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ARTICLE INFO ABSTRACT

Editor: Dr. Zhang Xiwang Removal of dyes from wastewater specially from textile effluents has been given considerable attention in the last
few decades, not only for their health issues but also potential toxicity. Over the former few eras, TiO, based
adsorbents have drawn worldwide attention as an efficient adsorbent for wastewater treatment due to their
versatile physio-chemical characteristics. This paper outlined the synthesis of nitrogen and sulfur co-doped TiOy
(NS/TiO32) nanostructures and highlighted their applications in the removal of dyes, including methylene blue
(MB), methyl orange (MO) and methyl red (MR). The nanostructures were characterized by using scanning
electron microscopy (SEM), X-Ray Diffraction pattern (XRD), Brunauer-Emmett-Teller measurements (BET),
Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy. Batch experiments of adsorption were
carried out by varying solution pH, adsorbent dose, initial dye concentration and contact time. The results
revealed that dye adsorption capacity increased with increased adsorbent dosage up to 0.06 g, solution pH from 1
to 14 and contact time from 20 to 140 min. However, the adsorption capacity decreases with increase in the
initial dye concentration. The experimental data were analyzed by the Langmuir and Freundlich adsorption
isotherms. NS/TiO; adsorbent exhibited a high affinity towards organic dyes due to the heterogeneous sorption
capacity. The NS/TiO, adsorbent showed 99.4% removal efficiency for MB, 98% for MO and 96% for MR. The
adsorbent could be regenerated in an acidic medium for MB and a basic medium for MO and MR with good
activity, even after three repeated cycles.
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1. Introduction

The faster evolution of industrial events united with development in
science and technology advances living standards, leading to support-
able financial growth and universal competitiveness [1]. The expense of
this rapid development is a natural ailment with the massive pollution
problem [2-4]. Water pollution is considered one of the extreme con-
cerns that the biosphere confronts today [5,6]. The created dye toxins
from wastewater discharged from industrial effluents comprise various
sorts of inorganic and organic contaminants, which is a threat not only
for human health but also for the surrounding environment [7]. Glob-
ally, ejection of 280,000 tons/year of textile wastes are expected to be

discharged extensively contaminating the groundwater [8].

Dyes are fundamentally nonbiodegradable chemical composites that
can link themselves to fabrics or surfaces to give colour. Typical exam-
ples include methyl orange, methyl red, congo red, methylene blue, acid
yellow, etc. [9,10]. Synthetic dyes are extensively used in various un-
conventional technology fields, i.e., in numerous textile industry cour-
ses, rubber, plastic, cosmetics, paper and leather tanning, dye
manufacturing and printing [8,11]. Approximately more than 100
tonnes per year of colours are liquidated into watercourses [12]. It is
problematic to eliminate dyes from the wastewater because most of the
dyes are cancer-causing and typically produce poisonous organic com-
plexes when they are biologically degraded [8]. Moreover, exposure of

Abbreviations: NS/TiO», Nitrogen and Sulfur co-doped TiO5; MB, Methylene blue; MO, Methyl orange; MR, Methyl red; SEM, Scanning electron microscopy; XRD,
X-Ray diffraction pattern; BET, Brunauer-Emmett-Teller measurements; FTIR, Fourier transform infrared spectroscopy; TTIP, Titanium tetraisopropoxide; IPA,
Isopropyl alcohol; DI, Deionized; HCI, Hydrochloric acid; NaOH, Sodium hydroxide.
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marine species to the dyes is devastating as it decreases the dissolved
oxygen. Henceforth, there is a need to develop a technique to eliminate
dyes from manufacturing waste before it is liquidated into the sur-
rounding environment [13].

In recent centuries, the incredible struggle has been made in order to
grow progressive technology for the removal of pollutants from indus-
trial wastewater [14], as population is increased demand for purified
drinking water has also been increased [15]. In this framework, different
chemical, physical, and biological approaches have been implemented
including, solvent extraction, membrane filtration, electrochemical
treatment, ozonation, advanced oxidation and adsorption process to
remove pollutants and dyes from industrial wastewater [16]. Nonethe-
less, each of the mentioned techniques, except adsorption, possesses
muddled issues comprising higher capital cost, lesser efficiency, high
cost of maintenance and excessive sludge production make them inap-
propriate economically [17].

Adsorption is a promising technology owing to its easy and simple
handling, higher proficiency, minimal cost requirements and excellent
reproducibility [15]. The adsorption process is ordered into two classi-
fications, i.e., physical and chemical adsorption, in the light of in-
teractions type possess by adsorbate and adsorbent molecules [18].
Besides, the process is reversible in most cases, and hence, the adsor-
bents can be regenerated quickly and reused frequently [19]. These
properties make the adsorption process more economical. Moreover, the
accessibility of a wide range of adsorbents makes the adsorption process
versatile to suit exact needs [20]. There are various factors, including
surface area, particle size, adsorbate-adsorbent interaction, adsorbent to
adsorbate ratio, pH, temperature, contact time and concentration, which
are liable to remove pollutants effectively [21,22]. In recent times,
nanotechnology is considered quite possibly a strong trend in material
sciences. The word of nanotechnology denotes to the materials that at
least one of their dimension (thickness, width and length) is in the range
of nanometers (1-100 nm) [23]. High reactivity, high
adsorption-desorption capacity and large surface area are fundamental
attributes of nanomaterials [23-25].

Many studies have reported the applications of TiO5 as an adsorbent
[26,27]. Additionally, some works have been explored to investigate the
water molecules efficiency adsorbed on the titania surface [28,29]. TiOy
NPs are very trendy in the fields of the material sciences [30,31]. Due to
its bulk assets and widespread usages in various areas, titania has been
exploited as an adsorbent many times [32]. TiO5 nanostructures show
high adsorption potential for removing toxic dyes due to their high
stability, nontoxicity, corrosion resistance and inexpensiveness [33].
Doping different materials onto the TiO, surface is an operative
approach to magnify its adsorption capacity and separation efficiency
[34]. In this framework, Raveendra et al. [35] have reported nano
ZnTiO4 ceramic synthesis as an adsorbent and explore its removal effi-
ciency for azo dyes from wastewater. Likewise, Zhao et al. [36] syn-
thesized carbon-doped TiO5 adsorbent for the removal of rhodamine B
and MO up to 98% in 20 min. Baig et al. [32] reported the synthesis of
polypyrrole coated TiO5 as an adsorbent for efficient removal of anionic
dye (congo red) up to 98.75%.

In this study, the NS/TiO2 has been examined for the first time as an
adsorbent. The laboratory synthesized TiO5 nanoparticles and NS/TiO5
nanocomposites were characterized by SEM, XRD, BET, FTIR and
Raman spectroscopy and the adsorption capability was studied by UV-
Vis spectroscopy. Methylene blue (MB), methyl red (MR) and methyl
orange (MO) were investigated as model dyes in this work. The
adsorption isotherms for the adsorption of MB dye were plotted and
discussed. The influence of different operating parameters such as
adsorbent dosage, solution pH, initial dye concentration and interaction
time on adsorption was also evaluated and their optimized adsorbent
dosage, pH and contact time with maximum adsorption capacity is
presented. The superlative results, regeneration and reusability of the
as-synthesized NS/TiO nanocomposite have confirmed its suitability as
an adsorbent for removing dyes from wastewater.
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2. Experimental
2.1. Materials

All the chemicals used for the synthesis of adsorbents were
analytical-grade reagents and used without additional purification.
These chemicals include Titanium tetraisopropoxide (TTIP, C12H2g04Ti,
97%, DAEJUNG CHEMICALS & METALS CO. LTD, Korea), Isopropyl
alcohol (IPA, C3HgO, 99%, ACS reagent, Riedel-de Haen, Germany),
Thiourea (CH4N5S, 99.9%, ACS reagent, SIGMA-ALDRICH, Germany),
Hydrochloric acid (HCl, 37%, CARLO ERBA Reagents, Spain) and So-
dium hydroxide (NaOH, 98.9%, Fisher scientific, England).

2.2. Synthesis of adsorbents

Undoped TiO, and NS/TiO, samples were synthesized by the sol-gel
and calcination process, respectively. Undoped TiO, was prepared by
the sol-gel method in which TTIP was used as a precursor. 10 ml of TTIP
was dissolved in 10 ml of IPA with constant stirring for 5-10 min. After
stirring, 66.84 g of DI water was added to the existing solution dropwise,
followed by the addition of 0.0169 g of HCI to maintain pH at 4. Then
the solution was stirred for two hours at room temperature. White
precipitates were formed after a specified time which was filtered by
vacuum filtration. Filtered precipitates were dried in an oven at 85 C for
four hours and calcined in Muffle Furnace at 400 C for two hours.

In the synthesis process of NS/TiO3, 0.0375 mol of TTIP was dis-
solved in 20 ml of IPA under continuous stirring (Fig. 1). During the
stirring of TTIP and IPA, 6 ml of deionized water containing 1.42 g of
thiourea (precursor of nitrogen and sulfur) was added dropwise and left
for two hours stirring at room temperature. After that, the material was
dried overnight in the drying oven at 80 C. The as-synthesized sample
was then calcined at 550 C for two hours in a muffle furnace [37].

2.3. Adsorption experiment

An adsorption experiment was performed to determine the adsorp-
tion of MB on the as-synthesized adsorbents. An aqueous solution of
30 ppm MB was prepared. The effects of initial concentration, the
adsorbent dosage, solution pH and contact time were investigated.
Initially, the adsorption experiment was carried out by adding 0.03, 0.06
and 0.09 g of undoped TiO3 and NS/TiO4 with 20 ml solution in a water
bath shaker at 100 rpm for 100 min at room temperature. After a certain
time, the supernatant was filtered out and measured by a UV-vis spec-
trophotometer at a wavelength of 664 nm [38]. The MB dye concen-
tration was investigated by drawing a calibration curve between the
solution concentration and the corresponding absorbance value. The MB
dye adsorption was determined by following the mass balance Eq. (1)

TTIP + IPA + Thiourea + DI water stirred for 2hrs

Dried the stirred mixture overnight in oven at 80°C

Calcined at 550°C for 2 hours to synthesize NS/TiO,

Fig. 1. Synthesis process of NS/TiO,.
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[16,39]:
% Adsorption = C, — Co/C, x 100 (€]

Where C, is the initial dye concentration and Ce is the dye concentration
at equilibrium after adsorption. The same procedure was followed by
MB adsorption for different pH (1—14), concentration (10-40 mg/L)
and contact time (20-140 min).

Pure TiO; and NS/TiO, investigated the adsorption experiment for
MO and MR at concentrations of 30 ppm, pH of 4-5, adsorbent dose of
0.06 g and contact time of 100 min at room temperature. After a
particular time, the supernatant was filtered out and measured by a UV-
Vis spectrophotometer at a wavelength of 464 nm and 520 nm for MO
and MR, respectively. The adsorption for the removal of dyes was pre-
meditated by Eq. (1).

2.4. Adsorption isotherms

The adsorption isotherm models describe the adsorption of circu-
lated molecules between the solid and liquid interphases. A batch
experiment on MB dye was carried out with a 0.06 g dosage of NS/TiO,
adsorbent, initial concentration of dye was 10-50 ppm and the pH of the
solution was retained 10 using 0.1 M NaOH and 0.1 M HCl solution. The
different concentration solutions were positioned in the water bath
shaker at 100 rpm for four hours at 298 K. The aliquots for MB were
examined in UV-vis Spectrometer at the wavelength of 664 nm [10].

2.5. Regeneration

The regeneration of the adsorbed dye from NS/TiO, adsorbent was
carried out at room temperature with pH 4 for MB and pH 10 for MO and
MR, as convening to the pH effect on adsorption and surface charges, no
fascinating desirability between the NS/TiO, and the dye occurs at this
pH and hence the ability of the adsorbent to adsorb the dye molecules
are insignificant. The dye retrieval experiment showed almost complete
desorption of adsorbed dye after 30 min. After desorption, the adsorbent
was then collected by filtration, multiple times washed with deionized
water and kept drying at 60 °C for one hour.

2.6. Characterization

Scanning Electron Microscopy (SEM - Philips XL 30 FED) analyzed
the morphology and surface analysis of adsorbents. The crystalline
structre of the samples was investigated by XRD pattern. Brunauer-
Emmett-Teller measurements investigated surface area, pore volume
and pore size by the nitrogen adsorption-desorption method (BET -
Micromeritics Tristar II) at 77 K. Fourier Transform Infrared Spectros-
copy was performed on (FTIR - Nicolet 20 SX) with a wavenumber of
400-4000 cm ! and Raman Spectroscopy (RS) analyzed the functional
group present at the adsorbent surface using (Via Raman Microscope)
for 100-1000 cm ™! range for the exposure for 10 s

3. Results and discussion
3.1. Characterization of adsorbents

To examine the as-synthesized adsorbent morphology, SEM images
for the composite material were taken at room temperature. The small
irregular shaped particles having an apparent size of a few nm for NS/
TiO, were observed, as shown in Fig. 2. Single-particle accumulations of
NS in TiO; nanoparticles exhibited arbitrary shapes with a narrow size
distribution. The composite material size is smaller than the pure TiOy
crystallite size previously reported in the literature [40,41].

The XRD analyses of commercial TiO,, synthesized TiO, and NS/
TiO, were carried out from 5 to 90 as shown in Fig. 3. The standard
crystallite size (D) of the samples was calculated by the Scherrer’s Eq. (2)
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Fig. 2. SEM micrographs of the as-synthesized NS/TiO,.

NS/TiO,

Intensity (a.u.)

Synthesized TiO,
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Fig. 3. XRD pattern of commercial TiO,, synthesized TiO, and NS/TiO,

[40].
D=KkAr/Pcos® 2

Where k is Scherrer constant, A is X- ray radiation wavelength, f is XRD
peak width at half peak height and 6 is the diffraction angle [42].

All the characteristic diffraction peaks at angle 25.78,37.87 , 48.1
and 55 can be allotted to commercial TiOy, synthesized TiOy and NS/
TiOs. The regular crystallite size of all the samples calculated using the
Scherer equation are 14.1, 10.5 and 5.1 nm, respectively. The crystallite
size decreases in the following order: commercial TiO, > synthesized
TiO4 > NS/TiO2, Moreover, the doping of nitrogen and sulfur causes the
decrease in crystallite size of samples. It can be assumed that presence of
the doping species inhibits the growth of crystallite structure, similarly
as impurities and additives suppress growth of grain during sintering
[43].

The effect of pore size, pore volume and specific surface area of TiOy
is essential in the adsorption process. The primary objective of synthe-
sizing NS/TiO4 was to generate high pore volume and surface area [44].
Table 1 shows the BET measurements of the co-doped TiO,. It is deter-
mined that the surface area of NS/TiO; is higher than commercial

Table 1
BET measurements of NS/TiOs.

Material ~ Surface area Pore volume Pore size Nanoparticle size
(m*/g) (em®/g) (nm) (nm)
NS/ 54.4653 0.00133 1.979 110.1618
TiO2
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titania, offering the best available surface area for the adsorption of dyes
after doping. Co-doped titania also has a pore size of 1.98 nm and pore
volume of 0.00133 cm®/g. This porosity provides void space than the
un-doped material. The sample with a rough surface (as shown in the
SEM image) and characteristic porosity with more adsorption capacity.
Alternatively, the increased surface area of NS/TiO, can improve the
surface activity and surface reaction of composite material [45,46].

The FTIR spectrum of TiO, presented various characteristic bands, as
shown in Fig. 4. The absorption band at 3454.51 cm™! represents
stretching vibrations of the O—H bond, indicating the moisture content.
The sharp band at 690.52 cm™! is allotted to Ti-O stretching, repre-
senting the characteristic band of TiO2 nanoparticles [47]. The bands
between 3400 and 3500 cm ™! correspond to N—H stretching and a small
band appearing at 1658.72 cm ! is detected as N—O bending vibrations
[48]. The band at 1058.30 ¢cm ! represent the Ti—~O-S bonding, which
indicates the incorporation of sulfur in TiO. The band at 1188.71 cm ™
indicates the S—O vibrations and, more precisely, to a typical frequency
of SO‘I2 ions [49].

Raman spectroscopy is a prevailing technique for the characteriza-
tion of microstructural and surface information of various oxides. The
Raman spectroscopy was also applied to analyze the species at the ma-
terial surface. Fig. 5. exhibits a strong band at 147 cm™! and the three
other bands at 641, 521 and 400 cm ™. These bands typically analyze
the characteristic peaks of titania [50].

Group theory forecasts that the typical TiO, has six Raman active
modes: A; ¢ + 2B; ¢ + 3Eg. Moreover, a substantial redshift and a small
full-width at 147 cm™! is observed for the N-TiO, sample. The decrease
in peak broadening might be ascribed to the development of N and S
doping [51]. It is estimated that the shifting of peak either to a higher or
lower wavenumber takes place due to doping effect in NS/TiO; [52].

3.2. Adsorption results

3.2.1. Effect of adsorbent dose

The effect of dosage on adsorption of MB using conventional TiOy
(commercial), synthesized TiO, and NS/TiO5 was investigated at 0.03 g,
0.06 g and 0.09 g (C, - 30 ppm; pH - 10; temperature - 298 K; agitation
speed - 100 rpm; contact time - 100 min). The adsorption of MB was
measured by UV-vis spectrometer at wavelength 664 nm.

It was detected that with an increase in the adsorbent quantity,
removal of dye (MB) was enhanced at the initial stage as more active
charge bearing sites were available for the adsorption. As the adsorption
proceeds, at a specific adsorbent dosage, equilibrium is obtained and
maximum adsorption is recorded at that point. Hence, after the satura-
tion point, no further increase in adsorption was recorded, although the
quantity of adsorbent increases. Fig. 6 represents the removal efficiency
of conventional, synthesized and NS/TiO, at optimized adsorbent
dosage. Maximum adsorption is obtained by conventional (89.6%),
synthesized (92.2%) and NS/TiO3 (95.9%) at 0.06 g, which confirms the

——NS/TiO,

—TiO,

% Transmittance

Ti-O

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 4. FTIR pattern of the as-synthesized NS/TiO,.
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Fig. 5. Raman analysis of the as-synthesized NS/TiO,.
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Fig. 6. Effect of the adsorbent dosage on the adsorption performance.

best adsorbent dose for MB dye. Tanhaei et al. reported the same trend of
adsorbent dosage for removing MB using chitosan/Al,O3/magnetite
nanoparticles composite, supporting our results [53].

3.2.2. Effect of pH

The effect of pH on adsorption of MB using conventional TiO», syn-
thesized TiO, and NS/TiO2 was investigated at 1-14 (C, - 30 ppm;
adsorbent dose - 0.06 g; temperature - 298 K; agitation speed - 100 rpm;
contact time - 100 min). It was observed that adsorption capacity
increased with an increase in the solution pH value. At a low pH, TiO,
adsorbents gain a positive charge at the surface. This positively charged
surface of adsorbents creates electrostatic repulsion between adsorbent
and MB cationic fragments, resulting in a reduction in adsorption ca-
pacity. At low pH, more H+ ions compete with MB, hence decreases the
adsorption in acidic media. As the solution pH increases, the charge on
the adsorbent surface became more negative because of deprotonation.
At the same time, competition between H' and cationic dye molecules
became less prominent. Resultantly, the adsorption capacity dramati-
cally increased. Fig. 7 represents the removal efficiency of conventional,
synthesized and NS/TiO, at optimized pH. Maximum adsorption is ob-
tained by commercial (88%), synthesized (94.3%) and NS/TiO3 (99.2%)
at a pH of 10, confirming MB adsorption best pH value. Wang et al.
reported the same trend for MB adsorption by using reduced graphene
oxide/titania nanocomposites as an adsorbent that supports our results
[38].

3.2.3. Effect of concentration

The effect of solution concentration on MB adsorption using con-
ventional TiO, synthesized TiO2 and NS/TiO2 was investigated at 10,
20, 30 and 40 mg/L (adsorbent dose - 0.06 g; pH - 10; temperature -
298 K; agitation speed - 100 rpm; contact time - 100 min). It is observed
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Fig. 7. Effect of the solution pH on the adsorption of MB dye.

that the initial dye concentration shows a significant impact on the
adsorption capacity, which can urge the solute molecules to over-
whelmed the mass transfer resistance amongst the solid and the liquid
phases. It is clear from the Fig. 6 that adsorption decreases as the initial
dye concentration increases. Fig. 8 represents the removal efficiency of
commercial, synthesized and NS/TiOy at different concentrations.
Maximum adsorption is obtained by commercial (87.5%), synthesized
(94.4%) and NS/TiO3 (99%) at 10 ppm for MB solution. Ramaraju et al.
reported the same trend for the adsorption process at different initial
concentrations using low-cost adsorbent from agricultural wastes, sup-
porting our results [54].

3.2.4. Effect of contact time

The effect of time interval on MB adsorption using conventional
TiO,, synthesized TiO, and NS/TiO, was investigated at 20, 40, 60, 80,
100, 120 and 140 min (C, - 30 ppm; adsorbent dose - 0.06 g; pH - 10;
temperature - 298 K; agitation speed - 100 rpm). The results revealed
that MB adsorption at the initial stage is very fast due to many free active
sites for conventional, synthesized and NS/TiO, Over time, the
adsorption process slows down so that the adsorption percentage be-
comes parallel to the x-axis, which is considered almost constant at
100 min Fig. 9 represents the removal efficiency of conventional, syn-
thesized and co-doped titania at an optimized time. Maximum adsorp-
tion is obtained by commercial (87.7%), synthesized (91.8%) and NS/
TiO3 (99.4%) at 100 min, which confirms that it is optimized contact
time. Naushad et al. reported the same contact time trend for MB
adsorption using arginine modified activated carbon, supporting our
results [39].
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Fig. 8. Effect of the initial dye concentration on the adsorption performance.
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Fig. 9. The adsorption performance of different adsorbents over time under
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3.3. Applications on MO and MR removal

The effect of NS/TiO; on adsorption capacity of MB, MO and MR at
optimized conditions (C, - 30 ppm; pH - 10 (MB), pH - 4.5 (MO), pH-5
(MR); temperature - 298 K; contact time — 140 min; agitation speed -
100 rpm) was observed. The adsorption of MB, MO, and MR was
measured by UV-vis spectrometer at wavelength 664, 466 and 410 nm.
It was estimated that NS/TiO, shows maximum adsorption for MB
(99.4), MO (98.4) and MR (96.7). Hence, the maximum adsorption ca-
pacity was obtained for MB dye and thus, NS/TiOx is considered the best
adsorbent for removing MB.

3.4. Isotherm analysis

The adsorption isotherm is substantial for explaining adsorbent
interaction with adsorbate molecules to express the adsorption capacity.
In the description of adsorption isotherms, adsorption equilibrium is
considered a dynamic concept that explains that dye adsorption is equal
to the rate of dye desorption. Hence, this equilibrium test delivers
physio-chemical data for the feasibility of the adsorption process. The
surface segment might be considered as a monolayer or might be a
multilayer. Several adsorption isotherms are existing in the literature
[55]. In this examination, Langmuir isotherm and Freundlich isotherm
were utilized to signify MB dye’s adsorption information onto
as-synthesized NS/TiO5 adsorbent.

The Langmuir isotherm is effective for monolayer adsorption on
adsorbent surfaces with a limited number of indistinguishable sites [56].
According to this model, all the sites on the adsorbent surface are
energetically equal. Once the molecules accumulate at a particular
location, no further adsorption occurs at the adsorbent site [66]. The
equation for Langmuir isotherm is expressed as Eq. (3).

Ce/qe = Ce/qm + 1/qmKL 3

where Ce (mg/L) is an equilibrium concentration of dyes, q. (mg/g) is
the quantity of dye adsorbed on adsorbent at equilibrium, g, (mg/g) is
the maximum adsorbent capacity, and Ky, (L/mg) is Langmuir constant.
The isotherm plot between Ce/qe and Ce are shown in Fig. 10(a) [38].

The Freundlich adsorption isotherm is considered an empirical
equation for a heterogeneous system in which multilayer adsorption
may occur on the adsorbent surface. The equation of Freundlich
isotherm is stated as follows Eq. (4) [16,57].

Logqe = logK¢ + 1/n logCe (€)

In equation Ce (mg/L) is the equilibrium concentration of the dye
solution, qe (mg/g) is the quantity of dye adsorbed at equilibrium, n
determines the favorability of adsorption mechanism K is a Freundlich
constant. The In qe and In Ce plots are shown in Fig. 10(b). The
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Fig. 10. Langmuir isotherm (a) and Freundlich isotherm (b) for methyl blue dye adsorption.

constraints of Langmuir and Freundlich equations from experimental
data analysis are categorized in Table 2.

Usually, the estimation of the rectilinear regression correlation co-
efficient R? provides the signal which model can be best-fit. It identifies
the difference between experimental and theoretical data as correlation
coefficient value (Rz) approaches to 1. Based on the R? value of Lang-
muir and Freundlich models, it is observed that the attained experi-
mentally data were fitted well by the Freundlich adsorption isotherm (R2
= 0.954) than that of the Langmuir adsorption isotherm (R? = 0.746)
(Table 2). This displays that the adsorption of MB dye on as-synthesized
adsorbents (NS/TiO5) was limited. Hence, the adsorbent surface was
heterogeneous, which is a fair treaty with results described by Vimonses
etal. [58]. The Freundlich isotherm constants, i.e., Kf and n are symbolic
representations of the adsorption capacity and adsorbent intensity,
respectively. The value of n for as-synthesized the adsorbent is 1.882
which is larger than unity and thus indicated that MB dye adsorption is
favourable in this case. Furthermore, a more excellent value of n is the
best signal of more potent adsorbate molecules bonding to the adsorbent
surface. However, the high value of Kf point to adsorption capacity and
higher affinity of MB dye to the adsorbent [53].

The adsorbent evaluated in this work showed a high Kf value, which
indicates a high adsorption capacity. This increment in adsorption ca-
pacity can be attributed to large surface area and variation in particle
size of adsorbent, which allows the dyes to get adsorbed on the adsor-
bent surface.

3.5. Kinetics and thermodynamics of NS/TiO» adsorbent

In order to evaluate the adsorption method in a more comprehensive
way, the kinetic parameters of adsorption were designed. The analysis of
mechanisms of adsorption has been done by means of the kinetic models
including the pseudo first-order kinetic model and the pseudo second-
order kinetic model.

The pseudo first-order equation is more appropriate for low con-
centration dye solution. It can be presented as following Eq. (5) [59]:

In (e —q) = In Qe — kit %)

Table 2
Adsorption isotherm constants for MB adsorption onto NS co-doped TiO, for four
hours.

Dye Langmuir equation Freundlich equation
R? Qm K, (L/mg)  R® 1/n(g/mg) K (L/mg)
MB 0.746 0.054 97.18 0.954 1.882 1.97

Where ki (min~!) is the rate constant for the pseudo first-order equation
of adsorption, qe and q; (mg/g) is the quantity of MB adsorbed at time t
and equilibrium. The values of k; and q. were acquired from slopes and
intercepts from the In (qe — q¢) and t plots as shown in Fig. 11(a).

The pseudo second-order equation is reliant on the quantity of the
dye adsorbed on the adsorbent surface and the quantity adsorbed at the
equilibrium. It can be denoted by the following Eq. (6) [60]:

/g = 1/koq2 + t/ Ge (6)

Where ky (min™!) is the rate constant for pseudo second-order adsorp-
tion equation, q. and q; (mg/g) is the quantity of MB adsorbed at time t
and equilibrium. The values of ky and q are obtained from the slope and
intercept of t/ q; and t plot as shown in Fig. 11(b). The data for all the
correlation coefficients (Rz) for pseudo first and second order equations
is tabulated in Table 3. The values of R? for second-order equation is
higher than all R? values of first-order equation which indicates that
pseudo second-order model is more appropriate for elucidating the ki-
netics for MB adsorption onto NS/TiO,. Similar outcomes have been
testified for adsorption of MB onto graphene oxide/titania nano-
composites [38,61].

It is observed that maximum adsorption capacity for MB increases in
range of 298-328 K by increasing the temperature (see Table 4.), which
identifies an endothermic feature of existing process [38]. The ther-
modynamic parameters such as change in free energy G, change in
entropy (AS') and change in enthalpy (AH ) are calculated from the
intercept and slope of van’t Hoff plots (Ink;, versus 1/T) using the Van’t
Hoff Egs. (7-8):

AG = —RT In k. @)
Ink, = - AH/RT + AS /R 8

Where R (8.314 J mol ! K1) is the general gas constant, kg, (L mol D is
the Langmuir constant and T (K) is the absolute temperature. The
calculated AS is 185.96 (J.mol'K™1) and the positive value relates to
the increase in concentration of adsorbed species at solid/solution
interface in the whole process of adsorption (Fig. 12). The calculated AG
at different temperatures are —24.61, —25.12, —27.98 and —29.04 (kJ.
mol 1) and the negative values of AG recommends the spontaneity and
feasibility of adsorption method. Finally, the intended AH (32.34 kJ.
mol 1) determines an endothermic adsorption process in agreement
with increase in adsorption capacity with increasing temperature [62].

3.6. Adsorption mechanism

Interactions that occur between the adsorbate and adsorbent mole-
cules can manifest themselves in various ways [63]. Hypothetical
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Fig. 11. Plots of pseudo-first-order model (a) and pseudo-second-order model (b) for the adsorption MB onto NS/TiO,.

Table 3
Kinetic parameters for the adsorption of MB.

Ce (mg/L) First order-kinetics Second order-kinetics
k; (min™") R? ko (min™) R?
10 0.0436 0.97904 0.0325 0.98112
20 0.0421 0.93752 0.0113 0.97733
30 0.0283 0.98612 0.0016 0.98855
40 0.0253 0.97704 0.0011 0.98739
50 0.0211 0.98458 0.0004 0.98923
Table 4

Thermodynamic parameters for MB adsorption on NS/TiOs.

Temp (K) AG (kJ.mol ™) AS (J.mol 'K AH (kJ.mol ™)
298 -24.61
308 -25.12 185.96 32.34
318 -27.98
328 -29.04
10.6
L}
10.4 +
10.2 + u
10.0
B
M
£ 98+ -
9.6 -
9.4 -
n
9.2 T T T T T T T
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335
T

Fig. 12. Plot of In Kj, versus 1/T for the adsorption of MB onto NS/TiO,

treatments of adsorbate-adsorbent connections, beginning with Grimley
and co-workers [64], Einstein and Schrieffer [65], have focused on the
indirect attraction through the surface electrons. For the large
adsorbate-adsorbent partition, this collaboration is oscillatory in sign
and magnitude. Recently, Joyner et al. [66] and Feibelman et al. [67]
determined the change in surface electron-density due to electronega-
tive or electropositive atom adsorption. Such changes are accepted to
influence the connection of an adsorbing molecule with the surface. The
immediate interaction due to the overlapping of orbitals between
different adsorbate and adsorbent molecules have also been studied [68,

69]. The dye adsorption process from the aqueous solution onto the
porous adsorbent surface involves different mechanisms, including
functional groups on the surface of the adsorbent, active sites, and the
adsorbent charges.

The adsorption of contaminants or dye to the adsorbent surface is
carried out by electrostatic interactions of surface charges and hydrogen
bonding. N and S doping on TiO5 provides more active sites for inter-
action with dye molecules, as shown in Fig. 13. N is doped at the
interstitial site of oxygen and S is doped at the titania site in the form of
SOz ions. As a result of electrostatic interactions and hydrogen bonding
(physical forces), the dye molecules (MB) adsorb on the surface of NS/
TiOs, thus involved in removing dyes from the solution. Table 5. Sum-
marize the comparison of removal effeciency by different adsorbents.

3.7. Recovery and reusability of adsorbent

For large scope wastewater treatment, adsorbent ought to have
properties like high adsorption capacity, high stability and easy sepa-
ration from dye solution after adsorption. To make the adsorption pro-
cess economical, regeneration and reusability of adsorbent are
significant. Abramian et al. described in their investigation the removal
of methylene blue by highly porous titania aerogel and had shown the
results of adsorption-desorption for three runs [73].

The adsorption capacity of regenerated NS/TiO; in the second and
third run was tested under acidic medium for MB solution and basic
medium for MO and MR dye solutions. The obtained results are
compared with the first run, as shown in Fig. 14. The uptake limit of
reused adsorbent showed a magnificent adsorption capacity compared
to the first cycle of adsorption. The approx. 90%, 70% and 68% removal
was obtained for the second run and 70%, 50% and 39% removal was
obtained for the third run compared to the first cycle where 99.4%, 98%
and 96% removal was obtained for MB, MO, and MR, respectively.

-¥_ Hydrogen Bonding
Electrostatic Interaction Q—s

O ~e-) D MB
MB NS/ Ti ) @
4\ p Elel:trostatic Interaction
i B
Hydrogen ];onding

Fig. 13. Pictographic representation and the adsorption mechanism of meth-
ylene blue.
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Table 5
Comparison of removal effeciency by different adsorbents.
Adsorbent Time (min) Removal efficiency (%) References
TiOo 45 5 [70]
N-doped TiO, 240 76 [71]
S-doped TiO, 72.1 [72]
NS/TiO, 120 99.4 This work
100 - I MB
90 1m0
80 B MR
E 70 A I
2 60 4
S
ﬁ 50 -
40
X
30 4
20 4
10 A
0 - T T T
1 2 3

Cycles

Fig. 14. Regeneration and recyclability of the as-synthesized NS/TiO,,

Hence a decline in initial adsorption capacity is observed with the
number of cycles. However, nearly 99.4% of the initial dye concentra-
tion was adsorbed on as-synthesized NS/TiO; after 100 min of contact
between the solid-liquid interface for the three compared cycles.

4. Conclusion

The paper examines the adsorption of dyes such as MB, MO and MR
on the NS co-doped titania. Doping of TiO5 with nitrogen and sulfur
provides a large surface area, porous structure and more electrostatic
binding sites for the adsorption of dyes, specifically for MB. The para-
metric study showed that NS/TiO5 exhibited the highest adsorption
capacity for MB that was 99.4%, compared to other dyes. The adsorption
of MB on NS/TiO, adsorbent was investigated by different parameters,
including pH, initial dye concentration, adsorbent dose and contact
time. The experimental data is the best fit for Freundlich isotherm,
revealing that heterogeneous adsorbent surfaces provide the maximum
adsorption to remove dyes. The dye desorption from NS/TiO, adsorbent
for regeneration purposes could be carried out in an acidic medium. The
dye retaining system is mainly due to electrostatic interactions of dye
molecules with the adsorbent surface. The presented study concludes
that NS/TiO, could be used as an effective adsorbent, especially for
cationic dyes with low concentration in the process of wastewater
treatment. NS/TiO, adsorbent is efficient and can be used for the
removal of pollutants at commercial scale in the future because of its
promising benefits. Considering the financial aspect of adsorbent, it
shows low operational and characterization costs and high adsorption
capacity.

Even though the number of researches have published on adsorbents
for pollutants and dye removal, there is yet little work has done for the
commercial applications of adsorbents. In addition, associations of
different adsorbents are problematic because of discrepancies in the data
management. Thus, extensive work is required to better recognize
adsorption process and to establish the potential technology at industrial
scale.
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