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Industries extensively use synthetic dyes, and it is crucial to eliminate them
from effluents to prevent their accumulation in nature. The elimination of
synthetic dyes is effectively achieved through the well-established method of
adsorption; previous researchers have developed a range of materials
dedicated to the adsorption of such dyes. In this regard, natural materials have
received much attention as environmentally friendly. This study examined the
ability of SiO;-based stone samples, including silica, zeolite, pumice, and
scoria, to adsorb carmoisine and malachite green dyes from water. The ball-
milling method was utilized to prepare the nanosized adsorbents.
Physicochemical properties were evaluated by analytical methods, including
dynamic light scattering (DLS), X-ray diffraction (XRD), X-ray fluorescence
(XRF), Brunauer-Emmett-Teller (BET), and Fourier transform infrared
spectroscopy (FTIR). The removal of dyes was experimentally undertaken
utilizing both granular and nanosized adsorbents with conditions of 30°C
temperature, pH 7, and initial dye concentrations set at 45 mg/l. Adsorption
isotherm models and kinetic models were evaluated for dye adsorption. The
highest levels of adsorption capacities for carmoisine and malachite green
were 54.42 and 19.01 mg/g, respectively. The findings of this research
demonstrated that nanosized scoria and silica have the potential to be used as
efficient adsorbents in cationic and anionic dye removal, respectively.

1. Introduction

transfer where different adsorbate species in
aqueous systems are selectively adsorbed into the

Extensive research has been conducted to mitigate
the environmental risks posed by synthetic dyes in
wastewater [1,2]. Adsorption is a type of mass
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solid surface of the adsorbent. Although adsorption
methods have demonstrated success in
decolorizing textile discharges, their use is typically
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restricted by the high cost of adsorbents [3-5].
Activated carbons, for example, have primarily
been used to remove wastewater dye pollutants,
but their cost is prohibitive [6,7]. As a result, many
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researchers have begun utilizing natural porous
materials for pollutant adsorption (shown in Table

1).

Table 1. Comparing the highest adsorption capacities of different affordable sorbents for removing textile dye.

Adsorbent Dye Initial dye T pH mixing Time Qmax References
concentration (°C) (min) (mg/g)
(mg/1)
Grinded and modified acid orange 7 50 nd. 7 + 240 1.22 [8]
pumice direct yellow 1.08
red 9

modified pumice Methylene Blue 50 nd. 10 120 15.87 [5]
acidic treated pumice Acid Red 14 100 nd. 3 180 3.1 [9]

Acid Red 18 29.7
Pumice powder reactive azo 30 23°C 4 + 180 0.024 [10]

dye

Pumice powder Methylene Blue 50 nd. 4 + 60 0.362 [12]
Zeolite Direct Yellow 40 30°C 3 nd. 240 83.33 [13]

50 (DY50)
Zeolite (Heulandite) safranin dye 100 nd. 4 nd. 240 40 [14]
Zeolite (clinoptilolite) 240 37.2
Zeolite (phillipsite) 480 30.26
Raw scoria powder Malachite 85 nd. 1" nd. 75 2.4 [16]
Iron-modified scoria Green 3.6
Acidic treated scoria Malachite 85 nd. 1" + 75 4.27 [17]

Green
Pumice direct black 22 50 22°C 4 + 120 7.71 [10]
Scoria 5 8.1
These studies have highlighted the importance of  enhanced pumice's efficacy, particularly in

using natural materials for adsorption purposes,
their
effectiveness through modifications. Pumice is
indeed renowned for its highly porous structure and

prompting researchers to enhance

lightweight nature. It typically has a high silica
content, often around 65%. These characteristics
make it an excellent candidate for various
applications, owing to its expansive surface area
and exceptional adsorption capabilities. Girses et
al. [11] investigated the effectiveness of powdered
pumice in eliminating Remazol Red RB. Their results
showed that powdered pumice was a highly
effective adsorbent for anionic dyes, with a high
adsorption capacity. Moreover, powdered pumice
utilized by Cifci and Meric demonstrated the
highest level of adsorption capability of 0.362 mg/g
for the removal of Methylene Blue from water
solutions [12]. Subsequent modifications, as

demonstrated by Derakhshan et al. [5], further

adsorbing cationic dyes, showing a significant
increase in the capacity of adsorption. While
pumice proves adept at removing both cationic and
anionic dyes, its performance is generally more
pronounced with cationic dyes. Ahmadian et al. [8]
utilized ground and modified pumice to eliminate
Acid Orange 7 and Direct Yellow Red 9, yielding the
highest level of adsorption capability of 1.22 and
1.08 mg/g, respectively. Additionally, Samarghandi
et al. [9] used acid-treated pumice for cationic dye
Acid Red 14 removal, with the highest amount of
adsorption capability of 3.1 mg/g. These combined
results highlight the adaptability and promise of
pumice as a potent adsorbent across diverse
applications, particularly in dye removal. Among
different natural adsorbents, zeolite stands out as
a prominent candidate. Researchers have delved
into its potential for dye removal applications.
Alabbad [13] explored the efficacy of naturadl
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zeolites in extracting Direct Yellow 50 (DY50) from
dye solutions, revealing a notable maximum
removal capacity of 83.33 mg/g. Additionally,
Abukhadra and Mohamed [14] examined three
separate classifications of natural zeolite, e.g.,
heulandite, clinoptilolite, and phillipsite, for
safranin dye removal. Their findings showcased
varying maximum adsorption capacities, with
heulandite, clinoptilolite, and phillipsite
demonstrating capacities of 40, 37.2, and 30.26 mg
g”', respectively. Furthermore, efforts have been
directed toward enhancing the surface properties
of zeolite to enhance its adsorption capacity. For
instance, Radoor and colleagues [15] investigated
the ZSM-5 zeolite potential,
biopolymer poly, to adsorb methylene blue from
water. Their findings underscored the adaptability
of the adsorption process, which could be tailored
by adjusting operational variables like the quantity
of zeolite utilized, initial dye concentration,
contact time, temperature fluctuations, and pH
levels. It is noteworthy that scoria, a naturally
abundant material with a vast surface areaq, has
emerged as a compelling option for adsorption
purposes, treatment
applications. Due to its abundant presence on
Earth and extensive surface areaq, it is a suitable
adsorbent for sources by
eliminating contaminants [16]. The effectiveness
of scoria in removing malachite green from water
has been extensively investigated. Studies have
shown that under optimal conditions, such as a pH
of 11, scoria exhibits the highest amount of
adsorption capability of 3.6 mg/g over a duration
of 75 minutes. Moreover, the effects of acid
treatment on scoria, as explored by Sharafi et al.
[17]1, have been found to significantly enhance its
dye removal efficiency by increasing its surface
Furthermore, Dugasa investigated the
effectiveness of both pumice and
eliminating direct black 22 from dye solutions and
wastewater. Remarkably,
incubation period, pumice demonstrated a dye
concentration reduction from 50 to 2.45 mg/I,
while scoria exhibited a decrease to 3.1 mg/I [18].
These findings underscore the efficacy of scoria
and its modified versions as valuable adsorbents in
the dye process, highlighting their
potential in water treatment and environmental

modified with a

particularly in  water

purifying water

area.
scoria in

after a 120-minute

removal

remediation efforts. Moreover, silica, as a natural
adsorbent, has been the subject of much research.
Parida and colleagues [19]examined the process by
which organic compounds were adsorbed onto the
surface of silica samples. The presence of hydroxy
groups and silanols on the silica surface was
revealed using infrared spectroscopy, indicating
surface negative charges on silica that had an
affinity to adsorb the species lacking electrons. The
pi-cloud was found to be involved in the hydrogen
bond formation with the hydroxyl of silanol groups
while aromatic compounds were being adsorbed.
Hydrogen bonds occurred during the surfactant
molecule adsorption on the silica surface. In
addition, hydrogen bonds enabled silica surfaces to
adsorb  the  surfactant compounds. The
surfactants' polar moiety might also contribute to
adsorption. Flat-on binding occurred between the
styryl pyridinium dyes and the surface of the silica.
Synthetic polymers adhered to the silica surface
due to interactions between the multifunctional
groups of the polymers and silanol groups.
Furthermore, the Stober technique was employed
to synthesize mesoporous silica nanoparticles
(MSNs), which were subsequently modified with
cysteine (MSN-Cys) to facilitate the removal of
Methylene Blue (MB) from an aqueous solution. As
the concentration increased, the MB adsorption
rate also rose, which peaked at 140 mg of MB per
gram of MSN-Cys. This was due to the physical
interaction between Methylene Blue (MB) and the
negative charge existing on the surface of the
MSNs [20]. Until now, there has been a limited
scope in comprehensive studies investigating the
use of silicate stones in the adsorption process. In
this research, the ability of SiO;-based stone
samples, including silica, zeolite, pumice, and
scoria, to adsorb anionic and cationic dyes was
examined. These porous stones, found abundantly
in the natural environs of Iran, were examined for
the adsorption of carmoisine and malachite green.
Physicochemical properties were evaluated by
methods including FTIR, DLS, XRF
spectroscopy, XRD, and BET. The isotherm and
kinetic adsorption models were evaluated during
dye adsorption by physically nano-sized stones.

analytical
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2. Materials and methods
2.1. Chemicals

The experiment utilized exceptional-purity
chemicals obtained from Merck Co., Germany. The
Vista Zar Co. (http://www.vistazar.com/), which
imports ROHA Company's IDACOL colors, supplied
the carmoisine azo dye in commercial grade. The
analytical-grade malachite green was acquired
from Sigma Aldrich, and no additional purification

was necessary.
2.2. Adsorbents: preparations and properties

Silica, zeolite, pumice, and scoria were obtained
from local mines in Iran. The granular adsorbents
first using a
Pneumatic Ring Mill (Daneshfanavaran Co., Iran),
where the rotation speed of the blade was set at
250 rpm for four minutes. The powders were then
transferred to a planetary ball mill (Retsch PM 100,
Germany) to further refine the particles into a
nano-sized scale. This type of ball milling is
commonly used for its ability to alter the properties
of rocks and create materials at the nanoscale [21].
The milling jar, containing eight ceramic balls, was
tightly sealed, and the mill was operated at 450
rpm under normal conditions (25 £ 1°C). Ball milling
was carried out in two 5-hour intervals for a total
of 10-hours, with a 1-hour rest period between
intervals. The effective diameters of the particles
were estimated in a colloidal suspension solution
(0.025 w/w %) through a dynamic light scattering
(DLS) method [22] on a nanoparticle analyzer
(ZetaPlus, Brookhaven) at a 90° scattering angle
and a 25.2°C temperature. The surface area
evaluation and pore volume of the adsorbent were
conducted using the BET isotherm model. This
evaluation was nitrogen
adsorption method, utilizing the gas's boiling point
[23] using the BELSORP-mini Il (BEL Japan Inc.,
Japan). In order to observe differences in wave
number patterns related to the functional groups
within the 400-4,000 cm™ wavelength range, FTIR
was used [24-25] (Nexus-870, Germany). The
chemical compositions of the adsorbents were

were mechanically pulverized

conducted via the

analyzed using X-ray fluorescence spectroscopy
(Philips PW 1480, Netherlands). Additionally, in
order to analyze XRD data to determine the
crystalline structures of the adsorbents, a Philips

diffractometer was utilized (Philips PW 3830,
Netherlands) using CuKa radiation (A=1.54 A) [26-
27].

2.3. Various adsorbents in dye adsorption

experiments

The experiments explored dye adsorption by silica,
zeolite, pumice, and scoria in both granular and
nanoparticulate states. In each scenario, 10 mL of
autoclaved, sterilized solution containing either
malachite green dye at a
concentration of 45 mg/L and a pH of 7 was
statically incubated at 30°C. Subsequently, 2 g of
a sterilized specific adsorbent type was added to
each solution. Samples at prescribed times were
centrifuged (13000 rpm, 5 min) to remove the
particles. The supernatant was used to measure
dye concentration using the spectrophotometry
approach via the Epoch2 Microplate Reader (Bio
Tek Company, USA). Intensities were recorded at
maximum absorption wavelengths of carmoisine
(Amax= 515 nm) and malachite green (Amax= 618 nm),
respectively, for samples during carmoisine and MG
removal processes. Intensities were converted to
concentrations using a calibration curve for each
dye.

carmoisine or

2.4. Equilibrium dye adsorption

The correlation between dye concentration in
solution and adsorbed dye specific mass under
equilibrium at a constant temperature was
investigated. For this purpose, nano-sized silica
and/or scoria were assessed, respectively, for their
adsorption capacity of carmoisine and malachite
green at different concentrations (10, 20, 30, 40,
and 50 mg/l). Equation 1
determine the equilibrium adsorption, g. (mg/g),

was employed to

for the dataset once the system reached
equilibrium.
V(G —Co) (1)

Qe W
The parameters Co (mg/l) and C. (mg/l) signify the
initial and concentrations,
respectively. V () indicates t the volume of
solution, while w (g) denotes the adsorbent mass

[5].

equilibrium dye
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2.5. Adsorption isotherms

The equilibrium data was analyzed using two
different equations for isotherms to determine the
parameters of the adsorption isotherm.

2.5.1. Langmuir isotherm

The Langmuir adsorption model postulates
uniformity among all adsorption sites, where the
adsorption process at sites
uninfluenced by the presence or absence of
molecules at nearby sites [28]. The Langmuir
isotherm is used to evaluate the highest possible
uptake from the covered monolayer of the
adsorbent surface and is presented in a linearized
form by Equation 2:

Cc 1 a;

G KR @

active remains

where C. (mg/l)is the concentration of unabsorbed
dye in the solution, g (mg/g) indicates the
quantity of dye adsorbed per unit weight of
adsorbent [28-29], K. (I/g) stands for the Langmuir
equilibrium constant, and the K./a; ratio signifies
the theoretical maximum adsorption capability at
monolayer saturation, expressed as gm (mg/g)
[28]. The separation factor, also known as the
equilibrium parameter (R.), summarizes the main
of the Langmuir
dimensionless constant and is denoted by Equation
3:

features isotherm into a

1

Ry =—+
L 1+aLC0

(3)

where Cp and a; (I/mg) represent the initial dye
concentration and w the Langmuir constant
reflecting the adsorption energy,
respectively[15,30,31]. The R, value serves as an
indicator: higher than 1 suggest an
undesirable isotherm profile, 1 indicates linearity,
values between 0 and 1 show desirability, and 0
suggests irreversibility [15,17,30-32].

values

2.5.2. Freundlich isotherm

The Freundlich isotherm is formulated to describe
multilayer adsorption that occurs on surfaces with
varying properties [30]. Equation 4 represents this
empirical isotherm:

1
Ing. =1In Kf+HlnCe (4)

where K represents the Freundlich constant
((mg/g) (I/mg)""), associated with the sorption
capacity (mg/g), while n represents an empirical
value indicative of the sorption intensity [30]. The
non-dimensional heterogeneity factor "n"
the equilibrium interaction between the adsorbent
and adsorbate, where values between 1 and 10
signify favorable adsorption. A value less than 1 for
1/n suggests a robust interaction between the
adsorbent and adsorbate, while a value close to 1
suggests uniform adsorption energy across all
active sites of the adsorbent [31-32].

shows

2.6. Adsorption kinetics

To understand the kinetics of dye adsorption,
various kinetic equations such as the pseudo-first-
order, pseudo-second-order, intra-particle
diffusion, and Elovich models were employed for
characterization [5].

2.6.1. Pseudo-first-order kinetics

The pseudo-first-order model suggests that the
solute adsorption rate depends on the maximum
adsorption capacity [29]. Equation 5 provides the
linear behavior of the pseudo-first-order model:

—k;t = In(qe —q¢) —Inge (5)
where k; represents the rate constant for pseudo-
first-order adsorption (min™), while g (mg/g) and
g: (mg/g) denote the dye adsorbed amount per
unit mass of adsorbent at equilibrium and at time
t, respectively [33].

2.6.2. Pseudo second-order kinetics

In the pseudo-second-order model, the step that
limits the rate involves the formation of a
chemisorptive bond between the adsorbate and
the adsorbent, which entails electron sharing or
exchange [28]. Equation 6 represents this kinetic
model of the pseudo-second-order:

1 + t _ t (6)
kyqe?  qe Q¢

where k; represents the rate constant for pseudo-
second-order adsorption (g mg "' min") [34].

2.6.3. Intraparticle diffusion kinetics

The linear relationship observed when plotting the
mass ratio of dye to the adsorbent against the
square root of the contact time shows that
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intraparticle diffusion governs the rate-limiting
step in the process of dye adsorption. This
relationship is described by Equation 7, which
represents the equation of intraparticle diffusion.

qe= kpt 2 (7)

where k, denotes the intraparticle diffusion rate
constant (mg g™ min"?) [35]. Moreover, R; can be
computed as the ratio between the
adsorbed mass (qo) and the ultimately adsorbed
mass (ge), according to Equation 8.

initially

=11
Ri=1 -2 (®)

Ri can be classified into one of four categories:
weak initial adsorption (Zone I) occurs when 0.9 <
Ri < 1; intermediate initial adsorption (Zone II)
occurs when 0.5 < Ri < 0.9; strong initial adsorption
(Zone 1) occurs when 0.1 < R; < 0.5; and complete
initial adsorption occurs when 0.1 > R; (Zone V)
[35].

2.6.4. Elovich kinetics

The Elovich equation (Equation 9) [36] is another
kinetic model used to analyze transient data.
1l 1l

a=7 n(ap) +E nt (9)
where a (mg g™ min™') and 8 (g/mg) represent the
rate constant of initial sorption and correlates with
the level of surface saturation and the energy
needed for chemisorption, respectively [36].
The dimensionless Elovich equation is outlined in
Equation 10:

qe _ t
q—: =Rg ln(a) +1 (10)

where t. is the lengthiest adsorption time and qe is
1

Bxqe
approaches the equilibrium factor of the Elovich
equation, which affects the curvature of the curves
of q¢/qe versus t/t. [37]. These curves may appear
flat or sloping depending on curvature, which is
influenced by Re values. Four ranges can be
distinguished. When Rg is greater than 0.3 (Zone ),
the curve exhibits a gradual increase; when Rg falls
between 0.1 and 0.3 (Zone Il), the curve shows a
moderate rise. When Rg ranges from 0.02 to 0.1
(Zone 1ll), the curve demonstrates a rapid ascent;
when Rg is below 0.02 (Zone 1V), the curve quickly
approaches equilibrium [37]. The Elovich equation

solid phase concentration at time t.. Re =

effectively characterized the kinetic behavior of
numerous adsorption systems with a gentle rising
trend [37].

3. Results and discussion
3.1. Physico-chemical properties of adsorbents

The average dimensions of pulverized silica,
zeolite, pumice, and scoria calculated using
dynamic light scattering were found to be 278 nm,
227 nm, 147 nm, and 262 nm, respectively. This
indicated that ball milling could successfully
produce nanoparticles from these materials.
According to Zhang et al. [38], ball milling for 12
hours vyielded chitosan particles ranging in
diameter from 360 to 375 nm. Jeong et al. [39]
found that aggregated Y203 nanoparticles were
efficiently crushed by ball milling into particle sizes
of 34 nm. Saepurahman and Hashaikeh reported
that micro H-Y zeolites underwent high-energy ball
milling for 30 minutes, resulting in the production
of nanoparticles ranging from 50 to 100 nm [40].
BET studies were generated to estimate the overall
pore volume and surface area of each specimen,
with the findings presented in Table 2. The results
demonstrate that all the nanosized samples had
greater specific area and total pore volume than
their counterparts, which might
contribute to enhanced adsorption. Consequently,
nanosized samples adsorbed anionic and cationic
dyes more rapidly than their granular counterparts
[41]. The XRD profiles of different samples were
also acquired for this study, as depicted in Figure 1.
Using JCPDS file number 33-1161, the XRD data
(Figure 1) identified quartz as the dominant phase
in the silica sample. According to Zemnukhova et
al. [42], an XRD analysis of the silica sample
showed a single broad peak at approximately 26 =
22°, characteristic of amorphous structures.
Furthermore, Samadi-Maybodi and Atashbozorg
[43] showed that the XRD spectrum of pure silica

granular

showed a significant peak within the range of 26 =
18-30°, assigned to an amorphous structure. The
XRD pattern shown in Figure 1 helped identify the
principal phases in the zeolite sample as
clinoptilolite (JCPDS file no. 39-1383), quartz
(JCPDS file no. 33-1161), and cristobalite (JCPDS file
no. 39-1425). According to the findings of Mansouri
et al. [44], the XRD pattern for a zeolite sample
revealed intense diffractions that might be
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assigned to clinoptilolite. Castaldi et al. [45,46]
also  observedthat the activated zeolite
predominantly included clinoptilolite. The XRD
analysis of the pumice sample was identified
predominantly as amorphous, anorthite (JCPDS file
no. 18-1202), and hornblende (JCPDS file no. 45-
1371) (Figure 1). Previously, Safari et al. found that
there was a broad peak between 26 = 20-40° on the
XRD spectrum of pumice samples, indicating the
presence of an amorphous phase [47]. Guler and
Sarioglu [33] identified 206~ 26.65° in the XRD
pattern of pumice stone, indicating the presence of
an amorphous quartz material. The XRD data
shown in Figure 1 revealed that the primary phases
for the scoria sample were augite (according to
JCPDS file no. 24-0203), mica-illite (JCPDS file no.
26-0911), and amorphous. Depci [48]
previously reported that scoria was mostly
amorphous, although certain crystalline mineral
anorthite, hornblende, and
crystalline quartz, were observed in the XRD
pattern.

et al.
such as

phases,

Furthermore, the elemental composition of the
stones was assessed using XRF analysis. The XRF

P. Bahman et al. / Advances in Environmental Technology 10(2) 2024, 142-159.

data in Table 3 demonstrated that SiO; was the
most abundant component of all the studied
samples. The silica, zeolite, pumice, and scoria
samples correspondingly comprised ~99%, ~70%,
~66%, and ~50% SiO;, respectively. Mansouri et al.
[44] revealed that SiO; (68.17%), AlOs (11.05%),
and CaO (1.11%) are the major constituents in their
zeolite sample. In addition, Safari et al. [35]
showed that the primary chemical constituents of
a pumice sample were SiO; (63.45%) and Al:Os
(17.24%). Chemical analysis by Depci et al. [48]
also found that SiO. (54.92%), Al;Os (16.92%),
Fe20s3 (10.31%), and CaO (6.47%) represented the
principal constituents of a scoria sample.
Moreover, FTIR analysis was used to determine the
main functional groups in the stone samples. In the
FTIR spectra (Figure 2), a peak around 790 cm™ was
attributed to the bending vibrations of Si-O bonds
in the amorphous quartz. Symmetric vibrations in
the range of 1020-1095 cm™' were related to Si-O-Al
bonds. The peak at 3400 cm™ indicated OH
stretching vibrations, characteristic of water. A
band near 1600 cm™ was attributed to the bending
vibration of OH groups corresponding to adsorbed
water [47-50].

Table 2. Surface area and overall pore volume determined through BET analysis for the samples.

Sample Specific surface area (mzlg) Total pore volume (cm3/g)
Granular Silica 1.11 0.0013
nano-sized Silica 2.65 0.0155
Granular Zeolite 12.78 0.0891
nano-sized Zeolite 22.15 0.2013
Granular Pumice 2.85 0.0275
nano-sized Pumice 5.36 0.0324
Granular Scoria 0.81 0.0023
nano-sized Scoria 2.36 0.01436
Table 3. Chemical composition of samples measured by XRF analysis.

Silica Zeolite Pumice Scoria

Component o o o o
% (W/w) % (W/w) % (W/w) % (W/w)

SiO, 99.32 69.80 65.77 49.76
Al,Os 0.01 10.42 15.99 13.13
Fe;03 0.20 0.41 2.21 5.22
CaO 0.10 0.55 3.95 13.12
Na,O 0.01 2.47 2.07 3.56
K20 0.01 4.87 2.62 3.78
MgO 0.01 0.15 0.84 6.63
TiO; 0.043 0.212 0.416 1.446
MnO 0.008 0.007 0.048 0.098
P,0s 0.001 0.007 0.177 1.578
L.O.l 0.16 10.74 5.44 0.47
SO3 0.02 0.15 0.03 0.45
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Fig. 1. XRD profiles for natural silica, zeolite, pumice, and scoria.
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Fig. 2. FTIR patterns for powdered silica, scoria, pumice, and zeolite.

3.2. Dye adsorption

This research investigated the adsorption of
carmoisine or malachite green from water using

both granular and nano-sized stones, with an

initial dye concentration of 45 mg/l. Figure 3a
shows that the absence of an adsorbent in the
control experiments resulted in insignificant

changes in dye concentrations. Granular
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adsorbents exhibited minimal dye removal (Figure
3a), whereas nano-sized stones demonstrated
greater efficiency in dye removal (Figure 3b) due to
their extensive specific surface area and pore
volume, as determined through BET analysis.
Nano-sized silica completely adsorbed carmoisine
during 15 days of incubation (Figure 3b). And even

—eo— Control —a—Silica —a&— Zeolite

50

—%—Pumice =—O—Scoria

40 ~
35 -

Concentration (mg/l)

2 0 T T T 1

Time (day)
(a)

though granular adsorbents could remove a
significant amount of malachite green over a
period of several days (Table 4), nano-sized
adsorbents could accomplish removal in a matter
of hours (Table 4). After only two hours, nano-sized
scoria was able to remove the malachite green (45

mg/l) completely.

—e— Control —#—Silica —&—Zeolite

50

—»— Pumice —o— Scoria

Concentration (mg/l)

Time (day)
(b)

Fig. 3. Carmoisine adsorption by (a) granular and (b) nano-sized stones performed at 30°C and pH 7 under static

conditions with 45 mg/l initial dye concentration.

The anionic azo dye, carmoisine, becomes charged
negatively when solubilized in water at the normal
pH (6 to 8) [51-53]. Because of the negative
surface charge of SiO; [54-56], carmoisine is
expected to be electrostatically repelled by silica-
based stones. Yet, carmoisine adsorption was
found to be enhanced with increased SiO; content
(Figure 3b), and the silica sample with the highest
content of SiO; (Table 3) showed the greatest
amount of dye adsorption. These observations may
be supported by Scott's explanation of the
multilayer adsorption process of water on silicq,
which shows hydroxyl groups binding to silanol on
silica [57]. In this study, a polar solvent interacted
with the silica surface by forming hydrogen bonds
with water molecules present on the surface.
Accordingly, it could be hypothesized that a
hydrogen bond between the carmoisine functional
groups and surface water molecules on the silica-
based stones was responsible for dye adsorption.
Thus, the association between higher silica levels
and higher dye adsorption was substantiated.
Malachite green, a cationic dye, carries a positive
charge in water [58-59]; it is expected to be
electrostatically adsorbed on silica-based stones
due to the negative surface charge of SiO..

However, our observations (Table 4) indicated that
malachite green adsorption decreased with
increasing SiO; content and that scoria, with the
lowest content of SiO; (Table 3), exhibited the
highest dye adsorption. The limitation for
malachite green electrostatic adsorption on SiO»-
based stones is believed to arise from steric
hindrance due to hydrogen interactions between
malachite green functional groups and surface

water molecules.
3.3. Equilibrium studies

The Langmuir and Freundlich models were used to
examine the correlation between equilibrium
adsorption (ge) and equilibrium dye concentration
(ce). Upon fitting the isotherm data using the
Langmuir equation, the correlation coefficients
(R?) for carmoisine adsorption on nano-sized silica
and malachite green adsorption on nano-sized
scoria were determined to be 0.962 and 0.933,
respectively, through linear regression analysis
(Table 5). Moreover, the separation factor (R;) for
the adsorption of carmoisine on silica (0.087) and
malachite green on scoria (0.083) decreased
between 0 and 1, suggesting that the Langmuir
model exhibited a favorable isotherm profile [31-
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32]. Lower R values also indicated that adsorption
was more favorable [31]. The Langmuir model used
the formation of a single molecular layer on the
surface of the adsorbent, indicating that each
adsorption site accommodated only one dye
molecule, and intermolecular forces decreased
with distance. Additionally, the model assumed a
homogeneous adsorbent surface with uniform and
energetically similar adsorption sites [31].

Table 4. Duration of complete adsorption of malachite
green with 45 mg/| initial concentration under static
conditions at 30°C and pH 7.

Sample Duration
Granular silica 13-days
nano-sized silica 8-hours
Granular zeolite 2-days
nano-sized zeolite 5-hours
Granular pumice 2-days
nano-sized pumice 4-hours
Granular scoria 3-days
nano-sized scoria 3-hours

After applying the Freundlich isotherm model to
the carmoisine adsorption data on silica, the
correlation coefficient (R?) and the isotherm
constant, n, were 0.961and 0.912, respectively. The
experimental adsorption data aligns well with the
Freundlich model. Additionally, the calculated n
value of 1.731 for carmoisine adsorption on silica
falls within the desirable adsorption range of 1 to
10, suggesting strong interaction between the
adsorbent and adsorbate with 17/n <1 [31-32]. The
Freundlich isotherm model was formulated to
explain adsorption mechanisms that entail
multilayer adsorption and surfaces with varying
properties. The utilization of both the Langmuir
and Freundlich isotherm models in studying the
adsorption of carmoisine onto silica nano-sized
stones suggested that the adsorption phenomenon
involved  both formation and
heterogeneous surfaces [33].

monolayer

Table 5. Langmuir and Freundlich isotherm constants. * carmoisine adsorption on nanosized-silica, *malachite

green adsorption on nanosized-scoria.

Isotherm Constants carmoisine” malachite Green™
Langmuir qm (mMg/g) 0.300 0.028
Ky (I/g) 0.069 0.007
av (/mg) 0.232 0.245
R? 0.962 0.933
RL 0.087 0.083
Freundlich n 1.731 0.285
K (mg/g) (I/mg)"" 0.061 0.069
R? 0.961 0.912




152 P. Bahman et al. / Advances in Environmental Technology 10(2) 2024, 142-159.

—%—10 mg L-1 ¢ 20mg L-1
0.25 1 —m—30mgL-1 —A—40mg L-1
—0—50mg L-1
0.2
D 0.15
[22]
E
= 0.1
o
0.05
0 ‘

30

Time (day)

(a)

—»—10 mg L-1 ——20 mg L-1

0.3 -
—=8— 30 mg L-1 —4—40 mg L-1
0257  —e—50mgL-1
. 02+
2
o 0.15 -
£
< 0.1
o
0.05 7,‘,0-0—0-4—4-"‘
0
T T T 1
0 100 200 300 400
Time (min)
(b)

Fig. 4. Adsorption kinetics of (a) carmoisine on nano-sized silica, and (b) malachite green on nano-sized scoria at

different initial dye concentrations.

3.4. Kinetic studies

Figure 4 demonstrates the impact of initial dye
concentrations and contact time on the carmoisine
adsorption and malachite green adsorption by
nanosized silica and scoria, respectively. With
increasing contact time, dye adsorption increased,
and equilibrium was achieved during 12 days for
carmoisine and two hours for malachite green. The
duration to achieve equilibrium remained constant
regardless of the initial dye concentration.
Nonetheless, higher initial dye concentrations
exhibited a faster initial adsorption rate. This
phenomenon arose from the concentration's
impact on the dye's diffusion to the adsorbent's
surface in the absence of mixing. Increased dye
concentration accelerated dye molecule diffusion
from solution to adsorbent by enhancing the
concentration gradient's driving force [60]. The key
factors impacting the equilibrium capacity and
rate were the surface area of the adsorbent, its
physicochemical properties, the accessibility for
adsorbate molecules or ions, and the size and
shape of its particles [61-63].

Transport of mass or bulk in the aqueous phase and
diffusivity into the aqueous layer around the
adsorbents or pores are the dominant mechanisms
that control the adsorption process [61-63].
Various kinetic models were employed to explore
the governing of the adsorption process,
encompassing diffusion control and mass transfer.
Investigations into kinetics involved employing
equations, such as pseudo-first-order, intraparticle

diffusion, pseudo-second-order, and Elovich.

Tables 6 and 7 present the estimated kinetic and
correlation coefficients for carmoisine and
malachite green adsorption, respectively. The rate
constant k; for the first-order
equilibrium adsorption density g. were identified by
analyzing the gradients and intercepts of In (qe.-qt)
versus t (Tables 6 and 7). Most of the correlation
constants associated with the first-order kinetic

reaction and

model for all concentrations examined were below
0.966. Additionally, there significant
disparity between the calculated value of ge,cor and
the experimental value of geexp. TO investigate the
pseudo-second-order  equation, this  study
employed the gradients and intercepts obtained
from plots of t/q:against t to identify the pseudo-
second-order rate constant k2 and the equilibrium
adsorption density ge (Tables 6 and 7). The
correlation coefficients associated with the
second-order kinetic equation exceeded 0.966
across all concentrations except one. The
computed ge,car vValues from the pseudo-second-
order equation also closely matched the data
obtained  through (Ge,exp)s
indicating that the second-order kinetic model
might offer a more accurate depiction of the
studied systems compared to the first kinetic
equation. In the second-order kinetic process, the
step that determines the overall rate is considered
to involve electron sharing or exchange between
the adsorbate and the adsorbent [28]. The pseudo-
second-order equation relies on the solid phase
adsorption potential and corresponds to the idea
that the step controlling the rate involves a
chemisorption mechanism.

wdas a

experimentation
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Table 6. Comparison of rate constants of various kinetic equations and experimental and calculated q. for various
initial carmoisine concentrations.

Pseudo-first-order

Pseudo-second-

Intraparticle

Elovich equation

equation order equation diffusion
- Q) ~ T~
S > g 3 o
£ E = G £ 3 € T
- s e o] E o £ £ tE”
Py 5 — € ~ - € 2 - - ~ - w ~
(8] G € = [:'4 o = R o o o o)) ?” o [-'4
o - s £ 3 o o =
X ) o 3 [~
& 2 = E E
~ N3 <
0.96
10 0.055 0.11 0.325 0.905 1.142 0.091 6 0.014 1.007 0.973 0.022 52.083 0.210 0.951
20 0.099 0.067 0.391 0.971 0.402 0.174  0.952 0.024  1.475 O'ZB 0.035 30.303 0.189 0.938
30 0.127 0.124 0.485 0.891 0.447 0.220 0.970 0.035 1.034 0.973 0.050 21.551 0.210 0.960
.9
40 0.1643 0.079 0.498 0.910 0.335 0.265 0.987 0.041 1.044 068 0.056 18.818 0.203 0.973
0.96 0.98
50 0.205 0.081 0.506 0.962 0.617 0.272 0.979 0.047 4 0 0.010 17.094 0.214 0.959

Table 7. Comparison of rate constants of various kinetic equations, and experimental and calculated qe for various
initial malachite green concentrations.

Pseudo-first-order equation

Pseudo-second-

Intraparticle

Elovich equation

order equation diffusion
o "o — L —- & N
= o < c < 'c 'c
o N ) e o e e I
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S E % © o % .2 o o - o E) o ©
o g 5 5 o)) [22] -
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o - o - :
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10 0.028  0.095 0.182 0.865 1.63 0.031 0.977 0.001 0.654 0.977 0.007 196.078 0.182  0.906
20 0.073  0.276 0.3508 0.893  1.591 0.081 0.999 0.002 0.403 0.907 0.174 101.010  0.135 0.988
30 0.146  0.291 0.3872 0.991 1172  0.154 0.999 0.003 0.275 0.744  3.638 70.921 0.100  0.928
40 0192 0.305 0.4999 0.937 0728 0.204 0.999 0.005 0.932 0.779 1294 46.728 0112 0.950
50 0.234  0.146 0.512 0.875 0.156 0.256 0.999 0.008 0.574 0.950 0.099 28.818  0.150 0.943
Adsorption versus time plots at different initial dye =~ comprehending adsorption on extremely

concentrations used to assess the

contribution of diffusion to adsorption [28]. The
t1/2

were
graph of g: against showed a linear connection
(Figure 5), suggesting that intraparticle diffusion
kinetics contributed to the removal of carmoisine
and malachite green. According to Tables 6 and 7
and the Wu et al. classification [35], the overall R;
values for the carmoisine adsorption process
indicated weak initial adsorption. The R; values for
malachite green adsorption suggested that initial
adsorption occurred within the intermediate zone.
Although the Elovich equation does not specify a
particular  process, it valuable

proves in

heterogeneous adsorbents [61]. The Elovich kinetic
constants of @ and 8 (given in Tables 6 and 7)
originated from the gradients of graphs depicting
g: against In (t) (Figure 6). The coefficients of
correlation provided in Tables 6 and 7 for the Elovich
equation exhibited a decrease compared to those
of the pseudo-second-order equation. These tables
present the kinetic parameters pertaining to
carmoisine and malachite green adsorptions.Based
on the Wu et al. classifications [37], with Re = 0.1
and 0.3 representing a slight rise at the curves, the
kinetic mechanism might not be adequately
substantiated by the Elovich equation.
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Fig. 5. Graphs representing the intraparticle diffusion equation for the adsorption of (a) carmoisine on nano-sized
silica and (b) malachite green on nano-sized scoria at different initial concentrations.
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Fig. 6. Figures of the Elovich equation for the adsorption of (a) carmoisine on nano-sized silica and (b) malachite
green on nano-sized scoria at different initial concentrations. T is the time in days for the graph (a) and minutes for

the graph (b).

4. Conclusions

The objective of this investigation was to evaluate
the adsorption characteristics of silicate minerals
in eliminating both anionic and cationic dyes. The
results revealed the influence of silicate percent on
the adsorption processes. Nanosized silica and
nanosized scoria demonstrated considerable
efficacy in removing both cationic and anionic dyes
from water. Specifically, the adsorption of
carmoisine dye exhibited an upward trend with
increasing SiO; percentage. Remarkably, the silica
sample exhibiting the greatest SiO; content
demonstrated the most substantial capacity for
dye adsorption. The involvement of multilayer
water adsorption on silica, leading to the binding

of hydroxyl groups to silanol sites, was identified as

a crucial factor in dye adsorption. Conversely,
malachite green dye adsorption decreased with an
increase in SiOz. Interestingly, the scoria with the
lowest SiO; percent demonstrated the highest dye
adsorption among the samples. Studies were also
conducted on the equilibrium and kinetics of dye

adsorption into nanosized adsorbents. The
Langmuir isotherm model exhibited superior
applicability to carmoisine adsorption onto

nanosized silica and malachite green adsorption
onto nanosized scoria. In the examined dye
adsorption systems, the pseudo-second-order
equation showed the best alignment with the
experimental results. This equation relies on the
adsorption capacity of the solid phase, aligning
with a chemisorption mechanism as the rate-
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controlling step. In further academic exploration,
the impacts of factors such as pH, temperature,
and cross-sectional properties on the adsorption
mechanism can be investigated.
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