 ± 2 ◦C, ground, and sieved. Powdered GFP of particle size
.85–1.0 mm was used for the sorption studies.

.2. Crystal violet stock solution
Crystal violet, a basic dye, C.I. 42555, �max = 586 nm, molecu-
ar formula C25H30N3Cl, also known as hexamethyl pararosaniline
hloride, was purchased from Fluka, Darmstadt, Germany and its
hemical structure is shown in Fig. 1. Stock solution of 1000 mg L−1

rystal violet was prepared by dissolving 1.0 g L−1 of the dye in

Fig. 1. Chemical structure of crystal violet.
Materials 179 (2010) 564–572 565

ultrapure deionized water (18 M� cm). The dye solution pH was
adjusted using 0.1 N HCl or 0.1 N NaOH. Fresh dilutions of the
desired dye concentrations were made at the start of each experi-
ment.

2.3. Sorption procedure for equilibrium and kinetics studies

The maximum sorption capacity was determined by con-
tacting 100 mL crystal violet solution of known concentrations
(5–600 mg L−1, pH 6.0) in 250-mL Erlenmeyer flasks. The flasks,
tightly stoppered, were shaken on orbital shaker at 100 rpm at
ambient temperature (30 ± 2 ◦C) for 60 min to ensure establish-
ment of equilibrium. The GFP was separated by centrifugation at
5000 rpm for 5 min. Residual concentration of crystal violet was
determined spectrophotometrically (Shimadzu spectrophotome-
ter UV–Vis 1700, Japan) at 585 nm. Dilutions were made when
absorbance exceeded 1.5. The effect of initial pH was determined
by varying dye solution pH in the range 2–10. Biomass concentra-
tion was optimized by varying GFP dose (0.1–3.0 g L−1). Dye-free
solution (double distilled water) was used as control. The effect
of temperature on sorption was determined at 20, 30 and 45 ◦C.
The amount of crystal violet sorbed onto GFP, qe (mg g−1), was
calculated using the equation:

qe = (Ci − Ce)V
W

(1)

where qe is the crystal violet uptake (mg dye g−1 sorbent); Ci and
Ce are, respectively, the initial and equilibrium liquid-phase con-
centrations of crystal violet (mg L−1); V the volume of crystal violet
solution (L); and W the weight of GFP (g).

For determining the optimum contact time for sorption equilib-
rium and kinetics of sorption, the sorbate–sorbent were contacted
for various time intervals (10–240 min). The residual dye concen-
tration was determined and the amount of crystal violet sorbed, at
time t was calculated using the equation:

qt = (Ci − Ce)V
W

(2)

where qt is the crystal violet uptake at time t (mg dye g−1 sorbent).

2.4. Desorption and reuse of regenerated sorbents

The CV-loaded biomass of GFP, which was initially exposed to
100 mg L−1 of CV at pH 6.0 and 30 ◦C, was contacted with 50 mL of
1 M NaOH as the dye-desorbing agent for 60 min on a rotary shaker
at 100 rpm. The GFP biomass was removed by centrifugation and
the quantity of crystal violet dye recovered was determined. After
desorption, the GFP was washed several times with double distilled
water and the regenerated GFP was reused for the next adsorption
cycle following the same procedure as employed in the adsorption
equilibrium experiments.

2.5. FTIR analysis

FTIR spectrophotometer (ThermoNicolet IR-100 spectrometer,
ThermoNicole Corporation, Madison, USA) was used to identify
the chemical functional groups present on the native GFP. IR
absorbance data were obtained for wavenumbers in the range

of 400–4000 cm−1 and analyzed using Encompass® software pro-
vided by the FTIR spectrophotometer manufacturer. For obtaining
FTIR spectra, ball-milled GFP biomass was mixed with KBr (ratio
1:100), compacted into a tablet form using a bench press, and the
material was run for obtaining FTIR spectra.
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.6. Column studies

A glass column, 1.7 cm in diameter × 25 cm in height, was
acked with 14 ± 0.56 GFP having 20 cm bed-height. CV solu-
ion of known concentration (50 mg L−1 or 100 mg L−1, pH 6.0)
as then pumped upwards through the column at a flow rate of

.5 mL min−1. Samples were collected at regular intervals from the
ffluent to measure residual CV concentrations. As the bed was
aturated, the CV loading was terminated. The total amount of CV
ptake by the GFP-packed column was calculated according to the
ass balance of dye expressed as:

= V(Ci − Ceq)
M

(3)

here V is the volume of dye solution (L) passed through the col-
mn; Ci the concentration of dye in the inlet solution; Ceq the dye
oncentration of solution at outlet of the column; and M the amount
f GFP (g) packed in column.

.7. Reproducibility and data analysis

Unless indicated otherwise, the data reported are the mean val-
es of three separate experiments. The amount of dye adsorbed
er unit biomass (mg dye g−1 GFP) was determined as shown in
q. (1). Langmuir and Freundlich models [21,22] were used for the
valuation of sorption data. Langmuir isotherm assumes monolayer
dsorption, which is presented by the equation:

eq = qmaxbCeq

(1 + bCeq)
(4)

here qeq and qmax are the equilibrium and maximum dye uptake
apacities (mg g−1 sorbent), respectively; Ceq the equilibrium dye
oncentration (mg L−1); and b the Langmuir equilibrium constant
L mg−1).

Freundlich model is presented as:

eq = KF C1/n
eq (5)

here KF and n are the Freundlich constants characteristic of the
ystem.

In order to examine the controlling mechanism of the sorption
rocess, such as mass transfer and chemical reaction, the pseudo-
rst-order, the pseudo-second-order, and intraparticulate diffusion
odels were used to test the fit of experimental data of dye sorption

y GFP on the kinetics equations proposed by various authors. The
seudo-first-order rate equation of Lagergren [23] is presented as:

n(qeq − qt) = ln qeq − k1adt (6)

here k1ad (min−1) is the pseudo-first-order reaction rate constant.
The pseudo-first-order considers the rate of occupation of sorp-

ion sites to be proportional to the number of unoccupied sites.
straight line of ln(qeq − qt) versus t indicates the application of

seudo-first-order kinetics model. In a true pseudo-first-order pro-
ess, ln qeq should be equal to the intercept of a plot of ln(qeq − qt)
gainst t. The pseudo-second-order equation [24], another equation
sed for kinetics analysis, which is based on the sorption equilib-
ium capacity, may be expressed in the following form:
t

qt
= 1

k2adq2
eq

+ 1
qeq

t (7)

here k2ad is the pseudo-second-order rate equilibrium constant
g mg−1 min−1).

A plot of t/qt against t should give a linear relationship for the
pplicability of the pseudo-second-order kinetics model.
Fig. 2. Effect of initial pH on the sorption of crystal violet by grapefruit peel waste.

3. Results and discussion

3.1. Effect of pH on dye sorption

The pH of an aqueous solution is an important factor in dye
adsorption, as it affects the surface charge of the sorbent material
and the degree of ionization of the dye molecule [4]. pH has been
related with changes in the structural stability and colour intensity
of the dye molecule [6]. The removal of CV by GFP over a range
of 2–10 was noted to increase with the increase in pH of the dye
solution, appreciably up to pH 6.0 (Fig. 2). A further increase in
dye sorption between pH 6.0 and 10 was insignificant. Since the
optimum pH for dye biosorption by GFP was found to be 6.0, this
pH was used for further studies. As the pH increases, the charge
density of the dye solution decreases, so that electrostatic repulsion
between the positively charged dye molecule and the surface of
the adsorbent is lowered [6], which results in an increase in the
sorption of the dye. The minimum removal of CV was thus found at
pH 2, which is probably due to the H+ ions competing favourably
with the cationic groups of the dye molecule for sorption sites on
GFP biomass [6]. Similar observations have been reported by other
authors [4,6]. The insignificant higher removal of the dye, observed
at pH between 6 and 10, was noted to be accompanied by a drop
in the original pH of the dye solution at sorption equilibrium. This
indicates a cationic exchange process between the dye molecule
and the GFP biomass with the release of protons (H+), as suggested
in an earlier study [25].

3.2. Effect of contact time

The rate of sorption of CV by GFP was determined by contacting
25 mg L−1 of the CV solution (pH 6.0) with 1.0 g L−1 GFP for different
intervals of time. The equilibrium was reached within 60 min of the
sorbate–sorbent contact (Fig. 3). The uptake of CV, as a function of
time, was noted to occur in two phases. The first phase involved a
rapid uptake of dye during the first 20 min of the sorbate–sorbent
contact, which was followed by a slow phase of dye removal spread
over a significantly longer period of time (>60 min) until the equi-
librium was reached. The two-stage sorption, the first rapid and
quantitatively predominant and the second slower and quantita-
tively insignificant, has been extensively reported in literature [26].
The rapid stage, furthermore, may last for several minutes to a few

hours, while the slow one continues for several hours to a day [27].
The rapid phase is probably due to the abundant availability of
active sites on the sorbent, whereas with the gradual occupancy
of these sites the sorption process becomes less efficient during
the slower phase [28].
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centration of dye within the aqueous solution is shown in Fig. 6.
Fig. 3. Biosorption of crystal violet by grapefruit waste as a function of time.

.3. Effect of temperature on dye adsorption

Effect of temperature on the adsorption of CV by GFP at equilib-
ium was investigated at three different temperatures, viz., 20 ◦C,
0 ◦C and 45 ◦C at the initial CV concentration of 25 and 100 mg L−1,
H 6.0 and the adsorbent dose of 1.0 g L−1 (Fig. 4). The adsorp-
ion of CV was noted to enhance with the increase in temperature
ndicating that higher temperature favoured the removal of dye by
orption onto GFP. The observation is in agreement with the earlier
eport on the adsorption of CV by activated carbon from rice husk
16]. The enhanced adsorption at higher temperatures was sug-
ested to be due to increase in the availability of active surface sites,
ncreased porosity, and in the total pore volume of the adsorbent.
hese authors further suggested that the enhancement in adsorp-
ion may also be a result of an increase in the mobility of the dye

olecule with an increase in their kinetic energy, enhanced rate of
ntraparticulate diffusion of the sorbate dye, and due to decrease
n thickness of the boundary layer surrounding the sorbate dye
t higher temperature so that the mass transfer resistance of the
orbate in the boundary layer decreases. The observations on the
dsorption of CV on GFP in the present study further suggest that
t was an endothermic process and may involve not only physical
ut also chemical sorption, as suggested in an earlier study on the
dsorption of CV by activated carbon derived from male flowers of
oconut tree [14].
.4. Effect of the solid sorbent to the liquid sorbate ratio on CV
dsorption

One of the parameters that strongly affect sorption capacity is
he quantity of the contacting sorbent in the liquid phase [26].

ig. 4. Effect of temperature on the equilibrium sorption capacity of grapefruit peel.
Fig. 5. Effect of grapefruit peel waste dosage on the sorption of crystal violet.

The influence of the solid sorbent to the liquid sorbate ratio on
the sorption capacity of GFP was investigated at the constant ini-
tial concentration of CV 25 mg L−1 (liquid phase), whereas the GFP
mass (solid phase) was varied between 0.1 g L−1 and 3.0 g L−1. The
results obtained during the study show that increase in the solid
phase mass from 0.1 g L−1 to 1.0 g L−1 resulted in a rapid increase in
the uptake of CV (Fig. 5). Further increase in the solid phase mass
from 1.0 g L−1 to 3.0 g L−1, however, did not result in any apprecia-
ble increase in the sorption capacity of GFP. Therefore, the solid
phase mass of 1.0 g L−1 was selected for further studies. It may
be concluded from these observations that at lower GFP dosage of
<1.0 g L−1, the dye molecules were competing for sorption at limit-
ing sorption sites. Therefore, as the quantity of GFP was increased
from 0.1 g L−1 to 1.0 g L−1, the availability of sorption sites eased
resulting in greater percentage removal of the dye. The insignifi-
cant increase in the uptake of dye at the GFP dosage higher than
1.0 g L−1 may be attributed to the presence of excess/surplus dye-
binding sites on GFP than the available dye molecules present in
the solution at the fixed concentration of 25 mg L−1. These obser-
vations are in agreement with those reported previously by other
researchers for the sorption of dyes by different biological materials
[7,13].

3.5. Effect of initial dye concentration on CV sorption

Dye adsorption capacity of GFP, as a function of initial con-
The initial concentration of dye was changed in the range of
10–600 mg L−1. The amount of dye adsorbed per unit mass of the
adsorbent increased with increase in the initial concentration of CV.
In order to reach the plateau values, which represent saturation

Fig. 6. Effect of initial dye concentration on crystal violet biosorption by grapefruit
peel waste.
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Fig. 7. The linearized (a) Langmuir and (b) Freundlich adsorption isotherms for the
sorption of crystal violet by grapefruit peel.

Table 2
Characteristics of the Langmuir adsorption
isotherms.

Separation factor (RL) Type of isotherms

R > 1 Unfavourable

T
T
p
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f the active sites on the sorbent, that is, the maximum adsorp-
ion capacity of the adsorbent, the initial concentration of CV was
ncreased up to 600 mg L−1. As may be noted from Fig. 6, the maxi-

um amount of dye adsorbed on GFP was 254 mg g−1. The value is
uch higher than the other biowaste materials previously reported

s adsorbents for the removal of dyes, such as, 85.47 mg g−1 by
kin almond waste [9], 60.42 mg g−1 by activated carbon from male
owers of coconut tree [14], and 64.87 mg g−1 by activated carbon
repared from rice husk [16].

.6. Adsorption isotherms modeling

Adsorption data are most commonly represented by the equilib-
ium isotherm value, which is a plot of the quantity of the sorbate
emoved per unit sorbent (qeq) as the solid phase concentration
f the sorbent against the concentration of the sorbate in the liq-
id phase (Ceq). The equilibrium isotherm value is of fundamental

mportance for the design and optimization of the adsorption sys-
em for the removal of a dye from an aqueous solution. Therefore,
t is necessary to establish the most appropriate correlation for
he equilibrium curve. Several isotherm models have been used
o predict validity of the experimental data. In the present study,
wo of the most commonly used models, namely, the Langmuir
nd Freundlich isotherms, were used to describe the adsorption
quilibrium.

The Langmuir isotherm is based on the assumption of monolayer
dsorption on a structurally homogeneous adsorbent, where all the
dsorption sites are identical and energetically equivalent, wherein
he adsorption occurs at specific homogeneous sites within the
dsorbent, and once a dye molecule occupies a site no further
dsorption can take place at that site [6]. The intermolecular forces
ecrease rapidly with distance, and consequently the existence of
onolayer coverage of the adsorbate at the outer surface of the

dsorbent can be predicted [21]. The Freundlich isotherm model
s an empirical expression that encompasses the heterogeneity of
he surface and the exponential distribution of sites and their ener-
ies. A comparison of the Langmuir (Fig. 7a) and Freundlich (Fig. 7b)
dsorption isotherms shows that the sorption characteristics of CV
ye onto GFP followed more closely the Langmuir isotherm equa-
ion (Eq. (3)) than the Freundlich isotherm equation (Eq. (4)). This
bservation is further supported by the closer to unity value of their
espective correlation coefficients (r2), which is a measure of how
ell the predicted values from a forecast model match with the

xperimental data [29]. The adsorption parameters of CV on GFP for
angmuir and Freundlich constants are given in Table 1. The r2 value
n respect of sorption of CV for Langmuir isotherm model was noted
o be 0.994, which for Freundlich isotherm model was 0.974. It may
e concluded from these observations that the adsorption of CV by
FP was better defined by the Langmuir than by the Freundlich
quation thus indicating that the adsorption of CV onto GFP is a
hemically equilibrated and saturated mechanism. The maximum
V binding capacity of GFP was found to be 249.68 mg g−1 and was

onsistent with the experimental data (Table 1). This adsorption
apacity of GFP for CV was also found to be significantly higher in
omparison with some other recently reported adsorbents, such as
5.47 mg g−1 by skin almond waste [30], 64.87 mg g−1 by activated
ice husk [16], and 113 mg g−1 by activated sludge [31].

able 1
he Langmuir and Freundlich isotherms model constants, and their respective correlation
eel.

Experimental (mg g−1) Langmuir

qmax (mg g−1) b (L mg−1)

254.16 ± 6.86 249.68 0.131
L

RL = 1 Linear
0 > RL < 1 Favourable
RL = 0 Irreversible

The Langmuir parameters can also be used to predict affinity
between the sorbate and the sorbent using the dimensionless sep-
aration factor (RL), which has been defined as below [32]:

RL = 1
1 + bCi

(8)

The value of RL can be used to predict whether a sorption system
is “favourable” or “unfavourable” in accordance with the criteria
shown in Table 2. The value of RL for the sorption of CV onto GFP
is shown in Fig. 8, which indicates that sorption of CV on GFP was
“favourable”.

3.7. Kinetics modeling
To examine the controlling mechanism of the adsorption
process, such as mass transfer and chemical reaction, the pseudo-
first-order and the pseudo-second-order kinetics models were
used to test the experimental data of dye adsorption by GFP. The

coefficients (r2) for the sorption of crystal violet from aqueous solution by grapefruit

Freundlich

r2 KF 1/n r2

0.994 3.14 0.446 0.974
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Table 3
Theoretically determined constants of the pseudo-first and the pseudo-second-order reaction kinetics based on the sorption of crystal violet from 25 mg L−1 solutions, pH
6.0, by 1.0 g L−1 grapefruit peel during shake flask sorbent–sorbate contact at 100 rpm for 240 min.

Experimental qeq (mg g−1) Pseudo-first-order constants Pseudo-second-order constants

qeq (mg g−1) k1 (min−1) 2 −1 −1 −1 2

24.05 8.84 −0.031

F

e
p
s
i
t
s
s

F
s

ig. 8. Value of separation factor RL for sorption of crystal violet by grapefruit peel.

xperimental data for the removal of CV when analyzed on the
seudo-first-order equation (Eq. (5)) did not result in a perfect
traight line when a plot was drawn between ln(qeq − qt) and t

ndicating a non-fit on the model (Fig. 9a). A good linear plot of
/qt against t for the pseudo-second-order kinetics model (Eq. (6))
hows a fit on the model (Fig. 9b). Kinetics parameters for the
orption of CV by GFP, as calculated from the linear plots of the

ig. 9. Linearized (a) pseudo-first-order and (b) pseudo-second-order plots for the
orption of crystal violet by grapefruit peel waste.
r qeq (mg g ) k2 (g mg min ) r

0.838 24.31 0.005 0.992

pseudo-first-order (Fig. 9a) and the pseudo-second-order (Fig. 9b)
kinetics models are presented in Table 3. The low correlation coef-
ficient value (r2 = 0.838), as obtained for the pseudo-first-order
model, indicates that sorption of CV did not follow the pseudo-
first-order reaction. The insufficiency of the pseudo-first-order
model to fit the kinetics data could possibly be due to the limi-
tations of the boundary layer controlling the sorption process. The
experimental data were observed to fit well the pseudo-second-
order equation. The high correlation coefficient value (r2 = 0.992), as
obtained for the linear plot of t/qt against t for the pseudo-second-
order equation, was observed to be close to 1. This suggests that
the process of sorption kinetics of CV by GFP follows the pseudo-
second-order equation and the process controlling the rate may be
controlled by chemical sorption involving valence forces through
sharing or exchange of electrons between sorbent and sorbate
[24].

3.8. Proposed sorption mechanism

The pattern of adsorption onto plant materials is attributable
to the active groups and bonds present on them [33]. For the
elucidation of these active site, FTIR spectrophotometry was per-
formed. Peaks appearing in the FTIR spectrum of GFP (Fig. 10)
were assigned to various groups and bonds in accordance with
their respective wavenumbers (cm−1) as reported in literature.
The region between 2600 cm−1 and 3600 cm−1 shows two major
band stretches. A broad and strong band stretch was observed from
3000 cm−1 to 3600 cm−1, indicating the presence of free or hydro-
gen bonded O–H groups (alcohols, phenols and carboxylic acids)
as in pectin, cellulose and lignin on the surface of the adsorbent
[34]. The O–H stretching vibrations occur within a broad range
of frequencies indicating the presence of “free” hydroxyl groups
and bonded O–H bands of carboxylic acids. The light stretch at

−1
2909.64 cm showed the stretching of symmetric or asymmet-
ric C–H vibration of aliphatic acids [35]. The peak observed at
1730 cm−1 is the stretching vibration of C O bond due to non-
ionic carboxyl groups (–COOH, –COOCH3) and may be assigned
to carboxylic acids or their esters [36]. Asymmetric and sym-

Fig. 10. FTIR spectra of native grapefruit peel waste.
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presented in Fig. 13. The dye loading curve showed an excel-
lent clear zone (100% removal) before the breakthrough point.
The results presented in Fig. 13 show that the column bioreactor
packed with 14 ± 0.56 g GFP had the capacity to treat 61 L and 29 L
dye solution before reaching the breakthrough point for 50 mg L−1
Fig. 11. Proposed ion exchange mechanism betwee

etric stretching vibrations of ionic carboxylic groups (–COO−),
espectively, appeared at 1641 cm−1 and 1415 cm−1. The peaks at
384 cm−1 may be assigned to symmetric stretching of –COO− of
ectin [36], and aliphatic acids group vibration at 1233 cm−1 to
eformation vibration of C O and stretching formation of –OH of
arboxylic acids and phenols [37], and at 1050 cm−1 can be assigned
o the stretching vibration of C–OH of alcoholic groups and car-
oxylic acids [37]. It is well indicated from the FTIR spectrum of
FP that carboxyl and hydroxyl groups were present in abundance.
he sorption of CV on the GFP biomass may likely be due to the
lectrostatic attraction between these groups and the cationic dye
olecule (CV+). At pH above 4, the carboxylic groups are depro-

onated and negatively charged carboxylate ligands (–COO−) bind
he positively charged CV molecules. This confirms that the sorp-
ion of CV by GFP was an ion exchange mechanism between the
egatively charged groups present in the cell wall of GFP and the
ationic dye molecule. The proposed mechanism of sorption of CV
y GFP is shown in Fig. 11.

.9. Desorption of CV from GFP

Recovery of CV from exhausted biomass of GFP and regener-
tion of GFP was tested by using aqueous solution of 1 M NaOH
37]. For the purpose, 1 g of CV-loaded GFP was contacted with
0 mL of 1 M NaOH and shaken at 100 rpm on a rotary shaker at
0 ◦C. The kinetics of desorption of CV from the CV-loaded GFP is
hown in Fig. 12. It may be noted that CV desorbed very rapidly,
ith the maximum elution achieved in the first 30 min amount-

ng to 82% desorption. The desorption rate after this initial fast
hase, however, was observed to slow down significantly until

t reached a plateau after 60 min, indicating equilibrium of the

ystem. The desorption efficiency was 98.25%. The regenerated
FP biomass was again used for removal of CV and was found to
ave the efficiency of 87% and 81% in the second and the third
ycles, respectively. Similar observations for the desorption of CV
rom surfactant-modified alumina using NaOH have been reported
oton of grapefruit peel waste and crystal violet dye.

[38]. The successful recovery of CV at >98% using 1 M NaOH from
the CV-loaded GFP and the high sorption qmax of 254.16 mg g−1

of GFP, coupled with the use of a no cost industrial waste as an
adsorbent, indicate that the material reported in the present study
has a good potential for the removal of the dye from wastewa-
ters.

3.10. CV removal by GFP from made-up wastewater in fixed-bed
continuous-flow column

The potential shown by GFP to remove CV from aqueous solution
in shake flask studies was further tested in a fixed-bed continuous-
flow column using made-up wastewater. For this purpose, CV
was added to tapwater at the known concentrations of 50 mg L−1

and 100 mg L−1 and passed through the separate columns packed
with 14 ± 0.56 g of GFP. The breakthrough biosorption curves are
Fig. 12. Desorption kinetics of crystal violet from GFP.
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ig. 13. Breakthrough curves of biosorption of crystal violet by grapefruit peel waste
n fixed-bed continuous-flow column.

nd 100 mg L−1 CV, respectively, and the saturation points were
chieved at 83 L and 45 L (Fig. 13). The total biosorption capac-
ty of the packed column bioreactor was calculated by integrating
he breakthrough curves between the breakthrough and satura-
ion points. The breakthrough point of the GFP-packed column is
he point at which CV concentration in the effluent (outlet dye
oncentration) reached at concentration above zero whereas the
aturation point is the time at which CV concentration in the efflu-
nt become equal to inlet dye concentration. The sorption capacity
f GFP for 50 mg L−1 and 100 mg L−1 CV, respectively, was calcu-
ated to be 259.91 mg g−1 and 266.15 mg g−1, which is even better
han the maximum value of 254.16 mg g−1obtained during batch-
cale studies.

. Conclusions

Studies suggest that GFP can be effectively used as a cost-
ffective adsorbent for removal of CV from aqueous solution. Batch
dsorption studies show that removal is dependent upon process
arameters like pH, sorbate and sorbent concentrations and contact
ime. Sorption followed pseudo-second-order kinetics equation.
he experimental equilibrium sorption data obtained from batch
tudies at optimized conditions fit well to Langmuir adsorption
sotherm equation, indicating monolayer adsorption. The dimen-
ionless parameter RL has also been calculated using the Langmuir
onstant b. The values of RL have been found to be between 0 and 1
hich again suggest favourable adsorption. FTIR analysis showed

hat the main functional sites taking part in the sorption of CV
ncluded carboxyl and hydroxyl groups. GFP could be regenerated
nd could be reused. Column studies have shown that GFP can be
sed efficiently for continuous removal of CV. The present study
oncludes that the GFP could be employed as low-cost adsorbent
s an alternative to commercial activated carbon for the removal of
olour and dyes from water and wastewater, in general and for the
emoval of CV in particular.
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