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Porous lithium-titanium oxide (pLT) was produced by the combustion synthesis method. Based
on the XRD pattern, the as-synthesized powder phase was Li,TiO;. The carbon dots were
incorporated onto the lithium titanate sponge (pLT-CD) using the microwave method and natural
precursors. Two synthesized structures were used to remove methylene blue from wastewater. A
morphological comparison of pLT and pLT-CD was performed using field emission scanning
electron microscopy. Elemental mapping of the pLT-CD composite was used to investigate the
dispersion of CD on pLT and its stability in aqueous media. The experiments of methylene blue
removal by adsorbents were designed using the Taguchi method. The effect of pH, time,
temperature, and methylene blue concentration on the treatment process by pLT and pLT-CD was
studied. The maximum removal percentage was observed at pH 8, room temperature, 10 min, and
40 ppm dye concentration on the pLT-CD composite adsorbent. The adsorption equilibrium was
better described by the Freundlich isotherm, indicating multilayer adsorption on heterogeneous
surfaces. Kinetic results followed a pseudo-second-order model, with pLT-CD showing a higher
adsorption rate due to enhanced surface interactions and increased active sites. Adsorbent
recovery was performed by UV-Vis irradiation on the saturated adsorbent to decompose the
adsorbed dye. An efficiency drop of about 20 and 13.60 % was observed for pLT and pLT-CD,
respectively, after four consecutive cycles.
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1. Introduction

Water resources play a vital role in the lives of humans,
animals, and plants. Nutrients and energy can be transported
by water. Discharging industrial wastewater into water
without proper treatment endangers water safety and the
environment. One of the most polluting industries is the
paint industry, where a significant amount of coloring
compounds enter waterways through the wastewater from
this industry [1].

Dye compounds have an aromatic organic structure and can
absorb light and produce color in the visible range [2].
Methylene blue, with the molecular formula C,4H;sN;CIS and
an aromatic heterocyclic structure [3], is an alkaline, cationic,
and water-soluble molecule [4] widely consumed in the textile
industry [5]. High concentrations of methylene blue in water
can cause problems. The presence of methylene blue in water
reduces sunlight penetration and the solubility of oxygen in the
water [6]. Accumulation of this substance in mammalian
organs causes cyanosis, tissue necrosis, vomiting, jaundice,
shock, and increased heart rate [7]. The side effects will occur
when the level of this substance in the body exceeds 7 mg kg!
[8]. Therefore, it is essential to treat wastewater contaminated
with methylene blue before it enters the environment. The
thermal stability and non-biodegradability of this substance
make it difficult to remove [9].

Some conventional techniques for methylene blue removal
[10], [11,12],
coagulation [13,14], biodegradation [15], photocatalytic
digestion [16,17], and advanced oxidation [18]. Most of these
techniques are designed to use additional chemicals or

include: adsorption phytoremediation

expend a lot of energy during treatment to prevent creating
harmful byproducts in the water. Adsorption is a widely
applied procedure for the treatment of wastewater in
industries because of its high efficacy and simplicity. This
process is a selective mass transfer from the wastewater mass
to a solid surface. Although conventional adsorbents such as
silica [19], alumina [20], carbon active [21], and biochar [22]
are widely used, research is still ongoing on synthetic
adsorbents such as zeolites [23], metal organic frameworks
[24], ion exchange resins [25], and nanostructures [26,27]
because each adsorbent has specific properties and limitations
depending on its structure and composition. Some of the main
reasons for continuing research on synthetic adsorbents are:
selectivity, controlled surface area and porosity, chemical and
thermal stability, recyclability, reusability, and multi-
functionality [28-30].

Carbon structures are the dominant choice of adsorbent due
to their high surface energy [31]. Carbon dots, one such
structure, are zero-dimensional nanomaterials with high

surface area; they are composed of small graphene sheets. In
these structures, the carbon atoms are connected by sp? and
sp? hybridization [32]. Studies show that functional groups
containing oxygen and nitrogen are distributed on carbon
dots, which improve the hydrophilicity of these structures
[33]. However, the production and durability of carbon
adsorbents require high costs and energy consumption.
Numerous studies have been conducted on the use of cheap
and readily available agricultural harvests to produce carbon
adsorbents [34-36]. Using supports is one way to increase the
stability of carbon adsorbents. Porous structures in the
microporous (porosities < 2 nm), mesoporous (2 nm <
porosities < 50 nm), and macroporous (porosities > 50 nm)
range are applied for filtration, separation, and catalysis [37].

Oxide supports can be used in heterogeneous processes to
stabilize and disperse carbon adsorbents and increase their
performance and stability. Oxides affect the geometry of the
interface between two phases in contact. Baur et al
developed adsorbents of activated carbon fibers combined
with metal oxides for the removal of acetaldehyde from gas
streams [38]. Meanwhile, the adsorbents have a macroscopic
and regular structure with low resistance to fluid flow,
allowing for rapid adsorption without any diffusion
resistance. Therefore, it is interesting to study the synergistic
effect of carbon adsorbent and oxide support in removing
pollutants. A two-component absorbent of carbon nanotube-
iron oxide was fabricated and used to eliminate lead (II) and
copper (II) from the aquatic environment by Peng et al. [39].
The results of their study showed that the chemical oxidation
of the adsorbent with nitric acid and the subsequent creation
of functional groups on carbon nanotubes improved the
removal percentage of heavy metals.

Porous oxides can show acceptable performance as
adsorbents for removing pollutants from fluids due to their
numerous active sites, excellent thermal and chemical
stability, and non-toxicity; for example, the elimination of
Congo Red by MgO with 198 m?.g! surface area [40],
methylene blue by Zn-doped CeO, [41], and Methyl Orange
by ZnO/CuO nanocomposite [42].

Despite extensive studies on dye adsorption, there remains
a need for cost-effective and environmentally friendly
adsorbents with improved efficiency. In this study, pLT and
pLT-CD
characterized, where the incorporation of green-derived

a novel composite were synthesized and
carbon dots enhances adsorption through increased active
sites and m—m and hydrogen bonding interactions. The
adsorption of methylene blue was optimized using the
Taguchi method, and the process was further evaluated
through kinetic and isotherm analyses. In addition, the

reusability of the adsorbents and a systematic comparison
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between pLT and pLT-CD were investigated to clarify the
role of carbon dots in improving adsorption performance.

2. Materials and methods

2.1. Materials

All solutions used in this research work were prepared with
distilled water. Sodium chloride (NaCl, Merck), tetra-butyl
titanate (Ti(OC4Hyg),, Merck), nitric acid (HNO;, Merck),
lithium nitrate (LiNO;, Sigma-Aldrich), and citric acid
(C¢H304, Merck) were used in this work. Lemon and onion
juices, along with 32.7 % ammonia (NH;, Merck) solution,
were employed as the main precursors in the fabrication of
carbon dots. Methylene Blue dye in the form of the salt,
C,4H;3CIN;S. 2H,0 was used to produce synthetic effluent.
Also, caustic soda (NaOH, Merck) and 37 % hydrochloric
acid (HCI, Merck) were used in the dye removal experiments.
In the present study, no further purification was performed on
the commercial materials.

2.2. Instrumentation

The morphology of the two adsorbents was observed using
a field-emission scanning electron microscope (FE-SEM),
using a Philips XL30 instrument equipped with an SMAX
energy-dispersive ~ X-ray spectrometer. Molecular
characterization was conducted using Fourier-transform
infrared spectroscopy (FT-IR, Bruker Tensor II). The surface
areca was measured with Brunauer-Emmett-Teller (BET)
theory using N, adsorption at 77 K via surface area analysis
with a BELSORP-mini II A UV-visible

spectrophotometer (V-570, Jasco, Japan) was used. A

instrument.

HANNA Model 213 Microprocessor pH meter was employed
to adjust the pH of aquatic environments. A Sigma 101
centrifuge with a 4 cm radius was used to separate the
adsorbent from the environment. The methylene blue
concentration in the solution was determined with a UV-160
spectrophotometer manufactured by Shimadzu, Japan. A 900
W LG microwave was used to synthesize carbon dots. An X-
ray diffraction (XRD) analyzer, Bruker Advance D8 model,
Cu Ko radiation, and a graphite monochromator with a
wavelength of 0.15406 nm were used to determine the lithium
titanate phase.

2.3. Synthesis of lithium titanate
The solution combustion method was selected for the

synthesis of porous lithium titanate (pLT) powders. First, 20
mmol of tetrabutyl titanate (Ti(OC,Hy),) was combined with

75 mL of distilled water to form a pellet-shaped precipitate.
Then, the precipitate was rinsed and dissolved in concentrated
nitric acid (HNO;) to fabricate a TiO(NO;), solution. Next,
40 mmol LiNO,
incorporated into the as-prepared solution, and 40 mmol NaCl

and 16.66 mmol citric acid were

was introduced into the container. The mixture was stirred at
room temperature to evaporate the solvent and prepare a gel-
like substance. The obtained gel was heated to 450 °C by a
heater stirrer until the combustion reaction occurred. Lastly,
the obtained product was rinsed and dried.

2.4. Carbon dot (CD) incorporation on pLT

Carbon dots were synthesized from agricultural and
horticultural wastes. Fresh lemons and onions, harvested in
the autumn from the Baluchistan region of Iran, were used as
natural carbon precursors. The juices were freshly extracted
and used under controlled synthesis conditions to minimize
compositional variability. Sedimentation and filtration were
used to remove pulp pieces. Lemon juice is rich in citric acid
at 6 % w/w and ascorbic acid at 64 % w/w. Both acids are
suitable precursors for carbon dots. Onion juice, an essential
source of sulfur compounds and ammonium hydroxide, was
employed to introduce small amounts of nitrogen and sulfur
heteroatoms to the carbon surface to increase the
hydrophilicity of the composite surface and make it easier to
use in aqueous environments in subsequent steps. Briefly,
2 ml of onion juice and 2 ml of lemon juice were combined
in a 250 ml Erlenmeyer flask. Then, 10 ml of 25 % v/v
ammonium hydroxide solution was prepared from a mixture
of ammonia and 0.1 M sodium hydroxide. The prepared
ammonium hydroxide was added to the contents of the
Erlenmeyer flask along with 8 ml of double-distilled water.
Next, 5 mg of the lithium titanate was dispersed into this
mixture, and the mixing container was placed in a microwave
at 900 W power for 7 min. After the container cooled, 100 ml
of distilled water was added, allowing the precipitate to be
transferred to the centrifuge tube. The precipitate was washed
three times with double-distilled water by centrifugation at
3000 rpm, corresponding to an RCF of 403. Lastly, the
obtained lithium titanate-carbon dot composite, hereinafter
abbreviated as pLT-CD, was used as an adsorbent in
subsequent studies.

2.5. Batch adsorption experiments

Methylene blue removal experiments using adsorbents
were designed using the Taguchi method and Minitabl7
software. An L16 orthogonal array table was set up with four
(pH, time (¢), and initial

factors temperature (7)),
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concentration of methylene blue (C,)), each with four change
levels. The L16 array for four factors at four levels was
selected because the number of trials was reduced from 256
(4%) to only 16, while the distribution of levels for each factor
was maintained. This reduction enabled significant savings in
time and resources without compromising the statistical
analysis or the evaluation of factor effects [43].

The pH of the samples was adjusted between 4 and 10 with
dilute NaOH and HCI
deprotonation of the adsorbent surface are influenced by

solutions. Protonation and
varying pH, thereby affecting its surface charge. Hence,
interactions between the adsorbent and adsorbed methylene
blue are affected.

Adsorption kinetics are indicated by the experiment time.
The equilibrium between the two phases can be shifted by
changing the operation temperature.

The tests were run at variable times of 10 to 40 min and
temperatures of 20 to 50 °C. The initial concentration was
considered a key factor in dye adsorption, as it determines the
ratio of dye molecules to available adsorption sites. Levels of
10, 20, 30, and 40 ppm were chosen to evaluate the effects of
adsorbent saturation and concentration on removal efficiency.

The concentration of dye adsorbed on the adsorbent is
determined by two factors: the concentration of dye in the
media and the mass density of active sites on the adsorbent.
The density of active sites of the two structures is compared
by varying the initial concentration of dye (C,) between 10
and 40 ppm in the solution.

The adsorbent mass was 0.008 g in all batch experiments.
The solution agitation was provided by a magnetic stirrer at
about 100 rpm. After the end of each test run, the adsorbent
was separated by sedimentation and centrifugation. The
absorbance of the filtered solution was determined by the
spectrophotometer at 665 nm wavelength, where maximum
absorption occurs for methylene blue. The concentration of
the remaining methylene blue in the solution was measured
using a calibration plot.

The batch experiments were conducted under dark
conditions to ensure that only the adsorption process (and no
photocatalytic degradation) contributed to dye removal.

2.6. Absorbents recovery method

As mentioned in the introduction, one of the methods for
treating colored wastewater is its photocatalytic digestion. In
this technique, the oxidation of colored pollutants is carried
out under ultraviolet light irradiation and in the presence of a
photocatalytic semiconductor. This method is limited by
large quantities of wastewater, which reduces the penetration
of ultraviolet light. Hence, there is a need to build shallow

ponds. Time-consuming and limited efficiency are the main

challenges of this technique. In the present work,
photocatalytic digestion has been used to recover dye-
saturated adsorbents. In order to recover the dye-saturated
adsorbents, the collected powder was dispersed in water
(0.5 g.L'!) and exposed to UV light at a wavelength of 254
nm at three time intervals. It is known that the band gap of
carbon dots is in the range of 2.8 to 4 eV [44]. The indirect
band gap energy of pLT has been found to be 3.92 eV [45].
Oxidation of the adsorbed dye and its removal is facilitated
by the photocatalytic behavior of the two components. To
evaluate the performance of the adsorbent after recovery, the
percentage of dye elimination was calculated at pH 8,
temperature 30 °C, initial concentration 40 ppm for
methylene blue, and contact time 10 min during four steps

(each step after recovery of the adsorbent).
3. Results and discussion
3.1. Adsorbents characterization

Initially, the structural phase, particle size, and morphology
of the synthesized lithium titanium oxide sample were
identified. The X-ray diffraction (XRD) pattern for the
lithium titanate powder is shown in Fig. 1. The pattern
provided is found to correspond to card number 0831-033.
Thus, Li,TiO; was identified as the phase of the synthesized
powder. A crystallite size of approximately 30 nm was
estimated for the synthesized powder.

The FT-IR spectrum of the pLT-CD sample is shown in
Fig. 1(b). The characteristic broad absorption peak at
3256 cm™! was assigned to hydrogen-bonded species such
as N—H and O-H [46]. The bands at 1624 and 1033 cm™!
were associated with double bonds of carbons and single bonds
of carbons with heteroatoms, respectively [47]. The bands at
469 and 633 cm™! were characteristic vibrations of the Ti~O
bond, indicating the formation of lithium titanate [48].

The surface area of pLT and pLT-CD powders was
estimated using BET analysis as 50.21 and 54.62 m’.g’!,
respectively. The as-prepared absorbent caused the high
surface area.

The absorption spectrum of CD (Fig. 1(c)) showed two
significant bands, which were located at 212 nm, assigned to
the m—m* transition of C=C and C—C bonds in the sp’
hybridized domain of the graphitic core, and at 280 nm,
attributed to the n—=* transition of C=0 [49].

To better investigate the size and morphology of the two
adsorbents, FE-SEM analysis was performed on pLT and
pLT-CD samples. Fig. 2 illustrates FE-SEM micrographs of
the synthesized samples at a scale of 200 nm. In Fig. 2(a), the
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particles with a spherical shape and uniform morphology are
visible in the image. The particle size was between 30 and 40
nm, and the dimensions of the inter-particle pores were 20 to
30 nm, proving that the synthesized lithium titanate was a
nanoscale and mesoporous powder.

During the solution combustion synthesis to produce pLT,
upon heating of the reaction mixture, evaporation of the
solvent and release of CO,, CO, H,0, and N, gases were

induced; as a result, the product was synthesized in a porous
form. Fig. 2(b) presents the FE-SEM image of the pLT-CD.
An acceptable distribution of carbon dots on the surface and
within the pores of lithium titanate is indicated by the uniform
morphology of the composite. The suitability of the two
introduced structures for heterogeneous adsorption of
methylene blue is indicated by the observed porosity in
Figs. 2(a) and 2(b).
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High dispersion of carbon dots in water due to surface
carboxyl groups is considered a major challenge that can
compromise the stability of the adsorbent. The pLT-CD
sample was immersed in water for 4 h to study the
effectiveness of using pLT support for CDs to prevent their
entry into water. After separating the composite particles
from the water, elemental mapping analysis was performed to
investigate the presence and dispersion of carbon.

The results are represented in Fig. 3. It should be noted
that the element lithium was not detectable due to its small
atomic radius. Successful loading and stability of carbon
dots on the lithium titanate surface are confirmed by the
presence of carbon.

The effectiveness of the microwave method in synthesizing
carbon dots on the oxide substrate is indicated by the uniform
dispersion of carbon. This uniform dispersion and persistence
of carbon dots on the surface could be attributed to the high
porosity of the oxide substrate and the applied microwave
power.It is possible that the nanoscale pores in the lithium
titanate structure served as traps for carbon dots, thereby
preventing their removal by the aqueous medium.

The purity of the synthetic composite is indicated by the

(b)
Fig. 3. Elemental mapping of (a) carbon, (b) oxygen, (c) titanium, and (d) merged C-O-Ti for pLT-CD composite.

absence of other elements.
3.2. Parameter optimization with batch experiments

Methylene blue removal experiments using adsorbents
were designed using the Taguchi method, and an L16
orthogonal array table was set up with four factors (pH,
temperature (7), time (f), and initial concentration of
methylene blue (Cj)), each with four change levels (see
Table 1). The results were calculated as the removal
percentage (R %) of methylene blue, according to Eq. (1).

R %= (Cy-Co) 100/ Cy (1)

The methylene blue concentration before removal is
denoted by C, and the remaining concentration after
adsorption is denoted by C.. In the experimental design, the
effect of input factors is considered based on maximizing the
removal percentage of methylene blue. In the Taguchi
method, a transformed response function is used for accurate
statistical analysis of the results. It can be defined as the ratio
of the signal of each effect or effects to the error or noise.

(@

Table 1. Removal percentage for methylene blue obtained by a combination of experiments proposed by the Taguchi method.

Run order pH T (°C) Co (ppm) t (min) pLT pLT-CD
1 4 20 10 10 77.92 82.79
2 4 30 20 20 83.53 82.01
3 4 40 30 30 87.24 90.62
4 4 50 40 40 86.72 91.45
5 6 40 20 10 84.98 88.76
6 6 50 30 20 68.50 77.86
7 6 20 40 30 89.65 91.20
8 6 30 30 40 87.62 84.98
9 8 50 30 10 89.45 92.12
10 8 40 40 20 90.25 92.25
11 8 30 10 30 79.60 78.26
12 8 20 20 40 87.06 87.48
13 10 30 40 10 93.34 92.62
14 10 20 30 20 88.70 91.35
15 10 50 20 30 81.73 86.36
16 10 40 10 40 72.31 77.69
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In this study, the response considered is the removal
percentage. The ratio of signal to noise (S/N) is determined
by Eq. (2).

2T
2

Gl
2
S/N = _1010g¥ Q)

In this equation, the measured response value for each
experiment in each test is denoted by yn, and the number of
repetitions of the experiments is denoted by n. To determine
the optimal conditions for each factor, i.e., the maximum
mean S/N rate of each parameter among the four levels and
predict the four optimal factors based on analytical methods,
the mean S/N rate of each parameter was measured at four
levels, and the maximum S/N obtained was marked as the
optimal level of that factor (see Fig. 4).

The adsorption phenomenon is significantly affected by the
solution pH. As shown in Fig. 4(a), the optimum pH for both
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adsorbents is 8. At low pH, accumulation of H" ions occurs
on the adsorbent surface, resulting in the acquisition of a
positive charge by the adsorbent surface, which causes
repulsion between the cationic dye methylene blue and the
adsorbent surface. As the pH increases, a negative charge is
acquired by the functional groups on the adsorbent surface,
leading to electrostatic attraction of the adsorbent surface to
the methylene blue.

With enhanced adsorption, the dye concentration in the
solution is decreased, and accumulation on the adsorbent
surface is increased.

Hence, the dye transfer from the solid surface to the
solution is predictable. The removal percentage for the dye
was investigated in the contact time range of 10 to 40 min.
For methylene blue, as revealed in Fig. 4(b), adsorption
occurred at a high rate during the first 10 min, after which
equilibrium was reached by the system.
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Fig. 4. Average output S/N for (a) pH, (b) time, (c) initial concentration (Cy), and (d) temperature parameters; and percentage of parameters
effect on the performance of methylene blue removal by (¢) pLT and (f) pLT-CD adsorbents.



108 M. Bazzi et al. / Journal of Particle Science and Technology 11 (2) (2025) 101-116

The C, effect was investigated on the elimination of dye,
and the optimum concentration was found to be 40 ppm, as
shown in Fig. 4(c). Based on experience, with increasing
concentration, the number of available sites is reduced, and at
low concentrations, the binding sites on the adsorbent surface
can be contacted by the dye in solution.

Due to the high adsorption surface area and high porosity
of the adsorbent and as well as the abundance of active sites
at low concentrations, an increase in concentration results in
enhanced removal percentage.

Examination of the performance of the two adsorbents
demonstrates that a higher efficiency is observed for pLT-CD
compared to pLT (Fig. 4(c)).

This can be attributed to two factors: (i) a larger number of
active sites and (ii) more diverse and stronger interactions
between the dye molecule and the adsorbent for the
methylene blue adsorption on pLT-CD compared to pLT.
Formation of cation-n bonds is expected to occur in the pLT
adsorbent due to electrostatic forces between the polarized
regions caused by the cation and the quadrupole of the
electron-rich aromatic structures [50]. In the pLT-CD
adsorbent, easier adsorption is facilitated by n-m interactions
of the dye molecule with the hexagonal cells of the CD
structure, in addition to the heteroatom-containing functional
groups [51]. Hydrogen bonds may be formed between the
electronegative heteroatoms in CD and the methylene blue
molecule in aqueous solution. The changes in trend for the
two adsorbents are observed to be opposite to each other, as
shown by the behavior of the plot in Fig. 4(d).

The optimal temperature was selected as room temperature,
according to Figs. 4(e) and 4(f), the highest effect on the
elimination of methylene blue is observed for C,.

A more noticeable effect on the removal of dye by pLT
compared to pLT-CD is exerted by the pH factor. According
to the signal-to-noise plots, the highest amount of color
removal by pLT adsorbent is observed at pH 8, time 10 min,
temperature 30 °C, and concentration 40 ppm. The order of
the most effective factors for methylene blue removal by pLT
is: initial concentration > temperature > pH > time. Also, for
the pLT-CD adsorbent, the maximum R % is expected at pH
8, time 10 min, concentration 40 ppm, and temperature 20 °C.
The most effective factors for removal with pLT-CD
adsorbent are:
initial concentration > temperature > time > pH.

According to the results, pH had a greater effect on the
adsorption process of methylene blue on pLT compared to
pLT-CD, meaning that the adsorption mechanism was
different in these two materials. The adsorption of
methylene blue (which is a cationic dye) on pLT depended
on the surface charge of the adsorbent. The change in pH

caused a change in the surface charge due to protonation or
deprotonation of the adsorbent surface. At high pH, the
negative surface charge and electrostatic attraction occurred
more. In the case of the pLT-CD adsorbent, the presence of
carbon dots in the composite led to a number of important
events such as: (i) the creation of various functional groups,
(i1) an increase in the surface area, and (iii) the creation of
additional interactions such as =m-m stacking, hydrogen
bonding, and van der Waals. Therefore, the adsorption on
this adsorbent was not limited to surface charge and
electrostatic force, and several other mechanisms were also
active, which did not change significantly with the change
in the surface charge of the adsorbent.

The higher optimum temperature observed for pLT
indicated that the adsorption process was endothermic in
nature, such that increasing the temperature increased the
mobility of methylene blue molecules and facilitated their
diffusion to the active sites. In contrast, pLT-CD showed
maximum adsorption at a lower temperature, indicating an
exothermic adsorption process. The presence of carbon dots
induced several strong interactions such as n-n stacking and
hydrogen bonding, which were more favorable at lower
temperatures and tended to weaken with increasing
temperature. Therefore, the addition of carbon dots not only
reduced the energy requirement for adsorption, but also
changed the thermodynamic nature of the process from a
predominantly endothermic to an exothermic behavior.

Based on simple linear regression analysis of experimental
data, the predicted removal efficiency under optimal
conditions is 91.75 % for pLT and 94.37 % for pLT-CD,
indicating that a higher methylene blue removal performance
is achieved by pLT-CD compared to pLT. The addition of
carbon dots to the adsorbent structure results in an increase in
active sites, porosity, and n—r as well as hydrogen-bonding
interactions;

therefore, a better and faster adsorption

performance is achieved.
3.3. Efficiency comparison of recovered adsorbents

The optimization of the adsorbent recovery time under
ultraviolet light irradiation was performed at times of 4, §,
and 12 h (Fig. 5(a)). As can be seen, shorter recovery times
lead to reduced adsorbent efficiency. Therefore, 12 h of
irradiation was chosen to recover the adsorbent for further
work. The percentage of methylene blue removal (R %) was
calculated at optimized conditions during four steps and each
step after recovery of the adsorbent. Each test run was
repeated three times, and the means were reported.

Figs. 5(b) and 5(c) show the changes in color removal
efficiency for the adsorbents obtained from each recovery
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step. The recovery process in the first and second stages did
not have a significant effect on the adsorbent performance in
dye elimination; however, a decrease in efficiency was
observed for the adsorbent in the third and fourth stages. This
decrease is due to surface contamination by adsorbed dye,
which would continue to occupy the adsorbent surface.

It is likely that at high frequencies of use, the possibility
of sintering of the adsorbent particles and the release of
carbon dots from the oxide surface would reduce the surface
area and make it difficult for ultraviolet radiation to
decompose the dye.

As aresult, the adsorbent surface will remain contaminated.
The efficiency loss for pLT and pLT-CD is 20 and 13.60 %,
respectively. Therefore, lithium titanate decorated with

100

carbon dots may be a suitable option for the surface
adsorption process for methylene blue dye removal.

3.4. Analysis of adsorption isotherms

The relationship between the equilibrium concentration of
the adsorbate and the mass of the adsorbed substance per unit
mass of adsorbent (called ¢,) during a process at constant
temperature is known as the adsorption isotherm. The
adsorption process of methylene blue onto pLT and pLT-CD
was evaluated by the Freundlich and Langmuir models via
linear regression in Fig. 6. The adsorption mechanism of
methylene blue on pLT and pLT-CD is elucidated by the
analysis of the isotherm parameters presented in Table 2.
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Table 2. Parameters of isotherm models for methylene blue adsorption.

Isotherm model Material K n R?
. 1 pLT 0.033 0.302 0914
Freundlich: logq, = =log C, + logK
n pLT-CD 0.077 0.075 0.907
1 1 a pLT 0.163 -0.182 0.835
Langmuir: — = +-
qe  KC K pLT-CD 0.197 -0.677 0.720

Good agreement was observed between the Freundlich
model and the equilibrium adsorption data of methylene blue.
Well-defined straight lines with high linear regression
coefficients were obtained for the two tested adsorbents using
the linear model. On the other hand, a correct description of the
adsorption process was not provided by the Langmuir model,
as regression coefficients far from unity and unrealistic
negative adsorption energy (labeled a in Table 2) values were
obtained. It is suggested that the adsorption occurs mainly on
energetically heterogeneous surfaces rather than through an
ideal monolayer coating. Furthermore, favorable adsorption
with
interactions is indicated by the Freundlich exponent (n < 1).

surface heterogeneity and possible cooperative
Numerous adsorption sites with different surface energies are
provided by the porous structure of lithium titanate, while
Electrostatic adsorption toward cationic methylene blue
molecules is promoted by surface oxygen atoms (Ti—O, surface
hydroxyl groups). Surface heterogeneity is further enhanced
and adsorption affinity is increased by the addition of carbon
dots through the introduction of oxygen-containing functional
groups and m-conjugated domains. It is confirmed by the
deviation from the Langmuir model and the emergence of
unrealistic constants that the adsorption does not follow a
uniform monolayer mechanism but proceeds through
multilayer formation on a heterogeneous porous surface,
mainly controlled by electrostatic attraction and =n-n
interactions. As a result, multilayer adsorption with non-
uniform distribution of heat and affinity over the heterogeneous
surface was observed for methylene blue on both adsorbents
based on the Freundlich isotherm [52]. The physical nature of
the adsorption process is indicated by the better fit of the data
to the Freundlich isotherm than the Langmuir isotherm,
particularly at low temperatures [53].

3.5. Kinetics of adsorption

Batch experiments were performed under optimal
conditions with different times to evaluate the adsorption
kinetics of methylene blue onto pLT and pLT-CD; and the
experimental data were fitted linearly with two models (See
Table 3). It is known that the adsorption capacity is affected

by many factors, and the influence of observable parameters

on the overall rate of the process is only accounted for by a
typical kinetic model [54].

The adsorption rate is described by the pseudo-first-order
model, and is considered to depend on the available sites in
the adsorbent for the physical adsorption process, whereas the
adsorption reaction rate is described by the pseudo-second-
order model with energetically heterogeneous sites dependent
on the adsorbent, and is considered a chemisorption model
[55]. According to Table 3, acceptable agreement with the
pseudo-second-order kinetic model was observed for the
experimental data.

The kinetic results show that the adsorption of methylene
blue onto both pLT and pLT-CD follows a pseudo-second-
order model with excellent fit, indicating that the adsorption
rate is controlled by surface interactions and not solely by
external mass transfer.

The acceleration of the adsorption process by carbon dot
modification is confirmed by the higher second-order rate
constant for pLT-CD (k, = 0.14 g.mg'.min"") compared to
pLT (k, = 0.07 g.mg'.min'). This enhancement can be
attributed to the improvement of surface reactivity, increased
active sites, and stronger electronic interactions between the
n-electron system of methylene blue and the graphitic
domains of carbon dots. Meanwhile, the diffusion of the dye
is facilitated by the porous lithium titanate matrix through its
interconnected pore lattice.

Therefore, the adsorption mechanism can be described as
a surface-controlled process involving heterogeneous active
sites, in which the rate-limiting step is collectively
controlled by electrostatic attraction, surface complex
formation, and n—= interactions.

4. Conclusion

In summary, lithium titanate was prepared by solution
combustion to obtain a sponge structure of pure, nanometer-
sized crystalline particles. Onion and lemon juices were used
to deposit carbon dots on the porous oxide surface by the
microwave method. High porosity was observed in FE-SEM
images of the two adsorbents (pLT and pLT-CD); therefore,
the introduced structures were selected for heterogeneous
adsorption processes of colored pollutants from wastewater.
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Table 3. Kinetic parameters for the adsorption of methylene blue.

111

Model Parameter pLT pLT-CD
k; 0.31 0.61
Pseudo first-order: log(g. — q¢) = log(q.) — 21(31(:3 qe 8.05 8.21
' R 0.99 0.87
k> 0.07 0.14
Pseudo second-order: — = o L > L qe 14.58 14.60
o R 0.99 1.00

4, Equilibrium adsorption capacity (mg.g™); ¢, Time adsorption capacity (mg.g™); #: Time (min); k,: First-order rate coefficient (min™"); and &,: Second-order

rate coefficient (g.mg™'.min").

The loading and stabilization of carbon dots on lithium
titanate were confirmed by elemental mapping. The effect of
effective parameters was investigated on the adsorption of
methylene blue on pLT and pLT-CD adsorbents using
experimental design and the Taguchi method. The adsorption
mechanism of methylene blue on pLT was mainly controlled
by electrostatic interactions. Changes in pH significantly
changed the surface charge of the adsorbent, while higher
temperatures increased the adsorption, indicating an
endothermic process. In contrast, the pLT-CD composite
showed a more complex adsorption mechanism involving
multiple interactions such as electrostatic attraction, m-m
stacking, and hydrogen bonding. As a result, the adsorption
process was less sensitive to pH and more favorable at lower
temperatures, indicating an exothermic nature. The addition
of carbon dots changed the adsorption mechanism from a
predominantly electrostatic and temperature-dependent
process to a multi-interaction system with less dependence on
environmental conditions.

A higher methylene blue adsorption efficiency was
observed for pLT-CD compared to pLT, which can be
attributed to the combined effect of the increased specific
surface area and the modification of surface chemistry

induced by carbon dot incorporation. The larger surface area

provides more accessible active sites, while the altered
surface functional groups promote stronger and more diverse
interactions with the dye molecules. The adsorption of
methylene blue on the adsorbents was shown to follow the
Freundlich isotherm and pseudo-second-order kinetics. Table
4 shows a comparative evaluation of available adsorbents for
the removal of methylene blue dye [56-63]. The greatest
effect on the eclimination of methylene blue by both
adsorbents was observed for the initial concentration of
methylene blue.

The adsorption mechanism of methylene blue on both
adsorbents was governed by heterogeneous surface
interactions, with a good fit to the Freundlich model and
confirmation of the deviation from ideal monolayer behavior.
Furthermore, the dominance of pseudo-second-order kinetics
and the increase in rate constant for pLT-CD indicated that
the carbon dot modification significantly improved the
adsorption performance through stronger surface interactions
and accelerated adsorption rate.

The dye-saturated adsorbents were exposed to ultraviolet
radiation to decompose the adsorbed dye and release it from
the adsorbent surface. The recovered adsorbent was used to
remove the dye again. The efficiency loss in the adsorbent

with carbon dots was less than that without carbon dots.

Table 4. Comparison of methylene blue adsorption capacity under different conditions and adsorbents.

Adsorbent Adsorption capacity pH Temperature Contact Time Ref.
(mg.g™") (O (min)
Raw beech sawdust 9.78 ~6 25 120 [56]
Neem sawdust 3.62 ~6 30 180 [57]
Beer brewery waste 4.92 6-7 30 60 [58]
Cow dung ash 5.31 ~7 25 90 [59]
Coir pith carbon 5.87 6-7 30 60 [60]
PANI Nanotube base/silica 10.3 ~7 25 120 [61]
PProDOT/MnO, 13.94 7 25 60 [62]
CMC-g-poly(acrylamide)/biochar High removal 10 25 50 [63]
pLT 13.89 10 30 60 This work
pLT-CD 14.07 10 20 60 This work
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The cost and environmental compatibility of the prepared
adsorbents have been of interest. pLT is synthesized from
relatively readily available precursors, and although lithium-
based materials may be relatively expensive, their high
efficiency and reusability compensate for the initial cost. The
incorporation of carbon dots from natural precursors further
improves the cost-effectiveness and stability of pLT-CD.
Compared with conventional adsorbents such as activated
carbon, MOFs, and graphene-based materials, the prepared
adsorbents offer a balanced combination of performance,
lower synthesis complexity, and improved environmental
compatibility. Furthermore, their low toxicity and chemical
stability make them promising environmentally friendly
candidates for wastewater treatment.
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