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ABSTRACT

In this work, nanosilica was extracted from stem sweep and used as a new adsorbent for the simulta-
neous removal of the crystal violet (CV) and methylene blue (MB) dyes in a batch mode. The influence
of the experimental variables including the solution pH, adsorbent dosage, initial dye concentration,
and contact time on the adsorption process was studied. Analysis of the equilibrium data revealed
that adsorption of the understudied dyes in single and binary systems can be fitted to the Langmuir
and the extended-Langmuir isotherms, respectively. Kinetic investigations carried out on the CV
and MB removal suggested that the adsorption processes followed a pseudo-second order kinetics
rate. For the first time, a modeling of the simultaneous removal of CV and MB on the prepared
adsorbent was presented using the random forest (RF) and multiple linear regression (MLR) meth-
ods. The random forest (RF) model, recognized as a reliable and powerful computational technique,
was used to predict the removal percentage of the cited dyes in a binary mixture as a function of
the experimental parameters. The mean square errors (MSEs) and squared correlation coefficients
(R?s) for CV were 3.29 and 0.9754, respectively, and those for MB were 2.41 and 0.9781, respectively.
These results confirm the ability and accuracy of the proposed RF model (with respect to the multiple
linear regression method) for estimating the behavior of the adsorption processes under different
experimental conditions. For the first time, a dish-washing liquid was used, as a cheap and available

solvent, for the regeneration of the proposed adsorbent.
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1. Introduction

Synthetic dyes are an important class of organic com-
pounds widely used in different industries in order to dye
the materials such as textile, leather, paper, pulp, and plas-
tic [1]. Approximately, 7 x 10° to 1 x 10° tons of dyes are
produced annually [1,2]. Relatively large amounts (10-20%)
of these products are lost due to incomplete exhaustion,
which produce a large amount of dye-containing waste-
water [3]. Among these synthetic dyes, crystal violet (CV)
and methylene blue (MB) are two kinds of cationic dyes that
are widely used in different fields. CV, as a dye belonging
to the triarylmethane class, is used in manufacturing paint
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and printing ink, paper, leather, silk, and wood industries,
and as a biological stain and a dermatological agent in med-
ical community [3,4]. On the other hand, MB is a thiazine
dye, which is used as a redox indicator in chemistry labo-
ratories, and as the dyestuff used for dying cotton, wood,
paper, and silk [5]. In spite of their wide applications, these
colored compounds have several drawbacks. They can
reduce the sunlight transmission into water, and can thus
affect photosynthesis [6]. Moreover, they can cause harmful
effects such as gene mutations, allergic dermatitis, and can-
cer [4,7]. Therefore, removing these dyes from the effluents
containing these compounds before delivering them into
the natural environment is essential [8]. Different methods
such as coagulation, flocculation, electrolysis, ozonation,
and adsorption have been utilized for the treatment of
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dyestuff wastewater [6,7,9]. Of these, the adsorption-based
separation procedure using eco-friendly materials has been
considered to be superior to the other techniques due to its
design, simplicity, and availability of different adsorbents
[6,10]. The most commonly used adsorbent for the removal
of these dyes from wastewater is the activated carbon [5].
However, a major challenge for the adsorption process is
the high production cost of the activated carbon [4,11,12].
Recently, efforts have been made to use the available and
cut-price materials such as waste materials from industry
and agriculture for the removal of dyes [5,13-15]. Agricul-
tural wastes have proved to be of greatest importance due
to their availability. For this reason, in this work, we used
nanosilica, extracted from stem sweep, as a low-cost adsor-
bent for removal of the dyes. Stem sweep is one of the abun-
dantly available agricultural waste materials containing a
high amount of nanosilica that can be used as a nanosilica
source. In comparison with other agricultural wastes such
as rice husk that is more commonly used, stem sweep has
a little economic value and is inappropriate to be utilized
as animal and poultry feeds due to its hardness. Therefore,
it is desirable to use it as a low-cost source for the prepara-
tion of an adsorbent that can be used for removal of dyes.
Although commercial silica is used for the removal of MB
from a single system [16], in real wastewater systems, there
is a mixture of dyes affecting the dye-adsorption behavior.
The aim of this work was to investigate the performance of
nanosilica, extracted from stem sweep, for the simultane-
ous removal of the CV and MB dyes from single and binary
systems. To the best of our knowledge, there is no report
on the application of nanosilica, extracted from stem sweep,
for the competitive removal of the dyes or metals present in
single and binary systems.

It should be noted that modeling an adsorption process
permits to evaluate the influence of each factor involved
and simulate the removal efficiency with fewer experiments
[17]. Modeling is a simplification of reality, being very
appropriate for investigating the behavior of each process
[18]. Recently, reliable and powerful computational meth-
ods such as artificial neural networks (ANNs) and random
forest (RF) have been used to model an adsorption process
[17,18].

The objectives of the present work were as follow. (a)
Extraction of nanosilica from stem sweep and its charac-
terization using FT-IR spectroscopy and scanning electron
microscopy (SEM). (b) Assessment of the adsorptive poten-
tial of nanosilica for the elimination of dyes from aquatic
environments. (c) Estimating the removal percentage of the
mentioned dyes as a function of the experimental param-
eters using the computational techniques such as RF and
MLR. (d) Examination of the isotherms and kinetics of the
adsorption process. (e) Evaluation of the recovery of the
proposed adsorbent.

2. Experimental
2.1. Materials, instruments, and software

Stem sweep (Fig. 1A) was collected from a local field
in Shahrood, Iran. Hydrochloric acid and sodium hydrox-
ide, with the highest purity available, were supplied from
Merck. The CV and MB dyes were obtained from Merck
and used without further purification. The stock solution
of each dye (0.500 g L) was prepared, and the working
solutions were prepared by successive dilutions to the

Fig. 1. Images for (A): stem sweep, (B): nanosilica extracted from stem sweep, and SEM micrograph of it, (C): CV adsorbed on nano-
silica, (D): MB adsorbed on nanosilica, (E): CV and MB adsorbed on nanosilica, and SEM micrograph of it.
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desired concentrations using distilled water to diminish
the probable interferences. The solution pH values were
measured using a Metrohm 744 pH-meter. The absorbance
spectra for CV and MB were taken using a double-beam
spectrophotometer (Rayleigh UV-2601) with a fixed slit
width of 2 nm using a pair of quartz cells. The nanosilica
functional groups were determined using an FT-IR spec-
trophotometer (WQF-520) in the scanning range of 4000-
400 cm™. The X-ray diffraction pattern for nanosilica was
recorded on an advance Bruker D8 X-ray diffractometer
using Cu Ko radiation (28.5 mA, 35 KV) at A = 1.5418 A.
A gas sorption system (Belsorp-Max, BEL, Japan Inc.) was
used to determine the surface area and porosity property
of the adsorbent. Also smoothing of the spectra was made
using a Savitzky-Golly filter in the MATLAB software
[19,20].

2.2. Dye adsorption studies

The dye adsorption experiments were carried out by
addition of 50 mL of the dye solution with a definite initial
concentration in the single and binary systems to a beaker
containing a fixed amount of nanosilica at a given pH value.
The solution was agitated under a constant stirring rate (400
rpm) at room temperature (30 + 2°C). Then at the given time
intervals 2, 6, 10, 15, 20, 30, 40, 50, 60, 70, and 80 min, 2 mL
of the sample was withdrawn and centrifuged at 3400 rpm
for 2 min to separate the solid and liquid phases. Subse-
quently, the residual dye concentration in the liquid phase
was determined spectrophotometrically. The MB concentra-
tions in the single and binary solution systems were deter-
mined using the calibration curve obtained by measuring
the absorbance at the maximum wavelength (664 nm). For
determination of the CV concentration in the binary solu-
tion, the first-order derivative of the spectral absorbance
at the optimum wavelength (506 nm) was used. When the
reaction reached the equilibrium, the individual removal
percentage (R, %), and the adsorbed amount of each dye
per unit weight of the adsorbent (g,,) were calculated using
Egs. (1) and (2), respectively [1].

R =MX100 (1)
0,i
q.; =M )
' w

where C, is the initial dye concentration (mg L), C, is the
residual dye concentration at equilibrium (mg L™), V' is the
solution volume (L), and W is the solid adsorbent mass (g).

2.3. Preparation of adsorbent

Nanosilica was extracted from stem sweep using the
method reported by Kavian et al. [21]. In brief, stem sweep
was firstly burned in air, and the black ash thus obtained
was calcinated at 700°C to acquire a white ash, which was
subsequently converted to sodium nanosilicate by reflux-
ing it in NaOH solution (1 M) with vigorous stirring for
3 h. The resulting mixture was then filtered and neutral-
ized with HCl solution (1 M) to obtain the gel form of

silicic acid. After the polycondensation of this gel, it was
filtered and washed with distilled water for several times,
and then dried at 70°C overnight. Finally, it was ground
using mortar and pestle to obtain a nanosilica powder
(Fig. 1B). As a preliminary test, the capability of the pre-
pared adsorbent for adsorption of CV and MB from their
single and binary solution systems was approved by the
change in the color of nanosilica after contacting with the
studied dyes (Fig. 1.).

3. Results and discussion
3.1. Characterization

The powder XRD pattern for nanosilica is shown in
Fig. 2. Awell-resolved XRD pattern could be observed at 26
of about 22°, which matched well with the reported pattern
for nanosilica [21]. Also the N, adsorption-desorption iso-
therm for nanosilica is shown in Fig. 3. The sample exhibits
a type IV isotherm with a characteristic H -hysteresis loop.
According to the BJH method, the average pore diameter
of nanosilica is 18.9 nm, indicating that it is a mesoporous
material. The surface area of nanosilica, calculated using
the Brunauer-Emmett-Teller (BET) equation, is 152 m? g!
(Table 1).

In order to specify the functional groups responsible
for the dye adsorption, the FI-IR spectra for the selected
adsorbent were analyzed (Fig. 4). Before adsorption, the
broad band at around 3462 cm™ was assigned to the O-H
stretching vibration of silanol or the water molecules
trapped in nanosilica [22-25]. The very weak spectral band
at 1650 cm™ corresponds to the bending vibration of H-OH
for the trapped water molecules in nanosilica matrix that
could not be removed completely by heating [24]. The
strong band at 1097 cm™ and the relatively weaker bands
at 800 cm™ and 475 cm™' refer to the asymmetric, stretching,
and bending vibrations of Si-O-Si, respectively [22,24,25].
This spectrum was very similar to the FI-IR spectrum
reported by the other researchers [24,25]. After loading the
dyes on to the adsorbent, the O-H stretching and Si-O-Si
asymmetric vibrations shifted to negative values along
with reductions in the corresponding peak energies. These
shifts and reductions in the band energies show that there
is an interaction between the dye molecules and these
functional groups [26-28].
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Fig. 2. XRD pattern for nanosilica.
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Fig. 3. N, adsorption—-desorption isotherm (A) and corresponding BJH pore size distribution (B) of nanosilica.

Tablel
Physico-chemical parameters of synthesized nanosilica
BET surface area (m*g™) 152
Total pore volume (cm®g™) 0.7193
Mean pore diameter (nm) 189
Micropore volume (cm®g™) 34.88
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Fig. 4. FT-IR spectra for (A): pure and (B): dye-loaded adsorbent.

Also as it can be seen in the SEM image (Fig. 5B), after
adsorption of the dyes, the surface of the dye-loaded nano-
silica was smoother and homogenous than that for the
unloaded nanosilica (Fig. 5A), which confirms the presence
of the dye molecules on the adsorbent surface [29,30].
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Fig. 5. SEM images for (A): pure nanosilica (B): dye-loaded
nanosilica.

3.2. Simultaneous analysis of CV and MB in their binary
mixture

The spectra recorded for the binary mixture of CV and
MB with concentrations of 6 mg L (Fig. 6) showed that
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Fig. 6. Zero-order absorption spectra for CV and MB in single
and binary systems.

although in the maximum absorbance of MB there was
no UV-visible spectral interference, the absorbance spec-
trum for CV overlapped with that for MB. This spectral
overlapping led to a failure in the accurate determination
of the CV dye in the binary mixture using the zero-order
spectra. In order to overcome this problem, the derivative
spectrophotometric method was used. According to the
first-order derivative spectra for CV and MB in the single
and binary systems (Fig. 7), CV could be determined at 506
nm (where absorbance of MB was zero). The calibration
equation for CV was computed using its first-order sig-
nal at 506 nm vs. its different concentrations (Fig. 8). This
equation was then used to determine the CV concentration
in the binary solution.

In order to check the accuracy of the applied method to
determine the content of the target compound content in the
binary solution, different statistical parameters including
the percent recovery and relative error (E, %) between the
theoretical (C,) and measured concentration (C, ) were com-
puted using Eqns. (3) and (4), respectively, and the results
obtained were tabulated in Table 2. The values obtained
for these parameters showed that the proposed method
could be successfully applied for the determination of the
CV and MB contents in the mixture systems. Therefore, for
the subsequent experiments, the absorbance spectra for the
zero-order and first-order derivatives were used for deter-
mination of the MB and CV concentrations in the binary
mixture, respectively.

Recovery = Su %100 (3)

t

Error(%) = En — G

%100 4)
Ct

3.3. Effect of pH

Since an adsorption process usually depends on the
surface binding sites of the adsorbent and the chemistry of
the dye [26,30], the solution pH was considered as a crucial
parameter in the adsorption process [5]. Regarding this, in
order to study the effect of this parameter and reveal its
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Fig. 7. First-order derivative absorption spectra for CV and MB
in single and binary systems.
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Fig. 8. First-order derivative absorption spectra for CV in binary
solution in the range of 2-10 mg L™ at constant MB concentra-
tion (4 mg L7).

optimum value, a definite amount of nanosilica (0.06 g) was
added to 50 mL of the dye solutions (40 mg L™) at different
pH values (from 3 to 10). A plot of the removal percentage
as a function of pH is shown in Fig. 9. As it could be seen
in this figure, the removal percentage of the dyes on nano-
silica was remarkably promoted with enhancement in the
pH value from 3.0 to 10. Similar observations have been
accounted by other researchers for adsorption of these
basic dyes [4,32-34]. This behavior can be explained based
on the surface charge of the adsorbent and structure of the
dyes. At lower pH values (in acidic solutions), protonation
of silanol groups (due to a high H* concentration) causes
an ionic repulsion between the protonated silanol and the
cationic dyes. On the other hand, increasing the pH value
leads to the presence of a negative charge on the adsorbent
surface (due to deprotonation of silanol) [5]. Therefore, the
electrostatic interaction between the positively charged
sites of the dye molecules and negatively charged oxy-
gen atoms of the adsorbent was enhanced, and finally, the
removal percentage of the adsorbate was increased. This
phenomenon was confirmed by shifting of the FT-IR spec-
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Table 2

Percent recovery and relative error values for CV and MB in a binary mixture obtained by first- and zero-order derivative

spectrophotometric methods, respectively

Theoretical Measurement Recovery Error
mg L) (mg L) (%) (%)
CCV CMB CCV CMB CCV CMB CV MB
9.50 3.00 9.66 3.18 101.68 106.00 1.68 6.00
3.00 3.00 2.96 293 98.71 97.66 -1.34 -2.29
0.00 5.00 - 5.02 - 100.42 - 042
5.00 5.00 4.83 4.84 96.60 96.80 3.37 -3.28
0.00 7.00 - 6.85 - 97.86 - -2.19
7.00 7.00 7.08 6.93 101.14 99.02 117 -0.98
7.00 0.00 6.72 - 96.00 - -4.00 -
9.00 9.00 9.20 8.67 102.22 96.33 2.22 -3.64
11.00 4.50 11.12 4.37 101.09 97.12 1.09 -2.88
6.00 0.000 591 - 98.50 - -1.50 -
12.00 15.00 12.01 14.90 100.83 99.33 0.083 -0.67
100 3.4. Effect of adsorbent dosage
In this part of the work, the effect of different nanosil-
0 - =l=CV ica dosage (0.06-0.12 g) on the adsorption of CV and MB
—— was studied in the range of 20-100 mg L™ at the optimum
= pH value. The plots of removal percentage vs. adsorbent
"E‘ &0 1 dosage for both dyes are presented in Fig. 10. As one could
B see in this figure, the removal percentage augmented with
E A increase in the adsorbent dosage. This phenomenon can be
N explained by the increase in the surface area of the adsor-
0 bent and active adsorption sites in nanosilica as the adsor-
bent dosage is increased [9,11].
0 . . . )
2 4 6 8 in 12 3.5. Effect of contact time and initial dye concentration

pH

Fig. 9. Effect of solution pH on removal percentage of CV and
MB by nanosilica (initial concentration = 40 mg L™; adsorbent
dose = 0.04 g; temperature = 30 + 2°C; contact time = 80 min).

trum after adsorption of the dyes (Fig. 4). Therefore, the
following reactions probably take place at the adsorbent/
adsorbate interface [4, 5]:

SiOH + H" — SiOH,

SiOH, +dye* — SiOH, <> dye*  (electrostatic repulsion in

acidic solutions)
SiOH +OH™ — SiO™ + H,0

SiO™ +dye" — SiO™...dye"  (electrostatic interaction in

alkaline solutions)

Thus the optimum pH value for the subsequent exper-
iments was selected to be 10, in which maximum removal
occurred for both dyes.

The results of the study performed also showed that pH
alone had no effect on the percentage dye removal.

In order to design economical wastewater treatment
systems, the equilibrium time is recognized as one of the
most important factors. Therfore, the removal of CV and
MB in the range of 20-100 mg L™ versus contact time was
surveyed to speceify the adsorption equilibrium time.
The results obtained (Fig. 11) showed that adsorption of
the dyes onto nanosilica took place at a high rate in the
first 10 min for all the initial dye concentrations. After this
stage, the adsorption rate decreased slowly, and finally,
it came into the equlibrim in 50-80 min for all the stud-
ied concentrations. The rapid uptake in the early times
can be attributed to the high concentration gradient and
availabilty of the unoccupied sites [35,36]. Also in order
to study the effect of the initial dye concetration on the
removal percentage, different amounts of nanosilica (from
0.06 to 0.12 g) were added to 50 mL of the solution at the
concentrations of 20, 40, 60, 80, and 100 mg L™; pH 10;
and contact times of 2-80 min. According to the results
obtained (Fig. 12), it should be stressed that the removal
percentage (R decreases with increase in the initial con-
centration. This observation can be explained based on the
ratio of the accessible active sites of the adsorbent to the
dye moles [36]. This ratio was high at low concentrations,
while at a high initial concentration, it became less, and
thus R, decreased.
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Fig. 10. Effect of adsorbent dosage on removal percentage of dyes at different concentrations of (A): CV and (B): MB.
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Fig. 12. Effect of initial concentration on removal percentage of dyes at different adsorbent dosages for (A) CV and (B) MB.

3.6. Studying adsorption isotherm

A successful application of the adsorption technique
demands studies based on various adsorption isotherms
[37]. An adsorption isotherm is basically important to
describe the relationship between the amount of adsorbate
uptaken by the adsorbent and the adsorbate concentration
remaining in the solution.

There are different isotherms available to describe the
equilibrium data for the process of adsorption onto a solid
surface. In this work, two well-known isotherms, the Fre-
undlich and the Langmuir isotherms, were appllied to
evaluate the sorption of dyes at various initial concentra-
tions (ranging from 20 to 100 mg L™) on a constant amount
of nanosilica (0.1 g). The Langmuir model is based upon
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a monolayer coverage of adsorbate on the adsorbent sur-
face that is energetically homogenous. This isotherm can be
defined as follows [38]:

1
q, =k ©)
where g, g, ., k, and c, are the equilibrium dye uptake (mg
g™!), theoretical maximum adsorption capacity (mg g7),
Langmuir constant (L mg™), and equilibrium concentration
(mg L), respectively.
The Freundlich model assumes that adsorption occurs
on a heterogeneous surface or sites having different affin-
ities [38,39].

24(qe,cxp - qe,ml)z (6)
N

RMSE =

where the parameters k, C, and 7 are indicative of the rel-
ative sorption capacity ((mg g™) (L mg™)"/"), equilibrium
concentration of the dye in the bulk solution (mg L), and
sorption intensity, respectively [39].

The isotherm constants for each isotherm for both
dyes in a single solution (see Table 3) were obtained by the
non-linear regression using the Matlab software (version
2013b). In this method, the statistical parameters of the root
mean square error (RMSE) and correlation coefficient (R?),
defined as below, were applied for estimating the prediction
accuracy and the extent of agreement between the experi-
mental results and the results predicted by each model. The
model having the lowest RMSE value and largest R? value
was selected as the appropriate model.

RMSE = \/@ ”
N

U ®)
(qe,exp - ﬁe,eXP )2

According to Table 3, one can conclude that the Lang-
muir isotherm is more suitable for the interpretation of the
experimental data over the full concentration range. This
manner was observed for the adsorption of MB onto nanos-
ilica extratced from diatomaceous earth, and the adsorption
of MB onto commerical silica [16,40].

In addition, the favorable nature of adsorption can be
evaluated in terms of the separation factor (R)) [41 ,42]:

1
b1k,

R*=1-

©)

where k, is the Langmuir constant and ¢, is the highest initial
concetration of the adsorbate present in the solution. The
values obtained for this parameter (Table 3), which were less
than 1 and greater than zero, emphasized that the adsorp-
tion process was favorable for both dyes [7,42]. Also based
ong, for the other adsorbents tabulated in Table 4, the pro-
posed adsorbent displays a comparable performance, and
can have potential applications for purification of effluents
having these dye classes.

In continuation, the Sheindorf-Rebuhn-Sheintuch model
(as a Freundlich-type isotherm) [30] and the extended Lang-

Table 3
Parameter values for single component isotherms computed by
non-linear least squares method

Isotherms Parameters Dye
(&% MB

Freundlich kf 15.13 17.09
n 2.94 317
R? 0.9071 0.9031
RMSE 3.26 342

Langmuir Tnax 45.71 44.81
k, 0.34 0.49
R, 0.028 0.020
R? 0.9833 0.9930
RMSE 1.39 0.92

Table 4

Comparison between maximum adsorption capacities of
various reported adsorbents computed using Langmuir
isotherm for removal of CV and MB

Adsorbent Adsorbate  Adsorption Ref.
Capacity
(mg/g)
Amourph silica MB 22.0 [16]
Silica (from spent MB 56.20 [40]
diatomaceous)
Casuarina equisetifolia ~MB 110.8 [43]
needle
Peat of Brunei MB 111 [44]
Darussalam
Functionalized silica MB 500 [45]
nanoparticles
Ashoka (Saraca asoca) MB 90.9 [46]
leaf powder
Fly ash MB 5.60 [47]
Posidonia oceanica (L.) MB 217.39 [48]
dead leaves
Nanosilica MB 44.81 Present
(from stem sweep) work
Soil (@)% 20 [49]
CaFe,O, (@)% 0.87 [50]
Coal (@)% 6.25 [51]
Coniferous pinus bark Ccv 32.78 [52]
powder
Magnetic tea waste Ccv 113.64 [53]
Nanosilica Cv 45.71 Present
(from stem sweep) work

muir model [6], defined by Egs. (10) and (11), respectively,
were applied to describe the adsorption behavior in the
binary mixture.

)

iiCe.j

qg,,i = k[,ice,i(ce,i +6 (10)
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qmax,jkl,jce,j

2
1+ ijlkl,jce,]’

qeq,j =

(11)

In these equations, k,, and #n, are the Freundlich
isotherm constants acquired for both dyes from the
corresponding single-component isotherm, g,is the com-
petition coefficient that illustrates the inhibition for the
adsorption of component ‘i’ by component ‘j’, which is
estimated by non-linear fitting, and g,/ and ¢, are the
adsorbed amount of component ‘i’ in the presence of
component ‘j* and equilibrium concentration, respec-
tively. In the extended Langmuir isotherm, the constants
,.c; and k, - are the maximum adsorption capacity (mg
g') and Langmuir constant (L mg™) for component ‘j’,
respectively, obtained via a non-linear analysis employ-
ing the Matlab software (Table 5). The results obtained
obviously display that the extended Langmuir isotherm
can describe the equilibrium data in the binary mixture.
Also based on Table 5, the existence of other dyes reduces
the g _and k, values. The decrease in the values for these
parameters by the secondary copollutant presumably
reflects the antagonistic interaction between the dyes for
binding on the sites [30]. The reduction percentage of g
can be computed by Eq. (12).

max

Reduction(o/o) — (qmax/single - qmax,binary) x 100

qmax,single

(12)

The values of this parameter for the CV and MB dyes
were 36.2 and 13.10%, respectively. Due to a more stabilized
positive charge at the sulfur atom in the structure of MB
[5], the interaction between this atom and the negatively
charged oxygen atom in nanosilica is stronger than the
interaction between the positively charged nitrogen atom
in the structure of CV and the adsorbent surface. Conse-
quently, the selected adsorbent has a higher affinity (k)
toward MB with respect to CV. These results are similar to
those reported by Kurniawan et al. [5] for the simultaneous
adsorption of malachite green and MB onto bentonite (con-
taining a high amount of silica).

Table 5
Values for multi-component isotherm parameters in a binary
system

Isotherms Parameters Dye
(&% MB

Sheindorf-Rebuhn Gij 245 0416
R? 0.9186 0.8771
RMSE 177 3.08

Extended Langmuir Tnax 29.16 38.94
k, 0.272 0.355
k,, 0.0080 0.013
R? 09709  0.9532
RMSE 1.07 1.90

3.7. Adsorption kinetic study

In order to determine the time neccessary to reach the
equilibrium, and to clarify the mechanism and the adsorp-
tion rate, which is essential for the design of sorption
industrial columns [41], the adsorption kinetics should be
investigated. For this purpose, the concentration changes
as a function of time were measured, and the two most
frequently used kinetic models (pseudo-first and pseu-
do-second order models ) were applied to simulate the
experimental data. The equations involved are defined as
follow [6,14,17]:

In(q, —q,)=1In(g,) -kt (13)
LI SN (14)
a k4 4,

where the parameters q,and g, (mg g™) are the adsorbed
amount of the dye at equilibrium and time ¢t (min), respec-
tively, and k, (min™) and k, (g mg™ min™) are the corre-
sponding rate constants of adsorption. For the pseudo-first
order kinetics model, the constansts k, and g,are obtained
using the slope and intercept of the plot of In(g,- q,) vs. t,
while for the second-order kinetics model, the constants
k, and g, are obtained using the intercept and slope of the
plot of (t/g,) vs. t, respectively. The value for q, acquired
from the corresponding plots, is named as the calculated
g, (or g, ). Based on the results obtained (Table 6), the
values for this parameter, calculated by the second-order
kinetics model, are much closer to the experimental ones
with respect to the values calculated by the first-order
kinetics model for all the initial dye concentrations in the
single and binary systems. In addition, the R* values for
this model were higher when compared with the corre-
sponding values in the first-order kinetics model. Based
on these observations, the adsorption reaction of the dyes
well-fitted to the second-order kinetics model over the
whole time range in the single and binary systems. Similar
results were obtained for the adsorption of MB onto silica
extracted from diatomaceous [40].

3.8. Modeling

3.8.1. Modeling simultanous removal of CV and MB in binary
solution by random forest model

The random forest (RF) model is a classification and
regression method, and consists of a collection of the deci-
sion trees used collectively to determine the desired out-
put [54]. Each tree is constructed from a bootstrap sample
drawn with replacement from the original dataset, and the
prediction is done by majority vote (in classification) or via
averaging (in regression) [55,56]. In each bootstrap sample,
the data was randomly split into the in-bag data (for train-
ing the RF model) and out of bag (OOB) data (for evaluation
of the prediction error of model).

This algorithm has three adjustable parameters: the
number of regression trees (ntree),the number of input vari-
ables or predictors to try at each node in each tree (mtry),
and the minimum size of terminal nodes in each tree (node
size) [18,55].



216 M. Ashrafi et al. / Desalination and Water Treatment 88 (2017) 207-220

Table 6

Kinetic parameters for adsorption of dyes onto prepared adsorbent in single solution and binary mixture

System Dye Pseudo-first-order Pseudo-second-order
Te texp) Te (cal) k, R? e (cat) k, R?
Single Ccv
40 19.86 4.89 0.0800 0.8382 20.12 0.0550 0.9999
60 26.5 12.21 0.0692 0.9366 27.32 0.0110 0.9997
80 35.50 18.34 0.0631 0.9403 36.90 0.008 0.9997
100 38.95 23.44 0.0616 0.9886 41.32 0.005 0.9986
MB
40 19.69 2.58 0.095 0.9345 19.84 0.10 1.000
60 28.94 13.79 0.069 0.9795 29.67 0.014 0.9995
80 36.11 21.69 0.067 0.9607 3773 0.009 0.9993
100 39.82 29.52 0.052 0.9710 41.32 0.0062 0.9976
cv
40 1791 5.34 0.066 0.8256 18.28 0.033 0.9997
Binary 60 22.54 14.89 0.052 0.9752 23.87 0.007 0.9969
80 25.38 18.74 0.043 0.9589 27.25 0.0044 0.9940
100 26.71 21.00 0.04 0.9610 29.15 0.0029 0.9922
MB
40 20.28 5.29 0.096 0.9255 20.49 0.064 1.000
60 2591 14.00 0.067 09754 26.81 0.0010 0.9995
80 31.72 17.55 0.053 0.9470 32.79 0.0080 0.9989
100 34.79 19.63 0.064 0.9419 36.76 0.0050 0.9985

The steps involved in the execution of an RF regression
model can be described as below:

(i): Using the bootstrapping method, the dataset was
split into in-bag samples (2/3 of data) and the OOB sample
(1/3 of data). (ii): Decision trees were constructed using the
in-bag samples, and at each node of them a small random
subset of variables (mtry) were selected instead of using all
the input variables. (iii): The node size variable was initial-
ized, and a regression model based on the ntree, mtry, and
node size variables was created. (iv): Estimation of the out-
put was made using each tree for all of the samples in the
OOB series, and their average was considered as the final
predicted output for each data existing in OOB. (v) The per-
formance of the constructed model was estimated by calcu-
lating MSE for the OOB series.

These steps were reiterated, and the optimal values for
the ntree, mtry, and node size variables were selected by
minimizing MSE for the OOB subset.

Thus for the implementation of the RF model, the
experimental data was randomly divided into the train-
ing subset (75%) and testing subset (25%). The input vari-
ables (predictors) to the RF were the initial concentration
(20, 40, 60, 80, and 100 mg/L), adsorbent dosage (0.06,
0.08, 0.10, and 0.12 g), and contact time (2-80 min). The
output variable was the removal percentage. Then at dif-
ferent values for the node size (from 2 to 9), the values
for n__ and m_ changed simultaneously, ranging from
25 to 500 (with a step size of 25) and from 2 to 3 (with
a step size of 1.0), respectively, and the criterion in the
optimization of the mentioned factors was minimization

of RMSE of the OOB samples. The respective OOB RMSE
at a constant value of node size = 2 and different values
of ntree and mtry are shown in Fig. 13. According to these
figures, for CV at ntree = 200 and mtry = 2, RMSE of the
OOB data is minimized (Fig. 13A), while for MB, at ntree
=175 and mtry = 2, RMSE of the OOB data is minimized
(Fig. 13B).

3.8.2. Modeling simulatanous removal of CV and MB in binary
solution by Multiple linear regression

One of the earliest methods used for modeling is the
multiple linear regression (MLR). The simplicity, transpar-
ency, and easy interpretability are recognized as the most
important advantages of this method [57]. The generalized
expression applied for it is as follows:
y=b,+bx+byx+...+bx, (15)
where b and b, (i = 1,...,n) are the intercept and regres-
sion coefficients, respectively, determined using the least
squares method.

To check whether there is a linear relationship between
the predictor variables and the removal percentage, the
MLR model was generated by a training set with three
experimental factors as the independent variables:

Removal percentage of CV = 0.769 — 0.880Concentration
+ 0.148 Adsorbent dose + 0.128Contact time (16)
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Fig. 13. RMSEs of OOB data at node size = 2 and different values of ntree and mtry for (A): CV and (B): MB.
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Fig. 14. Plot of predicted against experimental removal percentage values of CV for training set and test set by (A): MLR and (B):

RF method.

Removal percentage of MB = 0.843 — 0.907Concentration
+ 0.109Adsorbent dose + 0.088Contact time 17)

These linear models were used to foretell the removal
percentage of samples in the external test.

3.8.3. Evaluation of constructed models by RF and MLR
methods

Ideally, an assessment of the performance of a predic-
tive model should be made using a large independent test
dataset that is not present in the training process [58]. For
this purpose, the developed MLR and RF models were
employed to estimate the removal percentage of 55 samples
in the external set. The respective results are demonstrated
in Fig. 14. Different statistical parameters such as RMSE,
mean relative error (MRE), and R? defined by Eqns. (18)-
(20), respectively [55], were used to examine the prediction
accuracy.

< | —y)
; Y
N

(18)

MRE = %100

2y, _]/z‘)z

N

RMSE = (19)

where y, is the experimental removal percentage value for
sample i, 91. is the predicted value for sample i, i is the mean
experimental removal percentage value, and N is the num-
ber of samples in the understudied set. Based on the values
for these parameters (Tables 7 and 8), a comparison between
the MLR and RF models confirms that the RF model has
a substantially better and more accurate prediction with
respect to the MLR one.

3.9. Regeneration of proposed adsorbent

A suitable adsorbent should not only have high adsorp-
tion capacities but also show excellent regeneration charac-
teristics to make the adsorption process cost-effective [59].
Thus to test the probability of recycling the nanosilica beads,
distilled water (50 mL) was added to exhausted nanosilica
(1.00 g). Then a few drops of a dish-washing liquid were
added to the mixture, which was stirred for 30 min. After
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Table 7

Statistical parameters for evaluation of accuracy of constructed
MLR and RF models for CV

Parameter MLR RF
Training  Test set Training  Test set
MRE 8.10 6.74 2.77 4.36
RMSE 2.69 4.44 1.80 3.29
R? 0.9506 0.9540 0.9944 0.9754
Table 8

Statistical parameters for evaluation of accuracy of constructed
MLR and RF models for MB

Parameter =~ MLR RF

Training  Test set Training  Test set
MRE 3.68 3.17 147 2.69
RMSE 1.50 2.68 141 241
R? 0.9650 09711 0.9943 0.9781

that, the adsorbent was washed three times with distilled
water. Then 0.10 g of the oven-dried adsorbent was used
for the removal of 50 mL of 40 ppm of the dye in the binary
mixture. The results obtained revealed that the efficiency of
the regenerated nanosilica was constant at 90% at 4 cycles of
the adsorption process.

4. Conclusions

In the present work, for the first time, nanosilica
(extracted from stem sweep) was used for the removal
of dyes. With respect to other agricultural wastes such as
rice husk, applied for the removal of dyes, stem sweep
has few reported useful applications, and due to its hard-
ness, it cannot be used as food for birds and animals.

Consequently, it is appropriate to be replaced as an inex-
pensive adsorbent. Investigation of the experimental data
revealed that (i) adsorption of CV and MB onto nanosilica
depended severely on the experimental conditions includ-
ing the solution pH, adsorbent dosage, contact time, and
initial dye concentration; (ii) the prepared sorbent demon-
strated a higher affinity toward MB than CV in a binary
mixture; (iii) the adsorption kinetics of these dyes fol-
lowed a pseudo-second order kinetics; (iv) the Langmuir
isotherm described the equilibrium data logically. Also
the results obtained from the RF model implied that the it
could forecast the removal percentage values with a better
accuracy than the MLR model. Therefore, this method is
useful for the development of an automated wastewater
dye removal plant.
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