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ABSTRACT

Silicates are the pure source of silica sand or glass sand found in vast amounts in south Jordan. It
is worth studying the ability of silica glass sand (SGS) powder prepared from natural silica sand
to act as an adsorbent to remove methylene blue (MB) dye from polluted water. The SGS mate-
rial was systematically analyzed by various spectroscopic techniques. The various experimen-
tal factors such as dosage, MB concentration, pH, contact time, and temperature, were evaluated.
Adsorption isotherms and kinetics data were studied by the pseudo-first-order, pseudo-second-or-
der, and intraparticle diffusion models. The thermodynamic parameters, AG°, AH®, and AS°® were
computed and found to be, 0.438 kJ/mol, —-3.20 k]J/mol, and -8.613 J/mol-K, respectively. The results
indicated that the maximum removal of MB dye was found at low pH values. The collected iso-
therm data were best fitted by the Langmuir isotherm, and the maximum adsorption capacity of
dye onto SGS was 3.28 mg/g. The thermodynamic results demonstrated that the adsorption of the
MB occurs spontaneously as an exothermic process. The results confirmed the effectiveness of the
prepared low-cost silica sand (SGS) as an adsorbent with excellent recyclability for the remediation
of water contaminated by MB dye generated from industry.
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1. Introduction

The utilization of natural low-cost adsorbents for the
efficient removal of contaminants in the water is known to
be an interesting area of research. The unique properties
of such materials for the removal of both organic and inor-
ganic pollutants with high efficiency provide an increasing
demand for extensive studies by researchers [1-5]. Various
industries, including textile, leather tanning, paper and
pulp, printing, dying, food additives, paint, pigments,
and pharmaceutical industries, consume a large volume
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of water during the dyeing process of their products and
generate a large amount of colored wastewater, result-
ing in the continuous discharge of dye contaminants into
bodies of water, causing water pollution [6-10]. Synthetic
dyes, which are nondegradable pollute the water resources,
even at low concentrations, and affect human health [11].
Among the most used industrial dyes, methylene blue
(MB) is a basic dyestuff widely used in industry for vari-
ous purposes. Moreover, the presence of trace amounts
of such micro-pollutants discharged from various indus-
trial wastewater is extremely noticeable and has become a
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global phenomenon [12]. MB can be found in water because
of industrial discharge, agricultural runoff, or accidental
spills. It can be introduced through various sources and can
have toxic effects on aquatic organisms, especially at high
concentrations. It can also disrupt the photosynthetic pro-
cess in algae and decrease dissolved oxygen levels, which
can lead to fish kills [13]. In addition, MB can be harmful
to human health if ingested or absorbed through the skin.
Some azo dyes have been found to be potentially carcino-
genic, meaning they could cause cancer. Azo dyes are syn-
thetic dyes containing one or more azo (-N=N-) groups.
These dyes are widely used in various industries, includ-
ing textile, printing, and food. While not all azo dyes are
toxic, some studies have shown that certain azo dyes can
have adverse effects on human health and the environment
such as MB dye [14]. Also, MB is a non-biodegradable dye
in the aquatic system and its usage needs significant atten-
tion therefore, it is important to monitor the levels of MB in
water and take steps to remove it from wastewater before
discharging into an aquatic environment. It is noteworthy
that the chemical composition and shape of silica particles
can be also factors contributing to toxicity. In this context,
silica glass sand (SGS) with adsorbed MB may enhance and
lead to irreversible cell damage through oxidative stress and
organelle injury with their cellular penetration and translo-
cation ability. Other than penetration, electrostatic charges,
van der Waals forces, interfacial tension effects, and steric
interaction of SGS bind with cellular components and cause
cell death [15]. It can also create reactive oxygen species
and cause cellular damage via lipid peroxidation, protein
alteration, DNA disruption, signaling function interference,
and gene transcription modulation [16,17]. Many treatment
methods and techniques have been developed that can be
used to remove MB from water, such as activated carbon
adsorption, advanced oxidation, and decolorization [18],
photocatalytic degradation [19], ultrafiltration [20], and
electrochemical treatment [21]. Among these various phys-
ico-chemical processes, adsorption is a technique of choice
due to its feasibility, low cost, and straightforward design.
In the past decade, adsorption has been established as one
of the most reliable techniques for water treatment [22-24].
The authors have successfully utilized several novel adsor-
bents for the removal of various pollutants including metal
ions and dyes. It is to be mentioned that nanoparticles at
various categories of natural and synthetic adsorbents
were also used as low-cost adsorbents for the removal of
organic dyes from aqueous media, such as layered dou-
ble hydroxides clay (LDH), prepared by our group [25] or
hydrotalcite [26], zeolite [27], activated carbon [28], meso-
porous materials [29], chitosan [30], silica [31], and activated
montmorillonite nanocomposite [32]. Aluminosilicates are
used as precursors in several studies utilizing the different
Si/Al ratios. In such compounds, the structural network is
mainly polysilicates with (-O-Si-O-Al-O-)n or (O-Si-O-
Al-O-Si-O-5i-O-)n. Recently, geopolymers or inorganic
polymers particularly of metakaolin-based geopolymer or
metal oxide-carbon nanotubes as nanocomposite for the
removal of MB have received researchers’ attention [33].
Studies were also conducted using silicate geopolymer
precursors characterized and tested for MB adsorption
and exhibited adsorptive capacities of 2.84 to 3.01 mg/g

[18], which are comparable to our finding of 3.28 mg/g.
However, there is still a wide range of work that needs to be
done to assess the sorption performance, adsorption influ-
ential factors, and adsorption mechanism of the Jordanian
SGS [34,35]. Recently, some authors have evaluated the
possible use of silica as a potential adsorbent material and
whether it could be used for the removal of dyes [36].

In this work, Jordanian silica sand (silicates), the pure
source of silica sand or glass sand SGS that is found natu-
rally in vast amounts is used as an excellent nanomaterial
adsorbent for MB dye. It is prepared and recommended for
use as a low-cost, ease-of-synthesis method that can be car-
ried out in a simple and cost-effective way in the laboratory
without requiring expensive instruments [37]. The present
study gives a convenient method, environment-friendly,
and economical to use Jordanian SGS as an adsorbent to
remove methylene blue MB dye from polluted water. The
structural and morphological properties of the prepared SGS
adsorbent were characterized by Fourier-transform infrared
spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), scan-
ning electronic microscopy (SEM), and elemental analyses.
The adsorption properties of the SGS were investigated by
using the batch method under different conditions such
as the effect of mass, pH with zeta potential, contact time,
initial dye concentration, and temperature on the removal
of MB from the aqueous solution. The adsorption kinetics,
the isotherm of the adsorption, thermodynamics data, and
reusability were investigated.

2. Experimental set-up
2.1. Materials and instruments

All chemicals used in this work were of analytical grade
and used without any purification and were purchased
from the Serono Jordan Company, a regional distributor of
Sigma-Aldrich, Merck Company, Germany. Perchloric acid
(HCIO,, 70%), hydrochloric acid, (HCl, 37%), nitric acid
(HNO,, 65%), hydrofluoric acid (HF, 48%), buffer solution
pH (2,4,7,8,9,10,12), multi-element standard solution (Na,
K, Fe, Al, and Ti) 1,000 ppm, and silica standard solution
1,000 ppm. Ultrasonic Bath, Elmasonic S150, Centrifuge Unit
Seta, (UK) FTIR IRAffinity-1S, Shimadzu. The concentration
of MB was quantitatively determined using the spectropho-
tometer JASCO V-630 UV/VIS. AAS atomic absorption spec-
trophotometer, Agilent Technologies Agilent 280FS AA, with
hollow cathode lamp for (Al, Fe, Na, K, Si). Contour 800 F,
Analytik Jena, Germany. Quantachrome, pore size analyzer
by gas sorption. The scanning electron microscopic images
we carried out at Petra University (Jordan), using EDX
(JEOL JED-2300) SEM.

2.2. Preparation of glass sand sample

The composite sand sample was screened in Tyler screen
sieves (325 u) to reduce the size of silica sand and increase
the surface area of the sand particle, then 100 g of the sam-
ple was transferred to a round bottom flask, with 500 mL of
10 M NaOH to reaction mixture then condensed at a tem-
perature adjusted to 300°C for 3 h. Then, cooled at room tem-
perature. The filtrate was separated from solid using filter
paper (simple filtration) to remove unreacted sand particles,
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then was transferred to a sonicator with an ice bath, pH elec-
trode was added to monitor the filtrate pH, then a slowly
and dropwise concentrated HCl was added until pH = 7.
The solution mixture was sonicated for 30 min. A white
slurry of silicic acid, Si(OH), was formed. The reaction mix-
ture was allowed to stand overnight at room temperature,
to facilitate drying and polymerization.

2.3. Adsorption experiments

The adsorption experiments were carried out under dif-
ferent operating conditions of the adsorbent samples of silica
sand composites with accurately weighted mass 0.20-1.5 g,
contact time 0-60 min, initial solution pH 2-12, initial dye
concentration 25-150 mg/L, and temperature 10°C-60°C. The
mixture is thoroughly shaken in a capped container using
a magnetic stirrer operating at 200 rpm for up to 30 min.
Samples were then filtered, and the supernatant liquid was
subjected to analysis. The concentration of residual MB
dye was determined using a spectrophotometer at a wave-
length of 664 nm. The removal efficiency was evaluated for
MB adsorption capacities of SGS composite adsorbents. The
optimum adsorption conditions were obtained by inves-
tigating the adsorption efficiency of different solution con-
ditions including the effect of contact time, pH value, and
initial concentration of MB dye (C ). The efficiency of each
adsorption process is expressed in terms of the removal
percentage of MB from the solution and is defined as the
ratio of the difference in the adsorbate concentration before
and after adsorption (C, — C), to the initial concentration of
the MB dye in the aqueous solution (C)) as shown in Eq. (1):

C,-C
%Removal = M %100 1)
C

0

The adsorption capacity at equilibrium g, (mg/g) was
determined using Eq. (2):
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where C, (mg/L) is the initial concentration of MB dye solu-
tion, C, (mg/L), is the liquid-phase equilibrium concentration
of MB, m (g) is the weight of SGS, and V (L) is the volume
of the MB solution.

2.4. Thermodynamic study of adsorption

Adsorption heat and enthalpy change are import-
ant thermodynamic variables with a strong temperature
dependence that aid in the prediction of adsorption behav-
ior [38]. The van't Hoff Eq. (3) [27], was used to analyze the
values of K, at various temperatures:

_AH° AS°
RT = R

InK, = &)

where R is the universal gas constant (8.314 J/molK), and
T is the absolute temperature; K, = 4,/C (in Kelvin) and AH°

(J/mol) and AS° (J/mol'K) are the enthalpy and entropy
changes, respectively. Plotting InK; vs. 1/T results in a straight
line with slope and intercept of ~AH°/R and AS°/R, respec-
tively. The Gibbs free energy of adsorption [AG® (J/mol)] was
determined from Eq. (4):

AG® = AH® — TAS® (4)

3. Results and discussion

Silica nanomaterials are used as nanoadsorbents because
of their high porosity, non-toxic, high adsorption capacity,
high surface area, excellent surface characteristics, low cost,
and ease of regeneration. Table 1 shows the unique proper-
ties of SGS as an adsorbent.

3.1. Characterization of SGS adsorbent

The chemical composition of the Jordanian glass sand
was found to be as follows: SiO, (97.93%), Na,O (0.05%),
K,O (0.03%), CaO (0.52%), MgO (0.61%), Fe,O, (0.09%),
ALO, (0.65%), and moisture (0.08%). Quantitative elemental
analysis of SGS and the above data reflect the high purity
of Jordanian SGS as a source of silica.

3.2. FTIR spectral analysis

Fig. 1a shows the infrared spectra for the prepared SGS
sample. The transmitted peaks at 458 and 578 cm™ are caused
by bending vibrations with asymmetric stretching vibrations
for the siloxane group (Si—O-Si). The band at 850 cm™ rep-
resents the bending wagging vibration for Si-O-Si, strong
infrared bands can be observed. The Si-O-Si absorption
becomes broader and more complex as the siloxane chains
lengthen or branch, resulting in two or more overlapping
bands. The band at 458 cm™ and the band at 578 cm™ are
associated with the Si-O rocking in accordance with the lit-
erature [39]. The peak at 1,334 cm™ is caused by (Si-O-Al)
linkage with asymmetric stretching vibration, and the trans-
mitted peaks at 1,640 cm™ represent the bending scissoring
vibration for adsorbed water. The peaks at 3,000-3,900 cm™
caused by stretching vibration, confirm the presence of the
Si—O-Si band, the Si-OH band, and the H-O-H band in sil-
ica [40]. Fig. 1b shows the SGS sample after adsorption of
MB dye which confirms the presence of the dye with its dis-
tinct peaks at 3,425 cm™ is O-H stretching vibration; these
groups involve hydrogen bonds. The band observed at
2,700 and 3,032 cm™ are assigned sp3 and sp2 C-H stretch,
respectively. The bands observed at 1,354 and 1,492 cm™

Table 1
Surface and physical properties for silica glass sand

Solubility of silica glass Soluble in water at

sand in water pH <3.00, and pH >10.5
Pore volume, cc/g 0.058

Pore size width, nm 1.289

Surface area, m?/g 50.954

pH points zero charge pH =67

pzc
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Fig. 1. Infrared spectrum of methylene blue dye (a) before and
(b) after adsorption on silica glass sand.
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Fig. 2. Scanning electronic microscopy image of silica glass sand
powder (a) before and (b) after adsorption of methylene blue.

are assigned to C-N and C=C stretching, respectively. The
band at 1,600 cm™ may present the C=C or C=N vibra-
tion in the aromatic ring. The peaks at 1,294 and 1,141 cm™!
are ascribed to C-C-H and C-O-H bending modes [41].

3.3. SEM for the prepared SGS nanoparticles

Fig. 2 shows SEM micrographs of the initial SGS pre-
pared (Fig. 2a), and the SGS-MB (Fig. 2b), obtained after sub-
sequent dye sorption. The SGS nanosheets are thoroughly
covered with MB dye. SEM image of the SGS powder shows
a porous matrix in which the sand maintains the sheet-like

morphology having various sizes [42]. The micrograph
also shows a fractured morphology that MB-encapsulated
within the nanosheets that are well separated with increased
thickness. The SGS powder exhibits a wide size distribu-
tion also determined in the next section of BET analysis.
Flat cleavage-like surfaces are discernible in micron-sized
particles [43]. The flat sheet shapes suggest that the silica
glass particles are thick and platelike, rather than spherical
or regularly shaped. This can be useful for understanding
how the particles might pack together in a bulk material,
which can improve properties like porosity, permeability,
and mechanical strength for dye adsorption.

3.4. Pore size examination (BET analysis) for the prepared SGS
nanoparticles

Nano silica particles are characterized by BET analysis
for their porosity nature; this property is a characteristic
that distinguishes SGS with a large surface area and efficient
adsorption of the MB dye. In which, there is a tendency in
the solid surface of silica to attract and adsorb MB molecules
giving rise to an increase in the amount of dye adsorption
and subsequently enhancing its removal efficiency. The
obtained data from the pore size analysis of the SGS sample
gave a pore volume = 0.058 cc/g, surface area = 50.954 m?/g,
and pore width = 1.289 nm, respectively.

3.5. Effect of operating parameters
3.5.1. Effect of adsorbent dosage

The dosage of adsorbent is an important parameter
in the determination of the capacity of an adsorbent for
a given initial concentration of the adsorbate at the oper-
ating conditions. The effect of SGS dose, varying from
0.2 to 1.5 g, for MB adsorption is depicted in Fig. 3a. It is
apparent that the percent removal of MB increases with the
increasing weight of SGS until 0.8 g. However, once all MB
is adsorbed, additional adsorption sights from SGS will be
insignificant. By increasing the dose, more surface area is
available for adsorption due to an increase in active sites on
the adsorbent then making it easier for more MB molecules
to be moved to the sorption sites. These observations agree
with other reports in the literature on the sorption of MB
dye molecules by different sand or clay materials [44,45].
From the obtained results the optimal adsorbent dose
selected for further studies is 0.8 g.

3.5.2. Effect of pH on removal efficiency and pH point of zero
charge (pH, ) of SGS

The aqueous media pH governs the adsorption of dye
molecules and affects the protonation of the active func-
tional sites on the sorbent surface [46]. It has clearly been
identified as the most important variable affecting adsorp-
tion onto solid-phase adsorbent, partly because small
hydrogen ions compete with the protonated silica surface.
To study the effect of pH on MB adsorption using SGS par-
ticles, adsorption experiments were conducted by varying
the pH from 2 to 12. The results obtained are presented in
Fig. 3b. With the increase of the initial pH, an increase in the
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adsorption rate of MB was observed up to pH 6. After this
pH, when the pH value varies from 6-8, we observe a low
decrease in the rate of MB adsorption on the SGS until pH
8 (88%-86%), an optimal value of pH 6 was fixed. It follows
from the theory of acid-base equilibria that, in the pH range
2-6, the binding of cationic MB molecules is determined
primarily by the state of dissociation of the weak acidic
groups. Carboxyl groups (-COOH) are the main groups
to form hydrogen bonds with the polar silica surface of
the adsorbent. At pH 6-8, there are fewer numbers of com-
peting hydrogen ions and more surface negative charges
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Fig. 3. (a) Effect of the adsorbent silica glass sand dosage,
(b) effect of pH, (c) pH,, (point of zero charge) for silica glass
sand, (d) effect of temperature, and (e) effect of contact time
on the percent removal of methylene blue.

which are exposed to cationic MB resulting in greater MB
sorption. But for pH greater than 8, a decrease in adsorption
was observed for MB, this might be due to the lower polar-
ity of MB at higher pH values [47]. At higher pH values,
the lower number of H* with lesser negative surface charge
results in less positive MB molecules adsorption. In order to
confirm this result, the pH ,_of the adsorbent is determined.
The zero point of charge (PZC) is defined as the number
of positive charges equal to the number of negative charges
that exist on the surface of the adsorbent. The data obtained
through the pH drift method experiment [48], for SGS and
NaCl, was plotted, and the charge density on the active site
of SNP, (adsorbent) was characterized as shown in Fig. 3c.
The pH of the SGS and the pH__value of the adsorbent
was found almost to be 6.7. Thus at pH < 6.7, the surface
of the SGS is positively charged and becomes negatively
charged at pH > 6.7. Therefore, with increasing pH above
pH,, =67, the removal of cationic dye by the SGS increased
shghtly The removal increase can be explained by electro-
static attraction between the particles of the SGS, which is
negatively charged, and the cationic dye, which is posi-
tively charged [49]. These results show that the attraction
between the silica framework (negatively charged) and the
methylene blue (positively charged) depends on pH.

3.5.3. Effect of temperature

To investigate the effect of the temperature (10°C, 20°C,
30°C, 40°C, 50°C, and 60°C) on the MB dye adsorption, the
experiments were conducted at a constant concentration of
2.0 ppm, constant mass of 0.2 g, pH = 6, and given time of
30 min. The results are given in Fig. 3c. As can be seen from
the figure, the adsorption of MB onto the surface of SGS
takes place quickly for three temperatures until 30°C. The
absorbed amount of MB molecules sharply decreases when
increasing the temperature from 30°C to 60°C. The observed
drop in the adsorption capacity with an increase of tempera-
ture indicated that impenitent temperatures are in favor of
MB molecules adsorption onto the SGS particles. This may
be due to a tendency for the MB molecules to describe and
move from the solid phase back to the aqueous phase when
the temperature of the solution increases. This observation
gives rise to suggest a mechanism of the physical adsorption
process of MB molecules that involves an electrostatic inter-
action with the SGS surface for the adsorption [50]. This is
also confirmed by the thermodynamic study given in Fig. 11
which means that the adsorption process has an exother-
mic nature. Similar behavior has been found by Sari and
Tuzen [51].

3.5.4. Effect of contact time

The effect of contact time on the removal ability of MB
was studied for 0.8 g mass of the adsorbent from 5 to 60 min.
The initial MB dye concentration was fixed at 2.0 ppm, with
interval shaking, at a temperature of 30°C, and solution pH
at 6. Fig. 3d shows a rapid initial uptake rate of MB at the
beginning until 30 min and, thereafter, the adsorption rate
became almost constant. The initial increase in the extent of
adsorption may be due to the fact that initially all sites on the
surface of the adsorbent were vacant and the MB molecules
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concentration was high. Consequently, the amount of MB
species uptake decreases with the increase in contact time
on the surface of SGS because of occupying vacant sights.
Moreover, when adsorption involves a surface reaction
process, it is more favorable that rapid initial adsorption
would occur. Then, gradually lower adsorption would fol-
low with time and the removal percentage would practically
remain constant [52]. According to the results obtained at a
given mass of 0.8 g, the equilibrium time found is 30 min.

3.5.5. Effect of the initial concentration of the MB dye

The effect of the initial MB concentration on the adsorp-
tion rate was investigated in the range of 25-125 ppm in a
neutral to slightly acidic media (pH = 6-7). The results are
presented in Fig. 4a for the effect of the concentration of MB
on the adsorption capacity g,. It can be seen in Fig. 4b that
the percentage of removal increased with increasing initial
MB concentration. The lower uptake at higher concentra-
tions resulted from an increased ratio of the initial number
of moles of MB molecules to the available sights and surface
area in which fractional adsorption becomes independent of
the initial concentration of the dye. For a given fixed adsor-
bent dose, the total number of available adsorption sites is
limited thereby adsorbing more molecules became difficult
after reaching the equilibrium point, thus resulting in a
decrease or constant in the removal of MB molecules corre-
sponding to the increase in the initial concentration. Related
results were previously reported by other researchers [53].

3.6. Adsorption isotherms

The main goal of the adsorption isotherms was to estab-
lish the maximum amount of MB that a given mass of sand
could adsorb. We employed several isotherm models to
pinpoint the site of the MB’s equilibrium between solution
and sand mass. Two of the most common isotherms are the
Langmuir monolayer adsorption model and the Freundlich
multilayer adsorption model.

3.6.1. Langmuir isotherm

The foundation of the Langmuir model is the mono-
layer adsorption of solute particles into a finite number
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of identical places on the surface of the sorbent [54]. This
hypothesis states that adsorbed molecules cannot move
across surfaces or interact with one another. The linear form
of the Langmuir model is as follows:

cC, 1 1

=—+—C (5)
q, bQ, Q¢
where C, is the equilibrium MB concentration in solution
(mg/L), b is the Langmuir affinity constant (L/mg), Q is the
capacity for adsorption at equilibrium (mg/g), and g, is the
amount of MB adsorption per mass of adsorbent (sand), and
it may be calculated using Eq. (2). A plot of (C/g,) vs. (C,) will
provide a straight line with a slope of (1/Q) and an inter-
cept of (1/bQ) if the Langmuir isotherm best fits the exper-
imental data. The Langmuir parameters are determined
using these plots (Fig. 5).

C/q,vs. C, (Fig. 5) was found to be linear with a negative
slope, which shows that the examined system’s adsorption
behavior deviates from the fundamental assumption of the
Langmuir technique. As a result, we performed additional
analyses using various different adsorption models on the
data. This gives strong proof that the adsorption of MB on
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Fig. 5. Langmuir plots showing the adsorption of methylene blue
on silica glass sand (at 30 min, pH 6, 20°C, V=25mL, m=0.80 g,
and C, = 100 mg/L), and values for the isothermal constants
and correlation coefficients (R?).
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Fig. 4. (a) Amount of methylene blue adsorbed per mass of silica glass sand (mg/g) at various adsorbate concentrations and
(b) methylene blue removal percentage at various methylene blue concentrations.
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sand does not strictly adhere to a monolayer coverage and
that chemisorption is not the main interaction between the
MB adsorbate and the sand adsorbent.

3.6.2. Temkin isotherm

The Temkin isotherm model predicts that adsorbate/
adsorbent interactions result in a linear decrease in the heat
of adsorption for all adsorbate molecules with increasing
adsorbent surface coverage. A regular distribution of bind-
ing energies up to a maximum binding energy, according
to the model, is what defines adsorption. The linear form’s
expression is [55]:

q,= %ln K, + %ln C, 6)

where T stands for the absolute temperature (K), b for the
heat of adsorption constant, K, for the equilibrium binding
constant corresponding to the maximum bending energy
(L/mg), and R for the universal constant (8.314 J/K-mol).

Plotting (g,) vs. (InC) results in a straight line with a
slope of RT/b and an intercept of (RT InK,)/b (Fig. 6). Based
on the low correlation coefficient value R? of 0.6508, it is
evident from the figure that the experimental data are not
well suited to the Temkin isotherm.

3.6.3. Freundlich isotherm

On heterogeneous surfaces, the Freundlich isotherm
model predicts that there would be a number of non-ideal
adsorption layers. It suggests that stronger binding sites are
exploited first, followed by weaker ones. In other words,
when site occupation rises, the binding strength decreases.
The linear form is seen in [56]:

loggq, =logK, + llogCe (7)
n

where the heterogeneity coefficient (1) defines how favor-
able an adsorption process is (g/L), and the Freundlich
constant (K,) relates to adsorption capacity (mg/g). Plotting

7 - RT/b = 4.588
6 - Kr=0.152 *
5 L 4
0 4 y = 4.5875x- 8.6308
o, R? = 0.6508 ¢
2 - / L
1 -
0 T T T T T T T T T T T T T T T T T T 1

2 21 22 23 24 25 26 27 28 29 3
In(Ce)

Fig. 6. Temkin plot shows the adsorption of methylene blue on
silica glass sand (at 30 min, pH 6, 20°C, V=25 mL, m =0.80 g,
and C, = 100 mg/L), and values for the isothermal constants
and correlation coefficients (R?).

(logg,) vs. (logC) results in a straight line with slope (1/n)
and intercept (logK,) (Fig. 7). The correlation coefficient
value R? = 0.7606 indicates that the adsorption of MB on
sand is predominantly physical multilayer adsorption
that follows Freundlich equation, in contrast to the results
from the Temkin isotherm model, as shown in the picture.
The Temkin and Freundlich isotherms were used to fit the
experimental data, and (Fig. 7) reports the parameters of the
Freundlich isotherm for the adsorption of MB on the sand, as
well as the correlation coefficient, values R2.

3.7. Adsorption kinetics

The kinetics of adsorption were used to examine the pro-
cess by which specific concentrations of MB diffuse from a
solution to a boundary layer of the water surrounding the
sand phase. The kinetics of MB adsorption onto sand was
investigated by collecting solution samples and analyzing
them at intervals of 10, 20, 30, 40, 50, and 60 min. At the
optimal adsorption circumstances of 0.8 g of constant sand
mass in a 25 mL solution at 20°C, pH 6, and 100 mg/L of
constant beginning metal ion concentration, all kinetic tests
were carried out. One can use Eq. (2) to calculate the amount
of adsorption at time t. The kinetic data for the adsorp-
tion of MB onto sand were examined using Lagergren’s
pseudo-first-order, pseudo-second-order, and intraparti-
cle diffusion models. The parameters of these models were
calculated and summarized in Table 2.

3.7.1. Pseudo-first-order kinetics

The pseudo-first-order kinetics model [57] is the most
widely used approach for explaining the kinetic process
of liquid-solid phase adsorption or for the adsorption of
adsorbate from an aqueous solution. The linear form of this
model is as follows:

Kl
t 8
2.303 ©

log(q, -4,) =logq, -
where g, is the mass (mg) of MB adsorbed per gram of sand
at equilibrium; g, is the mass (mg) of MB adsorbed per gram

0.6 - i
05 vt
0.4 - s 4
0.3 -
02 1
0.1 1

Yy =1.8569x-1.9778
R? =0.7606

log(qe)

0.1
02 1
0.3 -
0.4 ]

log(Ce)

Fig. 7. Freundlich plots show the adsorption of methylene blue
on silica glass sand (at 30 min, pH 6, 20°C, V=25mL, m=0.80 g,
and C, = 100 mg/L), and values for the isothermal constants
and correlation coefficients (R?).
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Table 2

Parameters for the methylene blue adsorption on silica glass sand using pseudo-first-order, pseudo-second-order, and intraparticle

diffusion kinetic models

Adsorption kinetics models

Adsorbate Pseudo-first-order Pseudo-second-order Intraparticle diffusion
q, (mg/g) K, (mg/g-min) q. (mg/g) K, (g/mg-min) C (mg/g) K, (mg/g-min‘?)
Methylene blue 0.867 0.0002 2.565 18.759 2.557 0.0012
"0.06 y =-0.0001x - 0.0622 20 1
-0.061 R2=0.89 Y= 0.3898x + 0.0081
2 _
-0.062 - 15 | R?=0.9999
% 0.063 - * _
& -0.064 - E' 10 -
& -0.065 - ¢ s
- 1 *
-0.066 - . 5 -
-0.067
-0.068 e .
0 10 20 30 40 50
. . 0 10 20 30 40 50
time (min) . .
time (min)

Fig. 8. Pseudo-first-order kinetic model showing the adsorption
of methylene blue on silica glass sand (at 30 min, pH 8, 25°C,
V=25mL, m=0.50 g, and C =100 mg/L).

of sand at time t; and K| is the rate constant for the pseu-
do-first-order adsorption model (mg/g-min). The log(q, - g,)
against the t graph can be used to compute K. For the hypo-
thetical first-order adsorption, such a plot will produce a
straight line with (logg) as the intercept and (-K/2.303) as
the graph’s slope (Fig. 8).

3.7.2. Pseudo-second-order kinetics

The adsorption kinetics can also be explained by a
pseudo-second-order model. This equation results in the
linear version of the model:

izi_klt 9)

q, Kgq aq,

The pseudo-second-order adsorption rate constant is
denoted by K,. If experimental data support this concept,
plotting t/g, vs. t yields a linear relationship, and from this
relationship, K, and g, may be computed from the slope and
intercept of the graph (Fig. 9).

3.7.3. Intraparticle diffusion kinetic model
The formula for the intraparticle diffusion model is:
q,=K,t*+C (10)

where the constants K, and C stand for the diffusion rate
(mg/g:min®%) and the thickness of the boundary layer (mg/g),

Fig. 9. Pseudo-second-order kinetic model showing the adsorp-
tion of methylene blue on silica glass sand (at 30 min, pH 8, 25°C,
V=25mL, m=0.50 g, and C =100 mg/L).

respectively. The intraparticle diffusion kinetic model’s plot
of g, vs. t*° demonstrates a linear relationship with constant
C as the y-intercept and K, as the slope (Fig. 10). The pre-
dicted values for the MB adsorptions on the sand composite
were found to be consistent with the experimental findings
(Table 2). The predicted g, value (from second-order kinet-
ics) for the adsorption of MB at 2.565 mg/g is equivalent to
the actual result at 2.637 mg/g, in contrast to the calculated
g, value from first-order kinetics at 0.867 mg/g. Further evi-
dence that the second-order kinetics mechanism was used in
the adsorption of MB comes from the second-order kinetics
correlation coefficient value, which is close to unity at 0.9999.

3.8. Thermodynamics analysis

Using Fig. 11, determine the values for AH®, AS°, and AG®
presented in (Table 3). Because of the interaction between
active sites and MB molecules, the negative values of AS°
and AH°®, respectively revealed the high orderliness of the
adsorption system at equilibrium and pointed out the exo-
thermic nature of the adsorption process. According to the
negative value of AG® the adsorption process is sponta-
neous. It was implied that adsorption was less favorable at
higher temperatures by the fact that negative values of AG®
reduced as temperature increased [58].

3.9. Desorption and reusability of SGS

A desorption study is one of the significant characteris-
tics to show the reusability of adsorbent several times and
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Table 3

Thermodynamic parameters of SGS-based methylene blue adsorption

Temp. 1T C, q, k, Ink, AG° AH® AS°
K ! mg/g L/g (kJ/mol) (kJ/mol) (J/mol-K)
283 0.0035 2.529 3.046 1.205 0.1862 -0.438
293 0.0034 2.601 3.044 1.170 0.1573 -0.383
303 0.0033 2.698 3.041 1.127 0.1194 -0.301 3195 8613
313 0.0032 2.796 3.038 1.086 0.0828 -0.216
323 0.0031 2915 3.034 1.041 0.0401 -0.108
333 0.0030 3.018 3.031 1.004 0.0044 -0.012
2.565 1 y = 0.0012x + 2.5569 *
] R? = 0.9435 * &
87
0 i 86
o * ¥ g5
£ S o
o | 2 83
. 82
1@ 81
2.560 T T T T T T T T T 1 80
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Fig. 10. Intraparticle diffusion kinetic model showing the
adsorption of methylene blue on silica glass sand (at 30 min,
pHS8, 25°C, V=25mL, m =0.50 g, and C,=100 mg/L).
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Fig. 11. Plot of InK; against 1/T for the adsorption of methylene
blue onto silica glass sand.

determine its advantages such as stability and recovery in
reducing cost [59]. Using 0.5 g after saturation with 100 ppm
MB dye, the desorption has been achieved by using 100 mL
of 0.01 M HCI solution at the optimized parameters of pH
and temperature to recover 88.40% of the dye, in the first
use cycle as shown in Fig. 12. The graph also indicates that
the desorption process was repeated four times in order to

Number of Cycles

Fig. 12. Regeneration and reusability study of the silica glass
sand material to remove methylene blue dye.

examine the efficiency of the material with recovery 87.83%,
87.16%, and 82.79% for second, third, and fourth use, respec-
tively. The slight decrease in the removal efficiency of SGS
is due to the gradual saturation of the available places in
the adsorbents [60]. After the fourth cycle, a reduction of
the percentage adsorption was only 5.81%. This observa-
tion implies that SGS can be considered an effective and
recyclable material for the adsorptive removal of MB dye.

4. Conclusions

In this work, natural silica SiO, nanoparticle was suc-
cessfully prepared from natural Jordanian glass sand by
means of sol-gel and hydrothermal methods. The silica
powder of (SGS) was successfully characterized and tested
as an effective low-cost adsorbent in the removal of MB
dye from water. The kinetic, thermodynamic, and isother-
mal behavior of MB dye adsorption onto SGS is the subject
of the current work. It was shown that the kinetics data of
MB dye adsorption on SGS matched the pseudo-second-or-
der kinetic model with a correlation coefficient (R* > 0.99)
that is as high as absolute linearity (R* = 1.00). 100 ppm of
MB, pH 6, 20°C, 0.8 g of sand, 25 mL of solution, and 30 min
of contact time were the ideal adsorption conditions. The
outcomes were examined using the adsorption isotherm
Langmuir, Freundlich, and Temkin models. The adsorption
parameters for the three isotherm models were determined.
The results were well described by Freundlich isotherm
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models. The adsorption is physisorption, as indicated by the
low heat of adsorption (AH® = -3.20 kJ/mol). The adsorption
process was exothermic and spontaneous, as shown by the
thermodynamic parameters AG®, AH®°, and AS°. The fact
that the values of the AG® decrease with rising temperature
suggests that the spontaneous impact is becoming more pro-
nounced. The SGS adsorbent is a potential low-cost mate-

rial

for the effective and economical removal of MB from

an aqueous solution with excellent recyclability.
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