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Abstract

This study aimed to develop non-metal elements for doping carbon quantum dots (CQDs) with nitrogen and sulfur (N,
S-CQDs), which loaded inside hexagonal mesoporous silica (HMS) in order to effectively remove methylene blue dye (MB)
from an aqueous solution. The histidine and cysteine amino acids were used as the source for synthesis N, S-CQDs through
the hydrothermal method. Morphology and structure of the N, S-CQDs, and adsorbent (N, S-CQDs/HMS) were character-
ized by using different microscopic and spectroscopic techniques. The adsorption parameters such as adsorbent dosage
(0.25-1 g/L), pH (2-10), contact time (15-75 min), and initial MB dye concentration (20-300 mg/L) were investigated.
The maximum adsorption capacity and removal efficiency of MB were determined at 370.4 mg/g and 97%, respectively,
under optimum conditions at 303 K. The adsorption isotherm studies were fitted with the Freundlich isotherm equa-
tion, and the dye removal kinetics of the adsorbent followed the pseudo-second-order model. Thermodynamic studies
showed that the adsorption process had exothermic and spontaneous behavior. The removal of MB next to the Rhoda-
mine B and Reactive Black 5 dyes indicated that the N, S-CQDs/HMS had excellent selective behavior for MB absorption.
This prepared adsorbent could be well recycled with suitable activity after four repeated adsorption—desorption cycles.
Results revealed that the porous characters, surface area, charge properties, reduction in the bandgap, and quantum
yield of the N, S-CQDs/HMS were essential factors that affected dye adsorption.
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Abbreviations 1 Introduction

HMS  Hexagonal Mesoporous Silica

CQDs Carbon Quantum Dots Water is one of the vital sources, and water pollution has
MB Methylene Blue become the main problem with the rapid growth in the
RhB  Rhodamine B number of industries [1, 2]. Dyes are widely used in many
RB5 Reactive Black 5 vital industries, such as cosmetics, textiles, plastics, food,
VDW  Van Der Waals etc. [3]. Unfortunately, a considerable amount of dyes are
Qy Quantum Yield released in running waters without any purification. Many
TEOS Tetraethyl orthosilicate of them are dangerous for humans, animals, and the envi-
DDA  Dodecylamine ronment, even at minimal levels [4-6]. Methylene blue

(MB) is a kind of dye that is applied in many fields such
as textile, biology, medicine, and chemistry. Exposure to
MB is harmful to humans, with symptoms such as ane-
mia, vomiting, nausea, and blood pressure. MB absorbs
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sunlight, and it causes problems for the growth of aquatic
organisms [7]. Hence, the treatment of wastewater con-
taining dyes, especially MB, is crucial. Currently, a variety
of treatment ways have been utilized to remove industrial
dyes from wastewater, such as photocatalytic and bio-
degradation, advanced oxidation processes, adsorption,
etc. Among all the techniques, adsorption is an effective
method that can remove diverse types of contaminants
from wastewater due to its highly efficient, sustainable
capabilities, and easy-operation [8].

In recent years, carbon quantum dots have attracted
more attention rather than other quantum dots because
of their fascinating optical properties in biosensors [9],
Light-emitting devices [10], drug delivery [11], photoca-
talysis [12] and, bioimaging [13]. At present, semiconduc-
tor quantum dots and water-soluble carbon dots are two
kinds of fluorescent-based probes that have attracted
more attention and have been studied. Semiconductor
quantum dots in contrary to carbon quantum dots, are
highly toxic because of their heavy metals like Cd, Te, Se,
Pb, etc. So carbon quantum dots are attracted signifi-
cant interest due to their excellent photostability, optical
properties, ease of fabrication, low toxicity, and low-cost
synthesis methods [14]. They also can easily functionalize
their surface in order to improve their selectivity [15, 16].
Lately, CQDs modified semiconductor materials have been
studied for various photocatalytic and electrical applica-
tions, for example, CQDs/BiOI [17], CQDs/ZnFe,0, [18], and
CQDs/CaTiO; [19] nanocomposites. The photodegradation
of volatile organic compounds using CQDs/TiO, has been
rarely studied [20]. Using environmentally friendly and
non-metal elements for doping CQDs such as N, S, P, and
B can modify fluorescence efficiency and selectivity of the
surface due to provide significant functional groups, such
as thiol, amine, and carboxyl groups [21, 22]. A few stud-
ies demonstrated that the bandgap of CQDs is related to
their shape, size, the structure of a surface, and doping
with heteroatoms [21]. Moreover, the surface charge and
active structure of CQDs altered after heteroatom doping,
which has a remarkable impact on the adsorption proce-
dure [23, 24].

The hexagonal mesoporous silica (HMS) belongs to
the mesoporous silica nanostructures category. The
mesoporous structure has a diameter pore size in the
range of 2-50 nm [25]. The pore architecture into the
mesoporous silica materials has paramount importance
for the utility of these materials. On the other hand, short
channels, large pore volumes, and extended pore diam-
eters of HMS would allow more controllable catalyst
impregnation and become a more active surface area
during a catalysis process rather than other mesoporous
materials [26]. The HMS also has other brilliant advantages
that are interesting for this research, such as non-toxicity,
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low cost, reusability, stability to heat, smaller domain size,
and interconnection between its channels. Various excel-
lent performance of the HMS has been proved before, such
as catalyst, drug carrier, sensor, and adsorbent [27-29].

Herein, we employed a hydrothermal method to syn-
thesize N, S- CQDs with eco-friendly and non-metal ele-
ments for doping CQDs from cysteine and histidine amino
acids as a source of nitrogen and sulfur elements. The N,
S- CQDs were encapsulated in the HMS channels during
the sol-gel process for effective adsorption of methylene
blue dye.The N, S-CQDs were characterized using the UV-
Vis, PL, DLS, FT-IR, and zeta potential technique. The sur-
face characterization of the adsorbent was investigated
by using FT-IR, FESEM, EDX, BET, and XRD techniques. The
isotherm equilibrium, kinetic, and thermodynamics of the
adsorption were studied.

2 Materials and methods
2.1 Materials

All chemicals were used without further purifications and
employed as received. L-Histidine (=99%), L-Cysteine
(=98%), and Tetraethyl orthosilicate (TEOS; = 99%) were all
purchased from Sigma Aldrich Chemical Co. Dodecylamine
(DDA; 95%) was purchased from Fluka (Shanghai, China).
Methylene Blue (C;4H,gCIN;S, MW: 319.85 g mol™',
Amax =664 nm), Rhodamine B (C,gH;;CIN,O5;, MW:
479.01 g mol™', A,.,=562 nm), and Reactive Black 5
(Co6H,;NsNa,0,4S¢, MW: 991.82 g.mol™, A, =596 nm)
were purchased from Merck chemical Co.

2.2 Synthesis of N, S co-doped CQDs

The hydrothermal method was used to synthesis N, S co-
doped CQDs. 0.6 gr of I-histidine with 0.12 gr of |-cysteine
was diluted and dispersed for several minutes in 18 ml of
deionized water. The solution was transferred into 30 ml
of Teflon autoclave and heated up to 180 °C for about 10 h.
The solution changed from colorless to brown during the
reaction. The final product was separated from larger
particles with centrifuging at 12,000 rpm for 20 min [30].
The same procedure was utilized to synthesize N doped
CQDs (using histidine amino acid) to compare with N, S
co-doped CQDs.

2.3 Synthesis of N, S-CQDs inside HMS (N, S-CQDs/
HMS)

To synthesize the N, S-CQDs/HMS, 1 ml of N, S-CQDs dis-
solved in 135 ml deionized water and 17.6 ml Ethanol. At
the next step, 11.5 ml of TEOS as a silica precursor was
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added slowly to the solution. Then 1.85 gr of DDA as the
structure-directing performer was added and dissolved in
the mixture under vigorous stirring. The stirring continued
for 24 h. The precipitated material was then filtered and
washed with deionized water. The sample was dried for
1 day at 90 °Cin the oven and finally calcined at 450 °C for
30 min. The same procedure was utilized for synthesizing
pure HMS and N-CQDs/HMS to compare with N, S-CQDs/
HMS.

2.4 Adsorption experiments

The adsorption experiments were performed under dif-
ferent conditions for optimization, pH: 2-10, the dosage
of adsorbent: 0.25-1.00 g/L, contact time: 15-75 min, and
initial MB concentration: 20-300 mg/L. The dye solution
was contacted with a specified amount of N, S-CQDs/HMS
under stirring by using a magnetic stirrer with a speed of
500 rpm. 0.1 M NaOH and 0.1 M HCl solution were uti-
lized to adjust the pH solutions. For investigating the
selectivity property, the N, S-CQDs/HMS was individually
added to combined solutions of the 20 ppm MB-RhB and
MB-RB5 under optimized conditions. After the adsorption
process, the residual dye concentration was determined
using UV-Vis spectroscopy at the maximum wavelengths
of 664 nm for the MB, 562 nm for the RhB, and 596 nm for
the RB5. The removal efficiency (R%) and the equilibrium
capacity g, (mg/qg) of the dye were computed by Egs. (1)
and (2) [31, 32]:

(CO - Ce)

R% =
% C.

x 100 (M

gde = (CO_Ce) X% (2)

where C; and C, (mg/L) are the initial and equilibrium
concentrations of adsorbate in the solution, V (L) is the
volume of dye solution used, and m (g) is the weight of
the adsorbent.

2.5 Characterization

The optical properties of the N, S-CQDs were determined
by UV-Vis spectroscopy (Perkin EImer lambda 45) and fluo-
rescence spectroscopy (PL) (Perkin EImer LS55). The par-
ticle size and surface charge of the S, N-CQDs were deter-
mined by dynamic light scattering (DLS) and zeta potential
(Horiba SZ100). The surface morphology of the N, S-CQDs/
HMS was investigated by using Field Emission Scanning
Electron Microscope (FESEM) (TESCAN, MIRA IIl). Fourier
transform spectroscopy (FT-IR) (Bruker, alpha) was used to
determine the main functional groups of the N, S-CQDs,

and adsorbent between 400 and 4000 cm™' wavelengths
by using the KBr pellet technique. The crystallographic
structure of the adsorbent was analyzed using X-Ray dif-
fraction (XRD). The Brunauer—-Emmett-Teller (BET) method
was utilized to determine the specific surface areas, pore-
volume, and pore size. Elemental composition analysis of
the N, S-CQDs/HMS was done using X-ray energy disper-
sive spectroscopy (EDS) (Scheme 1).

2.6 Calculation of quantum yield (QY)

The QY of CQDs was obtained based on Eq. (3). Qui-
nine sulfate in 0.5 M H,SO, was applied as a reference
with a known QY amount of 54% at 350 nm excitation
wavelength.

A 1 i 2
QY cops = QYR< R > ( CQD5> < coo;) 3)
ACQDs IR MR

where, QY is the quantum yield, A is the optical density, / is
the integrated fluorescence intensity, and 7 is the refrac-
tive index of solvent (ycqps=1.33 and 7z=1.76). In this
experiment, the solvent of the CQDs and the reference
substance were water and 0.5 M H,SO, in water, respec-
tively. The subscript "R" and "CQDs" refers to reference sub-
stance (Quinine sulfate) and CQDs sample.

3 Results and discussion

Figure 1 compares the adsorption capacity and adoption
efficiency of 3 different adsorbents (HMS, N-CQDs/HMS, N,
S-CQDs/HMS) for MB dye removal in the same conditions.
The experiment results revealed that 97% of MB (20 mg/L)
was adsorbed on the surface of the N, S-CQDs/HMS com-
posite within 45 min. However, the HMS could only adsorb
70% of MB, and for N-CQDs/HMS was 80% under the same
conditions. These results revealed that the N, S-CQDs/HMS
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Scheme 1 Synthesis routs of N, S-CQDs/HMS, and adsorption of
Methylene blue dye
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Fig. 1 Adsorption condition: C;=20-50 mg/L, adsorbent dos-
age=0.5g/L, pH=7,time=45 min

composites displayed higher adsorption activities than
N-CQDs/HMS. The attachment of both N and S atoms on
CQDs that loaded in the HMS surface facilitated the bond-
ing formation between adsorbent and MB dye, which will
be discussed in the characterization part of this article,
and it was chosen as the preferred adsorbent for further
experiments.

3.1 Characterization

Optical properties of the N, S-CQDs, and N-CQDs were
investigated by UV-Vis and photoluminescence (PL) spec-
troscopy. Figure 2a represents the UV-Vis absorption of
CQDs solutions. A specific absorption peak at~268 nm
related to the m-7* transition of electrons in the conju-
gated C=C band, and adsorption peak at 300 ~350 nm
assigned to the n-m* transition of C=N, C-N, C=S, and
C=0 bonds [21, 33, 34]. The low-intensity absorption of
n—m* is ascribed to the lower content and weak electron
transition of the functional groups in CQDs. The PL emis-
sion of the N, S-CQDs was dependent on the excitation
wavelength. The excitation wavelengths were increased
from 290 to 370 nm, and the maximum emission peak was
seen at 447 nm with an excitation wavelength of 350 nm
(Fig. 2b) [33]. The fluorescence mechanism of N, S-CQDs
under varied excitation wavelengths, is shown in Fig. 2c.
The N doped CQDs had strong fluorescence effects in
blue-shift, while N, S doped CQDs had exhibited redshift
[35, 36]. The presence of S heteroatom may result in higher
PL properties. The fluorescence spectra of the N, S-CQDs,
and N-CQDs solutions demonstrated a strong emissions
peak located at 447 and 442 nm, respectively, with an exci-
tation of 350 nm (Fig. 2d).

The presence of Sulfur within N-CQDs brings S-related
levels of energy among m and m* of the carbon atom. The
resulting extra levels of energy propel multiple emission
peaks to illustrate the redshift emission of N, S-CQDs. The
excited electrons jumped inside upper levels of energy
under the short wavelengths of excitation. After vibration
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emission of the N, S-CQDs under different excitation wavelengths
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relaxation and passes through the band, the radiant
recombination will then occur on Sii* and cause independ-
ent excitation of the orange luminescence (Fig. 2¢, path
a). In the path b, the transition electron was transported
through at lower levels of energy by growing excitation
wavelength. The orange luminescence was emitted imme-
diately after vibrational relaxation, with no further crossing
interband [22].

The size and the composition of the surface influence
the bandgap of CQDs and explain the complication of the
PL method [37]. The emissions of N, S-CQDs were signifi-
cantly redshifted from 442 to 447 nm, which can be associ-
ated with surface defects caused by C-N and C-S groups
into the CQDs. Based on UV information (Fig. 2a), the band-
gap energy of CQDs computed by the following equation:

Ni=

aho = A(ho - E;) (4)
where q, h, u, A, and E are the coefficient of the absorp-
tion, Planck constant, photon’s frequency, constant, and
bandgap energy, respectively. The bandgap value of the N,
S-CQDs, and N-CQDs were computed to be 3.3 and 3.7 eV,
respectively. This reduced value of the N, S-CQDs band-
gap in comparison with the N-CQDs, originated from the
results of co-doped with S and N elements [38]. Since the
m orbital has emanated from the HOMO orbital and n* is
actually the LUMO orbital with antibonding nature, it is
logical that having HOMO and LUMO of orbitals near to
each other, helps the m* to compel its antibonding nature
over bonding m orbital more effectively. In other words,
when LUMO is near to HOMO, they have interactions more
effectively, and LUMO can have more effective destructive
interference with the m orbital.

The particle size of the N, S-CQDs was determined
around 8 nm by using the DLS measurement (Fig. 3).
The surface charge of the N, S-CQDs, and N-CQDs were
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Fig.3 The size distribution of N, S-CQDs obtained through DLS
measurement

determined as —30.7 and —5.3 mv at pH =7, respectively,
hence N, S-CQDs can adsorb positively charge dyes like
MB better than N-CQDs (Table 1). The N, S-CQDs have a
more negative charge due to the presence of -SH groups.
The zeta potential is very sensitive in different pH; at the
pH higher than seven, the zeta potential mainly contin-
ues negative, and at the acidic pH, it turns into zero to
the positive charge [39]. The quantum yield (QY) of each
CQDs were computed and exhibited in Table 1. The QY
was found for N, S-CQDs, and N-CQDs, 60.8%, and 41.6%,
respectively. These results demonstrated that the struc-
ture of amino acids could effectively influence the optical
properties of the synthesized CQDs, such as PL intensity
and QY.The FESEM images indicated the pore and spheri-
cal structure of the N, S-CQDs/HMS, and pure HMS (Fig. 4).
Irregular particles gained mainly due to merge inside each
other randomly during the synthesis [40].

The FTIR spectra of the N, S-CQDs, and adsorbent
(N, S-CQDs/HMS) are shown in Fig. 5a, b. Appear-
ing The new peaks of N, S-CQDs at 1629, 1460, 1401,
1224, and 1023 cm™' can be allocated to C=N, C-H,
C-N,=C-0 and C-O bonds, respectively. The broadband
at 3145-3429 cm™' is assigned to O-H and N-H bonds.
The peaks of 690 cm™' at lower wavenumbers are ascribed
to C-S bonds. In comparison, the FTIR spectrum of N,
S-CQDs /HMS showed the broadband at 3700-3100 cm™
that were attributed to O-H, N-H bonds, and appearing
an adsorption band at 1637, 1729 and around 1010 cm™!
corresponded to the C=N, C=0 and bending vibrations
of C-O-C of CQDs. Figure 5b indicates that the CQDs
had been successfully loaded on the HMS [22, 27, 41].
The results exhibited that N and S atoms were effectively
doped within the carbon framework of CQDs/HMS, which
has been confirmed with the EDS analysis. The elemental
analysis (EDS) confirms the elements of the N, S, C, O in
the N, S-CQDs/HMS (Fig. 6a). The atomic ratio of the O/C/
N/S is determined to be 79.5/14.0/6.0/0.36, respectively,
which confirmed the co-doping of CQDs with both N and
S atoms. The N and S co-doping within the conjugated
carbon skeleton of CQDs modified its electronic behavior,
the chemical properties of the surface, and the intensity
of PL, which have significant competency for the efficient
removal of various cationic dyes.

The XRD patterns exhibited that the HMS structure is
well retained even after incorporating N, S -CQDs species

Table 1 Zeta potential and

. Carbon dots Zeta QY%
quantum yield results of potential
N-CQDs and N, S-CQDs (mv)

N-CQDs -53 41.6
N, S-CQDs -30.7 60.8
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Fig.4 FESEM image of a HMS
b N, S-CQDs/HMS adsorbent
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Fig.5 Fourier-transform infrared spectra of a N, S-CQDs b N,
S-CQDs/HMS

(Fig. 6b and c). The adsorbents exhibit distinct diffraction
peaks at 20 =2.5°, which is characteristic of the HMS struc-
ture. No diffraction peaks related to agglomerated CQDs
can be observed; hence, we can assume that the CQDs are
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dispersed uniformly and incorporated inside the structure
of the HMS in a noncrystalline manner or very small crys-
talline components. The low crystallinity is essential for the
adsorbent activity of the adsorbent since it can expand the
active surface of the adsorbent [41, 42]. The adsorbents
showed a broad peak around 26 ~ 26°, which is commonly
attributed to the amorphous peak of the HMS framework.
With the incorporation of the N, S-CQDs components, the
broad peak of amorphous HMS becomes a little sharper;
these results suggest that the N, S-CQDs is doped in HMS
species and do not have bulky crystals of CQDs (Fig. 6¢)
[41, 43]. The BET results (Table 2) show that the surface
area, average pore size, and volume of the HMS increased
with adding N-CQDs and N, S-CQDs in the mesoporous
structure of the HMS, which suggested that the CQDs were
assembled into the inner wall of mesopores rather than
inside the pores, therefore, confirmed the DLS measure-
ments. The pore size distribution also increased from 0.69
to 1.37 cm3/g, exhibit its better adsorption than HMS [44,
45].

3.2 Effect of pH

pH is one of the significant parameters that influence
the surface charge of the adsorbent and dye. The pH
was adjusted with diluted HCl and NaOH solutions in the
range of 2-10. Figure 7a shows the effects of the pH on
the adsorption of MB by adsorbent in the other constant
parameters (time: 45 min, temperature: 30 °C). The adsorp-
tion process was increased by increasing the pH value. The
pH in the range of 7-10 was confirmed to the best effec-
tive value to adsorb cationic MB due to the existence of
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Table 2 BET results of HMS, N-CQDs/HMS, and N, S-CQDs/HMS

Sample Seer Pore diameter ~ Pore
(m%/g) (nm) volume
(cm/qg)
HMS 910 230 0.69
N-CQDs/HMS 1274 245 0.93
N, S-CQDs/HMS 1491 245 1.37

a negative charge on the surface of the N, S-CQDs/HMS.
Hence pH=7 was selected as the optimized pH for further
investigations.
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Fig.7 a Effects of pH b Effect of time and dosage of N, S-CQDs/
HMS on the MB adsorption

3.3 Effects of adsorbent dosage and time

Figure 7b demonstrates the effect of the different dos-
ages of N, S-CQDs/HMS (0.25-1.0 g/L) under the contact
time between 15 to 75 min. The results indicated that
the adsorption capacity decreased with an increase in
the adsorbent amount. However, the removal efficiency
increased with increasing the adsorbent dosage from 0.25
to 0.50 g/L due to enhancement in the active sites of the
surface. The result also indicated that more amount of the
adsorbent after 0.50 g/L did not change significantly for
the dye removal efficiency after 45 min.

3.4 Effects of dye concentration and isotherm
studies

The effect of different MB concentrations (20-300 mg/L)
at temperatures ranging between 303 and 343 K on
the adsorption process is demonstrated in Fig. 8a. The
adsorption capacity of the N, S-CQDs/HMS was signifi-
cantly dependent on the initial concentrations of MB
in the solution; When the MB concentration increased,
the adsorption sites on the surface of N, S-CQDs/HMS
became saturated. The adsorption isotherm models
were employed to give essential information in design-
ing adsorption systems. In this research, the Langmuir,
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Fig.8 a Effect of MB dye concentration on the adsorption by N,
S-CQDs/HMS b Langmuir ¢ Freundlich d Temkin isotherm models
for the MB adsorption by N, S-CQDs/HMS

Freundlich, and Temkin isotherm models were selected
to analyze the equilibrium data (Fig. 8b, ¢, d). The Lang-
muir model demonstrates monomolecular layer adsorp-
tion with a specific number of sites on the homogenous
surface with no interaction between adsorbed particles.
The Langmuir isotherm could be based on Eq. (5):
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C

C_ 1 .G (5)
qe quL qm

where C, (mg/L) and g, (mg/g) related to the equilibrium
concentration of MB dye and the adsorbed of MB per
unit mass of the adsorbent, respectively. The equilibrium
capacity (q,,,) is described as the maximum adsorption
capacity, and K| is the Langmuir constant.

The Freundlich model assumes that the adsorption
accrues in the heterogeneous and multilayer surface of
the adsorbent with diverse energies. This isotherm model
was applied in the following form:

1
logg, = logk; + n—IogCe (6)
f

K:and 1/n¢are Freundlich constant and adsorption inten-
sity, respectively. The n; value in the range of 1-10 sup-
ports favorable adsorption behavior [2, 4, 46]. The highest
correlation coefficient value of this model demonstrates a
suitable fit among the other models.

Temkin isotherm supposes that the heat of adsorption
reduces linearly due to interactions between adsorbent
and adsorbate. The Temkin isotherm model offered in the
following Eq. (7):

g, = BInK; + BInC (7)

where B=(RT/b;) constant related to the heat of sorption
(J/mol), b; is Temkin isotherm constant, and K; (L/g) is
Temkin isotherm equilibrium binding constant, which is
an indication of the maximum binding energy [47].

The isotherm parameters and constants are calculated
in Table 3. According to the correlation coefficient value,
the Freundlich and Langmuir isotherm models were the
best fit for the adsorption process, respectively. The Fre-
undlich constant was calculated 2.02, 1.84, 1.56, 1.48,
and 1.43, with increasing temperature from 30 to 70 °C,
respectively. The results indicated the desirability of the
adsorption procedure.

3.5 Effects of temperature and thermodynamic
studies

In order to evaluate the effects of the temperature and
thermodynamics behaviors of the dye adsorption process,
the equilibrium data was measured by using the Egs. (8,
9, 10) [48, 491:

AG = —RTInK, (8)

AG=AH-TAS 9

Ky is described as follow:
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Table 3 Isotherm parameters

8 Isotherm model Parameters Units Temperature
for the MB adsorption by N,
S-CQDs/HMS 303K 313K 323K 333K 343K
Langmuir R? - 0.9666 0.9638 0.9726 0.9631 0.9739
Grnax mg/g 416.66 454.54 454.54 454.54 454.54
K. L/mg 0.061 0.037 0.020 0.015 0.012
Freundlich R? - 0.9777 0.9873 0.9889 0.9881 0.9914
K; (mg.g™") 4781 3148 1686 1247 1015
(L.mg'1)”"
ne - 2.202 1.842 1.566 1.484 1.432
Temkin R? - 0.9039 0.9216 0.947 0.9438 0.9521
K¢ 1.563 0.703 0.319 0.240 0.200
B J/mol 67.195 78.677 84.291 83.337 82.289
=R R, | o= 1o
——150 200
< 8 T 250 30 as shown in Fig. 9a, with increasing the temperature from
T 75 | 303 to 343 K, the MB removal efficiency was decreased
% gradually at different initial concentrations. The values
® s of thermodynamic parameters for the adsorption of MB
55 | \ (C=20 mg/L) are given in Table 4. The Gibbs free energy
45 changes (AG) indicates the spontaneous procedure of the

303 313 323 333 343
Temprature (K)
(2)

45
. .
L y=63519x- 16.948 .-
R?=09524 .
35 | 2
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£ 2 = 4
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Fig.9 a Effect of temperature on the MB adsorption by N, S-CQDs/
HMS b Van't hoff regression of MB adsorption

MB adsorption without external energy when the temper-
atures were in the range of 30-70 °C. The negative value
of AH displays the exothermic nature of the adsorption
procedure (Fig. 9b). The negative amount of AS indicated
decreased randomness at the solid/solution interface dur-
ing the process of sorption [50, 51]. The negative values of
AH and AS showed that hydrogen bonds and VDW force
were the principal forces governing binding in the MB-
CQDs/HMS system [45].

3.6 Kinetics of adsorption

Kinetics studies were applied to investigate the mecha-
nism and effects of contact time on the dye adsorp-
tion. The experimental data was controlled by using the
pseudo-first-order (PFO) and pseudo-second-order (PSO)
models which their equations are as follow respectively:
(Egs. (11)-(12)) [52]:

Table 4 Thermodynamics

Sample _J L. R? K Temperature
parameters for the MB P A5 (molAK) AH (mol) AG (mol) pr—u
adsorption by N, S-CQDs/HMS T/K T/°C

N, S-CQDs/HMS —140.90 -52.80 0.9524 -10.10 303 30

-8.76 313 40
-6.36 323 50
-5.80 333 60
-5.05 343 70
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Table 5 Kinetics parameters for the MB adsorption by N, S-CQDs/
HM

Kinetics model units Parameters N, S-CQDs/HMS
PFO R? - 0.0910
k, 1/min 0.085
Ge mg/g 16.180
PSO R? - 0.9997
k, g/mg min 1.05x107°
Je mg/g 40.322
Pes first
08 y =-0.0373x + 1.209
R?=0.9104
0.3
A 024 15
5 -07 |
K]
1.2 b
1.7 B
2.2
t(min)
(@)
Pes.second
2.50
2.00 y =0.0248x + 0.0581
R2 =0.9997
- 1.50 -
g
1.00 -
0.50 A
0.00 T
0 20 40 60 80
t(min)
(b)

Fig. 10 Kinetics models for the MB adsorption by N, S-CQDs/HMS

log ( ) =lo ALl (11)
g{g — q;) = 1099, 5303

t_ 1t

a9 Kaq q. (12)

where g is the equilibrium adsorption capacity (mg/q), g,
is the dye concentration on adsorbent at time t (mg/qg), q.
is the theoretical equilibrium adsorption capacity (mg/g),
K; is the rate constant of pseudo-first-order adsorption
(1/min), t is the time (min), and K, is the rate constant of
pseudo-second-order adsorption (g/mg.min). Experimen-
tal results (Table 5) revealed that the MB adsorption by the
N, S-CQDs/HMS follows the PSO model due to the high
correlation coefficient (R%) values. Figure 10 indicates that
the pseudo-second-order model can be the best model
to describe the MB adsorption on the surface of the N,
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S-CQDs/HMS, which suggests that the adsorption proce-
dure is involving the electrostatic interaction among the
cationic part of the MB dye and negatively charged avail-
able groups on the adsorbent surface[53, 54].

3.7 Selectivity

N, S-CQDs/HMS was individually added to a solution,
including MB-RhB or MB-RB5, with equal concentrations.
As demonstrated in Fig. 11, after 45 min, the MB-RhB
solution turned from dark blue to light pink color, and
the MB-RBS5 solution changed from dark blue to light blue
color. For the mixture of MB-RhB, the N, S-CQDs/HMS dem-
onstrated higher adsorption for cationic MB than cationic
RhB; this is due to the larger size and steric hindrance of
RhB. For the mixture of MB-RB5, it can be explained that
the MB has a cationic charge, whereas RB5 is anionic;
therefore, MB can be adsorbed through electrostatic inter-
action with the anionic adsorbent. After the adsorption
of cationic MB onto the surface of the adsorbent, the RB5
dye was further adsorbed due to the charge influences.
The structures of MB, RhB, and RB5 dyes are illustrated in
Fig. 12.

3.8 Regeneration studies

Reusability of the N, S-CQDs/HMS in the MB removal was
investigated for four consecutive cycles. After each run,
the adsorbent was separated by centrifugation, washed
several times by ethanol for desorption, and dried at 80 °C
for 10 h. The recycled solid was used for the next run. The
removal efficiency for the first time was 94.79% and then
declined to 82.73% in the fourth cycle. The results indi-
cated that the N, S-CQDs/HMS had a suitable reusability
performance after four adsorption-desorption cycles
(Fig. 13). The maximum adsorption capacity of the N,
S-CQDs/HMS in the adsorption of methylene blue from
aqueous solutions was 370.4 mg/g, which was compared
to the other reported adsorbents (Table 6).

4 Conclusion

The novel N, S-CQDs/HMS adsorbent was successfully
synthesized as an effective adsorbent to remove cati-
onic MB dye from the aqueous solution. Biocompatible
histidine and cysteine amino acids were used as the
source of N, S doped-carbon dots. The surface morphol-
ogy, crystalline structure, chemical composition, optical
property, and sorption behavior for N, S-CQDs/HMS were
all characterized. It was found that the structure of start-
ing materials can effectively influence the optical prop-
erties (PL intensity and quantum yields), and it caused
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better dye absorption. Furthermore, having HOMO and
LUMO close together in a small bandgap system of N,
S-CQDs will increase mand m* interactions and facilitates
the dye adsorption process. The removal efficiency and
adsorption capacity of MB were obtained at 97% and
370.4 mg/g, respectively. The equilibrium data showed
proper fitting to the pseudo-second-order kinetic and
the Freundlich isotherm models. The thermodynamic
parameters validated the spontaneity and exothermic

Cl- CHs;

(b)
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Fig. 13 Reusability of N, S-CQDs/HMS in the MB removal by run-
ning four adsorption —desorption cycles

nature through the dye adsorption process. The removal
of MB next to the RhB and RB5 dyes indicated that the
N, S-CQDs/HMS had excellent selective action for MB
absorption. Also, this adsorbent could be well recycled
with suitable activity after four repeated cycles. There-
fore, N, S-CQDs/HMS is an excellent promising adsorbent
due to its metal-free, cost-effective, eco-friendly nature,

high surface area, reusability, and selective performance
for adsorption of cationic MB dye from aqueous solution,
especially where centralized wastewater treatment facili-
ties are not accessible.
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Table 6 Maximum adsorption

o . Adsorbent Maximum Adsorp-  References

capacities fgrthe adsorption of tion Capacity

MB on a variety of adsorbents (ma/g)
Activated carbon from coconut coir 15.5 [55]
Sugar Scum 245 [56]
Graphene oxide-cellulose nanowhisker 345 [57]
Acid-functionalized biosorbent 50.6 [58]
Ag/SiO, 55 [59]
Mesoporous SiO, nanoparticles decorated with SnO, quantum dots ~ 73.1 [60]
Mesoporous titania (TiO,)—polyvinyl alcohol (PVA) nanocomposite  138.8 [61]
Carbonaceous adsorbent from corncob 140.2 [62]
Mesoporous Iraqi red kaolin clay 240.4 [63]
Mesoporous activated carbon from bamboo chip 305.3 [64]
N, S-CQD/HMS 3704 This work
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