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ABSTRACT

Almond shells are classified as an agricultural waste of the food industry. In this study, almond
shells were prepared as efficient adsorbents for removing Crystal Violet (CV) dye. The effects of
adsorbent dosage, pH, initial concentration, shaking speed, temperature and particle size were stud-
ied. The Taguchi L25 experimental design method was used to obtain the optimum experimental
condition. The data were analyzed using the signal to noise (S5/N) ratio and analysis of variance
(ANOVA) for removal of CV from aqueous solutions. The isotherm data were obtained from the
experiments performed. The obtained isotherm data were analyzed via the Langmuir, Freundlich
and Temkin isotherm models of which the Langmuir isotherm model fitted the best. Thermody-
namic parameters such as AH®, AS® and AG® were calculated and the results were 18.5 kJ/mol, 0.057
kJ/mol K and -1.514 kJ/mol at 25°C, respectively. The results of this study indicate that almond shells
are efficient adsorbents for removing Crystal Violet (CV) from aqueous solutions. The maximum
adsorption capacity was found to be 1.075 mg/g on the almond shells. Adsorption kinetics studies
showed that adsorption data can be modeled by a pseudo-second-order model. The optimum condi-
tions for the adsorption on almond shells were found to be: adsorbent dosage = 0.5 g, concentration
=4 ppm, pH = 6, shaking speed = 200 rpm and shaking time = 180 min.
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1. Introduction

Many industrial sectors such as paper, textile, paint,
food, plastics and leather use huge amounts of dyes with
a wide variety of types every year [1]. These sectors release
their waste dyes into wastewater streams. Many of these
industrial dyes are highly toxic, carcinogenic, mutagenic
and allergenic to living organisms [2-5]. Therefore, research
for removing industrial dyes from wastewater systems is
significant. There are more than 100,000 commercial dyes
available, each with a different chemical composition and
structure. Dyes are categorized as anionic, cationic and
non-ionic depending on the ionic charge of their molecules
[6]. Cationic dyes are more toxic than anionic dyes. Within
many dyes, crystal violet (CV) dye is a member of the triph-
enylmethane group and classified as a cationic dye [7]. CV
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is used in the manufacturing of various products such as
pens, printers, biological stains, dermatological agents, vet-
erinary medicine, intestinal parasites, fungus and dyeing
of textiles [8,9]. CV is carcinogenic, mutagenic and toxic to
mammalian cells. It can cause severe eye irritation and sore
sensitization to light. Additionally, it is harmful by inhala-
tion, ingestion and through skin contact [10,11].

There are multiple physical, chemical and biological
treatment methods like flocculation, oxidation, reduction,
coagulation, precipitation, photolysis, adsorption, mem-
brane separation, bioaccumulation, biodegradation and
electrochemical techniques to remove dyes from wastewa-
ter systems [12,13]. However, these methods have disad-
vantages in terms of application cost and effectiveness [9].
Among these methods, adsorption is better for removing
dyes with respect to operation cost, simplicity and inac-
tivity of toxic substances [14-21]. There are many types of
solid phase adsorbents for removing dyes from water such
as agricultural waste, activated carbon, coal, polymers, clay,

1944-3994 / 1944-3986 © 2017 Desalination Publications. All rights reserved.



190 A. Goksu et al. / Desalination and Water Treatment 88 (2017) 189-199

sand, and magnetic shells. Among these solid phase adsor-
bents, activated carbon adsorbents are the most common
highly effective adsorbents to capture dyes from wastewa-
ter, but they are very expensive due to high cost of produc-
tion [22]. On the other hand, agricultural waste materials
like almond, hazelnut, sunflower seeds and peanut shells,
palm kernel fibers, chitosan/oil palm ash, rice husk and
orange peels are very cheap and abundant [10,23-25].

In this study, we propose almond shells, which are
discarded as waste material from the food industry, as an
appropriate low-cost adsorbent for removal of CV from
aqueous solutions.

To the best of our knowledge, there has been no coin-
ciding study regarding the optimization of experimental
conditions by the Taguchi method on adsorption of CV by
almond shell.

Optimum adsorption conditions for CV from aqueous
solutions were designated as a function of adsorbent dos-
age, initial concentration, temperature, shaking speed, pH,
particle size and contact time. The compositions of almond
shells before and after adsorption were characterized by
Fourier transform infrared spectroscopy (FTIR). In order
to find the best fitting isotherm model, the Langmuir, Fre-
undlich and Temkin isotherms were applied to the data.
Moreover, the kinetics, thermodynamics and isotherms of
adsorption were discussed.

The Taguchi experimental design was used to define
optimum conditions for the maximum removal of the dye
from aqueous solutions and reduce overall testing cost and
time [26].

2. Material and methods
2.1. Adsorbent

In this study, the almonds were collected from agri-
cultural areas in Elazig, Turkey and dried naturally for
one year and then crushed to get smaller pieces of almond
shells. These shells were ground and passed through a set
of sieves to filter out particles within a certain diameter
range. Ultimately, particles of diameter (D,) in the range of
0.8952>D,>0.137 mm were obtained and used without any
further pretreatment.

2.2. Adsorbate solution

Analytical grade crystal violet was purchased from
Sigma-Aldrich. The dye’s characteristics and chemical
structure are given in Table 1 and Fig. 1, respectively [27].
One liter of 100 ppm stock solution of crystal violet was
prepared by dissolving 0.1 grams of the dye with ultra-
pure deionized water (UPDIW) (Purelab Flex). A necessary
amount was taken from the stock solution and diluted with
UPDIW to prepare desired concentrations (2, 4, 6, 8, and 10
ppm). The dye pH was adjusted by using 0.1 M HCl and/
or 0.1 M NaOH.

2.3. Crystal violet removal studies

Removal experiments were carried out in 100 mL Erlen-
meyer flasks and the volumes of batch reactions were kept

Table 1
The physical characteristics of Crystal Violet

Dye name Crystal Violet
Abbreviation cv
Generic name Basic Violet 3
Chemical name (IUPAC) Chloride,
Hexamethylpararosaniline
A (nm) 584
Color index number 42555
Chemical formula C,;H,,CIN,
Molecular weight (g/mol) 407979
H,C_ +.CH,
Cl
H.C CH
3N -~ 3
| \
CH, CH,

Fig. 1. The chemical structure of Crystal Violet.

at 50 mL. The effects of solution pH (2-10), temperature
(20-50°C), contact time (5-180 min), initial concentration
(2-10 ppm), adsorbent dosage (0.1-0.5 gram) and shaking
speed (150-250 rpm) on the adsorption rate were observed.
After each adsorption process, samples were withdrawn
at different time intervals. The supernatant was separated
from the solutions by utilizing a centrifuge for 5 min at 5000
rpm. The samples at an initial time and each time interval
were analyzed using a double beam UV-VIS spectropho-
tometer at 590 nm (Shimadzu, Model, Japan).

2.4. Taguchi’s method of experimental design

Classical experiment design methods are complex
and difficult to apply. Moreover, these methods need a
large number of experiments with an increasing number
of experiment parameters. In order to keep the number of
experiments at minimum, the Taguchi method was deemed
an appropriate tool [28]. The Taguchi method is an applica-
tion for designing and analyzing experiments. The major
difference between the Taguchi method and conventional
experimental designs is that orthogonal arrays are used in
the Taguchi design to ensure that the effects of parameters
can be reproduced [29]. Another dissimilarity is the signal
to noise ratios (S/N) which measure the variability around
the desired outcome. There are three forms of S/N ratios, as
smaller-the-better, larger-the-better and nominal-the-best
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[30]. Smaller-the-better and larger-the-better forms are
expressed in Egs. (1) and (2), respectively.

SN, =-10log;, (lzn IYizj 1
n<==
Ior 1

SNL = —1010g10 [;zlly_lzJ (2)

where SN, and SN, are the performance characteristics, n
is the number of repetitions under the same experimental
conditions, and Y, is a measured value of the it experiment
[31].

3. Results and discussion
3.1. Effect of optimum adsorbent dosage

The influence of optimum adsorbent dosage was
investigated at a constant shaking speed (200 rpm) and
temperature (20°C) with varying levels of initial dye con-
centration (2, 4, 6, 8, and 10 ppm for 24 h). As shown in
Fig. 2, the removal percentage of CV increased with the
increasing amount of adsorbent. This was due to the fact
that availability of active sites (i.e. adsorption area on the
surface of almond shells) was positively related to the
amount of adsorbent dosage. Moreover, the adsorption
capacity was decreasing with the increasing amount of
adsorbent dosage and it reached the optimum adsorption
value at 0.4 g. This may have been due to aggregation or
overlapping of adsorption sites which caused a reduced
level of surface area available to dye ions. As seen in Fig.
2, the optimum adsorbent dosage value for adsorption
was chosen as 0.4 g and it was used in further experi-
ments.

3.2. Effect of pH on dye adsorption

The effect of the initial pH of the solution on adsorp-
tion experiments was analyzed in the range of pH 4-7.
The experiments were carried out at a temperature of
20°C, the adsorbent dosage of 0.4 g, initial concentration
in the range of 2-10 ppm and shaking speed of 200 rpm for
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Fig. 2. Effect of adsorbent dosage on CV adsorption.

24 h. Additionally, to determine the effects of pH chang-
ing with time, additional experiments were carried out
with the same experimental conditions and they were con-
stantly monitored for a period of 0-180 min. The effects
of pH on CV adsorption for 24 h and different time scales
are shown in Figs. 3 and 4, respectively. Based on our
results, adsorption of CV onto almond shells increased
with increasing solution pH. This may have been due to
dye cations and H* ions competing over the adsorption
sites at lower pH values, as suggested in earlier studies
[32,33]. Furthermore, the surface of almond shells may
have been negatively charged at higher pH levels which
would increase the number of dye cations on the surface
via electrostatic attraction, as mentioned in former studies

[34,35].

3.3. Effect of initial concentration of CV solution

In order to investigate the effects of initial dye concentra-
tion on adsorption experiments, the concentration varied in
the range of 2-10 ppm at a constant adsorbent dosage of 0.4
g, a temperature of 20°C, and a shaking speed of 200 rpm.
As shown in Fig. 5, the removal dye percentage changed
with initial concentration, the amount of dye adsorbent on
almond shells increased with increasing initial concentra-
tion of CV while the percentage of adsorption of the dye
decreased with the increasing mass of the adsorbent. This

100

Adsorption (%)

Fig. 3. Effect of initial pH on CV adsorption.
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Fig. 4. Effect of initial pH on CV adsorption for various contact
time.
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Fig. 5. Effect of initial concentration on CV adsorption for vari-
ous contact time.

may be based on the increasing concentration caused by
the increasing driving force between the aqueous and solid
phase and the increasing amount of collisions between dye
molecules and adsorbent particles [36].

3.4. Effect of shaking speed

The effect of shaking speeds at 150, 175, 200, 225, and
250 rpm were observed while keeping other parameters
constant such as the temperature at 20°C, the adsorbent
dosage at 0.4 g, the initial concentration at 6 ppm and the
natural pH of the solutions. As shown in Fig. 6, the adsorp-
tion of the dye increased with the increasing shaking speed.
This signifies that while shaking speed was increasing, the
thickness of the diffusion layer around almond shells was
being reduced [37].

3.5. Effect of temperature

The effects of temperature on adsorption at 20, 30, 40
and 50°C were observed while other parameters were con-
stant such as the adsorbent dosage at 0.4 g, the initial con-
centration at 6 ppm, and the shaking speed at 200 rpm. The
effect of temperature is seen in Fig. 7, while the dye removal
percentage increased by increasing the temperature from
20°C to 50°C. This study further suggests that the removal
of dye increased with increased temperature, thus the sys-
tem was identified as endothermic. It may be observed that
the increase in temperature led to rising mobility of dye
molecules which further led to increasing penetration of
adsorbent pores [38,39].

3.6. Effect of particle size

A set of experiments was performed to determine the
effects of particle size on dye adsorption. Almond shell par-
ticles were separated in the range of 137-892 pm and used
in the experiments while other parameters were kept con-
stant, such as the adsorbent dosage at 0.4 g, the initial con-
centration at 6 ppm, the shaking speed at 200 rpm and the
temperature at 20°C. As seen in Fig. 8, dye adsorption on
almond shells was increasing with the decreasing particle
size of the adsorbent. The adsorbent with finer particle size
had higher adsorption capacity than the other with coarse
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Fig. 6. Effect of shaking speed on CV adsorption for various
contact time.
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Fig. 7. Effect of temperature on CV adsorption for various con-
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Fig. 8. Effect of particle size on CV adsorption for various con-
tact times.

particle size due to the higher surface area for dye adsorp-
tion [40,41].

3.7. Adsorption isotherms

Adsorption equilibrium isotherms have significant
value for design and optimization of adsorption systems for
removal of dye molecules from aqueous solutions. Estima-
tion of interaction between the adsorbate and the adsorbent
could be achieved via these isotherms [42]. In this study, the
equilibrium data were analyzed with the Langmuir, Freun-
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dlich and Temkin isotherms. The Langmuir isotherm theory
suggests that there is monolayer adsorption on a structur-
ally homogeneous outer surface adsorbent and once a dye
molecule takes up a site, no other molecules can occupy
this place anymore [43]. The Freundlich isotherm model is
an empirical expression, which assumes that surface of the
adsorbent is heterogeneous, and an exponential distribu-
tion of sites and their energies [44]. The Temkin model pro-
poses that heat of adsorption would reduce linearly with
rising thickness on the adsorbent [45]. The linear equations
of the Langmuir, Freundlich and Temkin models [27] are
given by Egs. (3)-(5), respectively.

1 1 1

R S 3)
qe qmaxKLCe qmax
1
Ing, =InK; +—InC, 4)
n
g,=BInA+BInC, 5)

where g, is the amount of dye adsorbed at equilibrium
(mg/g),q,, themaximum adsorption capacity after mono-
layer all covered on the surface (mg/g), K, is the Langmuir
constant related to the energy of adsorption, C, is the equi-
librium concentration of the adsorbate (mg/L), K, is the
Freundlich constant related to adsorption capacity, 1/# is
the heterogeneity factors related to binding strength, A is
a Temkin isotherm constant (L/g), B is related to heat of
adsorption (J/mol). The Langmuir, Freundlich and Temkin
isotherm correlation coefficients were found to be 0.995,
0.983 and 0.986, respectively. The linear plot of 1/g,vs. 1/C,
shows that the adsorption model fits the Langmuir model.
The Langmuir constants g, and K, were determined from
the slope and intercepts of the plot and found to be 1.232
and 4.522, respectively.

The essential characteristic of the Langmuir isotherm
can be stated with the dimensionless equilibrium parame-
ter (R)) that is given by Eq. (6).

1
R-—Lt
LT1TKC, ©)

where C is the highest initial dye concentration (mg/L) and
K, is the Langmuir constant. The value of R, indicates the
type of isotherm accordingly:

R, > 1 unfavorable adsorption
0 <R, <1 favorable adsorption
R, = 1linear adsorption

R, = 0 irreversible adsorption

The values of R, were found to be 0.0996, 0.0524, 0.0355,
0.0269 and 0.0216 for initial concentrations of 2, 4, 6, 8 and
10 ppm, respectively, which confirms favorable adsorption
of CV on almond shells [46]. The plot of Ing, vs. InC, was
analyzed to find applicability of the Freundlich isotherm
model. The slope (1/n) of the plot, which ranges from 0 to 1,
represents adsorption level intensity as well as surface het-
erogeneity. As the value of 1/n gets closer to 0, the surface
becomes more heterogeneous, whereas, when the value
gets closer to 1, it represents a cooperative adsorption. The
values of B and A could be calculated from the plot of g, vs.
InC,. The Temkin isotherm model suggests that the heat of

adsorption of all molecules in the layer decreases linearly
with decreasing coverage based on the adsorbent-adsorbate
interaction [47].

3.8. Thermodynamic parameters

Increased adsorption of the dye with increased tem-
perature represents that the process was endothermic and it
could be explained by thermodynamic parameters such as
standard free energy change (AG®), enthalpy change (AH®)
and entropy change (AS°). These parameters were calcu-
lated using the following equations [48]:

K.=C,C, @)
DG°=-RT InK_ ®)
DG° = DH°-TDS® €)

Rearranging Egs. (8) and (9) to obtain a linear form of
the following equation:

({5
R RT

Itis called the Van't Hoff equation, where, K_. is the equi-
librium constant, C,_and C, are the concentration of dye on
the adsorbent and in the solution (mg/L) at equilibrium,
respectively. R is the gas constant (8.314 J/mol K) and T is
the temperature (K).

The intersection and slope of the linear plot of In K vs.
1/T give AS° and AH®, respectively and the values were
0.057 kj/mol K for AS® and 18.5 kJ/mol for AH®. Moreover,
AG?® can be calculated by Eq. (9) for different temperatures
such as 298, 303, 313 and 323 K and the values were —-1.514,
-1.229, -0.659 and —0.089 kJ/mol, respectively. A positive
value of AH® implies that the nature of adsorption process
is endothermic. A positive value of AS°® indicates analogy
of adsorbent and states the increased randomness at sol-
ute-solution interface [48]. A negative value of AG® remarks
that the process is spontaneous and the feasibility of dye
adsorption [49].

(10)

3.9. Adsorption kinetics

The adsorption kinetic data can be analyzed to deter-
mine the dynamics of the adsorption reaction with respect
to the order of the rate constant, as kinetic parameters offer
significant information for modelling and designing the
adsorption process [50]. In order to analyze the adsorption
kinetic data, pseudo-first and pseudo-second orders were
applied.

A plot of log (9,— g,) vs. t is given in Fig. 9 which shows
a linear relationship and g, and k, were calculated from the
intercept and slope of the plot [51], respectively.

A plot of t/q, vs. t (Fig. 10) gives a linear relationship
and the slope and intercept of the plots give the value of
g, and k, respectively [52]. The results that fit experimen-
tal values with pseudo- first and second order model were
represented in Table 2. According to data in the table, the
correlation coefficients (R*) of the pseudo-second order
model exceeded 0.99 and the calculated g, values of the
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pseudo-second order model were more agreeable with
the experimental data than those in the pseudo-first-order
model. As a consequence, the adsorption kinetics were rep-
resented better with the pseudo-second-order model than
with the pseudo-first-order model.

3.10. Adsorption mechanism

The adsorption mechanism cannot be described by
the pseudo-first-order and pseudo second order kinetic
models, therefore, the kinetic results were examined
by utilizing the intra-particle diffusion model [53]. The
adsorption mechanism is usually divided into the follow-
ing steps [54];

In(qe-qt)

0 25 50 75 100 125 150 175 200
Time, (min)

Fig. 9. Pseudo first order kinetic for CV on almond shell.
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Fig. 10. Pseudo second order kinetic for CV on almond shell.

Table 2

1. Dye molecules from the liquid solution to boundary
layer surrounding the adsorbent (bulk diffusion)

2. Transfer of dye molecules in boundary film to the
external surface of sorbent (film diffusion)

3. Transport of the molecules from the surface to
intra-particle active sites (intra-particle diffusion)

4. Adsorption of the molecules by the active sites of
adsorbent.

The first and the last steps do not involve the rate con-
trolling steps because the first step is not related to the
adsorbent and the last step is a quick operation. Therefore,
film and intra-particle diffusion are mainly related to the
rate controlling steps. The Weber and Morris intra-particle
diffusion model is widely used for estimating the rate con-
trolling steps. The intra-particle diffusion constant k,, (mg
¢! min'/?) was described by Eq. (11) [55].
q,=k,t?+C (11)
where g, is the amount of adsorbed CV at time t, t'/2
is the square root of the time and C is the thickness of
the boundary layer. If the plot of g, vs. t'/> Fig. 11 is a
straight line, the mechanism of adsorption process fits
the intra-particle diffusion model and the k,, and C can be
calculated by the slope and intercept of the plot, respec-
tively. In the plot, the first sharp line shows the exter-
nal surface adsorption also known as the instantaneous
adsorption stage. Larger slopes of the first sharp line
imply that the adsorption rate is very high at the initial
time which depends on the existence of plenty of surface
area and active adsorption sites. The second subdued line
represents the gradual adsorption stage where the intra-
particle diffusion is limiting rate. Lower slopes of the
second sharp line indicate that the diffusion of CV mole-
cules on the micropores of adsorbent take a long time due
to decreased concentration profile. For some cases, the
third subdued line, which is the final equilibrium stage,
appears. For this stage, intraparticle diffusion begins to
slow down due to very low adsorbate concentration left
in the bulk solution [56].

3.11. Fourier transform infrared (FTIR) spectroscopy study

Chemical characterization of the adsorbent surface was
accomplished by FTIR analysis. The FTIR spectra of the
almond shells before and after dye adsorption were com-

Comparison of kinetic parameters for different initial concentration of CV

Initial concentration ¢, ., Pseudo-first-order kinetic model Pseudo-second-order kinetic model
(mg/L) (mg/e) k, (1/h) 9., (mg/y) R k,(g/mgh) g, (mg/g) R

2 0.245 0.0244 0.111 0.9374 0.69 0.25 0.9992
4 0.48 0.0208 0.21 0.9457 0.344 0.486 0.9993
6 0.70725 0.0244 0.38 0.9290 0.197 0.721 0.9989
8 0.915 0.023 0.497 0.9491 0.138 0.936 0.999
10 1.075 0.0594 0.604 0.9394 0.152 1182 0.9994
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Fig. 11. Intra-particle diffusion model for the adsorption of CV
onto almond shell.

pared and the results were analyzed. The band at 3419.08
shows the existence of -OH and —-NH groups. The peak at
2921.75 represents asymmetric stretches of the -CH group.
The band at 1744.24 is associated to stretch vibration of
C=0 groups [57]. The bands appearing at 1617.89 and
1384.61 are based on stretching vibration of the carbonyl
group and C-H deformation vibration [58]. Another three
adsorption bands were seen at 1252.27, 1049.06 and 617.07
which could be due to the C-O stretching, sulphonic
group and C-S stretching vibration, respectively [59]. The
characteristic band at 1744.24 shifted to 1750.57 after CV
adsorption. This indicates that there was a chemical inter-
action between CV molecules and the carboxylate groups
onto the almond shell surface. Moreover, there were other
peaks shifting from 3419.08 to 3466.70 cm™ and 1252.27 to
1263.7 cm™, which showed that the amine and hydroxyl
groups were in charge of the CV adsorption on almond
shells.

3.12 Comparison of almond shells with other adsorbents

In Table 3, there is a comparison of the maximum
crystal violet adsorption capacities of several adsorbents
including almond shells. It can be stated that the adsorp-
tion capacity of almond shells was lower than those of
others. However, almond shells are very cheap and easy
to obtain in comparison to other sorbent materials. More-
over, almond shells used in this study did not require any
pretreatment.

3.13. Taguchi optimization

At the optimum condition, the adsorption capacity of
the adsorbent (almond shells) should be as high as possible;
hence a larger-the-better S/N ratio was preferred. In order
to determine the appropriate orthogonal array, all degrees
of the orthogonal array must be evaluated. In this study,
five experimental parameters and their five levels were
considered; hence, each parameter had four degrees of free-
dom, thus making the parameter total 20. Therefore, the L25
orthogonal array was suitable for the experiments [63].

There were five experimental control factors with five
levels and L25 orthogonal array are given in Tables 4 and
5, respectively.

Table 3
Comparison of CV adsorption capacity of almond shells to
other presented low-cost adsorbents.

Sorbent e (ME/) Reference
Calotropis procera leaf 414 60
Sugarcane dust 3.798 61
Neem sawdust 3.789 62
Almond shell 1.075 This study
Table 4
Experimental parameters and their levels
Parameters Levels
1 2 3 4 5
A Adsorbent dosage(g) 01 02 03 04 05
B Concentration (ppm) 2 4 6 8 10
C pH 4 5 6 8 10
D Shaking speed (rpm) 150 175 200 225 250
E Shaking time (min) 30 60 90 120 180

Table 5
Experimental Taguchi L25 orthogonal array

Experimental Parameters and their levels

number A B C D E
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 1 5 5 5 5
6 2 1 2 3 4
7 2 2 3 4 5
8 2 3 4 5 1
9 2 4 5 1 2
10 2 5 1 2 3
11 3 1 3 5 2
12 3 2 4 1 3
13 3 3 5 2 4
14 3 4 1 3 5
15 3 5 2 4 1
16 4 1 4 2 5
17 4 2 5 3 1
18 4 3 1 4 2
19 4 4 2 5 3
20 4 5 3 1 4
21 5 1 5 4 3
22 5 2 1 5 4
23 5 3 2 1 5
24 5 4 3 2 1
25 5 5 4 3 2
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3.14. Statistical analysis

The collected experimental data were analyzed to calcu-
late the effect of each parameter on the optimization crite-
ria. The calculated means of the S/N ratio and percentage of
adsorption for each level of parameters, which was applied
to CV adsorption, is shown in Table 6. In order to find
the effective parameters and their confidence level on the
adsorption of dye, an analysis of variance (ANOVA) was
performed [64]. F-test is a useful tool to determine which
process parameters have a significant effect in obtaining the
maximum adsorption of dye. Table 7 shows the result of the
ANOVA for the experiments. The F-value is the ratio of the
mean of squared deviations to the mean of squared error
for each control factor. Usually, we observe that the greater
the F-value is, the larger is the effect on obtaining the max-
imum adsorption on the adsorbent [65]. From Table 7, it

speed = 200 rpm and shaking time = 180 min. As a result,
there was a logical connection between the experimental
data and the statistical analysis data.

4. Conclusion

In this study, there were three important outcomes: the
optimum condition was obtained by the Taguchi method,
adsorption rate changed with changing experimental con-
ditions, and a new adsorbent was discovered for crystal vio-

Table 7
Analysis of variance (ANOVA) for SN ratio for crystal violet
removal

may be seen that the F-value for adsorbent dosage was the =~ Parameters Sum of Degrees of Mean F-value

highest at 41.82. Therefore, the adsorbent dosage was the Squares Freedom Square

most predominant effect on adsorption of CV onto almond A (Adsorbent dosage) 25.49 4 6.37 41.82

shells. In order to get the optimal adsorpti'on' performance, g (Concentration) 41 1 41 2691

larger-the-better performance characteristic in Eq. (2) was

used for the adsorption of dye and the obtained values were C (pH) 175 4 0.44 2.88

plotted in Fig. 12. The maximum points in each plot show D (Shaking speed) 0.32 4 0.081  0.53

the best value of the particular parameter. The optimum  E (Shaking time) 1.73 1 173 11.38

conditions for the adsorption on almond shells were: adspr- Residual 152 10 015

bent dosage = 0.5 g, concentration = 4 ppm, pH = 6, shaking

Table 6

Parameters, their values corresponding to their levels and SN values
Adsorbent dosage ~ Concentration  pH Shaking speed  Shaking time % Adsorption  S/N Mean
0.1 2 4 150 30 38 31.5957 38
0.1 4 5 175 60 54 34.6479 54
0.1 6 6 200 90 49 33.8039 49
0.1 8 8 225 120 40 32.0412 40
0.1 10 10 250 180 48 33.6248 48
0.2 2 5 200 120 81 38.1697 81
0.2 4 6 225 180 92 39.2758 92
0.2 6 8 250 30 64 36.1236 64
0.2 8 10 150 60 63 35.9868 63
0.2 10 4 175 90 43 32.6694 43
0.3 2 6 250 60 86 38.6900 86
0.3 4 8 150 90 79 379525 79
0.3 6 10 175 120 85 38.5884 85
0.3 8 4 200 180 75 37.5012 75
0.3 10 5 225 30 60 35.5630 60
0.4 2 8 175 180 99 399127 99
0.4 4 10 200 30 91 39.1808 91
0.4 6 4 225 60 85 38.5884 85
0.4 8 5 250 90 88 38.8897 88
0.4 10 6 150 120 79 379525 79
0.5 2 10 225 90 98 39.8245 98
0.5 4 250 120 97 39.7354 97
0.5 6 5 150 180 97 39.7354 97
0.5 8 6 175 30 88 38.8897 88
0.5 10 8 200 60 77 37.7298 77
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Main Effects Plot for SN ratios
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Fig. 12. Effects of the parameters on S/N ratio.
let. The adsorption experiment implied that almond shells ~ Acknowledgements

may be used for effective removal of CV from aqueous solu-
tions. Since almond shells are an abundant waste material
that needs no further pretreatment, the adsorbent is eco-
nomically viable for removal of CV from aqueous solutions.
The amount of dye adsorbed on almond shells was found
to increase with increasing amounts of the adsorbent, pH,
initial concentration, shaking speed and temperature, but
decrease with increasing particle sizes of the adsorbent.
The adsorption followed pseudo-second-order kinetic
equations. The experimental equilibrium data from batch
experiments fit well into the Langmuir adsorption isotherm
model. The calculated thermodynamic parameters of AH®,
AG° and AS° indicated that the adsorption on almond shells
was endothermic, spontaneous and there was increased
randomness at the solid /solution interface. Moreover, the
Taguchi method was applied to find the optimum removal
condition through 25 experiments. The influencing scope of
the controllable factors of CV removal in descending order
was A>B>E>C>D. Therefore, the adsorbent dosage was the
most influential factor and the shaking speed was the least
influencing factor.

The contribution of the paper is twofold. First, almond
shells are an economical option in removing CV from aque-
ous solutions. Second, adsorption of CV onto almond shells
changes with the amount of the adsorbent, pH of solutions,
initial concentration, shaking speed, temperature and par-
ticle size. Almond shells, which are an agricultural waste,
could be used effectively for removal of basic dyes in indus-
trial waste streams.

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.
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