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Abstract

The conversion of industrial wastes into advanced materials with environmental applications has always been one of the
fascinating and promising research topics. This study investigates the removal of methylene blue dye using porous nanosilica
obtained from silicomanganese slag. First, porous nanosilica was obtained from the silicomanganese slag using a facile
and high-efficiency waste valorization path. The valorization path exhibited a dissolution efficiency of more than 96%. The
obtained nanosilica possessed a specific surface area and total pore volume of 506 m*/g and 0.65 cm®/g, respectively, with the
peak pore size of around 10 nm. The obtained nanosilica was then used to adsorb methylene blue dye from aqueous solutions.
The results showed that a 96-98% dye adsorption efficiency could be achieved under the adsorbent dosage of 0.4 g/L, pH 7,
contact time =60 min, and ambient temperature. Fitting the isotherm models revealed that the Langmuir model could better
predict the experimental adsorption data, meaning monolayer adsorption occurred. The maximum dye adsorption capac-
ity of the porous nanosilica obtained from the Langmuir model constant was 256.41 mg/g. Also, the pseudo-second-order
kinetic model could better fit the adsorption data, which meant the chemisorption of the dye on the adsorbent surface. Dye
adsorption on the adsorbent microstructure was also confirmed by energy-dispersive X-ray spectroscopy, elemental map-
ping, and Fourier-transform infrared spectroscopy analyses. The reusability experiments indicated that the porous nanosilica
could exhibit removal efficiency of higher than 90% until the fourth reuse. The overall results showed that by converting
silicomanganese slag into an adsorbent with high dye removal performance, both a solution for slag management and dye
removal from effluents could be proposed. These two paths can help to create a cleaner environment.
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Introduction

In recent years, the population growth and industrial activi-
ties of human beings are associated with excessive con-
sumption in all areas. This unbridled increase has caused
not only the majority of people in parts of the world to suffer
from a deficiency of freshwater sources [1-3], but also large
volumes of pollutants entering the ecosystem [4, 5]. Mean-
while, water pollution due to its long-term effects is one of
the most critical issues in the world today [6]. Chemical dyes
and pigments that are directly correlated with the various
industries such as paper, textile, rubber, tannery, plastics,
and cosmetics are among the most important causes of water
pollution because they elicit changes in the natural appear-
ance of water even at deficient concentrations [7-9]. The
presence of dye pollutants in the environment is hazardous
for human health, leading to skin and mucosal diseases and
even leading to cancer [10]. It is estimated that an enor-
mous volume of almost 700,000 tons of dye-stuff is gener-
ated annually [11-13]. Therefore, managing and reducing
dye pollution is one of the most important issues globally,
and many researchers have studied the possible solutions in
this field.

During the last decades, various techniques, such as
physical, chemical, and biological methods, have been

used to remove dyes from aqueous solutions [14]. Among
the numerous methods developed, adsorption is one of the
most effective ways to remove these dyes from wastewater
due to its efficiency and cost-effectiveness [14]. Therefore,
there are several studies in which silica, activated carbon,
glass hollow fiber, kaolinite, zeolites, mesoporous magnetic
silica composite, organic hybrid super-microporous silica,
ash, mucuna beans, rice husk, cow dung, sludge biochar,
MgFe,0,/reduced graphene oxide, microcrystalline cellu-
lose from oil palm fronds, walnut shells powder, and carbon
nanofibers from polyacrylonitrile have been used as the dye
adsorbent [15-27].

In recent studies, mesoporous nanosilica [28], biogenic
zirconium oxide nanoparticles [29], and ternary nanocom-
posite aerogel [30] have been used to adsorb methylene blue
under different test conditions. The main challenges of these
studies include the unavailability and high price of precur-
sors or raw materials for large-scale adsorbent production,
long contact times, high temperatures, and alkaline pHs.

Therefore, remediating dye-polluted water by widely
available low-cost adsorbent from industrial wastes can help
to reduce health risks to the community and environmental
problem. Recovery of precious elements from secondary
resources has gained renewed interest as an environmentally
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Table 1 Oxide composition of - gyqe 50, Ca0 ALO, MnO MgO Fe,0; K,0
the silicomanganese slag -
Wt% 38.17 29.30 14.78 10.29 2.77 0.76 0.42
friendly option and caused productive avail excess in waste-  Materials and Methods
water treatment to access to clean drinking water [1-3].
As mentioned above, the sources used to prepare the Materials

adsorbents can be divided into three categories: primary
sources, secondary sources or wastes, and analytical-grade
precursors. These adsorbents have exhibited a dye removal
efficiency of about 80 to 99% and an adsorption capacity of
10 to 178 mg/g under different adsorption test conditions. In
addition, the use of analytical-grade precursors to produce
large-scale adsorbents is challenging and may adversely
affect the economics of the adsorption process. Therefore,
producing an effective adsorbent from an inexpensive source
is always an essential requirement, especially when treating
high amounts of colored effluent. In addition to the above,
producing an adsorbent from a secondary source (such as an
industrial waste) can have several advantages. First, natural
resources return to the use cycle and are prevented from
being wasted. Second, the volume of waste accumulation
in the environment and the resulting pollution are reduced.
Third, converting waste into a valuable material with envi-
ronmental applications can lead to economic benefits and a
cleaner environment.

This study uses low-cost, highly pure porous nanosilica
synthesized from silicomanganese slag as an efficient and
reusable adsorbent for methylene blue removal from aque-
ous solutions. Also, the effects of initial dye concentrations,
contact time, solution pH, and amount of adsorbent on the
dye removal performance are investigated.

=
=3
S

1: Gehlenite
2: Glaucochroite
3: Quartz

2 2 g8 B
(= = =1

Intensity (counts)

IS
=]
S

)
=]
S

5 10 15 20 25 30 35 40 45 50 55 60 65 70
2Theta angle (degree)

Fig. 1 XRD pattern of silicomanganese slag [28] (with kind permis-
sion from Elsevier)
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The silicomanganese slag (SMS) used in this study was
provided from the Faryab ferro-alloy manufacturing plant
located in Hormozgan province in Iran. More than 15,000
tons of SMS are annually generated and gathered in the plant
space [31]. The received SMS pile was ground into small
granules. The chemical composition of the SMS is presented
in Table 1. As presented in Table 1, it consists chiefly of
Si0,, Ca0, Al,O;, and MnO along with other oxides.

Figure 1 depicts the X-ray diffractogram of the SMS,
indicating the presence of three major crystalline phases of
gehlenite (Ca,Al,Si0,), glaucochroite ((Ca, Mn),Si0O5), and
quartz (Si0O,).

Methylene blue with dye contents of 82%, hydrochloric
acid (HCl, 37%), and sulfuric acid (H,SO,, 96-98%) were

Table 2 Dissolution experiments were conducted at different condi-
tions

Test No Liquid-to- Hydrochloric ~ Dissolution Dissolution
solid ratio acid concen- time (min) temperature
(mL/g) tration (N) °C)

1 120 2 40 RT
2 120 3 60 60

3 120 7 20 30

4 60 7 40 50

5 60 3 60 RT
6 60 9 20 40

7 60 0.5 40 30

8 30 2 15 40

9 30 9 20 60
10 30 1 60 RT
11 12 2 40 RT
12 12 5 60 50
13 12 2 15 60
14 7.5 7 15 30
15 7.5 11 40 RT
16 7.5 5 60 40
17 6 9 10 40
18 6 7 60 30
19 6 11 20 RT
20 4 11 20 40
21 4 5 60 RT
22 4 9 40 60
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Fig.2 Synthesis pathway of silica nanopowder from silicomanganese slag (RT: room temperature)

supplied from Merck (Darmstadt, Germany), and pellet ~ Methods

sodium hydroxide (NaOH, 98%) was purchased from Dae-

jung Chemicals (South Korea). Deionized water was used  Synthesis of Porous Nanosilica

for the preparation of aqueous solutions.
At the first step for optimal extraction of silica from the
SMS, the dissolution tests were performed by aqueous
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Fig.3 Calibration curve for converting the absorbance values to
methylene blue concentration

solutions of NaOH, HCI, and H,SO, under same condi-
tions. The primary results revealed that HCI could exhibit
a higher dissolution efficiency than NaOH and H,SO,. The
dissolution efficiencies achieved by NaOH, HCl, and H,SO,
were ~39%, 92%, and ~41%, respectively. Then, the effect
of various process parameters including liquid-to-solid ratio,
temperature, dissolution time, and HCI concentration on the
dissolution efficiency was investigated. For this purpose, dis-
solution experiments were conducted at different conditions
(as presented in Table 2).

Figure 2 depicts the various operations involved in the
extraction of silica gel from the SMS. The porous nano-
silica synthesis process consisted of four stages, including
acid leaching, filtration, aging, and purification. As a typi-
cal synthesis process, 5 g of the SMS was transferred to a
glass reactor containing 60 mL of 2 N HCl dissolving agent
at room temperature and stirred for 40 min. The obtained
slurry was then filtered using Whatman filter paper to sepa-
rate the acid-insoluble residue from the achieved silicic acid/
metal chloride mixture. The mixture was aged 12 h at room
temperature or heated at 40 °C for 1 h until a tough gel
emerged, having a pale green color. The achieved gel was
rinsed with deionized water several times to remove any
metal chloride impurities (i.e., CaCl,, MnCl,, AlCl;, MgCl,,
etc.). The rinsed gel was dried at 105 °C and then calcined
at 600 °C for 3 h.

Water Recovery Experiments

At first, a 100 mg/L stock solution was prepared by dissolv-
ing an appropriate quantity of methylene blue in deionized
water. The dye solutions with the lower concentrations were
obtained by diluting the stock solution. All batch adsorption
experiments were conducted at ambient temperature (25 °C).
The dye adsorption tests were performed in a 100-mL glass
beaker containing 50 mL of the methylene blue solution.
A specific dosage of adsorbents was added to the various
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concentrations of methylene blue solution under stirring
conditions at 140 rpm. The porous nanosilica was separated
via paper filtration at the end of the adsorption period. The
concentration of methylene blue solutions was determined
using a UV—Visible spectrophotometer at 4., of 663 nm.
A calibration curve was obtained to convert the absorbance
values to mg/L, which is shown in Fig. 3.

The effects of several factors such as initial methylene
blue concentration (20-100 mg/L), initial pH of dye solu-
tions (2—12), the contact time (5-120 min), and adsorbent
amount (0.1-0.5 g) were investigated. The pH of the dye
solutions was adjusted by adding 0.1 mol/L NaOH or
0.1 mol/L HCI.

The amounts of methylene blue adsorbed on porous nano-
silica hydrogel at any time were calculated using Eq. (1):

q,=V(Cy—C,)/W. )

in which ¢, (mg/g) is the amount of methylene blue
adsorbed, Cy and C,, (mg/L) are the initial and equilibrium
liquid phase concentrations, respectively, V (L) is the volume
of the dye solution, and W (g) is the adsorbent mass.

The dye removal percentage was calculated by Eq. (2):

%Removal = [(Cy—C,)/C,| x 100. )

Adsorption Isotherms

The adsorption isotherm provides knowledge about the
nature of the adsorption process and the adsorption capacity
of the adsorbent. Langmuir and Freundlich isotherm models
are the most widely accepted isotherms to determine the
relationship between the amount of the adsorbate and the
equilibrium concentration of an adsorptive solution [32].

The Langmuir and Freundlich isotherm models were used
to test the experimental equilibrium data for the adsorbed
methylene blue on the porous nanosilica hydrogel. The
well-known expression of the Langmuir model is as follows
[33-35]:

1/, = 1/Kquay-1/Co + 1/ Graxs 3)

in which g, (mg/g) is the amount of methylene blue
adsorbed at the equilibrium, C, (mg/L) is the methylene
blue concentration at the equilibrium, ¢,,,, (mg/g) is the
maximum adsorption capacity of the methylene blue, and
K is the Langmuir constant that described the free energy of
the adsorption. The values of ¢g,,,, and k could be directly
computed from the intercept and the slope of the linear plot
of 1/g, — 1/C,. The applicability of the Langmuir isotherm
is expressed by the equilibrium parameter, R; [33-35]:

R, =1/(1+KC,). @)
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Fig.4 Silicomanganese slag dissolution efficiency under different
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Fig.5 XRD pattern of the synthesized porous nanosilica

The values of 0 <R, <1 represent a favorable adsorp-
tion, while R; =0,1 and R; > 1 indicate an irreversible and
an unfavorable adsorption, respectively.

The Freundlich equation is expressed as

Logg, = LogK; + 1/nLogC,. 3)

In this model, K, (mg/g) and n express the adsorption
capacity of adsorbent and adsorbent affinity to adsorbate,
respectively.

Adsorption Kinetics

Kinetics study is used to describe the rate-controlling step
and the methylene blue adsorption process mechanism. In
this work, to study the adsorption kinetics of methylene blue
on microporous nanosilica hydrogel, three kinetics models,

namely the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion, were applied to fit the adsorption
data. The pseudo-first-order model is as follows [33-35]:

log (¢, — ¢,) =logq, — ki, (6)

where k, (min~!) is the equilibrium rate constant, and q,
and g, correspond to the methylene blue adsorption quantity
(mg/g) at equilibrium and time ¢, respectively. The pseudo-
second-order equation is as follows [33-35]:

t/q, = 1/K,q +/q, @)

where K, (g/mg min) is the rate constant.
The intraparticle diffusion model is expressed according
to Eq. (8) [33-35]:

q, = Kyt + C,, (¥

where C, is the y-intercept of the plot (mg/g), and Kj; is the
intraparticle diffusion rate (mg/min'’? g).

Statistical Parameters

When the correlation factors, R, of the fitted models are
close to each other, the validity of the models should be
confirmed by nonlinear statistics, such as the chi-square test
(Xz). The following equation can express the nonlinear chi-
square test:

)(2 = 2 (yexp _ycal)z/ycal’ (9)

where y,,, and y., are the experimental and predicted data
by model, respectively. Based on Eq. (9), a model can better
fit experimental data with the lowest * value.

Reusability Experiments

To investigate the reusability of the synthesized porous
nanosilica, a bunch of adsorption experiments was carried
out using the porous nanosilica. For reusability experiments,
0.4 g/L of the porous nanosilica was added to 50 mL of
methylene blue solution with concentration of 20 mg/L at
pH 7, and stirred for 60 min under room temperature. The
solution was filtered using Whatman filter paper to separate
the adsorbent for another consecutive cycle, without the des-
orption stage.

Table 3 XRF chemical
composition of the extracted

Oxide Sio, CaO

Al 04 MgO Fe,0; K,0 Na,O

microporous nanosilica

Wt% 99.08

0.014

0.012 0.021 0.025 0.038 0.02
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Fig.6 a FESEM and b TEM images of the synthesized porous nanosilica

Electron Image 29

Fig.7 EDS spectrum of the extracted nanosilica

Fig.8 (Left) the BJH-adsorp-
tion pore size distribution,
(Right) N, adsorption—des-
orption data of the prepared
mesoporous nanosilica
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Characterization Techniques

The mineralogical study of porous nanosilica hydrogel was
performed by X-ray diffractometer, using a Philips Expert
System at 40 kV and 30 mA. The XRD test was prepared
at 20 range of 5°-80° with a scanning rate of 2°/min, anti-
scatter, and receiving slit of 1° and 0.01 mm, respectively.
The chemical composition of the synthesized porous nano-
silica was found using a Philips PW 1480 X-ray fluorescence
(XRF) analyzer (ASTME1621 standard). The microstructure
of porous nanosilica particles was investigated using ZEISS
field emission scanning electron microscope (FESEM)
(SIGMA VP-500, Germany) at a voltage of 15 kV and the
elemental analysis was carried out by Energy-Dispersive
X-ray (EDX) detector (Oxford Instrument, England). TEM
analysis was recorded with a PHILIPS CM12 (Nether-
land) microscope operating at 120 kV. The specific surface
area was determined by BET isotherm using N, at 77 K
(BEISORP Mini). In order to identify the involvement of

Removal efficiency (%)
2

> 3 4 s 6 7 8 9 10 11
MB solution pH
Fig. 10 Effect of different pH values on methylene blue dye adsorp-

tion (adsorbent dosage=0.4 g/L, contact time=60 min, room tem-
perature, concentration =20 mg/L)

different functional groups of the adsorbent, Fourier-trans-
form infrared spectroscopy (FTIRs) was conducted using
a SHIMADZU (IR Spectrophotometer 8400 s) FTIR spec-
trometer in transmittance mode. All spectra were recorded
with a sensitivity of 4 cm™! and 64 scans per spectrum. The
concentration of methylene blue dye in the liquid phase was
analyzed by UV-Vis spectrophotometer (LAMBDA 365
UVv).

Results and Discussion

Dissolution Efficiency and Characterization
of Adsorbent

The results of SMS dissolution under different conditions
presented in Table 2 are depicted in Fig. 4. It can be seen
that in tests 5, 4, and 11, a dissolution efficiency of higher
than 96% could be achieved. Test 4 has the highest dissolu-
tion efficiency (98%), but consumes a lot of acid. Test 11
with a dissolution efficiency of about 96% has 10 times
less acid consumption than the acid consumption of test 4,
and therefore, the operating conditions used in test 11 are a
good choice for the SMS processing. The XRD pattern of
the porous nanosilica synthesized from the SMS is depicted
in Fig. 5. As it is evident, the XRD pattern displays a broad
hump in the 26 values of 15° to 30°, confirming the amor-
phous structure of the synthesized porous nanosilica [36].

Table 3 presents the XRF chemical composition of the
synthesized porous nanosilica. As can be seen in Table 3, the
synthesized porous nanosilica contains a high purity of more
than 99%. It could be inferred that the other oxides reported
are present in tiny amounts of less than 3%.

Figure 6a and b illustrates the FESEM micrograph and
TEM images of the porous nanosilica synthesized from the
SMS, respectively. From Fig. 6a, a large number of particles
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Fig. 11 Removal efficiency and adsorption amount of methylene blue
by porous nanosilica (adsorbent dosage pH 7, Initial dye concentra-
tion=20 mg/L, contact time =60 min)
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in the size range of 10 to 30 nm are seen. Agglomerates
with a size of about 50-70 nm are also observed. The TEM
images shown in Fig. 6b confirm that silica agglomerates
comprise ~ 50-nm particles. The porous nanosilica particles
are composed of flaky and rounded-corners morphologies.

Figure 7 exhibits the EDS analysis to check the elemental
composition of the extracted porous nanosilica. According
to the EDS analysis, Si and O were as major components
(98.8 wt%) of the extracted porous nanosilica. There was
slight amount of Mn in the EDS measurement, which was
addressed to chemical composition of starting SMS.

Figure 8 presents nitrogen sorptometry isotherm and
pore size distribution of the prepared porous nanosilica. As
can been seen, the results fit the type IV adsorption iso-
therm with a hysteresis loop in accordance with ITUPAC
classification. This type of isotherm describes the nature of
mesoporous materials. According to the evaluation by the
BET method, the value of surface area and pore volume of
the extracted nanosilica were 506.14 m*/g and 0.65 cm?/g,
respectively. As seen from Fig. 8, the peak pore size accord-
ing to the Barrett—Joyner—Halenda (BJH) method is around
10 nm, which proved the formation of a mesoporous struc-
ture in the extracted nonosilica.

@ Springer

Effect of Contact Time and Initial Concentration
of Methylene Blue Dye

The effect of various contact times on methylene blue
adsorption by the porous nanosilica adsorbent was investi-
gated at an adsorbent dosage of 0.4 g/L, with different initial
MB concentrations (with 20, 50, and 100 mg/L, room tem-
perature, and pH 6 +0.2). The results are depicted in Fig. 9.
As can be seen, the MB removal rate at concentrations of
20 and 50 mg/L is so high that in the first 10 min of contact
time, the MB removal efficiency is more than 95%. For an
initial concentration of 20 mg/L, with increasing contact
time from 5 to 60 min, the removal efficiency increases by
only ~2%, from 97.0 to 99.0%. For an initial concentration
of 50 mg/L, the removal efficiency increases from 95.0 to
97.4% by increasing the contact time from 5 to 60 min. For
an initial concentration of 100 mg/L, the MB removal rate is
slower, so that removal efficiency of about 98.0% is achieved
after a contact time of 60 min. As contact time increases,
more active sites on the adsorbent surface become involved
in the dye adsorption process [37]. From Fig. 9, a contact
time of 60 min could be considered the equilibrium contact
time for all three MB concentrations tested.

Effect of pH

The effect of MB solution pH that is one of the important
influencing parameters for the adsorption of methylene blue
onto microporous nanosilica was investigated by varying ini-
tial MB solution pH. The experiments were obtained under
contact time of 60 min and an adsorbent dosage of 0.4 g/L.
The results are depicted in Fig. 10. As shown, by increasing
the pH from 2 to 7, the removal efficiency of methylene blue
increases dramatically from ~45 to~96.2%, and by further
increasing the pH up to 12, the removal efficiency of meth-
ylene blue decreases from ~96.2 to~29.7%. It was found
that a maximum MB removal efficiency of 96.2% on porous
nanosilica was achieved at pH 7.

At low pH values, the MB removal efficiency is low. This
may be due to the competition of H* ions with dye mol-
ecules to capture adsorption sites on the adsorbent surface.
The excess H* ions react with the polar groups of Si—-OH on
the nanosilica surface, thus occupying the adsorbent surface
[38]. At pH>pH,,.=3.2, the surface of nanosilica parti-
cles is negatively charged, thus an electrostatic attraction is
established between the cationic molecules of the dye and
the negative surface of the adsorbent. This increases the dye
removal efficiency. At pH > 7, the excess OH™ ions bind to
the cationic molecules of the dye to form the MB-OH, which
prevents the adsorption of the dye molecules on the adsor-
bent surface [38].
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Fig. 14 Adsorption isotherms, a Langmuir and b Freundlich for
methylene blue adsorption by microporous nanosilica (pH 7, adsor-
bent dosage=0.4 g/L, contact time =60 min, room temperature)

Influence of Adsorbent Dosage

The influence of adsorbent dosage on the dye adsorption
was investigated at initial MB concentration =20 mg/L, pH
7, and the contact time =60 min. The obtained results are
presented in Fig. 11. It can be seen from Fig. 11 that the
percentage of dye removal increased sharply from 58 to
98% with increasing porous nanosilica amount from 0.05 to
0.4 g/L. This fact can be attributed to the increased sorption
sites [39]. Increasing the adsorbent dosage beyond 0.4 g/L
caused a decrease in uptake efficiency that can be attributed
to the reduction in the effective surface area. Besides, the
adsorption amount was decreased from 11.6 to 1.9 mg/g
with a rise in the adsorbent dosage from 0.05 to 0.5 g/L.
This may be attributed to overlapping adsorption sites due
to the decline in the number of binding sites [40]. Maximum

removal of 98% was achieved at the adsorbent dosage of
0.4 g/L.

Fourier-Transform Infrared Spectroscopy

Figure 12 depicts the FTIR spectra of the porous nanosil-
ica before and after adsorption of the methylene blue dye.
The bands located at 473 and 474 cm™! can be attributed to
the Si—O-Si asymmetric stretching vibration. The band at
795 cm™! belongs to the symmetric stretching of Si-OH.
The weak band at 951 cm™! can be related to Si—-OH and /or
Si—O~ groups. The absorption bands at 1078 and 1080 cm™"
can be related to the stretching vibration of Si—O. The vibra-
tional bands at 1635, 1642, 3435, and 3450 cm™" correspond
to the stretching and bending vibrations of H-O-H [41, 42].
The absorption band at 2852 cm™! indicates the stretching
vibration of C-H. The bands at 1994 and 1727 are assigned
to the asymmetric stretching of C=C and C=0, respectively
[43, 44].

Microstructural Studies

Figure 13 depicts FESEM image, the energy-dispersive
X-ray spectroscopy (EDS) elemental analysis, and the ele-
mental mapping of the porous nanosilica after the adsorp-
tion of the methylene blue dye. The EDS elemental analysis
confirmed the presence of Si, O, and C. The presence of C
is due to the adsorption of the MB dye. The corresponding
elemental mapping further emphasized the distribution of Si,
O, and C in the porous nanosilica microstructure.

Adsorption Isotherm

The adsorption isotherms of methylene blue on the porous
nanosilica are illustrated in Fig. 14. As seen in Table 4, the
high correlation coefficients (R?=0.99) indicate that both
Langmuir and Freundlich isotherms may be suitable for fit-
ting equilibrium adsorption data. Therefore, nonlinear chi-2
statistic was used to find the best fit. Chi-2 values showed
that the Langmuir isotherm model can better fit the experi-
mental equilibrium data. The Langmuir adsorption isotherm
demonstrates the occurrence of monolayer adsorption on the
adsorbent surface with a limited number of similar sites [45].
According to the Langmuir model, the maximum adsorp-
tion capacity calculated for the microporous nanosilica was
256.41 mg/g. The Langmuir isotherm validity was examined
by the dimensionless separation parameter, R;. In the present

Table 4 Isotherm parameters

” Langmuir constants
for methylene blue adsorption

Freundlich constant

by the porous nanosilica Omax (Mg/g) K (L/mg)

R? Ve

K (mg/g)  n R 7

256.41 0.048

0.99 0.0005

11.79 1.04 0.99 0.2364

@ Springer



Journal of Sustainable Metallurgy (2023) 9:132-147

Fig. 15 Fitted kinetic models on experimental methylene blue »

adsorption data on microporous nanosilica; a pseudo-first-order, b
pseudo-second-order, ¢ Intraparticle diffusion (pH 7, adsorbent dos-
age=0.4 g/L, room temperature), d Possible adsorption mechanisms

investigation, the R; value for all initial concentrations of
methylene blue (20 to 100 mg/L) was between 0 and 1,
which means the favorable adsorption of methylene blue on
the microporous nanosilica. The values of K;=11.79 mg/g
and n=1.044 were achieved from the y-intercept and slope
of the Freundlich isotherm, respectively. The Freundlich
constant, n, is also known as the adsorption intensity. The
value of n between 1 and 10 represents a favorable adsorp-
tion process [46].

Adsorption Kinetics

Kinetic models are used to fit the experimental data to study
the mechanism and rate-controlling steps of the dye adsorp-
tion. A deep discernment of adsorption kinetics is critical to
building a wastewater treatment system. Adsorption kinetics
can also provide helpful information to describe the time
required for the adsorption process. Fitting the experimen-
tal MB adsorption data by each pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models are pre-
sented in Fig. 15. The calculated constants and statistical
parameters of kinetic models are presented in Table 5. From
the constants and statistical parameters in Table 5, it can be
clearly seen that the pseudo-second-order model can predict
the experimental adsorption data better than the other two
kinetic models. This means that chemical adsorption con-
trols the rate of MB adsorption on the porous nanosilica.
As illustrated in Fig. 15d, the chemical adsorption occurs
through the H-bonding and electrostatic attraction between
the nanosilica surface and dye molecules.

Reusability Studies

The reusability performance of an adsorbent recreates an
irrefutable function in the adsorption process economy
and commercial application. Figure 16 displays the reus-
ability results. As it can be observed, the porous nanosilica
hydrogel was reused 5 times. The result demonstrated that
the porous nanosilica hydrogel exhibited an outstanding
reusability until the fourth reuse with removal efficiency
of higher than 90%. After the fourth sequential adsorption
cycle, the percentage of adsorbed dye decreases to 86%. As
shown in Fig. 16, results confirm that the prepared adsor-
bent could be reused repeatedly without notable destruction
of adsorption efficiency. Therefore, reusability experiments
without the use of elution agents (such as alkalis, acids,
alcohols) for the regeneration treatment indicated that the
porous nanosilica can be utilized as an efficient, inexpensive,
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Table 5 Constants and statistical parameters of kinetic models of methylene blue adsorption by microporous nanosilica

Initial methylene
blue concentration

Pseudo-first-order kinetic model log
(9.~q)=1og q. —kt

Pseudo-second-order kinetic model
tlg,=(1/kg,>) +(1/g,)t

Intraparticle diffusion model g,=Kt'?+ C

R k(min™") ¢, (mg/g) ¥ R*  k(zg/mgmin) gq,(mgle)  R*  K(mgmin"?g) C(mgg) »°
20 mg/L 096 —0.0003 4.15 5.1 0993 0.088 6.11 057 097 0.204 4.54 2.53
40 mg/L 090 —0.0004 5.32 444 0998 0.076 745 0.62 097 0218 57 225

0.9
0.8 1
oy
= 0.7 1
)
2 0.6 1
=)
205 A
<
é 0.4 1
G 03 1
~
02 1
0.1 1
0 - T T T T
1 2 3 4 5

Number of consecutive uses

Fig. 16 Removal efficiency of methylene blue on the porous nanosil-
ica hydrogel after each reusability cycle (adsorbent dosage=0.4 g/L,
contact time=60 min, room temperature, concentration=20 mg/L,
pHT7)

and environmentally friendly adsorbent for methylene blue
removal from aqueous solutions.

Comparative Studies

Table 6 provides a comparison between the MB removal
performance of the various adsorbents reported and the cur-
rent porous nanosilica synthesized from the silicomanga-
nese slag. These data clearly show that the MB adsorption
capacity of the porous nanosilica developed in this study was
much higher than that of other adsorbents recently reported
by researchers. It should be noted that studies were selected
for comparison that had similar experimental conditions
to the current study. Although some adsorbents listed in
Table 6 have a higher specific surface area than the porous
nanosilica but have lower dye adsorption capacity, this indi-
cates that the porous nanosilica synthesized in this study has
a more suitable surface chemistry for the dye adsorption.
Also, some adsorbents have shown their best performance
in alkaline and acidic pHs, while the adsorbent developed
in the current study at pH 7 has the best dye removal perfor-
mance, which is much better in terms of operational consid-
erations such as equipment corrosion.

@ Springer

Conclusions and Future Perspectives

This study investigates the adsorption of methylene blue dye
from aqueous solutions with concentrations of 20, 50, and
100 mg/L using porous nanosilica obtained from silicoman-
ganese slag. The porous nanosilica was obtained from a fac-
ile path based on hydrometallurgy with a high conversion
efficiency of silicomanganese slag.

The characterization analyses showed that the amorphous
silica obtained had a purity of more than 97%, a specific sur-
face area of 506.14 m%/g, a total pore volume of 0.65 cm?/g,
and an average pore diameter of 10 nm.

Electron microscopy studies disclosed that the nanosilica
structure contains round corner particles with a size of 10
to 30 nm, which had formed agglomerates with a size of 50
to 70 nm.

The results of methylene blue dye adsorption experiments
revealed that an adsorbent dosage of 0.4 g/L. could remove
96 to 98% of methylene blue dye at pH 7 and ambient tem-
perature at all concentrations studied.

A maximum adsorption capacity of 256.41 mg/g was
achieved, which was higher than other recently reported
adsorbents.

As a general conclusion, the conversion of silicoman-
ganese slag into an effective dye nanoadsorbent can be a
promising solution to simultaneously solve the problem of
the waste accumulation and environmental problems caused
by the release of methylene blue dye.

The performance of the porous nanosilica obtained from
silicomanganese slag in water recovery from a real textile
wastewater can be investigated in future research. Also,
examining the performance of nanosilica obtained from
silicomanganese slag in removing other water pollutants
is recommended as a future research area. It is also recom-
mended to extract other metal oxides such as Al,O5 and
MnO, and use them in the process of recovering water
from wastewater. Granulation of obtained nanosilica can
be studied in order to easily separate it from water after
adsorption.
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Table 6 Results of recent research on methylene blue dye removal by other adsorbents

Researcher(s)

Adsorbent

Specific
surface area
(m*/g)

Amount of methylene Experimental conditions

blue adsorbed (mg/g)

The authors of the present work Microporous nanosilica from silicoman-

Chandarana et al. [47]

Alagarsamy et al. [29]

Misran et al. [48]

Hevira et al. [43]

Zhang et al. [49]

Lu et al. [50]

Mouni et al. [22]

Duman et al. [51]

Jiaqi et al. [52]

Cheng et al. [53]

ganese slag

Casuarina equisetifolia pines

Biogenic zirconium oxide (ZrO,) nano-
particles

Banana stem based activated carbon

Terminalia catappa shell

Coal gasification fine slag residual carbon

porous material

Nano-structured Fe—Mn binary oxide

Kaolin

Agar/k-carrageenan composite hydrogel

Carboxyl-functionalized magnetic nano-
particle

Salicylic acid—methanol modified steel
converter slag

474

837.45

69.88

574.02

67.5

21.27

66.665

256.41

41.35

23.26

101.01

88.62

19.18

72.32

52.76

242.3

43.15

41.62

T=25°C

pH7

Contact time =60 min
Adsorbent dosage: 0.4 g/L
Conc. =20, 50, 100 mg/L

T=303 K

pH7

Contact time =120 min
Adsorbent dosage: 0.5 g/LL
Conc.=100 mg/L

T=298 K

pH 10

Contact time =300 min
Adsorbent dosage: 0.3 g/LL
Conc.=20 mg/L

T =ambient temperature
pH7

Contact time =90 min
Adsorbent dosage: 0.2 g/L
Conc.=50 mg/L

T=298 K

pHS

Contact time =45 min
Adsorbent dosage: 0.1 g/LL
Conc. =800 mg/L
T=27°C

pH38

Contact time =360 min
Adsorbent dosage: 3 g/LL
Conc.=50 mg/L
T=25°C

pH7

Contact time =120 min
Adsorbent dosage: 1 g/L.
Conc. =100 mg/L
T=25°C

pH6

Contact time =120 min
Adsorbent dosage: 1 g/L
Conc. =100 mg/L
T=35°C

pH7

Contact time =2880 min
Adsorbent dosage: —
Conc.=20-40 mg/L
T=25°C

pH 10

Contact time =120 min
Adsorbent dosage: —

T=293 K

pH7

Contact time = — min
Adsorbent dosage: —
Conc. =10-400 mg/L

@ Springer
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