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ABSTRACT

This study focused on the adsorption of malachite green (MG) using hydrochloric acid modified
sphagnum peat moss (SPM) from aqueous solution. A response surface method (RSM) based on
the Box-Behnken design (BBD) was used to determine the effects of initial dye concentration (20—
60 mg L), adsorbent dosage (0.6-1.6 g L") and pH of the solution (2.5-6.5). Characterization of the
SPM has been accomplished by SEM, BET, and FTIR analysis. Based on the obtained equilibrium
time (90 min), in each initial MG concentration, adsorption kinetics was better described by the pseu-
do-second order kinetic model and the results showed that the adsorption isotherm data were fitted
well to the Langmuir isotherm. Calculate values of the statistical parameters such as R?, Rzn . and
R?, , were 09946, 0.9850 and 09144, respectively. Applying the method of the desirability function,
optimization of SPM dosage (0.6 g L™), initial MG concentration (60 mg L™) and pH (6.43) gave a max-
imum adsoption uptake of 93.71 mg g™ with desirability of 1.000 by the modified SPM. Regeneration
ratio of SPM was also investigated for the removal of MG.
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1. Introduction

In recent years, removal of synthetic dyes from indus-
trial effluents (textile, food technology, hair colorings and
so on) has become one of the most serious environmental
problems in many countries. These colors and dyes dis-
charge large amount of pollutions into the water, whereas
most of them are mutagenic, carcinogenic and toxic com-
pounds. The presence of these materials in water and envi-
ronment could directly adverse effects on our life [1-4]. MG
is a cationic triarylmethane dye which is widely consumed
for coloring foodstuffs, industrial and analysis applications
[5,6]. Furthermore, MG is applied in various industries such
as aquaculture as agent to treat parasiticide, fungal and bac-
terial infections [3]. Despite its widely usages, many of dyes
such as MG due to mutagenic, carcinogenic and teratogenic
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properties would cause various health problems in the liv-
ing environment of humans and animals [7,8]. Therefore,
the colored industrial effluent has to be properly treated
before it is discarded into the environment.

Nowadays, in addition to techniques such as precipi-
tation [9], cloud point extraction [10,11], ion exchange [12],
ultrafiltration [13], coagulation [14] and flocculation [15],
adsorption process has been recognized as an attractive,
popular, efficient and superior separation method for the
uptake of dyes and wide range of compounds from waste-
water because of its flexibility, simplicity and effectiveness
[16-18].

In recent years, there are demands for low-cost mate-
rials for the removal of pollutants such as dyes and ions
from wastewater [19,20]. Hence, adsorbents such as clays
[21], sawdust [22], red mud [4], zeolite [23], nanoparticles
[8, 24], Hibiscus cannabinus fiber [25] and agricultural wastes
[26] have been used for dye removal from aqueous solu-
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tions. Sphagnum peat moss (SPM) is a low cost biomaterial
that showing a good ability in the treatment of wastewater
[27,28]. Peat moss mainly consists of lignin, cellulose and
humic materials [29]. SPM is widely used as an adsorbent
for removal of dyes and other contaminants from aqueous
solutions [28,30,31]. It has light brown with large specific
surface area and highly porous structure (95%) [28,32].
Peats are inexpensive and easily available natural materials
that widely available in many countries. Peats, as an adsor-
bent, have high cation exchange capacities and excellent
ion-exchange properties [33,34]. Therefore, peat was chosen
as the study material.

In statistics science, design of experiments (DOE)
is widely applied for modeling and optimizing process
parameters [35]. Conventionally, the classical method
of experimental (one factor at a time optimization
approach) involves the effect of independent variable at
a time while maintaining others different variables at a
fixed level, which is a complex method, extremely time
consuming, expensive for a large number of variables
and often leads to mistake to results when interactions
between different variables are present. For this reason
RSM commonly used for optimization of widely various
processes [36-39]. RSM is an empirical mathematical and
statistical technique used to establish significant rela-
tionships between set of controllable experimental fac-
tors with one or more dependent variables by carrying
out a limited number of experiments [37,39,40]. Among
the various methods of RSM, central composite design
(CCD) and Box-Behnken design (BBD) are commonly
used for the response optimization. These two designs
are such methods which are based on the three and five
levels incomplete factorial designs, respectively [38].
Compared to the CCD method with the same number of
factors, BBD requires fewer experiments and this tech-
nique is considered as the most suitable for evaluating
quadratic response in cases [37]. In the BBD, the number
of runs needed for the development of BBD is defined as
N =2k (k + 1) + 6., where N, k and 0, are the number of
experiments, factor number and replicate number of the
central point, respectively [36].

The aim of the present study is to investigate the influ-
ence of several parameters such as adsorbent dosage,
solution pH and the initial dye concentration on the MG
removal from aqueous solution using acid modified SPM
using BBD. The three factors BBD were selected for mod-
eling and optimizing the adsorption conditions and the
adsorption capacity was selected as the response of the
experiments. Also, the kinetics, isotherms, and contact time
studies were also performed. As we know there is not any
report on the empirical modeling of the MG removal by the
modified SPM.

2. Materials and methods
2.1. Materials
MG, analytical grade (C,,H,.CIN,, Mw = 364.92 g mol”,

color index 42000, A = 2631725nrn) was purchased from
Merck (Merck Co., Germany) and used without further
purification. Chemical structure of MG is shown in Fig. 1.

Irish sphagnum peat moss was supplied from Shamrock
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Fig. 1. Chemical structure of MG.

Company (Ireland). Two times distilled water was used for
solution preparation and the initial pH was adjusted using
0.5 N HCI (Merck) or 0.5 N NaOH (98%, Merck) solutions.

2.2. Preparation of the acid modified adsorbent

The SPM used was washed several times using distilled
water to remove the primary impurities and all the dirt
particles. The washed SPM was dried at ambient tempera-
ture for 24 h. Then, it was crushed and sieved with mesh
size #60 to achieve particle size about 300 um. Then, 20 g of
SPM was poured into a beaker containing boiling water and
stirred for 90 min. Then samples were put in boiling 1 N
HClI solution for 60 min to complete the modification of the
adsorbent. To remove additional HCI at the surface, SPMs
were washed with distilled water. At the end, the solution
was filtered with Whatman filter papers (No. 3) and SPMs
were dried at ambient temperature for 24 h. The prepared
adsorbent was kept in an isolated container.

2.3. Characterization of the adsorbent

Fourier transform infrared spectroscopy study was car-
ried out at wavelengths in the range 450-4000 cm™ (Perkin
Elmer Spectrum, RX1, Germany) to analyze the functional
groups, using potassium bromide (KBr) pressed disk tech-
nique. The adsorbent morphology was investigated by
VEGAN\TESCAN scanning electron microscope (SEM)
operating at 30 kV accelerated voltage. Besides, the spe-
cific surface area was measured by a NOVA® Station B
Surface Area Analyzer using N, sorption method and the
Brunauer-Emmett-Teller (BET) model.

2.4. Adsorption studies

This research was divided into two parts; the first study
was the evaluation of the contact time using 0.6 g L™ of
adsorbent, and 250 mL of various initial MG concentrations
(20, 40, 60 mg L) at the pH of 6.5. The second step was the
selection of a three levels, three factors BBD to investigate
the adsorption capacity. For this purpose, a stock solution
(200 mg L) was prepared by dissolving proper amount of
MG in deionized water and different concentrations of dye
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solutions were prepared by this solution. The adsorption pro-
cess was carried out in a batch system at room temperature.
In each experiment, after adjusting the solution pH (PL-250,
EZODO, Taiwan), required amount of adsorbent was added
to the 250 mL of different initial MG concentrations. Then,
the solution was agitated at 160 rpm. At the equilibrium state
the suspensions were filtered using filter paper (No. 3). The
residual concentrations of MG in the supernatants were ana-
lyzed using a double beam UV-visible spectrophotometer
(Shimadzu UV-1800, Japan) at 2= 617 nm.

The amount of dye adsorbed per unit mass of the adsor-
bent as well defined by the adsorption capacity, 4, (mg g™),
was calculated using Eq. (1):

—c-c)L
9.=(Co=Coo; @)

where C and C, are the initial and equilibrium concen-
trations of the MG (mg L) respectively, V is the volume of
the batch solution (L), and M is the amount of the adsorbent
(g) used in the experiments.

2.5. Box-Behnken experimental design

Box-Behnken experimental design was applied using
Design Expert 9.0.4.1 (Stat-Ease, Inc.) to our study with three
factors at three levels. The variables under investigation
were initial MG concentration (A), SPM dosage (B) and pH
of the solution (C) and the response data (Y) was the adsorp-
tion capacity of MG onto the SPM. The suitable contact
time was achieved 90 min in the first stage and it was kept
constant for all experiments. The factor levels were selected
based on the preliminary experiments and were coded as -1
(low), 0 (central point or middle) and 1 (high). Experimental
variables and their levels of the BBD are given in Table 1.

A total of 15 batch runs have been performed in this
work to optimize three main independent parameters on
the adsorption capacity (Table 2). For analyzing of the
results, a non-linear and second-order regression model
was used to describe the effects of the selected factors and
factor interaction. Considering all the linear, square and
linear by linear interaction items, the quadratic response
model can be described as follows (Eq. 2):

k k k
Y=B+Y Bx+ Y Bxi+ Y, Bxx +€ ?)
i=1 i=1

1sisj

where Y is the predicted response (adsorption capacity); x,
and X, are coded variables and B, 8, B]. and Bl./. are the offset

Table 1
Experimental range and levels of independent process
variables

Range and levels

Variable Notation Low  Middle High
H  © 1)

Initial MG A 20 40 60

concentration (mg L™)

SPM dosage (g L) B 0.6 11 16

pH C 2.5 4.5 6.5

term, linear effect of the input factors, quadratic effect of
input factor and linear interaction effect between the input
factors, respectively [35,41].

2.6. Error analysis

The non-linear regression has been an important tool
to determine the best model compared to the experimental
data. Due to the inherent bias resulting from linearization,
three non-linear error functions were applied. The error
equations employed were as follows [36]:

Nonlinear chi-square test (y?):

n

Va :z M ®

i=1 qe,cuk

Jdi

The average relative error (ARE):

(qe,exp - qe,cak )

qE,exp

ARE=Y

i=1

(4)

A derivative of Marquardt’s percent standard deviation
(MPSD):

i=1 qe,cxp

2
MPSD _ z [qe,exp - qz,cdc J (5)
In the above equations, the subscripts “exp” and “calc”
indicate the experimental and calculated values of adsorp-
tion capacities, respectively.

3. Results and discussion
3.1. SPM Characterization

FTIR spectroscopy analysis was performed to evaluate
the present functional groups on the SPM surface. Related
spectrum is illustrated in Fig. 2. The broad absorption bands
observed at 1626 and 1052 cm™, can be related to the charac-
teristic peaks of lignite aromatic C=C and polysaccharides
C-O absorption bands, respectively. The peaks observed
at 3430, 2924 and 1708 cm™ may be assigned to bending of
hydroxyl (-OH), C-H and C=0 groups, respectively [42,43].
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Fig. 2. FTIR spectrum of the SPM.
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E?(l;)lsrimental and predicted values of Y for MG adsorption onto the modified SPM
Run Coded values Levels Adsorption capacity
order A B C Initial MG SPM dosage H Experimental  Predicted value
concentration (mg L") (gL™) value (mgg™) (mgg?)

1 +1 +1 0 60 1.60 4.5 37.3875 35.779
2 -1 0 -1 20 110 2.5 179306 15.419

3 0 0 40 1.10 4.5 36.1299 36.17

4 0 0 0 40 1.10 4.5 36.165 36.17

5 +1 0 +1 60 1.10 6.5 54.1657 56.679

6 -1 -1 40 0.60 2.5 57.8835 58.8

7 +1 -1 40 1.60 2.5 24.6706 24.88

8 +1 -1 0 60 0.60 4.5 93.102 90.779
9 0 +1 +1 40 1.60 6.5 24.9719 24.06

10 -1 -1 0 20 0.60 4.5 32.9692 34.579
11 0 0 0 40 1.10 45 36.2293 36.17

12 -1 +1 0 20 1.60 4.5 12.4679 14.779
13 -1 0 +1 20 1.10 6.5 17.8955 16.499
14 +1 0 -1 60 110 2.5 51.0458 52.439
15 0 -1 +1 40 0.60 6.5 65.1457 64.94
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Fig. 3. Scanning electron microscopy (SEM) images of acid treated SPM before adsorption (a) and used biosorbent after MG

adsorption (b).

Fig. 3 shows the SEM micrographs of the SPM samples
before and after MG adsorption. As it can be seen, SPM has a
highly porous, cellular and irregular texture. After adsorption
of MG, large area and porous texture of the modified SPM cov-
ered with dye molecules which can be seen in Fig. 3b. As well,
the surface area of the SPM was estimated by N, sorption iso-
therm using the commonly utilized the Brunauer-Emmett—
Teller (BET) model. Accordingly, the specific surface area of

the used SPM samples was 150 m? g™'. These results indicate
that modified SPM is suitable for adsorption because it has
large surface area and porous texture.

3.2. Effect of contact time

Contact time is one of the most important parameters in
the absorption process. Fig. 4 illustrates the effect of contact
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Fig. 4. Effect of contact time on the adsorption capacity of SPM
[feed pH of 6.5, SPM dosage 0.6 g L™, temperature of 20°C and
160 rpm agitation speed].

time on the MG removal at initial MG concentrations of 20,
40 and 60 mg L™. As it is shown in Fig. 4, the adsorption rate
of MG on the SPM would rise sharply for the first 10 min,
and after that would become slow up to the 45 min mark.
After the 90 min, there was little change in the absorption
rate and it reflects that process would reach to the equilib-
rium state. As a result, to ensure complete equilibrium state,
all of the experiments were performed for 90 min. Most of
the absorption process consists of two stages; rapid adsorp-
tion rate at the initial times and slow absorption rate at the
end of the experiment. Rapid adsorption rate at the initial
contact time may be referred to the large number readily
accessible sites and may be concerned as high affinity of
the MG molecules and the SPM surface. As well, the slow
absorption rate at the end of the experiment can be due to
the saturation of the available adsorbing sites and decreased
number of vacant sites of adsorbent [4,15].

3.3. Adsorption kinetics

In order to describe the adsorption kinetics or mech-
anism for the adsorption of MG dye onto the acid modi-
fied SPM, the pseudo-first-order, pseudo-second-order
and intra-particle diffusion models were applied to test the
experimental data which are shown in linear form by Eqns.
(6)—(8), respectively. [4,44].

k
log(q. —q,)=logg, ——-1 6
0g(q, —q,) =logq, 7303 (6)
t_ 12+i 7)
9 kg, q,
1
q, =kgt*+C (8)

where ¢, (mg g™') and g, (mg g™) are adsorption capacities
at time t (min) and the equilibrium condition, respectively;

and k, (min™) and k, (g mg™ min™) are the Lagergren rate
constant of pseudo-first order and the rate constant of
pseudo-second-order model, respectively. C is the con-
stant parameter related to the thickness of the boundary
layer (mg g™') and k,, is intra-particle diffusion rate constant
(mg g' min'/?).

For the pseudo-first-order model as it can be observed
in Fig. 5a, The pseudo-first-order rate constant (k,) and the
theoretical equilibrium adsorption capacities (qelml) deter-
mined from the intercept and the slop of the linear plot
of log(q,—q,) vs. t. The plot of t/q, vs. t for the linear pseu-
do-second-order model has been plotted (Fig. 5b) and the
pseudo-second-order rate constant (k,) and theoretical equi-
librium adsorption capacities (g,_) were determined from
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Fig. 5. Adsorption kinetics of MG adsorbed by SPM: (a) pseu-
do-first-order model, (b) pseudo-second-order model, (c) intra-par-
ticle diffusion model.
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the intercept and the slope of this linear plot. Finally, C and
k., were determined from the intercept and the slope of the
plot of g, versus t (Fig. 5c).

The adsorption kinetics data were evaluated by the
aforementioned kinetics models, and calculated parame-
ters are given in Table 3. As a result, the value of correlation
coefficient (R?) obtained from pseudo-second-order kinet-
ics, 0.9995, 0.9999 and 0.9995 for 20, 40, 60 mg L™ initial
MG concentrations, respectively, were higher than those
obtained for pseudo-first-order kinetics and intra-particle
diffusion model. So the pseudo-second-order model could
reasonably describe the MG adsorption on the SPM. In
addition, for each initial MG concentration the examined
adsorption capacity, g, , , were closer to these which were
estimated (calculated) by the pseudo-second order kinetic
model (g, ). Similar results have been reported for the
adsorption of MG onto Walnut shell [25], activated sinter-
ing process red mud [4] and Durian seed-based activated
carbon [45].

3.4. Adsorption equilibrium

In order to describe the adsorption equilibrium for the
adsorption the Langmuir, Temkin and Freundlich isotherm
models were applied to test the experimental data which
are shown in non-linear form by the following equations,
respectively [46].

_ 9.KC
214 K,C, 9)

6 = (ZzTJln(KTCe) (10)

T

Table 3
Adsorption kinetic parameters for adsorption of MG onto the
SPM

MG concentration (mg L™)

20 40 60
Pseudo-first-order
Goery (MG &) 33.23 65.55 89.04
q,., (mg g™ 3.34 344 497
k, (min™) 0.1683 0.0751 0.1329
R? 0.9656 0.9694 09711
Pseudo-second-order
Gy (Mg &) 33.23 65.55 89.04
q,.,(mgg?) 33.33 66.66 9091
k, (g mg™ min™) 0.1084 0.0114 0.0083
R? 0.9995 0.9999 0.9998
Intra-particle model
oy (MG &™) 33.23 65.55 89.04
k., (mg g™ min=/?) 0.4166 2.1687 3.1542
C(mgg™) 30.26 49.06 65.50
R? 0.5515 0.7108 0.6822

9. =K C" (11)
where ¢, is the equilibrium amount of adsorbate (mg g™),
g,, is maximum adsorption capacity, (mg g™') and C, K, are
equilibrium concentration of adsorbate (mg L) and Lang-
muir constant (L mg™) related to the affinity of binding sites
and the free energy of sorption, respectively. T, R, b, and
K, in Temkin isotherm model are the absolute tempera-
ture (K), gas universal constant (8.314 ] mol™ K), the Tem-
kin constant related to the enthalpy of adsorption (] mol™)
and equilibrium binding constant (L g™), respectively. K,
(((mg g™)/(mg L1)!/) and n in Freundlich isotherm are the
Freundlich constants. K, and 7 values indicated the sorption
capacity and the sorption intensity of the system, respec-
tively. For favorable adsorption, the value of the Freundlich
constant should be in the range of 1-10. The Langmuir iso-
therm model is based on the assumption of homogeneous
surface of the sorbent, while it is mainly applied to describe
the monolayer adsorption process. The Temkin isotherm is
also available for the effects of some indirect adsorbate-ad-
sorbate interaction on a surface and the Freundlich isotherm
model expressed for adsorption heterogeneous surface and
interactions between adsorbed molecules [46].

The adsorption capacity of the SPM with different dye
concentrations at equilibrium condition are shown in Fig. 6.
According to Fig. 6, the adsorption capacity increased with
the increasing initial dye concentration due to that a higher
initial concentration could increase the overcoming the
resistances to the mass transfer of dye between the solution
and solid phases, which the probability of collision enhance
between the dye molecules and the adsorbents [46]. It is
obvious from Fig. 6 that for SMP Langmuir isotherm fits the
adsorption data better than the Freundlich and Temkin iso-
therms. To better express, the adsorption parameters were
evaluated using non-linear forms of the Langmuir, Freun-
dlich and Tempkin isotherm models, the calculated val-
ues of these isotherms parameters, and values of different
related error analyses are given in Table 4. The goodness of
fit criteria for the models may be checked and represented
by comparison of the calculated non-linear correlation coef-
ficients (R?). The high value of the non-linear regression
coefficient for the Langmuir isotherm shows that this model
give good fit to the adsorption isotherm. In addition, it can
be seen from Table 4 that the values of error analyses for the
Langmuir are lower than that of the other isotherms, which

120
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YL ===
T eweeent SISl
2 et -—
g 60 S St e
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40 'I’ ------ Langmuir model fitted curve
& = = Frendlich model fitted curve
20 l === Temkin model fitted curve
V4
0¢
0 0.5 1 1.5 2

MG equiblirium concentration [mg/L]

Fig. 6. Adsorption isotherms and fitted curves (non-linear cor-
relation) of MG adsorption onto the SPM.
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Table 4.
Adsorption isotherm constants and values of different error
analyses for isotherm models (non-linear methods)

verifies the applicability of the Langmuir and for adsorp-
tion of MG onto the SPM. Therefore, the adsorption of MG
onto the SPM is considered as monolayer adsorption on a
homogeneous surface without interaction between the dye

Langmuir
& molecules [47,48].
g, (mgg™) 120.16
K, (L mg?) 1.8342 . . . .
3.5. Adsorption studies using Box-Behnken design
R? 0.9982
) 01804 The BBD optimization process involves main steps:
x ’ (i) conducting designed experiments; (ii) proposing the
& ) p proposing
ARE 0.1519 statistical model using regression analysis technique; (iii)
MPSD 0.0092 Usin.g diagnostic plots to .Checking the ad.equacy pf the
- obtained model and experimental results; (iv) predict the
Freundlich experiment response at a certain factor and level combina-
K, (mg g™")(L mg™)" 70.9287 tion and[gc;rfoe]quently checking model using a confirma-
tion test .
1 511 i . . . .

/n 05116 To estimate the regression coefficient, a multiple
R? 0.9668 regression analysis was performed on the experimental
e 45790 data. Linear, interactive, quadratic and cubic models were
ARE " fitted to the experimental data to obtain the regression

0.8943 equations. To decide about the adequacy of models among
MPSD 0.2134 the various models to represent, two different common
Temkin tests namely s'eq‘uential modgl sum of squares and quel
; summary statistics were carried out [37,41,49]. According
b, (J mol™) 104.4077 to Table 5, Cubic model was found to be aliased. Sequen-
K, (Lg" 20.8713 tial model sum of squares indicate that the p-value was
R? 09913 lower than 0.01 for quadratic model only. Model sum-
’ mary statistics showed that the excluding cubic model
e 4.3225 which was aliased, quadratic model was found to have
ARE 0.8914 maximum “Adjusted R-Squared” anfi the “Predicted
R-Squared” values. Therefore, quadratic model was cho-
MPSD 0.2621 sen for further analysis.
Therefore, after performing experiments according to
BBD (Table 2), second-order polynomial (as the model of
the experimental design) function of the adsorption capac-
ity with factors interaction terms was obtained (Eq. (12)):
Table 5
Adequacy of the model tested
Source Sum of squares df Mean square F value p-value Remark
Sequential model sum of squares
Mean 23853.02 1 23853.02
Linear 5793.16 3 1931.05 35.65 <0.0001
2FI 324.59 3 108.20 3.19 0.0842
Quadratic 3 79.04 11.56 11.56 0.0110 Suggested
Cubic 34.19 3 11.40 4491.58 0.0002 Aliased
Residual 5.075E-003 2 2.537E-003
Total 30242.10 15 2016.14
Source Std. Dev. R-Squared  Adjusted R-Squared = Predicted R-Squared =~ PRESS
Model Summary Statistics
Linear 7.36 0.9067 0.8813 0.8067 1235.32
2F1 5.82 0.9575 0.9257 0.8007 1273.05
Quadratic 2.62 0.9946 0.9850 09144 547.05 Suggested
Cubic 0.050 1.0000 1.0000 + Aliased
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Y =36.17+19.30A-18.70B+1.33C

predicted
-8.80AB+0.79AC —1.74BC (12)
—0.051A% +7.86B* - 0.86C*
whereY . - ispredicted adsorption capacity (mg g™'), and

A,B and C are the coded variables corresponding to the ini-
tial MG concentration, SPM dosage and pH of the solution,
respectively.

Analysis of variance (ANOVA) is a common statistical
method that assays the significance and the adequacy of the
total variation in a set of data into component parts associ-
ated with specific sources of variation for the target of trial
hypotheses on the factors of the model [36]. Also, this tech-
nique was used to test the statistical significance of the pro-
posed quadratic model. To measure how well the suggested
model fits the experimental data, the statistical parameters of
F-value, R?, p-value, and lack of fit were evaluated [50]. The
ANOVA result is reported in Table 6. From data of Table 6, it
can be fined that the model was highly significant at 95% of
confidence level for uptake of MG dye using modified SPM
due to its p-value is lower than 0.0001. Thus, the model can
be used to predict the adsorption capacity with Eq. (12). As
a general rule, values of p-value less than 0.0500 indicate the
significant of the source of variation. The F-value of “the lack
of fit” term is 0.5461 and it implies that the lack of fit is not
significant [51].

The quality of the regression equation was further
expressed by the correlation coefficients. R?, R? e
are experimental, adjusted and model predlcted values,
respectively. Fig. 7 shows the relationship between exper-
imental and predicted values from the model calculated by
Eq. (12). R?, ;s a modified R? that has been adjusted for the
number of terms in the model and the proximity of these
values indicates that unnecessary variables have not been
included [40]. The calculations showed that R? R? = and
R? , values were 0.9946, 0.9850 and 0.9144, respectlvely

The obtained little difference between the values of R’ i

Predicted vs. Experimental

100 —

80 —

60 —

40 -

Predicted response (mg/g)

I T T T T T
0 20 40 60 80 100

Experimental response (mg/g)

Fig. 7. The actual and predicted response plot of MG adsorption
capacity onto the modified SPM.

and R’ . (0.0706) indicates that there is a good correlation
between the model and the experimental data. As a general
rule, the difference higher than 0.2 in the values of R’ , and
R? , indicates the disagreement between the experimental
data and the fitted model [36].

Based on the ANOVA (Table 6), the P-values were uti-
lized as a tool to introduce the significant or non-significant
variables. Each variation source with p-value less than 0.05
would be a significant one. Accordingly, the effects of A, B,
AB and B? are significant, while non-significant variables
can be C, AC, A%, BC and C2 It implies that the initial MG

concentration, SPM dosage, and initial MG concentration

E{aezlreegsion analysis for quadratic response surface model fitting (ANOVA)

Source Sum of squares  df Mean square F Value p-value Remark
Model 6354.88 9 706.10 103.25 < 0.0001 Significant
A-Initial MG Concentration ~ 2981.38 1 2981.38 435.94 < 0.0001

B-SPM dosage 2797.61 1 2797.61 409.07 < 0.0001

C-pH 1417 1 1417 2.07 0.2095

AB 309.99 1 309.99 45.33 0.0011

AC 2.49 1 2.49 0.36 0.5727

BC 12.11 1 12.11 1.77 0.2407

A? 9.529*107° 1 9.529*10°° 1.393*10- 09717

B? 22798 1 22798 33.33 0.0022

c 2.76 1 2.76 0.40 0.5532

Residual 34.20 5 6.84

Lack of Fit 34.19 3 11.40 1.33 0.5461 non-significant
Pure Error 5.075*107 2 2.537%107°

Cor Total 6389.07 14
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and SPM dosage interaction have a significant effects on
the adsorption capacity. As it can be find from Table 6, the
effects of initial concentration and SPM dosage were highly
significant (p < 0.001).

After determining the significant factors, statistically
insignificant terms (p > 0.05) were deleted from the qua-
dratic equation to obtain a modified response surface model

(Eq. (13)):

Y =36.17 +19.30A - 18.70B —8.80AB + 7.86B"

predicted (13)
Fig. 8a—d show diagnostic plots of this optimization
study. Data were also investigated to check the normality
of the residuals. The normal probability chart is shown in
Fig. 8a for adsorption capacity of MG. According to Fig. 8,
almost all points are laid on the diagonal line and closely
follow the theoretical distribution. So, the normality was
satisfied. Furthermore, the normal distribution (histogram)
curve shows no derivation from the normality (Fig. 8b).
Fig. 8c and 8d show the standardized residuals vs.
predicted adsorption capacity of SPM. In both graphs, the
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standardized residuals should oscillate in a random pat-
tern around the center line and should be placed within the
interval of +3.50. The figures show that there is no potential
outlier among the experiment outputs [40].

3.6. Interaction effect of adsorption process variables

Fig. 9 shows response surface curves and contour plots
for the amount of the adsorption capacity in correspond-
ing interaction effects. The graphical representations were
drawn according to the regression analysis and were used
to demonstrate the relationship between the adsorption
capacity and factors. These plots are useful for investigat-
ing the main and interaction effects of the variables [35,51].

Fig. 9a shows the combined effect of the initial MG
concentration and SPM dosage on the adsorption capacity.
When the SPM dosage is constant and pH value is less than
4.5, the adsorption capacity increases significantly with an
increase of initial MG concentration. Mass transfer driving
force would increase logically with an increase of the initial
dye concentration. However, increasing initial concentra-

Histogram
4.5
3.6
2.4
1.2
0.0 | ] ' ] ; ] :
3 2 -1 0 1 2 3
Residual
Residuals vs. Run
3 _|
2 —
1 —
0 = Il IF

11 13 15

Run Number

Fig. 8. Standardized residual plots versus (a) normal probability, (b) predicted response , (c) histogram and (d) run number for

uptake of MG.
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Fig. 9. Response surface plots and contour-line plots of predicted adsorption capacity.

tion enhances the probability of the collision between the
MG molecules and the SPM adsorbing sites [47,52]. Simi-
larly, when the initial MG concentration is constant, the
adsorption capacity would increase gradually decreasing
the SPM dosage. The resulted adsorption capacity decre-
ment can be mainly due the unsaturated sites during the
adsorption and therefore, excess amounts of adsorbent
would be required for the uptake of dye molecules [47,53].
It could be indicated that the effects of the SPM dosage and
the initial MG concentration increasing were negative and
positive, respectively, when changing from lower to the
higher levels.

From Fig. 9b, ¢, it can be clearly seen that the pH of the
solution had not a significant effect when compared with the
initial dye concentration and SPM dosage. Low values of the
coefficients in the Eq. (12) such as C, AC, BC and C*> may be
presented as another evidence. The adsorption capacity of
the sorbent did not change when the initial MG concentra-
tion was constant and the SPM dosage was 1.1 g L. Simi-
larly, when the initial MG concentration is 40 mg L™ and the
SPM dosage is constant, the adsorption capacity of MG does
not change. Respectively, Fig. 9b, ¢ show a significant change
of initial MG concentration and SPM dosage when pH of the
solution is constant, which these results explained in Fig. 9a.
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Fig. 10. Desirability ramp for numerical optimization of four goals, namely the initial MG concentration, SPM dosage, pH of solution

and adsorption capacity.

3.7. Optimization using the desirability function

Model validation or the experimental confirmation is
the final step in the optimization process using response
surface model. In the present study for maximum desir-
ability, a minimum level of SPM dosage, maximum level of
initial MG concentration, initial solution pH within range
of 2.5-6.5 and maximum level of adsorption capacity were
set. According the Design Expert software’s numerical opti-
mization, desirability is an objective function, which it can
normally range from zero to one for any given response. A
desirability value of one represents the ideal case. In con-
trast, a desirability value of zero represents that responses
fall outside the desirable limits [50]. Therefore, the predicted
optimal conditions for adsorption capacity of MG onto the
modified SPM are initial MG concentration of 60 mg L™,
SPM dosage of 0.6 g L' and pH of solution of 6.43. Under
such condition, the adsorption capacity of SPM with desir-
ability of 1.000 is 93.71 mg g™ (Fig. 10).

Finally, to test the validation and accuracy of the pre-
dicted adsorption capacity, three additional runs were con-
ducted within the optimized conditions. The actual average
adsorption capacity was 94.66 mg g. The results indicated
that the experimental value closely agreed with the pre-
dicted value and the error of the predicted and experimen-
tal values was ~1%.

3.8. Regeneration studies

Desorption studies help to elucidate the ability of
regeneration and recovery of the adsorbent and adsor-
bate, respectively. In principle, regeneration ability of the
adsorbent after contaminant removal due to economic and
resource conservation reasons is an important factor for
developing the process. The economic feasibility of using
SPM to remove MG from aqueous solution relies on its
regeneration ability during multiple adsorption/desorp-
tion cycles. To evaluate the possibility of the regeneration
and reusability of SPM desorption experiments were per-

_ 74.12
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-]
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=
=2 ¢
F 41,36
L 3593
g
3
2 3 4 5
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Fig. 11. Regeneration ratio of SPM for MG removal.

formed. The regeneration ratio is defined as the percentage
of re-adsorbed to the initial adsorbed MG. In every cycle,
for removal of the adsorbed dye ions from the SMP surface,
the adsorbent was constantly stirred at methanol solution
(IM) as the desorption medium at 160 rpm for 90 min.
As observed in Fig 11, the regeneration ratio of SMP was
reduced to 35.93% after five cycles, and it may be attributed
to the fact that not all the previously adsorbed MG mole-
cules have been desorbed during the regeneration step.

4. Conclusions

In the present study, the adsorption capacity of MG onto
the acid modified SPM was investigated. For this purpose,
Box-Behnken design was used to obtain the optimum level
of initial dye concentration, adsorbent dosage, and pH of
solution in adsorption process. Second-order regression
model was used to describe the effects of factors on the
MG uptake. ANOVA results of the regression equation (p
< 0.0001) indicated that the model was highly significant
at 95% of the probability level (R?, = 0.9850 ). The results
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showed that the effects of the SPM dosage and initial MG
concentration were highly significant. At optimum con-
ditions (SPM dosage 0.6 g L7, initial MG concentration
60 mg L and pH 6.43), the predicted adsorption capacity
was 93.71 mg g™ and the error of the predicted and exper-
imental values was ~1%.These results indicate that SPM
would be used as an alternative and low-cost adsorbent
for the removal of MG dye from wastewater. The results of
the statistical analysis showed that adsorption of MG onto
the modified SPM is well modeled and sorption results are
repeatable.
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