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ABSTRACT

In this study, a novel zinc sulfide nanoparticle loaded with activated carbon (ZnS-NP-AC) was
used to treat hazardous dye malachite green (MG) from aqueous solution. Further, multiple linear
regression (MLR) and random forest (RF) were applied to project the performance of the process.
Bruner-Emmet-Teller surface area measurement, field emission scanning electron microscope, X-ray
diffraction, Barrett-Joyner—-Halenda and UV spectrum analyses were utilized to characterize the pre-
pared adsorbent. Over 98% of the dye was removed under optimal conditions: initial pH 7, contact
time 30 min, adsorbent dose 0.02 g and initial dye concentration 15 mg L. The adsorption efficacy
continued to stay unchanged when pH ranged from 2 to 8. It was found that the dye adsorption fol-
lowed the pseudo-second-order rate equation. To determine the rate-limiting step of the adsorption
process, the intraparticle diffusion model was employed. The Langmuir isotherm model fitted the
data significantly better and adsorption capacity was 500 mg g of the adsorbent. The novel adsorbent
investigated in this study can be considered as a suitable alternative for MG removal from aqueous
solutions. The optimum tuning variables in the RF model were attained according ton,_ =100, m_ =2,
importance = 1 and nPerm = 3. To test data set, the mean squared error (MSE) values of 7.1e-04 and
the coefficient of determination (R?) value of 0.9826 for the RF model and the MSE value of 0.008 and
the R? value of 0.9091 for the MLR model were achieved. The findings showed that the RF model is a
better model than MLR.

Keywords: Zinc sulfide nanoparticles; Random forest; Activated carbon; Adsorption kinetics and
isotherm; Malachite green

1. Introduction

Effluents released from different industries such as tex-
tile, paper, leather tanning, production, hair colorings and
henceforth contain huge quantities of various dyes, which
can contaminate the environment and endanger human

* Corresponding author.

health [1,2]. For example, malachite green (MG) is widely
used for dyeing silk, cotton, leather, paper, as well as making
paints and printing inks. It is a toxic dye, which should be
treated well before being discharged into the environment
[3,4]. Although many dyes have been removed from aque-
ous environments by using activated carbon, this adsorbent
is still expensive. Therefore, the objective of the present study
was to extend low-cost adsorbents including natural, agri-
cultural and industrial by-product wastes. In order to treat
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dye-laden effluents, adsorption is the most widely applied
method owing to its low costs and ease of operation [5,6].
Researchers have studied the potential of many agricultural
wastes and by-products of cellulose origin, such as peanut
hulls [7,8], maize bran [9], sawdust [10], clay sugar beet pulp
[11], crab peel [12], granular kohlrabi peel [13], raw barley
straw [14], eggshell [15], aquaculture shell powders, etc. [16]
for removal of dyes from aqueous solutions. Also, unconven-
tional adsorbents like wood [17,18], silica [19], clay and acti-
vated clay [20,21], agricultural residues [22] and henceforth
have been taken into account. Thus, it is very important to
investigate the adsorption potential of local resources that
have high adsorption capacity. The size, surface structure
and high surface areas (reactive atom or functional groups)
are the main factors of nanoparticle materials for the strong
chemisorption of many chemical compounds [23-25].

Since adsorption is a complex and non-linear process,
the modeling of it is very important. Hence, to solve a series
challenges with engineering applications such as adsorption,
various intelligence systems like artificial neural networks
[1-4], adaptive neuro-fuzzy inference system [5,6] and sup-
port vector machine [26] have widely been employed lately.
Random forest (RF) is another non-linear and potent tech-
nique, which is relatively novel, used in the classification and
regression problems. To our best knowledge, the application
of RF in regression type of adsorption applications has been
investigated only by a few researchers [8]. Besides, the aim
of this research was to compare the results of the RF model
with those obtained through a conventional multiple linear
regression (MLR) to project the removal (%) of the dye from
aqueous media via zinc sulfide nanoparticles loaded with
activated carbon. Further, a green method was used for the
synthesis of the ZnS nanoparticles. And, the nanoparticles
were characterized by a few instrumental methods includ-
ing X-ray diffraction (XRD), field emission scanning electron
microscope (FESEM), Bruner—-Emmet-Teller (BET), Barrett—
Joyner-Halenda (BJH) and UV spectrum. High amounts of
this dye can be removed by means of the prepared adsor-
bent having a high adsorption capacity at a very short con-
tact time. Furthermore, to study the adsorption mechanisms,
the kinetics and equilibrium data were analyzed and diverse
models were employed to fit the experimental data.

2. Experimental
2.1. Instruments and reagents

The dye, MG, C.I. Basic Green 4, C.. Classification
Number 42,000, chemical formula = C,,H, N,O,,, molecular
weight=927.00, A =617 nm (measured value) was detected
by a UV-Vis spectrophotometer (DR 5000 model; Hach,
USA). Fig. 1 shows the chemical structure of MG. All chem-
icals used (MG, NaOH, KCl and HCI) were of the highest
quality and obtained from Merck (Darmstadt, Germany).
The stock solution (1,000 mg L™) of the dye was prepared
through dissolving a sufficient content of the solid dye in
double distilled water, and then the working concentrations
were prepared daily. The different pH values were detected
by using a pH/ion meter (Metrohm, Switzerland, Swiss) and
the MG concentrations were measured by means of a UV-
Vis spectrophotometer (DR 5000 model; Hach, USA) at the
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Fig. 1. Chemical structure of malachite green.

wavelength of 617 nm. XRD patterns were recorded by an
automated (Philips, Netherland) X'Pert X-ray diffractome-
ter (40 kV and 30 mA) for 20 values over 10°-80°. The laser
light scattering (Zetasizer Nano series, Malvern Instruments
Co., Malvern, UK) was used to determine the particle size
and size distribution of the ZnS nanoparticles. The FESEM
(Hitachi 5-4160, Japan) was studied according to conditions
previously reported in literature by instruments reported
elsewhere. A BET surface analyzer (Quantachrome NOVA
2000, USA) was utilized for the estimation of adsorption—
desorption isotherm at 77 K. Before each run, all samples
were degassed using helium purging at 553 K for 3 h.

2.2. Measurement of dye uptake

Hence, to determine dye concentrations, the absorbance
of the test samples at the maximum absorbent wavelength
of MG (A__: 617 nm) was detected via a UV/Vis spectropho-
tometer (DR-5000 model, Hach, USA). The efficiency of MG
removal was determined at different time intervals ranging
from 0.5 to 35 min for ZnS-NP-AC. Moreover, the pH values
(2-8) were adjusted to evaluate the influence of initial pH, by
contacting 50 mL of the solution containing 15 mg L™ of ini-
tial dye concentration with 0.01 g of ZnS-NP-AC for 35 min.
In addition, to attain adsorption isotherms, all experiments
were conducted at the initial MG contents from 5 to 30 mg L™
for ZnS-NP-AC. The removal efficiency (%) of MG was cal-
culated by Eq. (1):

% MG removal = (C“C;C‘)

0

x 100 1)

where C, (mg L) and C, (mg L) are, respectively, the con-
tents of the dye at before and after time t. The adsorbed MG
amount (7, mg g') was calculated by the mass balance equa-
tion as follows:

_(G,-C)V

R @

where C; (mg L) and C, (mg L) are the initial and equi-
librium dye concentrations in aqueous solution, respectively,
V (L) is the volume of the solution and W (g) is the amount
of the adsorbent.
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2.3. Preparation of ZnS nanoparticles

The ZnS nanoparticles were synthesized in accordance
with the reaction of zinc acetate [Zn(CH,COO),-2H,O] with
thioacetamide (CH,CSNH,) in oxygen-free water under
nitrogen. According to the conventional synthesis, 10 mL
of the freshly prepared thioacetamide solution (0.1 M) was
added to 50 mL of Zn(CH,COO),2H,0 and trisodium citrate
at pH of 6.0 under intensive stirring, while the actual con-
tents of thioacetamide, zinc acetate and trisodium citrate
presented were 0.5, 1 and 5 mM, respectively. The prepared
mixture was heated to 40°C, at which the growth of the
citrate-stabilized ZnS nanoparticles started gradually; the
solution changed milky white after nearly 10 min illustrating
the initial formation of the ZnS nanoparticles. And, the color
of the reaction solution got milky white mixed with light yel-
low after the mixture was remained at 40°C for 6 h. Then, the
attained ZnS nanoparticles were separated from the reaction
mixture by means of centrifugation and washed a few times
with ultrapure water and ethanol for removing the impuri-
ties and trisodium citrate. Finally, the prepared nanoparti-
cles were dried in a vacuum oven (ca. 0.1 MPa) for 6 h before
being characterized.

2.4. Random forest

RF is a powerful method, accomplished to boost the
classification and the regression tree method by containing
hundreds of unpruned decision trees [7]. The goal of the RF
is to decline the correlation between the individual trees by
bootstrapping and randomized variable selection method,
leading to lessened variance when the trees are aggregated.
The RF algorithm needs the tuning variables: n_, regres-
sion trees grown number based on a bootstrap sample of
the original data set (the default value is 500 trees) and m,,
the number of different predictors to try at each node (the
default value is one-third of the total number of the vari-
ables) and nodesize, the minimum size of terminal nodes.
Larger numbers of nodesize cause smaller trees (the default
values are 1 and 5 for classification and regression, respec-
tively). Briefly, the RF regression model performs as follows
(see reference [7]):

e Start with a set of data, including input and output.

* Selection of the original samples (about 67%) will be cho-
sen in a bootstrap sample (called the in-bag samples) and
about 33% of them will be left out (called the out-of-bag
[OOB] samples). Bootstrap is a statistical terminology for
sampling with replacement. In this research, 70% and
30% of the original samples were chosen for OOB and
in-bag samples, respectively.

® Selection of the m, recommended that the value of the
default (default is Hloor (sqrt (size (X, 2)) and X is data
matrix), half of them and twice they will be implemented
and then the best of value among them will be selected.
The small value of tuning parameter m, will be pre-
vented overfitting.

® Choices of the n_ and the making of a tree according to
the in-bag and the m, variables were selected. Hence, to
attain an optimum of the n,__, the trees must be built until
the error no longer decreases.

The experimental data set are randomly divided into
the training set and the testing set. Among 360 data, 252 are
considered as training data and 108 as testing data. All com-
putations were conducted with the Random Forest-Matlab
package invented by Abhishek Jaiantilal (https://github.com/
jrderuiter/randomforest-matlab). The inputs include con-
centration (mg L™), the amount of adsorbent (g) and contact
time (min). The output is the removal percentage. Inputs and
outputs are normalized between 0.1 and 0.9 to avoid numeri-
cal overflows owing to very large or very small weights. The
normalization equation applied is as follows:

yz(xi—% x)x0.8+0.1 @3)

max

where y is the normalized value of x. The x___and x_, are,
respectively, the maximum and minimum values of x,. In
order to investigate the efficiency of the RF model, variables
of mean squared error (MSE) and coefficient of determina-
tion (R?) were employed. The equations of the MSE and the

R? are as follows:

N
MSE = %;qyprd,i - ycxpfi|)2 N

N

R>=1- Zi:l(yprd,i - yexp,i)

N

Zizl (yprd,i “Yu )

where Yo WS the predicted value of the RF model, y__ p WAS
the experlmental value, N was the number of the data and
y,, was the average of the experimental value.

Q)

2.5. Multiple linear regression

MLR models are often applied to predict more than one
predictor variable in various studies to model the impact of
predictor variables on the dependent variable. The following
mathematical equation shows the MLR model:

Y=b, +bX +b,X, +...+b X, ©6)

where Y'is the predicted value by the MLR model, b, (i=0, ..., n)
are the regression coefficients and X, (i=1, ..., n) are the pre-
dictor variables (inputs). In addition of the different objec-
tives of the MLR model, it can be easily used in adsorption
process to measure the cumulative impact of several predic-
tor variables, including contact time, adsorbent dosage and
dye concentration, on a dependent variable (removal (%)). In
this research, SPSS 19 statistical program was applied to con-

struct the MLR model.

3. Results and discussion
3.1. Characterization of adsorbent

Absorption spectra measurements were continued to the
much longer times than 6 h (Fig. 2). The solution of the ZnS
nanoparticles illustrates a well-resolved absorption maxi-
mum of the first electronic transition presenting a sufficiently
narrow size distribution of the ZnS nanoparticles, which
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Fig. 2. Evolution of absorption spectra of the ZnS nanocrystals
taken at 1 h intervals by following the initiation of the reaction
for the first 6 h.

shifts to the shorter wavelengths with reducing the size of the
nanoparticles as a consequence of the quantum confinement.
As exhibited in Fig. 2, the citrate-stabilized ZnS nanopar-
ticles have absorption edges ranging from 290 to 320 nm
(4.26-3.86 V). From the absorption spectra, the energy band
gap of the ZnS nanoparticles was attained by Eq. (7) [5]:

(ahv)? = A(E, ~hv) @)

where E_presents the band gap of the nanoparticles and A
is a characteristic constant. A typical graph of (ahv)* against
energy (hv) for the ZnS nanoparticles is plotted. The energy
band gap was acquired via extrapolating the linear portion
of the respective curve to (ahv)? = 0. The straight-line prop-
erty of the curve displayed that the ZnS nanoparticles have
the direct band gap ranging from 4.26 to 3.86 eV, while the
bulk material has a band gap of 3.67 eV [27]. The XRD pat-
tern attained from the powdered ZnS nanoparticles synthe-
sized at room temperature has been shown in Fig. 3. The
standard XRD pattern for ZnS (Joint Committee on Powder
Diffraction Standards, JCPDS card No. 05-0566) was speci-
fied at the bottom of Fig. 3. The three broad peaks observed
in the diffractogram at around 28.56°, 47.43° and 56.25° illus-
trate a cubic lattice structure of ZnS (B-ZnS phase). These
peaks can be attributed to the planes (111), (220) and (311),
respectively, of the cubic phase [8]. In addition, diffracted
peaks owing to ZnO or Zn(OH), in the XRD pattern were not
seen in this study. Fig. 4(a) shows diameter size distribution
for the ZnS nanoparticles, which is determined by the laser
light scattering. The FESEM image of the ZnS nanoparticles
is shown in Fig. 4(b), which reveals that the ZnS nanopar-
ticles are semicubical in shape and quite uniform in size
distribution. The particle size measured directly from this
FESEM image agrees with that determined by the laser light
scattering. The particle surface becomes much smoother
than that of the original particle following dye adsorption.
Designation of specific surface area by N,/77 K adsorption
isotherms was assumed to estimate the surface area in micro-
pores within pore sizes of material [28]. Specific surface area
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Fig. 3. X-ray diffraction (XRD) pattern of the citrate-stabilized
ZnS nanocrystals.
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Fig. 4. (a) Histogram of the ZnS nanoparticles size distribution.
(b) FESEM image of the ZnS nanoparticles.

is described as the available area of adsorbent surface per
unit mass of material. In BET N, adsorption/desorption iso-
therm method, the interference by the surrounding phase
is especially problematic as vacuum treatment modifies the
entire surface before N, adsorption [29]. Based on Fig. 7(a)
and Table 1 for nanoparticles ZnS unloaded, the N, adsorp-
tion isotherm with a hysteresis loop (between p/p, = 0.4 and
0.8) is characteristic of a “type IV” isotherm, which is typical
of mesoporous material. Also, the pore-size distribution cal-
culated by the BJH method shows an average pore diameter



262 A. Ansari et al. / Desalination and Water Treatment 89 (2017) 258-273

Table 1
Summary report of ZnS-loaded and unloaded AC

Summary report

ZnS-NP-AC

ZnS-NP unloaded

Surface area

BET surface area 1,316.16 m> g! 603.0782 m* g™
Langmuir surface area 1,804.76 m? g 810.1988 m? g!
BJH adsorption cumulative surface area of pores between 17.000 and 129.25 m? g™ 188.955 m* g™
3,000.000 A width
BJH desorption cumulative surface area of pores between 17.000 and 150.13 m? g 226.9081 m* g
3,000.000 A width
Pore volume
Single point adsorption total pore volume of pores <1,256.713 A width 0.66 cm® g™ 0.474262 cm® g™
at p/p, = 0.985304522
t-Plot micropore volume 0.20 cm® g 0.153036 cm® g*
BJH adsorption cumulative volume of pores between 17.000 and 3,000.000 0.12 cm® g™ 0.288403 cm® g!
A width
BJH desorption cumulative volume of pores between 17.000 and 3,000.000 0.13 cm® g™ 0.301245 cm® g
A width
Pore size
Adsorption average pore width (4 V/A by BET) 20.00 A 31.4561 A
BJH adsorption average pore width (4 V/A) 3717 A 61.052 A
BJH desorption average pore width (4 V/A) 34.26 A 53.104 A
Nanoparticle size
Average particle size 4559 A 99.490 A
of 61.052 A (rp = 30.5 A). In addition, the BET specific sur- 01
face area measured from the N, isotherms is 603.0782 m* g'.
However, Fig. 7(b) for ZnS-NP-AC indicated the N, adsorp- 0.12
tion isotherm with a characteristic of a “type 1” isotherm, ® o1
which is typical of microporous material (type of Langmuir). E
Also, the pore-size distribution calculated by the BJH Tg' 008
method for ZnS-NP-AC shows an average pore diameter of 2 o006
20.0002 A (rp = 10.0 A) and the surface area of ZnS-NP-AC ; 008
was found to be 1,316 m? g'. Table 1 and Figs. 5-7 show that &
adsorbent possessed appreciable narrow microporosity [30]. 0.02
0 M * e
3.2. The effect of pH on dye removal 0 200 400 600 800 1000 1200 1400
Pore Width (A)

In wastewater treatment through adsorption, pH is one
of the most important factors affecting adsorbent capacity.
Fig. 8 shows the impact of pH on MG removal by ZnS-
NP-AC. The removal efficiency of MG enhanced from 20%
to 70% for 0.01 g and 25% to 80% for 0.015 g of the adsor-
bent when there was an increase in pH between 2 and 4.
At pH values over 6, the removal efficiency went up grad-
ually until it reached a stable amount. It should be noted
that the highest removal efficiency was achieved at the pH
of 7 and then it started to decrease. It has been claimed that
an increase in dye uptake is dependent on the dye structure
and the characteristics of adsorbent surface [31]. In acidic
conditions, the process apparently shows the protonation of
MG, but, when there is an increase in pH, the dye becomes
more and more deprotonated. At low pHs, it is possible that
the surface of ZnS-NP-AC is positively charged, resulting
in a decrease in decolorization [31]. Of course, at pHs over
5, a significant change was not observed in polarity as dye

Fig. 5. BJH adsorption cumulative pore volume (larger) Halsey:-
Faas correction.

removal increased monotonically with pH. Low pHs, partic-
ularly values under 4, were not suitable for the removal of
MG via ZnS-NP-AC. When pH is lessened, the number of
negatively charged adsorbent sites declines and positively
charged sites increases; which this condition is not suitable
for the uptake of positively charged MG cations due to the
electrostatic repulsion. The same behavior for MG onto the
adsorbent has been presented as well as for the removal of
a basic dye from aqueous solutions by spent tea leaves [32].

3.3. Effect of contact time

Some experiments were performed to study the effect of
contact time (ranging from 0.5 to 35 min) on MG adsorption;
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Fig. 7. (a) Isotherm linear plot for ZnS-NP unloaded AC. (b) Iso-
therm linear plot for ZnS-NP-AC.

Fig.9shows the obtained information. Apparently, anincrease
in contact time led to an increase in removal efficiency of MG
at initial content of 15 mg L of the dye 0.005-0.02 g of ZnS-
NP-AC and pH of 7.0. At the beginning of the reaction, there
are many unoccupied sites on the positively charged sur-
face of the adsorbent causing adsorption rate to rise sharply.
This adsorbent through soft border line, zinc and sulfide
atom or varied functional groups of AC, binds with the MG
molecules. It was found that the contact time required for

120

—e—001g
100
—e—0.015g

80

60

40

Removal (%)

20

Fig. 8. Effect of solution pH on adsorption of MG (15 mg L") onto
ZnS-NP-AC (0.01 and 0.015 g) at room temperature (27°C +2°C),
agitation speed 400 rpm for the maximum contact time required
to reach the equilibrium (35 min).
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Fig. 9. Effect of contact time (0.5-35 min) on the removal of dif-
ferent concentrations of MG in 0.005-0.02 g of ZnS-NP-AC at pH
7.0 and 15 mg L initial MG concentration.

achieving equilibrium was approximately 25 min and at
this time the highest decolorization was reached. It should
be noted that the low pore-size distribution and diameter
are the disadvantages of the suggested adsorbent making it
unsuitable for pore diffusion of the large molecules of the
dye; and, adsorption takes a short time (attributed to only
surface adsorption to the exterior surface of the adsorbent)
[28,29].

3.4. Effect of adsorbent dosage

Adsorbent dosage plays a basic role in adsorption because
the capacity of the adsorbent for a certain amount of dyestuff
is determined by this variable [33]. Fig. 10 presents the impact
of different adsorbent dosages on MG degradation. As can be
clearly seen, decolorization enhanced quickly when the dose
was raised to 0.02, and, in the case of doses higher than this
value, the decolorization leveled off. When there are higher
doses of the adsorbent, the adsorbent surface area and avail-
ability of more active adsorption sites on the ZnS-NP-AC sur-
face increase. On the other hand, on account of aggregation
of the adsorbent particles, the adsorbed amount of dye per
unit mass of the adsorbent declined with an increase in the
adsorbent dosage.
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Fig. 10. Effect of adsorbent dosage on MG removal in the range
of 0.005-0.02 g at various initial MG concentrations (5-30 mg L™),
contact time 35 min, pH 7.0, agitation speed 400 rpm, tempera-
ture 27°C + 2°C.

3.5. Effect of initial MG concentration

Initial concentration of dyes plays an important role in
the contact time required to achieve equilibrium [28-30].
Fig. 11 shows the impact of contact time on MG adsorption
onto ZnS-NP-AC at some concentrations of MG ranging from
5to 30 mg L. When there was a decrease in MG content, the
absolute amount of adsorbed MG at the equilibrium condi-
tion declined. Higher contents of the adsorbate may result
in the more diffusion from the adsorbent surface into the
micropores. The highest amount of MG adsorption onto ZnS-
NP-AC was reached within 30 min for 0.02 g of ZnS-NP-AC.
Raising concentration gradient, acting as the increasing driv-
ing force, results in an increase in equilibrium sorption until
sorbent saturation is attained [34]. Although the adsorption
capacity went up at the equilibrium, a downward trend was
seen in adsorption as initial MG content was raised between
5and 30 mg L. The quicker uptake of MG molecules is trace-
able to solute transfer, as there are only sorbate and sorbent
interactions with negligible interference from solute-solute
interactions. Thus, at higher initial contents of MG, the
amount of adsorption was more and when the mass transfer
driving force increased, the uptake of MG declined [24,25,35].

3.6. Isotherm analysis

The equilibrium sorption isotherm is required to design
a profitable sorption system and to study the capacity of
the adsorbent. Also, a follow-up of adsorption study makes
researcher to obtain beneficial information on the character-
istics and affinity of the adsorbent surface toward each adsor-
bate molecule. Equilibrium relationships exhibit the ratio
between adsorbed and remained adsorbates in solution at a
fixed temperature that describes the nature of the adsorbate—
adsorbent interaction. In order to design an applicable exper-
imental equation, which is appropriate for the interpretation
of gained information, the analysis of equilibrium data with
theoretical or empirical equations is entirely essential [36].

3.6.1. Langmuir isotherm

The theoretical Langmuir isotherm is valid for adsorption
of solute from a liquid solution as monolayer adsorption on a
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Fig. 11. Effect of initial concentration (5-30 mg L') of MG removal
at 0.005-0.02 g adsorbent onto ZnS-NP-AC, 35 min contact time,
pH 7.0, agitation speed 400 rpm, temperature 27°C + 2°C.

finite number of identical surface sites with uniform energies
of adsorption onto the surface without transmigration of the
adsorbate in the surface plane [37].

¢_ 1 . < ®)
q@ KEQWI Q"l

A popular procedure is used to calculate the highest
adsorption capacity that accords to complete monolayer
coverage on the surface of the adsorbent. A plot of C/Q, vs.
C, at various contents of ZnS-NP-AC ranges between 0.005
and 0.02 g presents a straight line with a slope of 1/Q  and
intercept equal to 1/K.Q . This line has been depicted at
various conditions (ZnS-NP-AC concentration) and Table 2
presents the calculated constants of these model parameters.
Strong positive proof on the fitness of equilibrium data of the
adsorption of MG from the Langmuir model is illustrated
owing to the high correlation coefficients (R* = 0.9985) and
high maximum monolayer capacity (500-100 mg g™ using
0.005-0.02 g adsorbent).

3.6.2. Freundlich isotherm

The Freundlich isotherm model [38] is applicable for non-
ideal heterogeneous sorption with the logarithmic decrease
in the enthalpy of adsorption with a rise in the fraction of
occupied sites:

Ing, =InK, +(1/n)InC, )

where constants such as K, shows information on the bond-
ing energy and known as t{1e adsorption or distribution coef-
ficient and represents the quantity of MG dye adsorbed onto
the ZnS-NP-AC adsorbent. 1/n presents the adsorption inten-
sity of MG dye onto the adsorbent (surface heterogeneity).
The value closer to zero by rising heterogeneous nature of
surface (1/n < 1) is indicative of a normal Langmuir isotherm
while 1/n above 1 shows bimechanism and cooperative
adsorption. Plotting In(g,) vs. In(C ) was used to estimate the
applicability of the Freundlich adsorption isotherm; Table 2
gives the respective values for these model constants at var-
ious contents of the adsorbent. It was found that, in compar-
ison with the Langmuir model, the Freundlich model had
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Table 2

Isotherm constants of MG adsorption onto ZnS-NP-AC at pH 7, contact time 35 min, concentration MG 5-30 mg L, adsorbent dose

0.005-0.02 g and room temperature

Adsorbent (g)
Isotherm Equation Parameters 0.005 0.01 0.015 0.02
Langmuir C/g,=1/KQ +C/Q, Q, (mgg") 500 200 142.85 100
K (Lmg?) 1 1.666 2.333 25
RL 0.14-0.03 0.13-0.03 0.12-0.03 0.11-0.02
X? 195.505 89.438 055.017 35.764
R? 0.9985 0.9856 0.9957 0.9964
Freundlich Ing, = anf+ (1/m)InC,  1/n 0.256 0.241 0.215 0.186
K. (Lmg™) 202.147 108.310 78.022 63.688
X2 216.651 103.182 61.466 40.101
R? 0.888 0.877 0.906 0.956
Temkin g,=B,InK_+ BInC, B, 56.64 26.13 15.62 10.12
K, (Lmg™) 54.108 100.987 251.640 987.325
X? 227.729 109.038 65.634 45.018
R? 0.899 0.895 0.908 0.924
Dubinin and Ing,=1InQ_ - Be? Q. (mgg™) 285.145 142.879 91.652 71.736
Radushkevich B 2e-07 9e-08 2e-08 1e-08
1 3,571.428 4,098.360 5,000 7,462.686
N =
E (k] mol™) = \/ﬁ
X2 1,374.898 716.766 529.322 337.998
R? 0.920 0913 0.922 0.890

lower performance because of the correlation coefficients
(0.877-0.956) and higher error value of this model.

3.6.3. Temkin isotherm

Judgment for the ability of each model for the exhibition
of method applicability for an explanation of experimental
data is according to R? value and lower values concern to
error analysis. Although the Langmuir and even Freundlich
models have reasonable and acceptable R? value, the appli-
cability of other models like the Temkin model has widely
been employed in the following linear form [39-43]: the
Temkin isotherm (Eq. (10)) can be simplified to the following
equation:

9, =B,InK, +B/InC, (10)

where B = (RT)/b is an affiliate to the heat of adsorption,
T is the absolute temperature in Kelvin and R is the uni-
versal gas constant (8.314 ] mol™ K™) [44,45]. The data
taken from the adsorption process were analyzed based
on the linear form of the Temkin isotherm (Eq. (10)). It was
found that this model is effectively capable of fitting the
adsorption of the dye onto ZnS-NP-AC. Table 2 presents
a breakdown of the linear isotherm constants and coeffi-
cients of MG adsorption. When the dosage of ZnS-NP-AC
was raised between 0.02 and 0.005 g, the heat of MG
adsorption onto ZnS-NP-AC went up between 10.12 and
56.64 k] mol. It should be noted that the Temkin model is
applicable for MG adsorption onto ZnS-NP-AC, because its

correlation coefficients (R? = 0. 924) were comparable with
those obtained for the Langmuir and Freundlich equations.
However, since the X? value is significant, the Langmuir
model is the most applicable.

3.6.4. Dubinin—Radushkevich isotherm

Furthermore, to estimate the porosity, free energy and
adsorbent properties, the D-R model was employed [41,42].
The D-R isotherm does not assume a homogeneous surface
or constant adsorption potential. The D-R model has com-
monly been used in Eq. (11) and its linear form can be shown
in Eq. (12):

9. = Q. p(~BE") (11)
Ing, =InQ, — B (12)

where B is a constant related to the adsorption energy, Q. is
the theoretical saturation capacity and e is the Polanyi poten-
tial, calculated from Eq. (13).

a=RT1n[1+1J (13)
C

e

The slope of the plot of Ing, vs. €* gives B (mol*kJ), and
the intercept yields the adsorption capacity, Q (mg g™). In the
present study, Eq. (14) was used to calculate the mean free
energy of adsorption (E), for transfer of 1 mol of target from
infinity in solution to the surface of the solid [43].
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=L (14)

Table 2 presents the calculated values of the D-R param-
eters. The model saturation adsorption capacity at optimum
conditions, using a different dose of adsorbent, was in the
range of 285.14-71.7 mg g, respectively, and has good
agreement with the respective Langmuir value. The values
of E calculated by using Eq. (14) are 3.5-7.4 k] mol™ cor-
responding to physicosorption process plays a basic role
in MG adsorption onto ZnS-NP-AC. Error analysis (x?) is
another standout factor for the evaluation of the applica-
bility of each model. The non-linear chi-square test statis-
tic (x?) [44] (the best-fit isotherm) is based on the following
equation:

X = (15)
e cal

whereq, —andg,  areexperimental and calculated adsorp-
tion capacity values, respectively. The good agreement of
the data acquired by each model to the experimental data
caused, x* will be a smaller number and non-applicability
of each model makes possible a larger x> value. The
obtained non-linear value, which is higher than the 7* value
and smaller than the x? value of the Langmuir isotherm
compared with the similar value of other applied model,
confirms the high efficiency of the Langmuir isotherm to
represent the experimental data in all conditions. The
lower correlation coefficient (R?) of the Freundlich model,
in comparison with the Langmuir model, suggests that the
removal process was better modeled by monolayer com-
pared with multilayer adsorption. In order to confirm this
result, the favorable or unfavorable MG adsorption onto the
adsorbent in Langmuir model is judged by calculation of
the separation factor (RL) for evaluation of the adsorption
capacity [35].

1

R ke

(16)

where K (L mg™) is the Langmuir constant and C, (mg L™)
is the initial concentration. The adsorption can be considered
as a favorable process if RL is between 0 and 1. In this study,
since the RL value is lower than 1, the adsorption process is
favorable and the Langmuir model showed a good fit to the
experimental data in all adsorbent dosages and initial MG
concentrations. On the other hand, a rise in initial MG con-
centration and the adsorbent dosage causes the RL value to
increase, thereby increasing the tendency of MG for adsorp-
tion onto ZnS-NP-AC.

3.7. Adsorption kinetics

The kinetic survey shows the rate and the mechanism of
the adsorption process. Two different mechanisms described
dye adsorption on a solid surface: (i) an initial quick binding
of molecules of the dye on the adsorbent surface followed by
(ii) relatively slow intraparticle diffusion.

3.7.1. Pseudo-first-order kinetic model

The pseudo-first-order kinetic model [10] assumes that
the rate of change of solute uptake with time is directly pro-
portional to the difference in saturation concentration and
the amount of solid uptake to time. In most cases the adsorp-
tion reaction preceded by diffusion through a boundary, the
kinetics follows the pseudo-first-order rate equation. The
rate constant of adsorption is described as a first-order rate
expression as follows:

dq,

it 17)

=k(q,—q,)

where g, and g, are the amounts of dye adsorbed (mg g™) at
contact time ¢ (min) and equilibrium, respectively, and k, is
the pseudo-first-order rate constant (min™). The rate law for
a pseudo-first-order reaction results in Eq. (18) after integrat-
ing and rearranging Eq. (17) [45]:

kl
t 18
2.303 49

log(g, —q,) =logq, -

The plot log(q, - g,) vs. t should give a straight line with a
slope of k, and intercept allowing the calculation of adsorp-
tion rate constant and equilibrium adsorption capacity. It
may be seen that the experimental data point does not fit
a straight line. It may be attributed to the stirring speed
employed in the current research (400 rpm) decreasing the
film boundary layer. Tables 3-6 give a breakdown of the cal-
culated values of the respective parameters of the first-order
kinetic model. Based on the experimental and calculated
values, it can be concluded that the adsorption of MG on
ZnS-NP-AC is not probably following the pseudo-first-order
kinetic model.

3.7.2. Pseudo-second-order kinetic model

Adsorption process with chemisorptions being the
rate-control follows the pseudo-second-order model [29-32].
The sorption kinetics may be represented by the pseudo-
second-order model as follows:

daq,

2 (19)

=ky(q, -4,

where k, is the equilibrium rate constant for the pseudo-
second-ordersorption (gmg' min™). Theratelaw fora pseudo-
first-order reaction results in Eq. (19) after integrating and
rearranging Eq. (20):

e (20)

The plot of t/g, vs. t gives a straight line with a slope
of 1/q, and intercept of 1/(k,q?); these parameters were
calculated from the slope. Tables 3-6 show the values
determined from the intercept and their values in addi-
tion to corresponding regression coefficient (R?) val-
ues. From the value of regression coefficients (close to
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Table 3
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Kinetic parameters of MG adsorption onto ZnS-NP-AC under conditions: 0.005 g of the adsorbent over 5-30 mg L™ at pH 7, 0.5-35

min contact time and room temperature

Parameter values: concentration dye (ppm)

Models Parameters 5 10 15 20 25 30
First-order kinetic model: k, 0.0852 0.0736 0.0391 0.0184 0.0207 0.0184
log(q,—q,) =log(q,) — (k,/2.303)t Decal 65.162 150.314 208.449 248.885 326.587  400.866

R? 0.982 0.944 0.944 0.986 0.990 0.942
Second-order kinetic model: k, 0.003 0.0008 0.00056 0.0011 0.00044 0.00044
tlg,=1/kq?+ (1/q )t Docal 111111 250 333.3 333.3 500 500

R? 0.990 0.967 0.953 0.978 0.970 0.949

H 37.03 50 62.5 111111 111111 111.111
Intraparticle diffusion: g, = K, #"?+ C K 11.24 23.13 28.15 24.47 33.51 35.39

C 34.05 53.75 74.43 117.9 127.9 151.8

R? 0.991 0.981 0.963 0.980 0.970 0.902
Elovich: g,=1/p In(a3) + 1/ In(t) B 0.0707 0.0353 0.0294 0.0332 0.0246 0.0239

R? 0.947 0.865 0.829 0.874 0.838 0.737
Experimental data Doy 99.74 199.5 297.28 390.96 486.3 581.92

Table 4

Kinetic parameters of MG adsorption onto ZnS-NP-AC, under the following conditions: 0.01 g adsorbent over 5-30 mg L™ at pH 7,

0.5-35 min contact time and room temperature

Parameter values: concentration dye (ppm)

Models Parameters 5 10 15 20 25 30
First-order kinetic model: k, 0.0990 0.0852 0.0414 0.0207 0.0207 0.0184
log(q,—q,) =log(q,) — (k,/2.303)t e 33.036 73.620 102.093 123.310 161.064 169.433
R? 0.986 0.947 0.946 0.979 0.981 0.936
Second-order kinetic model: k, 0.0072 0.00026 0.00158 0.00257 0.00138 0.00138
tlg,=1/kq?+ (1/q )t Jocal 52.63 111.111 142.85 142.85 200 200
R? 0.992 0.978 0.954 0.975 0.969 0.949
H 20 29.41 32.25 52.63 55.55 55.55
Intraparticle diffusion: K 5.652 11.37 13.89 12.15 16.27 17.49
q,=K,t"”+C C 18.01 30.99 40.56 60.91 68.08 77.84
R? 0.986 0.991 0.956 0.969 0.954 0.892
Elovich: B 0.1381 0.0709 0.0599 0.0675 0.0701 0.0488
q,=1/B In(af) + 1/ In(t) R? 0.953 0.896 0.811 0.849 0.931 0.720
Experimental data Dperp 49.91 99.84 148.72 195.69 243.53 291.09

unity), it is confirmed that the sorption kinetics of MG
follows a pseudo-second-order process. As can be seen in
Tables 3-6, the calculated values are those attained exper-
imentally. The bottom line is that the adsorption of MG
on ZnS-NP-AC can better be explained by the pseudo-
second-order kinetic model in comparison with the
first-order kinetic model. Also, the process is chemisorp-
tions controlled.

Hence, to calculate the initial sorption rate (h) (Eq. (21)),
the second-order rate constants were used; the values have
been shown in Tables 3-6.

h = kg (21)

3.7.3. Intraparticle diffusion model

In the intraparticle diffusion model [26,35], it is
assumed that the mechanism of dye adsorption on a sor-
bent material takes place by four phases: (a) migration of
dye molecules from the bulk solution to adsorbent sur-
face through the bulk diffusion; (b) diffusion of dye mol-
ecules by the boundary layer to the adsorbent’s surface
by film diffusion; (c) the transport of the dye molecules
from the surface to the interior pores of the particle occurs
through the following mechanisms: intraparticle diffusion
or pore diffusion and (d) dye adsorption at an active site
on the surface of material through chemical reaction by
ion-exchange, complexation and/or chelation. Generally,
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Kinetic parameters of MG adsorption onto ZnS-NP-AC, under the following conditions: 0.015 g adsorbent over 5-30 mg L™ at pH 7,
0.5-35 min contact time and room temperature

Parameter values: concentration dye (ppm)

Models Parameters 5 10 15 20 25 30
First-order kinetic model: k, 0.1128 0.0898 0.0460 0.0207 0.0207 0.0184
log(g, - q,) =log(q,) — (k,/2.303)t ocal 23.878 49.659 66.834 81.096 105.925 131.219
R? 0.963 0.937 0.938 0.976 0.975 0.916
Second-order kinetic model: k, 0.0104 0.00399 0.00288 0.00357 0.00236 0.00181
tg,=1/kq2+ (1/q)t . 35.71 71.42 90.90 100 125 142.85
R? 0.992 0.980 0.962 0.975 0.968 0.945
H 13.33 20.40 23.80 35.71 37.03 37.03
Intraparticle diffusion: Ky 3.784 7.523 9.437 7.943 10.63 11.34
q,=K, "+ C C 12.17 21.56 29.21 42.18 47.29 54.46
R? 0.987 0.992 0.967 0.962 0.942 0.865
Elovich: B 0.2062 0.1071 0.0877 0.1039 0.0701 0.0761
q,=1/B In(aP) + 1/B In(t) R? 0.955 0.900 0.832 0.832 0.931 0.683
Experimental data Dy 33.306 66.586 99.34 130.553 162.433 194.253

Table 6

Kinetic parameters of MG adsorption onto ZnS-NP-AC, under the following conditions: 0.02 g adsorbent over 5-30 mg L™ at pH 7,

0.5-35 min contact time and room temperature

Parameter values: concentration dye (ppm)

Models Parameters 5 10 15 20 25 30
First-order kinetic model: k, 0.1289 0.0967 0.0483 0.0230 0.0207 0.0184
log(g, - q,) =log(q,) — (k,/2.303)t Dy 20.090 38.370 49.545 61.376 77.803 96.161
R? 0.903 0.916 0.930 0.949 0.970 0.888
Second-order kinetic model: k, 0.0148 0.00546 0.00362 0.00422 0.00345 0.00285
tlg,=1/k,q>+ (1/q)t Do cal 26.31 52.63 71.42 76.92 90.90 100
R? 0.992 0.976 0.963 0.968 0.968 0.944
H 10.30 15.15 18.51 25 28.57 28.57
Intraparticle diffusion: K 2.833 5.539 7.033 6.297 7.806 8.054
q,=Kt"”+C C 9.310 16.77 22.90 31.52 37.64 43.82
R? 0.986 0.983 0.967 0.943 0.936 0.828
Elovich: B 0.2751 0.1462 0.1173 0.1319 0.0701 0.1085
q,=1/p In(aP) + 1/p In(t) R? 0.956 0.883 0.836 0.806 0.931 0.639
Experimental data Denp 24.995 49.955 74.565 98.11 121.995 145.865

both the liquid phase mass transport rate and the intra-
particle mass transport rate control the sorption of MG. In
order to take into account both the particle size and par-
ticle shape, pore-diffusion models should be formulated.
Since the rate can be described in regard to the square root
of time (t), the adsorption is a diffusive mass transfer pro-
cess. Eq. (22) describes the intraparticle diffusion model as
[28-31,35,46]:

g, =kt +C (22)

where g, is the fraction dye uptake (mg g) at time ¢, k, is
the intraparticle diffusion rate constant (mg g™ min™) and

C is the intercept (mg g™'). The plot of g, vs. t* gives k; as
slope and C as intercept. The intercept represents the effect
of boundary layer thickness. The minimum is the intercept
length and adsorption is less boundary layer controlled.
Tables 3—-6 show a summary of k;and C values and the regres-
sion constant (R?) as well. The gained straight line illustrates
that the dye molecules are transported to the external sur-
face of the adsorbent through film diffusion, and its rate is
very quick. The intraparticle diffusion is not the only rate
limiting mechanism since the line did not pass through the
origin. Therefore, it can be said that MG adsorption onto
ZnS-NP-AC is a complicated process, and both intraparticle
diffusion and surface sorption (film diffusion) contribute to
the rate-limiting step.
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3.7.4. Elovich equation
In this model with known Eq. (23):

q,=1/BIn(oB)+1/BIn(t) (23)

where a is the initial adsorption rate (mg g min™), and
is the desorption constant related to the extent of surface
coverage and activation energy for chemisorption (g mg™).
The parameters (1/p) and (1/B)In(af) can be calculated from
the slope and intercept of the linear plot of g, vs. In(t). The
obtained R? values of this model were <0.8900 for MG ini-
tial concentration in the range of 5-30 mg L' on ZnS-NP-AC
adsorbent (Tables 3-6). The parameter 1/ is related to the
number of sites available for adsorption while (1/8)In(ap) is
the adsorption quantity when Int is equal to zero. In order
to reach a better understanding on the adsorption behavior
of the first step, the adsorption quantity at 1 min is useful
[47-50].

3.8. MLR model

In this work, the MLR model was utilized to know that
there is a linear relationship existing between normalized
inputs and normalized removal (%). The MLR model for
training set was achieved by means of three inputs, and the
following equation was achieved:

Y =0.516 - 0.610x, +0.367x, +0.126x, (24)

where Y, x, x, and x, are the removal (%), dye content
(mg L), contact time (min) and adsorbent dosage (g), respec-
tively. Then, the model was employed for removal forecast-
ing of the testing set. Fig. 12(a) exhibits the predicted values
of normalized removal of data in the training, and testing sets
using the MLR model and their plotting against normalized
experimental data. The statistical findings of the MLR model
display a coefficient of determination (R?) of 0.9134 and MSE
of 0.0038 for the training set. Further, the model was consid-
ered on the testing set: the result presents R*= 0.9091 and
MSE = 0.0038.

3.9. RF model

RF has three tuning parameters, including n,., m,
and extra_options. Table 7 demonstrates the range tuning
parameters and gained coefficient of determination (R?)
and MSE for the training set and testing set. Based on the
results, the optimal tuning parameters for the RF model are
attained according to the n, =100, m_ =2, importance =
1 and nPerm = 3 (nPerm indicates the number of times the
OOB data are changed per tree for studying variable impor-
tance) in the forest. In optimal model, for the training and
testing sets, the MSE values of 0.0002 and 0.0007 and the
R? values of 0.9951 and 0.9826 are achieved, respectively.
Fig. 12(b) shows the performance of the optimal RF model
for the data sets. The OOB error rate against some trees is
plotted (Fig. 12(c)). It can be seen that the OOB error rate
converges at a point after 200 trees and stays unchanged
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Fig. 12. The experimental data against the predicted data of nor-
malized removal obtained with (a) MLR, (b) RF models, (c) the
OOB error rate against number of trees and (d) the importance
of each variable.
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The range of tuning parameters and achieved statistical data for training and testing data sets

Moo my, Extra_options Training set Testing set
R? MSE R? MSE
1 500 1 - 0.9457 0.0024 0.9228 0.0031
100 1 - 0.9581 0.0018 0.9379 0.0025

3 100 2 - 0.9943 2.5e-04 0.9796 8.3e-04
4 500 1 - 0.9548 0.0020 0.9323 0.0027
5P 100 4 Without replacement 0.9329 0.0029 0.9023 0.0040
6 100 4 sampsize = size(X_trn,1)*2/3 0.9339 0.0029 0.9076 0.0037
7¢ 100 4 nodesize =7 0.9439 0.0024 0.9235 0.0031
8d 100 4 importance = 1 0.9467 0.0023 0.9176 0.0033
9¢ 100 4 locallmp =1 0.9481 0.0023 0.9206 0.0032
104 100 4 proximity =1 0.9459 0.0024 0.9125 0.0035
11¢ 100 4 proximity = 1; oob_prox = 0 0.9500 0.0022 0.9277 0.0029
124 100 4 do_trace =1 0.9580 0.0018 0.9335 0.0026
134 100 4 In-bag =1 0.9547 0.0020 0.9317 0.0028
144 100 2 importance = 1; nPerm =1 0.9445 0.0024 0.9217 0.0032
15 100 2 importance = 1; nPerm =3 0.9951 2.1e-04 0.9826 7.1e-04

*Set to default trees and m, by specifying values as 0.

*Set sampling without replacement (default is with replacement).

‘Note that the default value is 5 for regression.

dDefault (Don’t) = 0.

“Default = 1 if proximity is enabled, Don't 0.

and increasing more trees does not decrease the OOB error  Table 8

rate. The importance of each variable can be shown by a
mean decrease in Gini index and a mean decrease in accu-
racy. The mean decrease in accuracy of the variable is esti-
mated in the OOB error computation. Variables having a
great mean decline in accuracy are more important among
the data. The homogeneity of the nodes and leaves in the
resulting RF for each variable can be determined by the
mean decrease in Gini index. Variables with a large mean
decrease in Gini index have higher purity (Fig. 12(d)). By
comparing the results of the models, we can see that there
is a good agreement between the predicted data and the
experimental data, while the RF model is better than the
MLR model (Table 8).

3.10. Comparison with other adsorbents for malachite green dye

Several previous studies have reported many adsor-
bents for MG adsorption [12,29,51-62] and investigated these
adsorbents in terms of costs and contact times. Table 9 com-
pares the adsorption capacity, contact time and adsorbent
dose of a few adsorbents. As can be clearly seen, as compared
with other studies, the adsorbent used in the current work
had the highest adsorption capacity and needed shorter
required time and dosage [29].

4. Conclusion

Zinc sulfide-based nanoparticle was synthesized
and characterized, and subsequently loaded onto acti-
vated carbon and used for MG removal from the aqueous

Comparison of MSE and R?*values obtained by the MLR and RF
models

Model Training set Testing set

MSE R? MSE R?
RF 2.1e-04 0.9951 7.1e-04 0.9826
MLR 0.0038 0.9134 0.008 0.9091

medium. BET, FESEM, BJH, UV spectrum and XRD tech-
niques were used for characterization of the adsorbent.
Also, the impacts of various operating parameters such
as solution pH, adsorbent dosage, initial dye concentra-
tion and contact time on the extent of dye adsorption
were investigated. ZnS-NP-AC was found to be a ben-
eficial adsorbent for MG removal from aqueous envi-
ronments and, more importantly, its equilibrium time is
<20 min. Kinetics of adsorption was found to follow the
Langmuir isotherms best represented as a second-order
rate expression and adsorption equilibrium data for the
adsorbent. ZnS-NP-AC was capable of removing 98%
of MG only in 15 min. The highest adsorption capacity
of ZnS-NP-AC was 500 mg g™, which was by far higher
than those of adsorbents that have recently been used.
Moreover, we used an RF model as a beneficial tool to
project the removal efficiency of MG from aqueous solu-
tions via zinc sulfide nanoparticle loaded with activated
carbon. The results illustrated that experimental data
are well consistent with the simulated data with the RF
model.
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Table 9
Comparison of adsorption capacities, contact time and adsorbent dose for the MG removal
Adsorbent Adsorption capacity (mg g™) Contact time Adsorbent dose Source
Arundo donax root carbon 8.7 180 min 0.15-1.0g [61]
Lemon peel 3.2-51.7 24 h 0.05g [12]
Cyclodextrin-based material 91.9 120 min 015g [55]
Rice husk 76.9 60 min 06g [54]
Oil palm trunk fiber 149.4 120 min - [60]
Chitosan bead 93.6 300 min [59]
Activated charcoal 0.18 30 min 0.01g [56]
Neem sawdust 44 14 min 2517 ¢g [62]
ZnO-NP-AC 322.6 0.5-30 min 0.005¢g [29]
ZnS-NP-AC 500.0 0.5-35 min 0.005 g This study
Symbols Q, — Theoretical saturation capacity at the D-R
C D tration at time £, mg L™ isotherm
! B ye concentration at ime £, mg € — Polanyi potential at the D-R isotherm
1% — Volume of solution, L .
. E — Mean free energy of adsorption
W — Weight of adsorbent, g ) . -
A . . o X — Chi-squared test statistic
Q. — Equilibrium adsorption capacity, mg g b s
¢ : e 5 q — Experimental data of the equilibrium
C — Dye concentration at equilibrium, mg L eexp . o
4 1 capacity, mg g
H — Second-order rate constants, mg g™ min 7 . .
o . PR — Equilibrium capacity obtained by calculat-
a — Initial adsorption rate, mg g~ min ecal . . o
k - Rat ¢ do-first-ord ing from the isotherm model, mg g
| ate constant o pseudo-tirst-order R? C lati fficient
adsorption, min" — orrelation coefficien
k, — Second-order rate constant of adsorption,
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