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ABSTRACT

In this work, tin sulfide nanoparticles loaded on activated carbon (SnS-NP-AC) was
synthesized and characterized using various analytical techniques, such as SEM, BET, XRD,
and UV-Vis spectroscopy. The impact of influential parameters such as the contact time,
adsorbent dosage, pH, and initial dye concentration was investigated and optimization was
carried out using random forest model. The optimized values of influential parameters i.e.
pH, contact time, adsorbent dosage, and initial dye concentration were found to be 1,
4 min, 0.03 g, and 15 mg L™, respectively. At these optimized values CR achieve highest
removal percentage (99%) and maximum adsorption capacity (384.6 mg g™ '). The experi-
mental equilibrium data were fitted to different adsorption isotherm models i.e. Langmuir,
Freundlich, Tempkin, and Dubinin-Radushkevich, among them the Langmuir model is
found to be the best fitted and well suited model for evaluating and analyzing the actual
behavior of adsorption process. The Kinetic experimental data were well fitted and they are
in good agreement with pseudo-second-order and intraparticle diffusion model.
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1. Introduction

In recent years, the trend of several computational
techniques for solving problem in the field of science
and engineering has been dramatically increased. Soft
computing technique is a very broad term, which cov-
ers approaches to model, design, and optimization, of
various systems without applying mathematical mod-
els. An accurate and effective soft computing tech-
nique can be designed based on the prevailing
problems to be solved. Soft computing techniques
classically involve many fields, including artificial
neural networks, fuzzy inference system, adaptive
neuro-fuzzy inference system, support vector machine,
random forest (RF), firefly algorithm, particle swarm
optimization (PSO), imperialist competitive algorithm
and genetic algorithm, and their hybrids and deriva-
tives [1-10]. RF is one of the novel and powerful tech-
nique model, which was used to predict the retention
indices of some polycyclic aromatic hydrocarbons [11],
selected subsets of the metabolites and transcripts,
which show association with potato tuber flesh color
and enzymatic discoloration [12] prediction of N,O
emission from local information [13] variable selection
and a regression method for predicting wetland bio-
mass [14] predict outcomes of intramuscular PSO as
lengthening [15] predicting the presence of Echinococ-
cus multiloculars in the intermediate host Ochotona spp.
and removal of bromophenol blue using activated car-
bon (AC) obtained from Astragalus bisulcatus tree [2].

Dyes are extensively used in various industrial
activities including coloring, paper, textiles, plastics,
leather, cosmetics, and food. Because of their complex
(aromatic) molecular structures dyes are stable
towards heat and oxidizing agent, and are mainly
non-biodegradable. Additionally, to their non-
biodegradable nature, most dyes are noxious and
harmful to several micro-organisms as it directly
destroys or inhibit their catalytic activities [16]. The
toxicity of dyes on plant, animal, and human health is
well known. Among, various classification of dyes
(cationic, anionic, and neutral), the cationic ones are
more toxic [17]. On the other hand, the azo dyes
containing reactive groups viz. oxygen, nitrogen, and
sulfur due to the presence of more reactive groups in
their structure are capable of forming covalent bond
with other species through oxygen, nitrogen, or sulfur
atoms of cellulose (hydroxyl group), protein (amino,
hydroxyl, and mercaptan groups), and polyamides
(amino group) compounds [18]. Hence, the rapid
removal of noxious dyes from waste effluents of aqua-
tic source is a challenging requirement. Due to their
synthetic aromatic structure and hazardous nature, the
wastewater treatment is a difficult and expensive task.
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Diverse chemical and physical treatment procedures,
such as ozonation, membrane separation, and adsorp-
tion, have been applied. Among them, adsorption-
based procedure due to unique advantages, such as
adsorbents versatility, non-toxicity, high adsorption
capacity, and cost-effective and high removal percent-
age in addition to regeneration ability of adsorbent is
a most effective technique [19]. The adsorption tech-
nique is based on the transfer of pollutants from the
solution to the solid phase, and it is superior to other
conventional dye removal techniques in terms of
initial cost, simplicity of design, ease of operation, and
non-toxicity of the utilized adsorbents compared with
other conventional wastewater treatment methods
[20,21]. AC solely as adsorbent, although, has advan-
tages such as low cost and non-toxic nature, but has
low adsorption capacity [22]. Due to the presence of
porous carbon backbone, it is easy for AC to be
impregnated with various functional groups and
hence proved to be a good prospective material with
enhanced adsorption capacity by the efficient increase
in reactive center and surface area.

Nanoparticles exhibit intrinsic surface activity and
due to their large surface areas and active sites or
functional group, they strongly chemisorb many per-
ilous chemical compounds. The SnS-NPs are widely
utilized as photosensitive material and catalysts, and
applied widely as in chemical analysis due to their
high electrical conductivity and optical properties.

In this work, the SnS-NP-AC was synthesized and
characterized using SEM, BET, X-ray diffraction
(XRD), and UV-Vis analysis. The impact of effective
parameters such as the contact time, adsorbent dosage,
pH, and initial dye concentration was investigated
and optimized using RF model. The treatment of
polluted water with SnS-NP-AC causes the removal of
high amount of noxious CR in a very short period of
time.

2. Experimental
2.1. Instruments and reagents

All chemicals including Congo red (Molecular
Formula:  C3HzoNeNaxOgS;,  Molecular  Weight:
696.663219 g/mol) IUPAC Name (disodium;4-amino-3-
[[4-[4-[(1-amino-4-sulfonatonaphthalen-2-yl)diazenyl]
phenyllphenylldiazenyllnaphthalene-1-sulfonate) Fig. 1,
tin acetate, thioacetamide, AC, NaOH, and HCl with the
highest purity available were purchased from Merck Co.
(Darmstadt, Germany). The stock solution (200 mg L")
of CR was prepared by dissolving 20 mg of solid dye in
100 mL double distilled water and the working
concentrations were prepared by their suitable dilution.
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Fig. 1. The structure of Congo red.

The pH measurements were carried out using pH/Ion
meter model-691 (Metrohm, Switzerland).

2.2. Measurements of dye uptake

The dye concentrations were determined according
to general traditional photometry method at maximum
wavelength over working concentration. The efficiency
of CR removal was determined at different time inter-
vals (in the range of 0.5-5 min) and the equilibrium
was established after 4 min of contact time. The effect
of initial pH on the removal of CR was evaluated in
the pH range of 1-6, by contacting 50 mL of 10 mg L™"
of initial dye concentration with 0.01, 0.02, and 0.03 g
of SnS-NP-AC for 4 min of contact time. The experi-
ments were also performed in the initial CR concentra-
tion range of 5-70mgL™' to obtain adsorption
isotherms. The CR removal percentage was calculated
using the following equation:

% CR removal = ((Co— C;)/Co) x 100 )

where Cy (mg L™") and C; (mg L™") are the concentra-
tions of target at initial and after time t, respectively.
The adsorbed CR amount (g, (mg g™")) was calculated
by the following mass balance relationship:

ge = (Co = Ce) V/W @

where Cy and C. (mgL™") are the initial and equilib-
rium dye concentrations in aqueous solution, respec-
tively, V (L) is the volume of the solution, and W (g)
is the mass of the adsorbent.

2.3. Random forest

RF is an ensemble machine learning technique
introduced by Breiman based on a combination of a
large set of classification and regression trees method
[23]. RF algorithms are recursively employed to create
multiple decision trees, until a maximal tree is gener-
ated. Since, a very large tree might over fit the new
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data; a pruning algorithm is used to select an optimal
tree structure. Finally, average individual tree predic-
tions across the entire forest are generated. The RF
model is a collection of many un-pruned regression
trees. Each tree is grown based on a bootstrap repli-
cate of the training data. To construct a tree, at each
iteration, two-third of the initial sample to train the RF
sample (called the in-bag samples) is employed, while
the remaining third, the “out of bag” (OOB) initial
samples, are retained for testing the prediction error
of the RF. Each tree is grown to the largest extent
possible, and then predictions are constructed by
averaging all the tree outputs. Since the OOB data are
not employed in the making of each tree; therefore, it
is regarded as a test set to get a running unbiased esti-
mate of the prediction error and variable importance
as trees are added to the forest. The OOB error esti-
mate is an unbiased estimate of the generalization
error, and this is almost same to that obtained by
cross-validation.

The RF algorithm has several tuning parameters,
such as 7igee (the number of regression trees grown
based on a bootstrap sample of the original data-set,
the default value is 500 trees); my, (the number of
various predictors to try at each node, the default
value is one third of the total number of the variables);
and node size (minimum size of terminal nodes).
Larger number of node size led to smaller trees (the
default values are 1 and 5 for classification and regres-
sion, respectively). In practice, the number of trees
(nree) and the size of the variable subset (myy) in the
RF modeling are the two key user-defined parameters
that should be optimized to reach the ideal model by
minimizing the OOB error.

The obtained experimental data are randomly
divided into a training set and testing set. Among 33
data, 25 are considered as training data and 8 as test-
ing data. The inputs consist of concentration (mg L™,
amount of adsorbent (g), and contact time (min). The
output obtained is in the form of the removal (%).
Inputs and outputs are normalized between 0.1 and
0.9 to avoid numerical overflows due to very large or
very small weights. The normalization equation
employed is of the following;:

¥ = (X;i — Xmin/Xmax — Xmin) X 0.8 4 0.1 @)

where y is the normalized value of x;. The x.x and
Xmin are the maximum and minimum value of x;,
respectively. For the created model, two parameters
are applied to test the performance of the RF models.
The mean squared error (MSE) and the coefficient of
determination (R?), which can be indicated as follows:
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N
MSE = NZ ’]/prdz ]/expl )2 (4)

N s — .
RZ -1 Zi:1 (yprd‘l ]/epr) (5)

S (Vprdi = Ym)

where Yprdi, Yexpir N, Ym, the predicted value by RF
model, experimental value, number of data, and aver-
age of the experimental value, respectively.

2.4. Preparation of SnS-NP-AC

SnS nanoparticles synthesis was based on the reac-
tion of tin acetate (Sn(CH3COQ),) with thioacetamide
(CH3CSNHy) in oxygen free water under nitrogen
atmosphere [19,20]. Then, 10 mL of thioacetamide solu-
tion (0.1 molL™") was added into solution of Sn
(CH3CO0), and tri-sodium citrate at pH of 6.0 and
mixed vigorously following dilution to 50 mL. The total
amounts of tin acetate, thioacetamide, and tri-sodium
citrate in the mixture were 0.5, 1, and 5 mmol, respec-
tively, when the mixture is heated at 40°C it results in
the slow formation and growth of citrate-stabilized SnS
nanoparticles (milky white precipitate) and after 6 h at
the same condition the color of the reaction solution
became milky white mixed with light yellow precipitate
that can be easily separated from the mixture by cen-
trifuge and washed several times with ultrapure water
and ethanol to remove the impurities and tri-sodium
citrate. Addition and vigorous mixing of 500 mL of the
dispersed SnS nanoparticles suspension (0.5 g L™") with
10 g AC under magnetic stirring for up to 12 h lead to
its deposition on the AC surface, and the amount of
non-loaded SnS nanoparticle in the filtrate solutions
were analyzed using UV-vis spectrophotometry. The
carbon-supported SnS nanoparticles were generally
dried at 110°C in an oven for 10 h. A mortar was used
to homogeneously ground the carbon-supported SnS
nanoparticles powders.

3. Results and discussion
3.1. Adsorbent characterization

Absorption measurements of SnS-NP-AC solutions
were carried out on a Perkin Elmer Lambda 25
spectrophotometer (Massachusetts, USA) using a
quartz cell with an optical path of 1 cm. Absorption
spectra up to 6 h shows well-resolved absorption maxi-
mum related to the first electronic transition that is
attributed to its sufficiently narrow size distribution of
the SnS nanoparticles and shifts to the shorter wave-
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lengths with decreasing its size of the nanoparticles
(the quantum effect) (Fig. 2). The absorption edge of
SnS (290-320 nm) is in the range of 4.26-3.86 eV that
was obtained according to the well-known following
relation [24]:

(ahv)*= A(Eg — hv) ©)
where E, represents the band gap and A is a constant.
Intercept of line achieved by tracing (ahv)* vs. energy
(hv) shows band gap value in the range of 4.26—
3.86 eV. The significant difference between bulk and
evaluated band gap of SnS (3.67 compared to 3.86—
426 eV) shows the decrease in the size of SnS
nanoparticle. XRD pattern was recorded by an auto-
mated Philips X'Pert X-ray diffractometer (Philips
Analytical X-ray, Netherlands) at 40 kV and 30 mA for
26 values over 10-80°. The peaks around 28.56°,
47.43°, and 56.25° reveal its cubic lattice structure that
are assigned to the planes (111), (220), and (311),
respectively (cubic phase) Fig. 3(a) [25]. Any diffracted
peaks concerned to SnO or Sn(OH), in the XRD
pattern were not observed.

The volume average hydrodynamic diameter for
the SnS nanoparticles, which is determined by the laser
light scattering, was found around 60 nm with narrow
size distribution of 0.15 polydispersity (Fig. 3(b)). The
surface morphological properties of the SnS NPs were
investigated by field emission scanning electron micro-
scope (FE-SEM, Hitachi 54160, Tokyo, Japan) under an
acceleration voltage of 15 kV. The FESEM image of the
SnS nanoparticles (Fig. 3(c)) confirms semi-cubical
shape and its uniform size distribution (40-70 nm) that
has good agreement with the laser light scattering. A

25
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Fig. 2. Evolution of absorption spectra of the 5nS
nanoparticles taken at 1 h intervals following the initiation
of the reaction for the first 6 h.
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Fig. 3. (a) XRD pattern of the citrate-stabilized SnS
nanoparticles; (b) histogram of the SnS nanoparticles size
distribution; and (c) FESEM image of the SnS nanoparticles.

BET surface analyzer (Quantachrome NOVA 2000,
USA) was used to study the surface anatomical proper-
ties i.e. surface area, total pore volume, micropore area,
distribution of pore size, etc. and it also measure nitro-
gen adsorption—-desorption isotherm at 77 K. Before
each study, the samples were degassed via helium
purging at 553 K for 3 h. Determination of specific sur-
face area by N,/77 K adsorption isotherms assumed to
measure the surface area in microspores within pore
sizes of a material Table 1.

3.2. Effect of pH

pH of dye solution plays a crucial role during the
whole adsorption process and particularly on the
adsorption capacity. For this investigation, 0.02 and
0.03 g of adsorbent was treated separately with 50 mL
of CR solution (10 mg L™") at various pH values 1-6
using dilute HCl and NaOH solutions, Fig. 4 indicates
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that the adsorption is maximum at pH 1 hence the
optimum pH for this process is 1. In acidic conditions,
the surface of the adsorbent is positively charged due
to the high concentration of H", so the electrostatic
attraction between the adsorbent and the adsorbate
(CR) which is an anionic dye is enhanced. Lower
adsorption of CR under alkaline condition, is probably
due to the presence of OH™ ions on the surface of
adsorbent competing with the adsorbate (anionic dye)
for adsorption sites [26]. This behavior can be
explained on the basis of change in surface charge of
the SnS-NP-AC. In the case of CR, an anionic dye, at
higher pH, the OH™ ions compete effectively with dye
anions causing a decrease in g.. At lower pH, the sur-
face of carbon gets positively charged, which enhances
the negatively charged dye anions through electro-
static force of attraction.

3.3. Effects of contact time

The contact time significantly affect the ratio of
dye molecule to vacant adsorbent active sites, the rate
and amount of dye that can be transferred to the
adsorbent surface. The effect of contact time on
removal percentage of both dyes is shown in Fig. 5, it
clearly depicts that complete and quantitative removal
of dye occur in time less than 4 min for all initial dye
concentration. Therefore, for subsequent work the
optimum stirring time of 4 min was selected for initial
concentrations of 10, 30, and 50 mg L™ using 0.03 g of
adsorbent. It was seen that by increasing initial dye
concentration from 10 to 50 mg L™" for 50 mL of 0.03 g
of adsorbent, the removal percentage significantly
decreased and further addition has no significant
influence on their removal percentage. The great
amount of dye uptake takes place in the first 2 min
and equilibrium reached within 4.0 min, beyond equi-
librium time, the removal percentage do not change
significantly. This is mainly because of the fact that at
the initial stage of adsorption, the high number of
vacant surface sites and reactive sites are available,
which causes the rapid adsorption of noxious dye
onto the developed adsorbent. Subsequently, due to
saturation of some reactive sites and possible repul-
sive force between adsorbed dye and bulk non-re-
tained dye, the removal percentages significantly
decrease or has slow enhance [2—4].

3.4. Effect of adsorbent dosage

The adsorbent dose shows the limit of adsorbent
capacity and its ability for quantitative removal of dye
for a given initial concentration [4]. The effect of
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Table 1
Summary report of tin sulfide nanoparticles loaded on AC
Summary report
Surface area
BET surface area 1,305.12 m?/ g
Langmuir surface area 1,788.91 m*/g
Pore volume
Single point adsorption total pore volume of pores less than 1,256.713 A width at p/p° = 0.985304522 0.653 cm’/g
Pore size
Adsorption average pore width (4 V/A by BET) 20.04 A
BJH adsorption average pore width (4 V/A) 36.69 A
BJH desorption average pore width (4 V/A) 33.82 A
Nanoparticle size
Average particle size 45973 A
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100 - ——0.02¢g
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Fig. 4. Effect of system pH on adsorption of CR onto SnS-
NP-AC (0.02, 0.03 g, 10 mg L™") at room temperature (27
+ 2°C), agitation speed 400 rpm for the maximum contact
time required to reach the equilibrium (4 min).
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Fig. 5. Effect of contact time on CR removal at 0.03 g of
SnS-NP-AC at room temperature, pH 1 and CR concentra-
tion of 10, 30, and 50 mg L™, respectively.

adsorbent dosage (0.01-0.03 g) on the adsorption of
CR (Fig. 6) from 50 mL of 5, 10, 20, 30, 40, 50, and
70 mg L' at pH 1 after 4 min shows that by raising
the amount of adsorbent until 0.03 g the removal per-
centage increased and further addition does not sig-
nificantly influence the CR removal. Rapid increase in
adsorbed amount with increasing adsorbent dose is
mainly concerned to greater surface area and availabil-
ity of more adsorption sites. Thus, 0.03 g of adsorbent
was chosen as the optimum amount of SnS-NP-AC for
the quantitative removal of CR.

3.5. Effect of initial dye concentration

The experimental results for CR adsorption on
both adsorbent at various concentrations (5, 10, 15, 20,
25, 30, 35, 40, 50, 60, and 70 mg LY reveal that the
removal percentage decreases with increase in the
initial dye concentration, while the actual amount of

100
—— 5 ppm
98 -
=ii— 10 ppm
% —#— 20 ppm
ci 94 =>4 30 ppm
Tg 92 == 40 ppm
15
50 ppm
g 90 -
& 70 ppm
88 -
86 1 1 1 J
0 0.01 0.02 0.03 0.04

amount of adsorbent (g)

Fig. 6. Effect of adsorbent dosage and initial concentration
on removal of CR at 0.02-0.04 g of SnS-NP-AC all section
at 50 ml, pH 1, dye concentrations of 5-70 mg L.
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adsorbed CR per unit mass of both adsorbents
increased. The result confirms high dependency of
adsorption efficiency to initial CR concentration
(Fig. 6). At lower CR concentration, high surface area
of vacant sites of adsorbent are available that lead to
increase in the concentration gradient and rate of CR
diffusion to adsorbent. At high concentration of Congo
red the available sites of adsorbent become fewer and
hence, the CR removal percentage is dependent of ini-
tial dye concentration. The effect of initial dye concen-
tration on the adsorption capacity of the SnS-NP-AC
was investigated under equilibrium conditions with a
concentration of 0.03 of both adsorbent. The increase
in the CR adsorption percentage is attributed to
increase in the adsorption site and the ratio of vacant
site of the SnS-NP-AC to free non-adsorbed dye
molecule [25,26].

3.6. RF model

RF has three tuning parameters: figee, My, and
extra options. Table 2 displays the range tuning

Table 2
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parameters and achieved coefficient of determination
(R*) and MSE for the training and testing set. As can
be seen, the optimal tuning parameters for RF model
are achieved based on the e =100, myy =1 and
without extra options in the forest. In optimal model,
for the training and testing sets, the MSE values of
0.0036 and 0.0073 and the R* values of 0.9793 and
0.9784 are achieved, respectively. Fig. 7(a) represents
the predicted data vs. the experimental data. This fig-
ure displays that predicted values for training and
testing sets demonstrates good agreement with experi-
mental data. Fig. 7(b) exhibits the OOB error rate
against number of trees. It can be seen that OOB error
rate converges at a point after about 200 trees and
remains constant, and adding more trees does not
help. The importance of each variable can be repre-
sented by a mean decrease in Gini index and a mean
decrease in accuracy. For the mean decrease in accu-
racy, a variable is evaluated in the OOB error
computation. Variables with a large mean decrease in
accuracy are more important among the data. The
homogeneity of the nodes and leaves in the resulting

The range of tuning parameters and obtained statistical data for training and testing data-sets

Training set Testing set

Niree Miry Extra_options R? MSE R? MSE
1 500 1 - 0.9754 0.0047 0.9651 0.0091
2 100 1 - 0.9793 0.0036 0.9784 0.0073
3 100 2 - 0.9533 0.0023 0.9653 0.0074
4?2 500 1 - 0.9767 0.0047 0.9660 0.0088
5° 100 4 Without replacement 0.9483 0.0039 0.9389 0.0031
6 100 4 Sample size = size 0.9450 0.0092 0.9597 0.0128
(X_trn,1)*2/3
7¢ 100 4 Node size = 7 0.9621 0.0063 0.9720 0.0100
8d 100 4 Importance = 1 0.9776 0.0038 0.9762 0.0066
od 100 4 Local Imp =1 0.9759 0.0063 0.9566 0.0102
10¢ 100 4 Proximity = 1 0.9747 0.0050 0.9615 0.0083
11¢ 100 4 Proximity = 1 0.9729 0.0037 0.9557 0.0088
oob_prox = 0
124 100 4 do trace =1 0.9721 0.0050 0.9747 0.0081
134 100 4 In bag =1 0.9754 0.0045 0.9636 0.0073
144 100 2 Importance = 1 0.9748 0.0052 0.9668 0.0082
nPerm =1
15 100 2 Importance = 1 0.9625 0.0018 0.9743 0.0063
nPerm = 3

Note: The numbers in bold indicate the best model.

“Set to defaults trees and 1y, by specifying values as 0.

bt sampling without replacement (default is with replacement).
“Note that the default value is 5 for regression.

4Default (Don’t) = 0.

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



N. Dehghanian et al. | Desalination and Water Treatment 57 (2016) 9272-9285

—_—
Q
~
—

0.8 | o

5°
% o]

| o g

0.6 o

oo

O Training data

04 | 0 0 o Testing data

Normalized predicted data
8

0.2 |

0 0.2 0.4 0.6 0.8 1
Normalized experimental data

(b)

0.05
0.04
0.03 ¢

0.02

OOB error rate

o~ B IR ————e

0.01 +

0 100 200 300 400 500
Iteration (# trees)

—_—
(2)

~—

=

(C)
Mean decrease in
Accuracy

1 2

Mean decrease in
Gini index

Magnitude

3 1 2

Std. errors of
importance measure

3 ]

Feature

2
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RF for each variable can be obtained by the mean
decrease in Gini index. Variables with a large mean
decrease in Gini index have higher purity (Fig. 7(c)).

3.7. Adsorption kinetics

Adsorption kinetics is an important characteristic
regarding the determination of the adsorption process
efficiency. The adsorption of a solute by a solid in
aqueous solutions is a phenomenon, which usually
has complex kinetics. The rate of adsorption is
strongly influenced by several parameters related to
the state of the adsorbent, which has heterogeneous
surface in most cases, and to the physicochemical
conditions under which adsorption is carried out. In
order to interpret the experimental data, it is necessary
to determine the step that governs the overall removal
rate in the adsorption process, which is actually a
sequence of steps: (1) transport of the adsorbate from
the fluid to the external surface of the adsorbent
across the boundary layer (film diffusion), (2) diffu-
sion of the adsorbate within the pores of the adsorbent
(particle diffusion), and (3) adsorption itself onto the
surface. Out of these, the third process is considered
as very fast and cannot be treated as a rate-limiting
step for the uptake of the dye. For the other two steps,
the following three possibilities remain: (case 1) exter-
nal transport > internal transport, where rate is gov-
erned by a particle diffusion, (case 2) external
transport < internal transport, where rate is governed
by a film diffusion, (case 3) external transport = inter-
nal transport, the transport of adsorbate to the bound-
ary may not be possible at a significant rate leading to
the formation of a liquid film having a concentration
gradient surrounding the sorbent particles [27], but
the third case may be excluded [28]. Various kinetic
models are available in the literature for the descrip-
tion of the adsorption mechanism. In this study, the
pseudo-first-order model, pseudo-second-order model,
Elovich equation, and intraparticle diffusion model
were tested for the applicability to describe the CR
adsorption process onto SnS-NP-AC. Each of the
investigated models was fitted by a linear regression
to the experimental data, evaluating their appropriate-
ness on the basis of the corresponding correlation
coefficients R®. The rate constants calculated by the
best fitting model were applied for the estimation of
the activation parameters. The latter comprise impor-
tant information that would be required in the adsorp-
tion process design for CR wastewater treatment
applications. The agreement of experimental data and
the model-predicted values was expressed by the
correlation coefficients (R?, values close and agreement
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between experimental and equilibrium adsorption

capacity). The Lagergren equation is commonly
expressed as follows:
log(ge — q¢) = log(ge) — (K1/2.303)t 7)

In this model, the plot of log(ge — g¢) vs. t may attain
line that K; and g. can be determined from its slope
and intercept. The difference in the values of experi-
mental and theoretical g. reveals the in-sufficiency of
this model, even when plot has high value of correla-
tion coefficient [29]. However, the linear relation of
initial solute concentration and rate of adsorption in
the presence of pore diffusion fail to explain the
adsorption data. The low correlation coefficient R* and
distance of experimental and theoretical (g.) value
(Table 3), indicates the nano-applicability of this
model for prediction of adsorption data. The pseudo-
second-order model [30] with well-known Eq. (8) was
tested to analyze and evaluate the efficiency of experi-
mental data.

t/qe=1/Kaq? + (1/ge)t ®)

In despite low correlation coefficient of plots of t/g;
vs. t and its in-applicability over the entire sorption
period, the plots of t/q; vs. t give a straight line with
high correlation, which show the applicability of this
model for interpretation of experimental data for all
the initial dye concentrations. Values of K, and g,
were calculated from the intercept and slope of the

Table 3
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plots of t/g; vs. t, respectively (Table 3). R? values for
pseudo-second-order kinetic model are high (0.9999)
for SnS-NP-AC and the calculated g. values are
mainly close to the experimental data. This indicates
that the CR—SnS-NP-AC adsorption systems obey the
pseudo-second-order kinetic model for the entire sorp-
tion period. The Elovich equation is another rate equa-
tion based on the adsorption capacity is given as
follows [31,32]:

qe=1/p In(af) +1/f In(t) 9

Plot of g, vs. In(t) should yield a linear relationship if
the Elovich is applicable with a slope of (1/f) and an
intercept of (1/p) In(ap). The Elovich constants obtained
from the slope and the intercept of the straight line are
reported in Table 3 [33]. Another alternative method
for kinetic evaluation of an adsorption process is
intraparticle diffusion [34,35]. This model is based on
transport of target species from aqueous solution to the
adsorbents by intraparticle diffusion according to the
famous well known equation:

g = Kaet'/? + C (10)
The values of Kgyis and C were calculated from the slopes
of g, vs. t'/? and their values are reported in Table 3. The
values of g, were found to give two lines part with values
of t'/2 and the rate constant Ky directly evaluated from
the slope of the second regression line. Intraparticle
diffusion is the sole rate-limiting step [36,37], when the

Kinetic parameters of CR adsorption onto SnS-NP-AC Conditions: 0.03 g adsorbent over 10 and 50 mg L™" at optima

conditions of other variables

Parameter values: concentration dye (ppm)

Models Parameters 10 50
First-order kinetic model: log(g. — gv) = log(g.) — (K1/2.303)t K; 0.661 0.651
ge (cal) 3.1 8.05
R? 0.8765 0.6222
Second-order kinetic model: /g, = 1/Kaq? + (1/ge)t K> 0.455 0.144
ge (cal) 16.89 83.33
R? 0.9997 0.9999
Intraparticle diffusion: g, = Kigt'/? + C Kaigs 0.9574 3.494
C 14.415 74.289
R? 0.9814 0.9815
Elovich: gr =1/ In(af) + 1/ In () B 1.37 0.37
a 20.66 29.67
R? 0.9592 0.9923
Experimental date gelexp) 16.56 81.77
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plot of g, vs. t'/? passes through the origin and the value
of C in this case was equal to zero. This phenomenon tells
us that the intraparticle diffusion model may be the con-
trolling factor in determining the kinetics of the process
[38]. The distance of R” values (Table 3) from unity indi-
cates the non-applicability of this model that rejects the
rate-limiting step is the intraparticle diffusion process.

3.8. Adsorption equilibrium

Adsorption isotherms studies are preliminary step
to design efficient adsorption systems that empirically
is applicable to explain the equilibrium relationship
between equilibrium CR concentration (adsorbent and
removal in solution). The experimental equilibrium
data of adsorption of CR was fitted to conventional
isotherm models, such as Langmuir, Freundlich,
Tempkin, and Dubinin—-Radushkevich isotherms with
well known assumption are presented in Table 4 for
SnS-NP-AC. It was found that with adsorbent the
adsorption capacity reduced.

3.8.1. Langmuir isotherm

The well known linear form of Langmuir’s adsorp-
tion isotherm equation (Eq. (11)) was applied for the
CR—SnS-NP-AC system [39].

Ce/qe = l/Kan+CC/Qm (11)
where g. is the number of moles of solute adsorbed
per unit weight at concentration C (mol g7"), C, is the
equilibrium molar concentration of the dye (mol L"),
Qm is the maximum adsorption capacity and b is the
energy of adsorption. At all the temperatures, the 1/
Ce vs. 1/4. graphs give straight lines with appreciable
values of the regression coefficient (R?) close to unity,
verifying the Langmuir adsorption model and ascer-
taining that monolayer formation is taking place dur-
ing the adsorption of CR over the surface of SnS-NP-
AC. On the basis of gradient and interception of these
straight lines, Langmuir constant “b” and number of
moles of the dye adsorbed per unit weight of the
adsorbent (Q,, = 384.6 mg g ') have been evaluated
and presented in Table 4. To confirm this result, the
favorable or unfavorable CR adsorption onto Lang-
muir model was judged by calculation of the separa-
tion factor (Ry) as follow [40].

Ry =1/(1 + K,Cy) 12)
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where K, (Lmg™') is the Langmuir constant and
Co (mg L") is the initial concentration. The adsorption
process can be determined as favorable when the R,
value lies between 0 and 1. It was found that for all
adsorbent dosages and initial CR concentrations the
Ry, value are lower than 1, which suggest the favorable
adsorption of the considered dye on the prepared
adsorbent. On the other hand, increase in R; value
with rising initial CR concentration and adsorbent
dosage show high tendency of CR for adsorption onto
SnS-NP-AC.

3.8.2. Freundlich isotherm

The Freundlich model for the adsorption of solutes
from a liquid to a solid surface was applied for the
present adsorption system [41]:

Ing. =In Kg 4 (1/n) In C, (13)
where g, is the amount adsorbed (mol g_l), C. is the
equilibrium concentration of the adsorbate (CR), Kg
and n the Freundlich constants, are related to adsorp-
tion capacity and adsorption intensity, respectively.
Straight lines with regression coefficients close to unity
were obtained in In C, vs. In g, graph and values of
constants Kr and n derived from the intercepts and
slope of these straight lines are presented in Table 4.
The verification of the Freundlich model confirms the
homogeneous nature of adsorption of CR over the sur-
face of SnS-NP-AC at each temperature.

3.8.3. Temkin isotherm

The Temkin isotherm Eq. (14) can be simplified to
the following equation [42]:

e = BiIn Kt + By In C, (14)
where B; = (RT)/b is related to the heat of adsorption,
T is the absolute temperature in Kelvin and R is the
universal gas constant, 8314 (Jmol ' K™'). The
adsorption data were analyzed according to the linear
form of the Temkin isotherm Eq. (14). Examination of
the data shows that the Temkin isotherm is efficiently
applicable for fitting the CR adsorption onto SnS-NP-
AC. The linear isotherm constants and coefficients of
determination are presented in Table 4. The heat of
CR adsorption onto SnS-NP-AC was found to increase
from 2.236 to 2.500 kJ mol ! with increase in SnS-NP-
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Table 5
Comparison of adsorption capacities various adsorbents for Congo red dye
Dye Adsorbent Adsorption capacity (mg g~ ") Source
CR Ni-ZnS-NP-AC 285.7 [22]
CR Pd-NP-AC 76.92 [48]
CR Ag-NP-AC 66.67 [48]
CR ZnO-NP-AC 142.86 [48]
CR AC-Coir Pith 6.72 [49]
CR AC-BFA 1.867 [50]
CR KJA-Ti 52 [51]
CR KJA/S/CaFe 159 [51]
CR KJA/N/CaFe 161 [51]
CR SA/N/CaFe 189 [51]
CR CAC 300 [52]
CR SnS-NP-AC 384.6 Present work

AC dosage from 0.01 to 0.03 g. The correlation coeffi-
cients R* obtained from Temkin model were compara-
ble to that obtained for Langmuir and Freundlich
equations, which explain the applicability of Temkin
model to the adsorption of CR onto SnS-NP-AC.

3.8.4. Dubinin—Radushkevich isotherm

In order to identify nature of the ongoing adsorp-
tion process, following D-R adsorption isotherm
model was applied [43,44]:

Inge=In Qs — K& (15)
where g, is the amount of the dye adsorbed per unit
weight of the adsorbent (mgg '), Q, is the maximum
sorption capacity provided by the intercept (umol g '), K
(mol® ] ) is the activity coefficient related to mean sorp-
tion energy, and ¢ (Eq. (16)) is Polanyi potential [45].

¢=RT In(1+1/C.) (16)
where R is universal gas constant and T is tempera-
ture in Kelvin. The activity coefficient (K) and the
adsorption capacities (In Q.) were evaluated from the
slopes and intercepts of the plot In g. vs. & at 25°C
and these results are depicted in Table 4. The mean
sorption energy (E) was calculated from the values of
K by following expression [45-47]:

E=1/y2K (17)
On the basis of values of K, obtained from the D-R
isotherm graph, values of mean sorption energy were
calculated at each temperature.

3.9. Comparison with other adsorbents

This study was compared to the previously stud-
ied research of the considered dye i.e. CR using differ-
ent adsorbent (Table 5). It is seen that when, SnS
nanoparticle loaded on AC, it lead to rapid decrease
in contact time parameter, it is reported that time
taken by AC is about 240 min [50], but when AC
loaded with SnS nanoparticle time taken by the adsor-
bent rapidly decrease and it takes nearly 4 min to
adsorb the maximum amount of Congo red. Secondly,
the maximum amount of the adsorbate adsorbed on
the adsorbent also increases form 1.867 mg/g (for AC)
it becomes 384.6 mg/g (for SnS nanoparticles loaded
on AC). It was clearly depicted from the table that the
developed adsorbent has the maximum adsorption
capacity in comparison to the previously developed
adsorbent for the same dye removal [22,48-52].

4. Conclusion

In this work, the RF model has been used as power
approach for predicting the CR adsorption on to the
tin Sulfide nanoparticles loaded on AC. The results
clearly depicts that there is a good agreement between
experimental data and predicted data using the RF
model. Tin Sulfide nanoparticles were synthesized and
loaded on AC prepared by walnut crust and which
were further characterized using analytical techniques
such as SEM, BET, XRD, and UV-Vis spectroscopy.
The developed adsorbent was used for the removal of
CR in a batch sorption process and the influence of
parameters such as initial dye concentration
(15mg L"), contact time (4 min), initial pH (pH 1),
and the amount of adsorbent (0.03 g) on CR removal
was investigated. The experimental data were ana-
lyzed by the Langmuir, Freundlich, Tempkin, and
Dubinin-Radushkevich isotherm models and the
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results showed that the experimental equilibrium data
was best fitted and described by the Langmuir
isotherm model. The adsorption kinetics data of CR
adsorption onto SnS-NP-AC was found to be in good
agreement with the pseudo-second-order model and
intraparticle diffusion model. The SnS-NP-AC is
applicable for quantity removal of CR for a contact
time of 4 min with adsorption capacity of 384.6 mg g .
On the other hand, the experimental results showed
that SnS-NP-AC can be used at least for four times
without any considerable change in its adsorption
properties. By considering all of these results, it can be
concluded that SnS-NP-AC can be utilized as a new
and effective adsorbent in the removal of CR, a highly
toxic dye, from waters and wastewaters.
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