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a b s t r a c t
Reactive Yellow 42 (RY 42) dye is a synthetic azo dye which is very important and also is widely 
used industries. Therefore, the aim of this study was to synthesize silica nanoparticles and to 
investigate the equilibrium, kinetics and thermodynamics of the removal of RY 42 dye by these 
nanoparticles from aqueous solutions. This study was performed on a laboratory scale. First, silica 
nanoparticles were fabricated with cationic surfactant and then field-emission scanning electron 
microscopy, X-ray diffraction and Fourier-transform infrared spectroscopy techniques were used 
to evaluate its properties. Also, the effect of various parameters such as pH (3–11), nanoparticle 
dose (0.1–0.6 g/L), contact times of 10–120 min and initial dye concentrations (50–10 mg/L) in 
adsorption reaction were investigated. Finally, the kinetics, isotherms and thermodynamics of 
the reaction were determined. According to the results of this study, as the RY 42 dye concen-
tration increased, the removal rate decreased, resulting in lower efficiencies. Also, the highest 
removal percentage of RY 42 dye at pH = 3, initial concentration of 10 mg/L, adsorbent dosage 
of 0.1 g/L and contact time of 120 min was occurred and was equal to 94.1%. The isotherm and 
kinetics of the adsorption reaction followed the Langmuir model and the pseudo-second-order 
model, respectively. Free energy changes of Gibbs (ΔG), enthalpy changes (ΔH) and entropy 
changes (ΔS) were obtained in this study. Since (ΔG) is negative, (ΔH) is positive, and (ΔS) is 
positive, the process is endothermic and spontaneous. Therefore, the adsorption process by sil-
ica nanoparticles is a suitable option for removal of RY 42 dye from aqueous and wastewater 
solutions and can be used as an efficient and suitable adsorbent.
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1. Introduction

Today, environmental pollution is one of the global 
problems and dilemmas [1]. One of the most important 
environmental pollutants is industrial wastewater, which 
due to the diversity and difference in the nature of chem-
icals used in industrial processes, makes it difficult and 
complex to treat [2]. Among these various pollutants, 
dyes are among the mineral and organic compounds that 
are produced about one million tons per year in various 
parts of human daily life in the world [3–6]. Colored efflu-
ents are produced in many industries such as textiles, 
paper, printing, leather, tanning, inks, cosmetics, etc. and 
therefore enter the environment.

Textile dyes are the largest group of water soluble syn-
thetic dyes that have the greatest variety in terms of type 
and structure [7]. Dyes are divided into azo, anthraqui-
none, xanthine, acridine, flavin, cyanine, ethane, etc. based 
on their chemical structure, and in terms of application, 
they are reactive, acidic, direct, bent, dispersed and etc. [8]. 
Dyes are detectable in very small amounts, even around 
1 mg/L, and affect aquatic life as well as general health [9]. 
Studies have shown that the dyes used in the textile industry 
are carcinogenic and mutagenic and also cause allergies, der-
matitis and skin irritation [10–15]. Also, the entry of colored 
effluents into the receiving waters prevents the complete 
passage of light into the water and consequently reduces 
the action of photosynthesis and thus reduces the dissolved 
oxygen and the phenomenon of eutrophication [16]. The 
dye, on the other hand, binds to metal ions to form com-
pounds that are toxic to fish and other microorganisms in 
the water. Therefore, environmental researchers have always 
sought to eliminate these hazardous compounds [17].

Reactive Yellow 42 (RY 42) is also a synthetic azo dye 
that is very important and widely used. More than 27.2% 
of the textile industry uses this dye. Most of these colors 
cause many problems in humans, including dermatitis and 
itchy skin. They also accelerate cancer and mutagenicity in 
humans [18].

There are various methods for decolorizing the textile 
industry effluent that can be coagulation and flocculation, 
chemical oxidation, biological treatment, electrochemi-
cal technique, ion exchange, adsorption and combined 
processes including ozonation and coagulation [19–21]. 
Each of these methods has advantages and disadvantages. 
Conventional wastewater treatment processes such as 
coagulation and flocculation, chemical precipitation are 
not effective methods for their removal due to the forma-
tion of strong and biodegradable complexes in most dyes 
of the textile industry. These methods also produce a lot 
of sludge, which causes many environmental problems. 
Advanced treatment processes are often expensive and also 
require specialized labor to operate. Biological treatment 
processes are not possible due to the synthetic and aromatic 
structure of colored effluents [22]. Among the other meth-
ods, the adsorption process, due to its high potential for 
the removal of micro molecular materials, including dyes 
and organic matter, seems to be one of the best solutions 
for the treatment of colored effluents. Many advantages of 
the adsorption process over other conventional treatment 
processes include low surface area used, low sensitivity to 

flow fluctuations, no effect of toxic chemicals in the pro-
cess, high flexibility in process design and implementa-
tion, and very high removal of organic matter [23]. In the 
same field, the adsorbents used to remove the dye from the 
effluent can be chitin and chitosan [24,25], single-walled 
carbon nanotubes [26,27], pumice mineral adsorbent [28], 
bone ash [29], barberry stem powder [30] activated carbon 
prepared from walnut wood [31] mentioned. Activated car-
bon is one of the most widely used adsorbents, but due to 
the high cost of production, those studies are being revived 
to obtain alternative adsorbents with higher adsorption 
capacity and lower cost. In this regard, the use of nano-
technology methods has received much attention today. 
Nanoparticles can be used to treat contaminants due to 
their small size, high cross-section, crystallinity and there-
fore high reactivity [32–35].

Nanotechnology is a rapidly growing field and now 
it has had far-reaching effects in various areas of human 
life, including applications in the environment, wire, 
industry, agriculture, and medicine. Nanoparticles have 
unique chemical, physical and optical properties due to 
their nanoscale size and high surface-to-volume ratio [36]. 
Meanwhile, SiO2 is composed of two elements, silicon and 
oxygen, and is structurally similar to the structure of a water 
molecule. SiO2 is a major component of soil that is used 
as a base material for bacterial growth due to its non-tox-
icity. Studies show that SiO2 nanoparticles can be used as 
adsorbents to remove natural contaminants and metal 
ions as well as a variety of dyes [37]. The aim of this study 
was to synthesis of silica nanoparticle as well as investigate 
the equilibrium, kinetics and thermodynamics of the removal 
of RY 42 dye by silica nanoparticles from aqueous solutions.

2. Materials and methods

In this laboratory study, synthesized silica nanoparticles, 
RY 42 dye (Alvan Sabet Company) were used. The devices 
used include the British PG Spectrophotometer Model 
UV/Vis Spectrometer T80+, Fourier-transform infrared spec-
troscopy device (FTIR) using the model device (AVATAR 
370) with spectrometer spectrum in the range of 400–
4,000 cm–1 and vegetative electron microscope FESEM model 
(SIGMA VP–, Zeiss, Germany) as well as X-ray diffraction 
(XRD) model (Pert PRO X made by Panalytical Company).

2.1. Synthesis and preparation of silica nanoparticles

For synthesis of silica nanoparticles, the cationic surfac-
tant cetyltrimethylammonium bromide (CTMABr) was used 
as template and tetraethyl orthosilicate (TEOS) was used as 
the silica source. The polymerization process of the silica 
source was performed in basic and acidic media using HCl 
as catalysts.

First, 1.1 g of CTMABr surfactant was dissolved in 45 mL 
of deionized water with complete vigorous stirring. Then 
30 mL of hydrochloric acid was added and given 10 min 
to obtain a milky and uniform solution. Finally, 0.003 mol 
TEOS is added dropwise to the solution and then allowed 
to produce a milky jelly solution the resulting solution is 
placed in a water bath at a temperature of 70°C. After 1 h, it 
is dried at 80°C and then calcined for 6 h at 540°C [38].
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2.2. Adsorption experiment

All adsorption experiments were performed on batch 
condition and laboratory scale. The effect of various 
parameters such as initial pH, contact time, adsorbent 
dose and initial concentration of RY 42 dye was exam-
ined. For this purpose, stock solution (1,000 mg/L) of 
RY 42 dye was prepared by dissolving certain amounts 
of RY 42 dye in deionized water. Then a certain amount 
of RY 42 dye solution was prepared with a certain pH and 
in Erlenmeyer it was stirred with a certain contact time by 
shaker. The residual amount of RY 42 dye was read using a 
UV/Vis spectrophotometer machine at 430 nm.

In all stages of the experiments, the efficiency and 
adsorption capacity were calculated using Eqs. (1) and (2) 
respectively. To calculate the removal efficiency Eq. (1) was 
used, where R is the removal efficiency (%), Ct is the resid-
ual concentration of the RY 42 dye at time t (mg/L), and 
C0 is the initial concentration of RY 42 dye (mg/L).

%R
C C
C

t=
−

×0

0

100  (1)

Eq. (2) was also used to calculate the equilibrium 
adsorption capacity.

q
C C V

Me
e=

−( ) ×0  (2)

where qe is equilibrium capacity (mg/g), C0 and Ce are the 
initial concentration and residual concentration of RY 
42 dye at time “t” (mg/L), V is solution volume (L) and M is 
adsorbent dose (g). [39]

2.3. Adsorption isotherms

In this study, the Langmuir and Freundlich adsorp-
tion isotherm model in adsorption of RY 42 dye were used. 
The Langmuir isotherm is based on the monolayer and 
homogenous adsorption of the adsorbate material with the 
same energy on all surfaces on the adsorbent.

Freundlich isotherm is based on monolayer and het-
erogeneous adsorption of adsorbent on adsorbent. The 
Freundlich isotherm is based on the monolayer and heteroge-
neous adsorption of adsorbate material on the adsorbent. In 
fact, in the Freundlich model, it is assumed that the adsorp-
tion is monolayer and non-uniform [40]. The following 
equation represents the Freundlich isotherm model.

qe = KfCe
1/n (3)

where qe is equilibrium concentration of solid contaminant 
(mg/L), Kf is Freundlich constant and Ce is equilibrium con-
centration (mg/L).

In the Langmuir adsorption isotherm, adsorption is 
monolayer and the adsorption regions on the surface of the 
adsorbent are uniform and also all have the same adsorp-
tion power. Adsorption joints and bonds are also reversible. 
The following equation represents the Langmuir isotherm 
model.
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q
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e L
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where qmax is the maximum adsorption rate (mg/g), KL is 
the Langmuir adsorption equilibrium constant, Ce is the 
equilibrium concentration (mg/L) and qe is the equilibrium 
concentration of the solid phase contaminant (mg/L).

2.4. Adsorption kinetics

Two common models of kinetic (pseudo-first-order and 
pseudo-second-order kinetics) were used for studying the 
kinetic of adsorption. The correlation coefficient (R2) has 
been considered as a criterion for agreement between the 
experimental data and two suggested models [39].

The pseudo-first-order kinetic or equation is as follows:

log logq q q
k

te t e−( ) = − 1

2 303.
 (5)

where qe: the rate of the adsorbed material on the adsor-
bent in the time t according to mg/g; qt: the rate of the 
adsorbed material on the adsorbent in the equilibrium 
time according to mg/g; K1: the adsorption rate constant 
pseudo-first-order kinetic (L/min).

The chart of log (qe – qt) against t is used for determining 
the k constant and qe.

The pseudo-second-order kinetic equation is as follows:

t
q K q qt e e

= +
1 1

2
2  (6)

where K2 is a pseudo-second-order kinetic adsorption rate 
constant (g/(mg min)). The graph of t/qt vs. t is used to obtain 
velocity parameters. The values of K2 and qe are obtained 
by calculating the width from the origin and the slope.

2.5. Determination of the optimal temperature

Then, by keeping all the optimal parameters obtained 
from the previous steps (pH, contact time, adsorbent dose 
and dye concentration), the experiment was performed 
at temperatures of 15°C, 25°C, 35°C and 50°C. In the next 
step, using adsorption thermodynamic constants including 
change of Gibbs free energy (ΔG°), entropy change (ΔS°) 
and enthalpy change (ΔH°) were investigated. In this step, 
Eqs. (7) and (8) were used to determine the thermodynamic 
constants.

∆G RT K= − ln  (7)

lnK S
R

H
RT

= −
∆ ∆  (8)

where K: thermodynamic equilibrium constant, CS: dye 
adsorption concentration in solution by adsorbent (mg/L), 
Ce: dye residue concentration in equilibrium solution (mg/L), 
R: global gas constant (314.8 J/mol K), T is the absolute 
temperature in Kelvin [40].
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3. Results and discussion

3.1. Determination of silica nanoparticles properties

3.1.1. FTIR spectra

FTIR analysis was used to determine the functional 
groups of silica nanoparticles. Fig. 1 represents the desired 
spectrum.

According to Fig. 1, peak in 1,076.7 cm–1 related to 
Si–O–Si asymmetric band, peak in 805.54 cm–1 is related 
to Si–O–Si symmetric bands, and 458.23 cm–1 Bending is 
related to vibrations Si–O–Si, peak in 1629.85 is related to 
the bending vibrations of the hydroxyl group. A wide band 
absorbed in the region 3,100–3,700 cm–1 is related to the 
reaction of Si–OH with water molecules.

3.1.2. Scanning electron microscopy image

Scanning electron microscopy analysis was used to 
prove the nanoparticle scale, porosity size and distribution 
and to investigate the roughness and unevenness of the 
adsorbent surface (Fig. 2).

According to the images, it is clear that all the particles 
are in a spherical shape, which confirms how the cylinders 
of surfactants are arranged.

3.1.3. XRD analysis

Fig. 3 shows the XRD pattern of SiO2 nanoparticles. 
In XRD experiment, X-ray diffraction was used to deter-
mine the amount of crystalline and non-crystalline phase 
of the adsorbent. The peak at 2θ = 10°–25° is related to the 
presence of amorphous silica.

3.2. Effect of different parameters on the adsorption of 
RY 42 dye by silica nanoparticles

3.2.1. Determination of pHzpc

To determine pHzpc (point of zero charge), distilled 
water solutions were prepared with pH between 2–12 
using HCl and NaOH (1 and 0.1 N). Then, 25 mg of silica 
nanoparticles of were added to 50 mL of solution. After 24 h, 

the pH of the solution was read. As shown in Fig. 4, pHzpc 
for silica nanoparticles is approximately 6.2.

3.2.2. pH effect

The results of pH effect on the adsorption capacity and 
removal efficiency of RY 42 dye were investigated by silica 
nanoparticles (Fig. 5). The pH studied in this research for 
the reactive dye yellow 42 is in the range 3–11. According 
to the diagram, with increasing pH, the removal efficiency 
and equilibrium adsorption capacity have decreased, so 
that at pH = 3, it has the highest removal efficiency of 66.1% 
and the equilibrium adsorption capacity is 6.61 mg/g. Also, 
the lowest removal efficiency at pH = 11 is 7.8% and the 
equilibrium adsorption capacity is 0.78 mg/g.

The pH of the solution is one of the main and influen-
tial factors in the adsorption studies because the change 
in pH changes the structure, the polluting agent groups 
and the electric charge of the adsorbent surface that is 
available to the contaminant, which ultimately leads to a 
reduction or increases the absorption process.

At acidic pHs there are many hydrogen atoms, so it leads 
to higher adsorption to electrostatic attractions between 
negatively charged dye anions and a positively charged 
cell surface. Also, hydrogen ions bind to dye and adsor-
bent molecules, while in alkaline environments, the release 
of OH– ions causes electrostatic repulsion. The OH– ions are 
smaller in size than color molecules and easily adhere to 
the adsorbent surface, thus causing a dilution between the 
color molecules and the OH– ion, which ultimately leads to 
electrostatic repulsion and reduced adsorption capacity.

In a study conducted by Yousaf [41], the results 
showed that the maximum equilibrium adsorption capac-
ity at pH = 1 was equal to 30 mg/g. In another study per-
formed by Jiang et al. [42], the results showed that at pHs 
less than 3.3 it has the highest adsorption capacity, so 
that at pH = 1 the adsorption capacity is equal to 55 mg/g.

3.2.3. Effect of adsorbent dosage

Diagram shows the effect of the adsorbent dose 
on the adsorption capacity and reactivity of the RY 42 

Fig. 1. FTIR spectrum of silica nanoparticles.
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dye by silica nanoparticles. According to the diagram, 
the adsorption capacity of RY 42 dye decreased with 
increasing the adsorbent dose from 0.1 to 0.6 g/L and 
changed from 17.5 to 2.35 mg/L. Equilibrium absorption 

capacity was obtained in doses of 0.2, 0.3, 0.4 and 0.5 equal 
6.6, 3.6, 3.9 and 1.4 mg/g, respectively.

According to Fig. 2, the adsorption capacity of RY 42 
dye decreased with increasing the adsorbent dose from 

Fig. 2. Scanning electron microscopy images of silica nanoparticles.

Fig. 3. XRD determination of silica nanoparticles.

 

Fig. 4. Determination of pHzpc for silica nanoparticles.
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0.1 to 0.6 g/L and changed from 17.5 to 2.35 mg/g. The 
reason is that with increasing the dose, the equilibrium 
adsorption capacity decreases. First, because the vol-
ume and concentration of the dye are constant, increas-
ing the adsorbent mass saturates the adsorption sites 
through the adsorption process, and second, decreases the 
adsorption capacity due to particle accumulation which is 
the result of high adsorbent mass. Such aggregation leads to 
non-use of the total adsorbent surface. On the other hand, 
increasing the dose more than the optimal amount leads 
to a decrease in efficiency. A similar trend was observed in 
studies conducted by Kamranifar et al. [43].

It can also be stated that the reduction of the adsorp-
tion rate can be related to the anionic structure of RY 42 
and the bar electricity of the adsorbent surface. In alkaline 
and acidic environments, the bar electricity of the adsor-
bent surface is negative and positive, respectively. In this 
case, the dye molecules are adsorbed in the acidic environ-
ment based on the electrostatic attraction of the surface. In a 
study by Özbay et al. [44], the results showed that the max-
imum adsorption capacity was obtained at the adsorbent 
dose of 0.05 mg/g and decreased with increasing dose.

3.2.4. Influence of initial concentration and contact time

The results of the effect of the RY 42 dye initial concen-
tration on its adsorption capacity at different times by sil-
ica nanoparticles are shown in Fig. 7. As can be seen, the 
removal efficiency decreases with increasing initial concen-
tration, and the removal efficiency increases with increasing 
contact time. RY 42 dye removal efficiency after 120 min for 
each of the concentrations of 10, 20, 30, 40 and 50 mg/L are 
equal to 94.1%, 87.7%, 56.1%, 27% and 10.74%. As a result, 
the highest removal percentage is related to the initial 
concentration of 10 mg/L and the contact time is 120 min.

At high dye concentrations, due to the saturation of 
the adsorption site, the removal efficiency is constant 
and uniform. Increasing the initial concentration can also 
be attributed to the drift that repels pollutant molecules 
and prevents dye adsorption on the adsorbent. In a study 
conducted by Zhu et al. [45], the results showed that the 
highest removal efficiency was obtained at the lowest 
concentration (10 mg/L).

Also, with increasing contact time, the removal effi-
ciency increases. Contact time is one of the important 
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Fig. 5. Effect of initial pH on the efficiency and adsorption capacity of silica nanoparticles (Initial Reactive Yellow dye concentration 
42 = 20 ppm, adsorbent dose = 0.2 g/L, contact time = 120 min).

 Fig. 6. Effect of adsorbent dose on the removal efficiency of RY 42 dye by silica nanoparticles (pH = 3, initial concentration of 
Reactive Yellow dye 42 = 20 ppm, time = 120 min).
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variables in the adsorption process, because with increasing 
contact time, the removal efficiency and also the adsorp-
tion capacity increase. In this study, the removal efficiency 
was faster during the early times and then slowed down. 
This may be due to the reduction of active points on the 
adsorbent surface and the decrease in the concentration 
of the RY 42 dye, because in the first minutes of adsorp-
tion, many empty sites are available. After a certain period 
of time, these places are occupied by dye molecules so 
that the removal efficiency increases with increasing the 
contact time and is fixed at a certain time, and then the 
amount of adsorption and desorption is in equilibrium. 
In a study conducted by Mahvi and Heibati [46], the 
results showed that the highest removal efficiency was at 
a concentration of 30 mg/L and a contact time of 120 min.

3.2.5. Investigation of RY 42 dye adsorption isotherms

The parameters of the Langmuir and Freundlich iso-
therm models for the RY 42 dye adsorption process by sil-
ica nanoparticles are shown in Table 1. According to linear 
regression calculations, the Brunauer–Emmett–Teller (BET) 
model is more suitable for adsorption data in the con-
centration range under the value of R2 = 0.98 compared to 
other isothermal models for the adsorption of RY 42 dye 
by silica nanoparticles. The Langmuir isotherm with a cor-
relation coefficient of R2 = 0.94 is also a suitable isotherm 
for the adsorption of RY 42 dye by silica nanoparticles.

Balarak et al. [47] study shows the agreement of iso-
thermal data with Langmuir model which is consistent 
with the result of the present study. One of the variables 
in the Langmuir isotherm is the RL parameter, which is 
obtained from the following equation.

R
K CL
L

=
+ ×( )

1
1 0

 (9)

where RL value assumes the nature and the feasibility of 
adsorption process, KL (L/mg) is the Langmuir constant 
related to the energy of adsorption and C0 (mg/L) is the initial 
dye concentration.

Regarding to Eq. (8); If RL = 1, the absorption is lin-
ear, if RL = 0, the absorption is irreversible; if 1 < RL < 0, 
the adsorption is desirable [47]. According to Table 1, the 

value is RL = 0.02, which indicates the optimal adsorption 
of RY 42 dye on silica nanoparticles. Also, the qmax value of 
19.47 mg/g silica nanoparticles was obtained, which shows 
the adherence of the adsorption process to the BET model, 
which evolved into the Langmuir model. This means that the 
adsorbent does not adsorb more than one molecule per loca-
tion, in which case a layer of molecules will be adsorbed on 
the silica nanoparticles. In a study conducted by Salahshor 
et al. [48], the results showed that the adsorption process 
follows the Langmuir model with a rate of R2 = 0.99.

3.2.6. Investigation of adsorption kinetics in the process 
of RY 42 dye adsorption

In this study, the applicability of pseudo-first-order and 
pseudo-second-order kinetic models was investigated by 

Table 1
Isotherm models parameters for the RY 42 dye adsorption 
process by silica nanoparticles

Amounts Coefficients Isotherm type

Langmuir

qmax (mg/g) 19.47
KL (L/mg) 1.63
RL 0.02
R2 0.94

Freundlich constants

Kf 11.76
1/n 0.18
nF 5.53
R2 0.65

BET constants

1/A·Xm 0.0025
(A–1)/(A·Xm) 0.1104
A 1
Xm 9
R2 0.98

Temkin constants
AT (L/mg) 210.46
BT (J/mol) 2.3
R2 0.63

Dubinin–Radushkevich 
constants

qm (mg/g) 17.8
E (kJ/mol) 2.19
R2 0.97

 
Fig. 7. Effect of initial solution concentration on the absorption rate of RY 42 dye at different times by silica nanoparticles 
(pH = 3, adsorbent dose = 0.1 g/L).
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studying the adsorption kinetics at different initial concen-
trations of the adsorbent. The pseudo-first-order kinetics 
model is obtained by plotting logs in terms of log (qe – qt) 
against t and pseudo-second-order kinetics in terms of 
t/qt vs. t. The pseudo-first-order kinetic graph is used 
to obtain the coefficient R2 and the constant value K1 as 
well as qe, and the pseudo-second-order kinetic graph 
is used to obtain K2, R2 and qe which is obtained by calcu-
lating the slope and width from the origin of the graph. 
Figs. 8 and 9 show the pseudo-first-order and pseudo-sec-
ond-order kinetic models for the adsorption of the RY 42 
dye by silica nanoparticles. In this study, the applicability of 
pseudo-first-order and pseudo-second-order kinetic models 
was investigated by studying the adsorption kinetics at dif-
ferent initial concentrations of the adsorbent. Comparison 
of R2 coefficient values in the two studied kinetic models 
(Table 2) shows that the process of adsorption of RY 42 dye  
by silica nanoparticles follows the pseudo-second-order  
kinetic.

In this study, obtaining a coefficient of R2 equal to 0.72 
indicates the adaptation of the adsorption process from a 
quasi-quadratic kinetic model. The results of a study con-
ducted by Malakootian and Macky [49] show that the 
adsorption rate of humic acid follows the pseudo-second- 
order kinetics with a correlation coefficient of 0.9936.

3.2.7. Investigation of temperature effect and thermodynamics 
of the yellow reactive dye 42 adsorption process

Another criterion that is important in the adsorption 
process is the determination of thermodynamic coeffi-
cients. Thermodynamic factors such as entropy changes, 
entropy changes and Gibbs free energy can be investigated 
using the equilibrium constant with temperature in equi-
librium. By drawing a linear graph of Gibbs free energy 
changes with temperature, the slope of the entropy change 
line and also the width from the origin of the enthalpy 
changes, the absorption process is examined. The negative 

Table 2
Coefficients of calculated kinetic models of RY 42 dye adsorption by silica nanoparticles

C0 (mg/L) Pseudo-first-order kinetic Pseudo-second-order kinetic qe,exp (mg/g)

K1 (min–1) qe (mg/g) R2 K2 (g/mg min) qe (mg/g) R2

10 0.03 5.3 0.7 0.01 10.46 0.99 9.51
20 0.03 12.53 0.4 0 26.78 0.94 17.64
30 0.03 12.34 0.44 0 25.28 0.72 16.92

 
Fig. 8. Application of pseudo-first-order kinetic model for adsorption of RY 42 dye by silica nanoparticles.

 

Fig. 9. Application of pseudo-second-order kinetic model for adsorption of RY 42 dye by silica nanoparticles.
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sign of Gibbs free energy (ΔG) changes indicates that the 
adsorption process is spontaneous. Positive enthalpy (ΔH) 
changes indicate that the process is calorific. Entropy 
changes (ΔS) indicate an increase in irregularities in the 
interface between the adsorbent and the adsorbent.

Figs. 10 and 11 show the effect of temperature and ther-
modynamics in the adsorption process of RY 42 dye by 
silica nanoparticles. According to these figures and ther-
modynamic parameters of Table 3, it can be seen that with 
increasing temperature, the rate of adsorption and RY 42 
dye removal efficiency increased, so that at the highest tem-
perature (50°C) the highest capacity absorption (18.27 mg/g) 
can be observed. The thermodynamic parameters of RY 42 

dye adsorption such as ΔG was negative, ΔS and ΔH were 
positive.

After calculating the constant thermodynamic equi-
librium for different temperatures and calculating the 
corresponding free energy, the lnkd diagram was plotted 
against 1/T. If the absorption increases with increasing tem-
perature, it is a sign that the reaction in removing the con-
taminant is endothermic. In this experiment, as can be seen, 
the Reactive Yellow dye removal efficiency increased with 
increasing ambient temperature. In a study conducted by 
Naghizadeh and Ghofouri [50] in a study, they concluded 
that the adsorption process is natural, spontaneous and 
endothermic.

 Fig. 10. Effect of temperature on the adsorption process of RY 42 dye by silica nanoparticles (pH = 3, adsorbent dose = 0.1 g/L, 
solution volume = 100 mL, initial dye concentration = 20 ppm).

 

Fig. 11. Linear plot of lnkd vs. 1/T for surface adsorption of RY 42 dye by silica nanoparticles.

Table 3
Thermodynamic parameters of RY 42 dye adsorption by silica nanoparticles

ΔS  
(J/mol K)

ΔH  
(kJ/mol)

ΔG (kJ/mol)Adsorbent
Temperature (Kelvin) 323308298288

70.1216238.25–5.38–5–4.68–3.28Silica nanoparticles
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4. Conclusion

According to the results of this study, the maximum 
removal of RY 42 dye at pH was equal to 3 with 66.1% 
and the best optimal dose was 0.1 g/L. As the pollut-
ant concentration increased, the removal percentage and 
consequently the efficiency decreased, and the isotherm 
and kinetics followed the Langmuir and the quasi-qua-
dratic model. Also, the highest percentage of RY 42 dye 
removal was at pH = 3, initial concentration = 10 ppm, 
adsorbent dose = 0.1 g/L and contact time = 120 min 
equal to 94.1%. Gibbs free energy changes (ΔG), enthalpy 
changes (ΔH) and entropy changes (ΔS) were obtained 
in this study. Since (ΔG) is negative, (ΔH) is positive and 
(ΔS) is positive, the process is endothermic and sponta-
neous. According to the results, the adsorption process by 
silica nanoparticles is a suitable adsorption option for the 
removal of RY 42 dye from aqueous solutions and wastewa-
ter, and can be used as an efficient and suitable adsorbent.
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