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ABSTRACT: It would be of significance to design a green composite for
efficient removal of contaminants. Herein, we fabricated a facile and
environmentally friendly composite via direct assembly of surface passivated
carbon dots with abundant oxygen-containing functional groups on the surface of
the positively charged layered double hydroxide (LDH). The resulting LDH—
carbon dot composites were characterized by X-ray diffraction (XRD), Fourier
transformed infrared (FTIR) spectroscopy, high resolution transmission electron
microscopy (HRTEM), scanning electron microscopy (SEM), and N,
adsorption—desorption technique. The adsorption performances of the resulting
LDH—carbon dot composites were evaluated for the removal of anionic methyl
blue dye. Taking advantage of the combined benefits of LDH and carbon dots,
the as-prepared composites exhibited high uptake capability of methyl blue (185
mg/g). The adsorption behavior of this new adsorbent fitted well with Langmuir
isotherm and the pseudo-second-order kinetic model. The reasons for the
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excellent adsorption capacity of methyl blue on the surface of the LDH—carbon dot hybrid were further discussed. A probable
mechanism was speculated to involve the cooperative contributions of hydrogen bonding between methyl blue and carbon dots
and electrostatic attraction between methyl blue and LDH, in the adsorption process. This work is anticipated to open up new

possibilities in fabricating LDH—carbon dot materials in dealing with anionic dye pollutants.
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1. INTRODUCTION

Surface passivated carbon dots contain abundant oxygen-
containing functional groups (—OH, —COOH, and —C=0)
on the surface of carbon dots.' > Considering these oxygen-
containing functional groups, easy preparation, high surface
area, and low toxicity," carbon dots should be promising to turn
into an alternative material for removal of a variety of organic
and inorganic contaminants. However, to our knowledge, no
report has addressed this topic due to high solubility of carbon
dots. To resolve this problem, Kang and his coauthors
employed gold nanoparticles as supports to fabricate a carbon
dot—gold nanoparticle composite for nitroaromatic adsorption
as a result of the formation of hydrogen bonding between the
hydroxyl groups on the surface of carbon dots and nitro-
aromatic.” However, such the hydrogen bonding interactions
were relatively weak. Therefore, it is still indispensable to
exploit a novel carbon dot-based adsorbent material for the
improvement on the adsorption efficiency using other supports
exhibiting the cooperative contributions to the adsorption
behavior of carbon dots.

Layered double hydroxide (LDH) is important inorganic
layered materials with the general formula
M, _ /M, (OH),]*" (A"),/, mH,0, where M" and M™ are
divalent and trivalent metal ions in the octahedral positions of
brucite-like layers with excessive positive charge and A"
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represents a nonframework inorganic or organic n-valent
anion compensating the interlayer anions related to hydro-
talcite.°”® The inherent structure feature allows LDH to
become promising adsorbents to capture a range of anionic
pollutants in aqueous solutions.”~'* In general, three different
mechanisms of LDH have been proposed to control the
removal of contaminants from aqueous solutions, namely
electrostatic attraction,">'* ion exchange,ls_17 and van der
Waals force.'® In addition, hydrogen bonding interactions are
formed between hydroxyl groups of LDH and the nitrogen or
oxygen-containing groups from adsorbates.'”™>' However,
these hydrogen bonding interactions play a limited role in
the adsorption process due to the fact that only the free
hydroxyl groups in the brucite-like sheets can serve as the
binding sites for oxygen/nitrogen-containing groups.”" There-
fore, we are interested in fabricating tailored functional
composite-based LDH in order to enhance the adsorption
sites of LDH for hydrogen bonding.

Utilizing a strategy of fabricating composites by assembling
the positively charged LDH and carbon dots with abundant
oxygen-containing functional groups for the removal of
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contaminants would be of significance. However, to the best of
our knowledge, there is no report on the application of LDH—
carbon dot composites as versatile adsorbents. In this study, we
fabricated a facile assembly via direct assembly of carbon dots
on the surface of LDH. The resulting LDH—carbon dot
composites were characterized by X-ray diffraction (XRD),
Fourier transformed infrared (FTIR) spectroscopy, high
resolution transmission electron microscopy (HRTEM),
scanning electron microscopy (SEM), and N, adsorption—
desorption technique. Furthermore, the adsorptive capacity of
such a composite was evaluated by using methyl blue as a
model anionic dye. In fact, there were lots of hydroxyl groups
on the surface of LDH. However, only free hydroxyl groups in
the LDH sheets can form hydrogen bonding.*' In this work, it
was observed that the introduction of carbon dots into the
LDH can donate abundant hydroxyl groups on the surface of
LDH, facilitating the formation of hydrogen bonding between
carbon dots and methyl blue (Figure 1). Accordingly, the
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Figure 1. Schematic proposed view of methyl blue adsorption on
LDH—carbon dot composites.

adsorption efliciency of the resulting assembly of LDH—carbon
dot composite can be greatly improved as a result of the
cooperative contributions of hydrogen bonding between
methyl blue and carbon dots and electrostatic attraction
between methyl blue and LDH.

2. EXPERIMENTAL SECTION

2.1. Materials. All solutions were prepared with deionized water
(Milli Q, Millipore, Barnstead, CA, USA). Methyl blue
(CHyN;048,Na,, > 99.7%), Rhodamine B (CygHyN,05Cl >
95.0%), and methyl orange (C,,H,N;0;S:Na, > 80.0%) were
purchased from Tianjin Guangfu Fine Chemical Research Institute
(Tianjin, China). Mg(NO;),-6H,0, Al(NO;);-9H,0, NaCl, Na,SO,,
Na,CO;, Na;PO,, NaNO;, NaOH, HClJ, and glycerin were purchased
from Beijing Chemical Reagent Company (Beijing, China). Poly-
(ethylene glycol) 1500 (PEG 1500) and serine were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All reagents used
in this study were analytical grade without further purification.

2.2. Apparatus. The powder XRD measurements were performed
on a Bruker (Germany) D8 ADVANCE X-ray diffractometer equipped
with graphite-monochromatized Cu Ka radiation (4 = 1.5406 A). The
20 angle of the diffractometer was stepped from 5° to 70° at a scan
rate of 10°/min. FTIR spectra (resolution, 4.0 cm™; number of scans,
32) were recorded on a Nicolet 6700 FTIR spectrometer (Thermo,

America). TEM images were obtained using a Tecnai G220 (FE],
Hong Kong) instrument. HRTEM images were obtained on a JEOL
JEM-2100 transmission electron microscope. The morphology was
studied using an S-4700 field-emission SEM instrument. N,
adsorption—desorption isotherms were measured at 77 K using
ASAP 2020 nitrogen adsorption apparatus (Micromeritics Ins. Corp.,
USA). Specific surface areas were calculated according to the
Brunauer—Emmett—Teller (BET) equation from the linear part of
the BET plot. The pore-size distributions of samples were calculated
from desorption branch using the Barrett—Joyner—Halenda (BJH)
method. The {-potentials of the fabricated LDH-—carbon dot
composite were determined on a Zetasizer 3000HS nanogranularity
analyzer (Malvern Instruments, UK). UV—visible spectra were
measured on a USB 4000 miniature fiber optic spectrometer in
absorbance mode with a DH-2000 deuterium and tungsten halogen
light source (Ocean Optics, Dunedin, FL). Fluorescence spectra were
measured with a Hitachi F-7000 fluorescence spectrophotometer
(Tokyo, Japan). An 800 W microwave oven (G8023CSL-K3, Galanz,
China) was used for the preparation of carbon dots. The centrifugation
was operated on a TGL-16B centrifugal machine (Shanghai Anting
Scientific Instrument Factory, Shanghai, China).

2.3. Synthesis of Mg—AI-CO; LDH. Mg—Al-CO; LDH was
synthesized according to the coprecipitation method as follows: 60 mL
of salt solution containing 0.045 mol Mg(NO;),-6H,0 and 0.01S5 mol
Al(NO3);:9H,0 and 60 mL of alkaline solution containing 0.12 mol
NaOH and 0.01 mol Na,CO; were added dropwise into a 250 mL
four-necked flask under vigorous stirring. The pH value of the solution
remained 10 in the synthesis process. After then, the mixture was
stirred for 24 h at 333 K. Finally, the obtained precipitate was washed
thoroughly with deionized water for three times and dried under
vacuum for 24 h at 338 K.

2.4. Synthesis of Carbon Dots. Carbon dots were synthesized by
a microwave method. 1.0 g of PEG 1500 was dissolved in 15 mL of
glycerin and then the homogeneous solution was heated for 1 min in a
microwave oven. After that, 0.5 g of serine was added in this solution.
Finally, this mixture was further heated in a microwave oven for
another 6 min. The solution changed from colorless to dark brown
over the reaction. The resulting solution kept stable for several months
in a refrigerator at 282 K.

2.5. Fabrication of LDH—Carbon Dot Composites. LDH—
carbon dot composites were prepared by the colloidal deposition
method. The 150 mg CO;—LDH support was added to the 5.0 mL
carbon dot colloidal solution under vigorous stirring and kept in
contact for 60 min at room temperature. The obtained precipitate after
centrifugation was washed thoroughly with deionized water for three
times and then dried under vacuum at 333 K overnight.

2.6. Adsorption Experiments. Adsorption experiments were
carried out by agitating the 10 mg LDH—carbon dot composite
adsorbent (pH 9.45) with a series of methyl blue solutions from 40 to
160 mg/L (20 mL). The adsorption experiment of carbon dots was
implemented by a dialysis method (MWCO 1000 semipermeable
membrane) using methyl blue solution as the dialysate. The
adsorption effects were monitored by taking 2 mL sample solutions
at 5 min time intervals (from 5 to 90 min) during the adsorption
process and the equilibrium time was 60 min. The residual methyl blue
concentration in the sample solution was analyzed using the UV—
visible spectrophotometer at 627 nm after the LDH—carbon dot
powder was separated by centrifugation (10000 rpm/min, 3 min). The
percentage removal of methyl blue from the solution was calculated by
(Cy — C.)/Cy X 100%, and the amount of methyl blue adsorbed at
equilibrium g, (mg/g) was calculated by g, = (Cy — C,) X V/W, where
C, and C, are the initial and equilibrium concentrations of adsorbate
solution (mg/L), V denotes the volume of methyl blue solution used
(L), and W is the mass in grams of the adsorbent used. The results
shown here were the mean of three determinations.

3. RESULTS AND DISCUSSION

3.1. Characterization of LDH—Carbon Dot Compo-
sites. The precursors of LDH—carbon dot composites, namely
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Figure 2. TEM image of LDH (a), HRTEM images of carbon dots (b), LDH—carbon dots (c); normalized fluorescence spectra of LDH and LDH—

carbon dots (4., = 360 nm) (d).
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Figure 3. N, adsorption—desorption isotherms and pore size distributions of (a) LDH and (b) LDH—carbon dots.

CO;—LDH and carbon dots, were synthesized. The XRD
pattern for the CO;—LDH displayed narrow, symmetric, and
strong diffraction peaks at low 26 values (5° to 25°) and weaker
and less symmetric diffraction peaks at high 20 values (25° to
70°) (Figure Sla, Supporting Information).>* The XRD pattern
for the carbon dots was presented in Figure S1b, Supporting
Information, it was a broad peak near 21° with a relatively low
intensity. This phenomenon was attributed to amorphous
carbon.”® In addition, the TEM image of the as-prepared CO;—
LDH showed a platelet structure (Figure 2a). The HRTEM
image of the synthesized carbon dots demonstrated about 5 nm
spherical particles with a narrow size distribution (Figure 2b).

20227

In addition, the fluorescence spectra of the carbon dots
described the strongest emission peak at 410 nm for excitation
at 330 nm (Figure S2, Supporting Information). CO;—LDH is
the most stable in all LDH because it has a particularly high
affinity between carbonate and the layer region of LDH.** As a
result, CO;-LDH crystals cannot be broken by vigorous
stirring, and other anions cannot replace carbonate ions by
anionic exchange. In addition, the surface charges of LDH,
carbon dots, and LDH—carbon dot composites were +26.7,
—4.3, and +23.1 mV, respectively. Therefore, carbon dots can
be attached on the surface of CO;—LDH by electrostatic
attraction.

dx.doi.org/10.1021/am505765e | ACS Appl. Mater. Interfaces 2014, 6, 20225—-20233
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The HRTEM image of the fabricated LDH—carbon dot
composites clearly indicated that the carbon dots were
assembled on the surface of the LDH effectively and
dispersedly (Figure 2c), which can be further confirmed by
comparing fluorescence intensity of the LDH—carbon dots and
the raw LDH (Figure 2d).

The FTIR spectra of CO;—LDH and LDH—carbon dots are
shown in Figure S3, Supporting Information. The characteristic
adsorption bands at 3486 and 1646 cm™"' were attributed to the
hydroxyl groups of the interlayered water molecules. The
adsorption band at 1373 cm™' was the asymmetric stretching
vibration mode of C—O in carbonate and the band at 659 cm™
was assigned to the metal—oxygen—metal stretching.'® In
comparison, the FTIR spectrum of LDH—carbon dots showed
that there appeared a new adsorption band at around 1010
cm™" corresponded to the bending vibrations of C—O—C of
carbon dots (Figure S4, Supporting Information),” indicating
that the carbon dots had been successfully loaded on the LDH.

The surface properties of the LDH and LDH—carbon dot
composites were investigated using N, adsorption—desorption
measurements. The N, adsorption—desorption isotherms and
the corresponding BJH pore size distribution plots for the LDH
and LDH—carbon dots were displayed in Figure 3. The
adsorption—desorption isotherm of LDH exhibited a type IV
with H2 hysteresis loop, characteristic of mesoporous materials
with regular pore size distribution.”® The pore structure of
LDH was basically mesoporous with a narrow unimodal pore
size distribution centered at 3.92 nm (inset of Figure 3), which
was correlated to the aggregation of LDH flake-like particles."®
In contrast, the LDH—carbon dot composites were related to
type IV with H3-type hysteresis loop. Furthermore, limiting
adsorption did not appear at high p/p, region, suggesting the
presence of mesopores and macropores.”” The pore size
distribution curve of the LDH—carbon dots was broad with
mesopores and macropores. The formed macropores reflected
the numerous gaps between the carbon dots.”® Finally, the
calculated data of specific surface area, total pore volume, and
average pore width for the LDH and LDH—carbon dots are
inspected in Table S1, Supporting Information. It was obvious
that the structural parameters of the LDH-—carbon dot
composites were larger than those of the raw LDH.

3.2. Highly Efficient Adsorption of Methyl Blue on
LDH—Carbon Dot Composites. The adsorption activities of
carbon dots, LDH, and LDH—carbon dots toward methyl blue
were compared as a function of time under continuous stirring
at room temperature. As shown in Figure 4, 96% of 80 mg/L
methyl blue was adsorbed on the surface of the LDH—carbon
dot composites within 20 min. However, the raw LDH can only
adsorb 45% methyl blue under the same conditions. Note that
no uptake was observed in the presence of carbon dots. These
interesting results demonstrated that the LDH—carbon dot
composites displayed higher adsorption activities than carbon
dots or LDH, indicating that the attachment of carbon dots on
the surface of the LDH facilitated the formation of hydrogen
bonding between carbon dots and methyl blue.

3.3. Adsorption Isotherms. In general, adsorption
isotherms are carried out to give qualitative information on
the adsorption capacity of adsorbents and the distribution of
adsorbates between liquid phase and solid phase when the
adsorption process reaches equilibrium.”> As shown in Figure 3,
the adsorbed amount of methyl blue increased with an increase
in the equilibrium concentrations of methyl blue upon 12
mg/L. The maximum adsorption capacity in the uptake of
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Figure 4. Percentage removal of methyl blue from an aqueous solution
over different adsorbents including carbon dots, LDH, and LDH—
carbon dots (80 mg/L methyl blue, 0.5 g/L adsorbent dose, T = 298

methyl blue from aqueous solutions achieved about 185 mg/g,
which has been compared with the reported adsorbent (Table
S2, Supporting Information).**™** In addition, the color of
adsorbent before and after the removal of methyl blue changed
from bright yellow to dark blue (inset of Figure Sa). The
equilibrium adsorption data were analyzed by well-known
Langmuir (C./q. = 1/bq,, + C./q.,), Freundlich (log q. = log k;
+ 1/n log C,), and Dubinin—Radushkevich (D—R) (In g, = In
Gm — P€?) isotherm models,>*™° where C, (mg/L) is the
adsorbate concentration in the equilibrium solution, q. (mg/g)
is the equilibrium amount of adsorbate on the adsorbent, b (L/
mg) is the Langmuir constant related to the adsorption energy,
dm (mg/g) is the maximum adsorption capacity of the
adsorbent corresponding to the complete monolayer coverage,
ki and 1/n are Freundlich constants related to adsorption
capacity and adsorption intensity, # (mol*/kJ*) is the D—R
isotherm constant related to the free energy of adsorption, and
e is the Polanyi potential (¢ = RT In (1 + 1/C)). A
dimensionless constant known as separation factor (R;) can be
represented as R, = 1/(1 + bC,). The R, value was used to
predict the adsorption nature to be either irreversible (R, = 0),
favorable (0 < R; < 1), linear (R = 1), or unfavorable (R, > 1).
The calculated Ry, values are between 0 and 1 at different initial
concentrations of methyl blue, indicating that the adsorption of
methyl blue on the LDH—carbon dots is favorable.*® On the
other hand, the 1/n for LDH—carbon dots was 0.20, further
confirming highly efficient adsorption capacity of methyl blue
on LDH—carbon dots. The D—R model is usually used to
distinguish the physical and chemical adsorption by calculating
its mean free energy of adsorption (E, kJ/mol) as follows: E =
(1/2 B)2. In this system, the E of methyl blue adsorption was
1.0 kJ/mol, indicating that adsorption process of methyl blue
on the LDH—carbon dot composites was carried out by
physical adsorption.*®

The isotherm data obtained were fitted by three isotherm
models (Figure Sb,d). It was observed that the value of
correlation coefficient (R*) for Langmuir model was higher
than those of other two models (Table S3, Supporting
Information). The equilibrium adsorption capacity calculated
by the Langmuir model was consistent with that obtained by
experiments, meaning that the adsorption isotherm of methyl
blue on the LDH—carbon dots was suitable for Langmuir
model. These results demonstrated that the surface of LDH—
carbon dots was homo_geneous with the adsorption mechanism
of monolayer uptake.*”**

dx.doi.org/10.1021/am505765e | ACS Appl. Mater. Interfaces 2014, 6, 20225—20233
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Figure 6. Plots of (a) pseudo-first-order kinetics, (b) pseudo-second-order kinetics, and (c) intraparticle diffusion models of methyl blue on the

surface of LDH—carbon dots (0.5 g/L adsorbent dose, T = 298 K).

3.4. Adsorption Kinetics. To investigate the adsorption
rate and the mechanism of adsorption process, kinetics of
methyl blue adsorption on LDH—carbon dots were analyzed
using the pseudo-first-order (log (g. — q,) = log q. — k; X t/
2.303),%” the pseudo-second-order (t/q, = 1/k,q.> + t/q.),"
and intraparticle diffusion kinetic models (g, = kt** + C),*’
respectively, where g, (mg/g) and q. (mg/g) represent the
amount of methyl blue adsorbed at time t and at equilibrium
time, respectively, k; (min™"), k, (g/mg-min), and k; (mg/g-
min’®) represent the rate constant of the pseudo-first-order
model, the pseudo-second-order model, and the intraparticle
diffusion model, respectively, C is the intercept.

Under the optimum dosage of the LDH-—carbon dots
(Figure SS, Supporting Information), 80 and 100 mg/L (Figure
S6, Supporting Information) were selected as the two initial
methyl blue concentrations to study the adsorption kinetics.
From Figure 6, and Table S4, Supporting Information, we
found that the pseudo-second-order model can best describe
the kinetic data for methyl blue adsorption on the surface of the

20229

LDH—carbon dots because it possessed a higher R* value.
These results indicated that the rate-limiting step in the present
system was chemical adsorption.*!

3.5. Possible Adsorption Mechanism of Methyl Blue
with LDH—Carbon Dots. The efficient uptake mechanism of
methyl blue by the assembly was investigated to clarify the
adsorption process. UV—vis spectra of methyl blue before and
after adsorption are shown in Figure 7a; it was obvious that the
characteristic adsorption peak of methyl blue disappeared after
adsorption. Note that the initial pH value of methyl blue was
7.38. Therefore, before and after the adsorption, we did not
adjust the pH of the methyl blue solution as a result of the
strong buffering capacity of the LDH—carbon dot compo-
sites.** The corresponding photographs displayed that the color
of methyl blue solution was changed from deep blue to the
clean and colorless solution after adsorption (see inset of Figure
7a). This phenomenon indicated that the methyl blue
molecules could be efficiently adsorbed on the surface of
LDH-carbon dot composites. To further investigate the

dx.doi.org/10.1021/am505765e | ACS Appl. Mater. Interfaces 2014, 6, 20225—-20233
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dots after adsorption of methyl blue, and (d) SEM images of LDH—carbon dots before adsorption of methyl blue (80 mg/L methyl blue, 0.5 g/L

adsorbent dose, T = 298 K).

adsorption performance of LDH—carbon dots, it was applied in
simulated dye wastewater containing methyl orange (anionic),
Rhodamine B (cationic), and methyl blue (anionic) (Figure S7,
Supporting Information). The results indicated that LDH—
carbon dots had the ability to selectively adsorb anionic dyes
from dye wastewater. Figure 7b shows that the XRD patterns of
LDH—carbon dots before and after adsorption of methyl blue
did not show any obvious changes, indicating that the structure
of composites was preserved. The morphological features of the
LDH—carbon dot composites before and after adsorption were
characterized by SEM images. After adsorption, we clearly
observed that the surface of the composite became rough and
curly with a white layer on the surface (Figure 7c). Mechanical
stirring may affect the morphological feature and surface
characteristic of the LDH—carbon dot adsorbent. Therefore,
the control experiment (in the absence of methyl blue) was
carried out under the same experimental conditions, and the
results showed that the surface of composite was smooth
(Figure 7d). These findings demonstrated the abundant
accumulation of methyl blue over the surface of LDH—carbon
dots.*®

The effects of competitive anions were studied by adding the
mixture solution of 80 mg/L methyl blue and 0.01 mol/L
sodium salt into the proposed adsorption system. The tested
sodium salts included NaCl, NaNO;, Na,SO,, Na,CO;, or
Na;PO,, respectively. As shown in Figure S8, Supporting
Information, the effect of monovalent anions on methyl blue
uptake was negligible. On the contrary, the divalent and
trivalent anions had a profound effect on the adsorption
process, indicating the occurrence of the competition
adsorption between methyl blue molecules and inorganic
anions.” These interesting findings confirmed the existence of

20230

electrostatic interactions between methyl blue and LDH-
carbon dot composites.

The adsorption capacity of methyl blue on the surface of
LDH—carbon dots was affected by pH.** In this work, the pH
values of methyl blue on the adsorption process was carried out
from 2 to 12. From Figure S9a, Supporting Information, we
could see that the percentage of adsorption kept constant in the
pH range of 4—10, and decreased with further fluctuations in
the pH values. Generally, acidic conditions contribute to the
formation of hydrogen bonding; however, the lower pH values
(pH < 4) may induce the destruction of the LDH layered
structure. In addition, the competition effects between excess
OH™ ions and methyl blue in the higher pH (pH > 10) also
affected the adsorption performance.'® Furthermore, the
occurrence of deprotonation could reduce the positive charge
on the surface of LDH-—carbon dots, leading to worse
adsorption capacity (Figure S9b, Supporting Information).

The relationship between the initial and equilibrium pH
values was also shown in Figure S9a, Supporting Information.
The equilibrium pH remained constant in the range of 4 to 10
due to a buffering capacity of the LDH-carbon dot
composites.*” Note that the general pH value in dye wastewater
is 6—9. Therefore, the fabricated LDH—carbon dot composites
are suitable for wastewater treatment in textile industry without
the need of preliminary pH adjustment.

Figure 8 compares the FTIR spectra of LDH and LDH—
carbon dots after adsorption of methyl blue, respectively. For
LDH and LDH—carbon dots, the peaks appeared at 1183 and
1038 cm™' associated with the asymmetric and symmetric
stretching vibrations of the —SO;~ group.”® Those findings
indicated that methyl blue molecules can be successfully
absorbed on the surface of the LDH and LDH—carbon dots,

dx.doi.org/10.1021/am505765e | ACS Appl. Mater. Interfaces 2014, 6, 20225—-20233
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Figure 8. FTIR spectra of the LDH and LDH—carbon dots after
adsorption of methyl blue.

respectively. Furthermore, the characteristic peak of hydroxyl
group of LDH—carbon dots shifted from 3490 to 3479 cm™!
(blue shifted). However, the characteristic peak of hydroxyl
group of LDH did not have an obvious change. These results
indicated the formation of more hydrogen bonding between
hydrogen atom of the free hydroxyl groups of carbon dots and
nitrogen or oxygen-containing groups of methyl blue in the
adsorption process.**** In addition, Figure S10, Supporting
Information, shows that the adsorption capacity of LDH—
carbon dots was decreased by increasing adsorption temper-
ature from 308 to 323 K, due to the sensitivity of the Iength and
strength of hydrogen bonding toward temperature.**™** In
addition, in order to further confirm the formation of hydrogen
bonding between LDH—carbon dots and methyl blue, we
evaluated the adsorption enthalpy (AH).* Adsorption
isotherm for methyl blue on the surface of LDH—carbon
dots at different temperature are shown in Figures SA and S10,
Supporting Information. The AH was calculated by the van’t
Hoff method (In b = AS/R —AH/RT), where AH is change in
enthalpy (J/mol), AS is the change in entropy (J/(mol K)), R
is the universal gas constant (8.314 J/K mol), and b is the
Langmuir constant at temperature T (K). The van’t Hoff polt
and AH for adsorption of methyl blue on the LDH—carbon
dots are shown in Figure S11 and Table SS, Supporting
Information. The AH of the adsorption was —12.2 kJ/mol, in
the range of the hydrogen bonding force (0 ~ —20 kJ/ mol),>°
indicating that the hydrogen bonding took an important role in
adsorption process.

In conclusion, methyl blue can be adsorbed on the LDH—
carbon dot composites by electrostatic attraction between
methyl blue and LDH. In addition, the carbon dots attached on
the surface of LDH facilitated the formation of hydrogen
bonding between carbon dots and methyl blue. However, in the
absence of LDH, the hydrogen bonding interaction between
carbon dots and methyl blue may be suppressed due to the
electrostatic repulsion between carbon dots and methyl blue.
Therefore, the cooperative contribution of hydrogen bonding
between methyl blue and carbon dots and electrostatic
attraction between methyl blue and LDH is beneficial to the
improvement of adsorption capacity.
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4. CONCLUSIONS

In summary, the LDH—carbon dot composites were success-
fully synthesized via direct assembly of carbon dots on the
surface of LDH. The resulting LDH—carbon dots showed
excellent adsorption ability to methyl blue, owing to the
cooperative contributions of hydrogen bonding and electro-
static attraction between methyl blue and composites. The
adsorption isotherm of methyl blue on the surface of the
LDH—carbon dots was suitable for the Langmuir model,
indicative of a monolayer adsorption. The adsorption kinetic
followed the pseudo-second-order kinetic model. Our findings
provide a new insight into designing effective composite-based
LDH for improving the adsorption capacity of methyl blue. As
a promising adsorbent for anion dyes, the LDH—carbon dot
hybrid may be a promising candidate to remove anionic
pollutants from aqueous solutions in environmental pollution
management in the near future.
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