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quantum dots for chromium adsorption via
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Background: Employing citric acid/dimethyl formamide (CA/DMF), two distinct types of carbon quantum dots
(CQDs), tree-shaped/fingerprinted (TF-CQDs) and fullerene-like (F) were synthesized from both cellulose and
carboxymethyl cellulose (CMC). Methods: Fluorescence microscopy revealed different emission colors: blue
for TF-CQDs and green for F, highlighting the structural influence on light properties. Transmission electron
microscopy (TEM) confirmed the intricate fingerprinted and tree-like morphology of TF-CQDs and the
spherical nature of F derived from CMC. The adsorption behavior and kinetics of Cr(vi) removal from water
by TF-CQDs and F were evaluated. Significant findings: Both samples demonstrated rapid Cr(vi) uptake; TF-
CQDs reached equilibrium within 120 minutes compared to 240 minutes for F. Subsequent leaching led to
decreased adsorption after these initial periods. Kinetic analysis revealed a first-order model for TF-CQDs,
implying physical adsorption dominance. Conversely, F exhibited a better fit to pseudo-first and second-
order models, suggesting combined chemical and physical mechanisms.

Introduction

Mounting agricultural waste poses an environmental threat,
urging us to embrace recycling solutions. Bagasse, a readily
available by-product of sugarcane processing, has emerged as
a promising candidate due to its abundant cellulose, a robust
polymer built from glucose units linked in a specific (B-1,4)
pattern.’ Sugarcane bagasse (SB), a readily available by-
product of sugarcane processing, has garnered attention as
a versatile platform for producing novel carbon-based materials
and advancing eco-friendly approaches to metal ion removal
from wastewater. Emerging from the realm of agricultural
waste, SB offers promising potential for innovating in both
carbon-based material production and eco-friendly metal ion
removal strategies within wastewater treatment.*® SB can be
used for the preparation of many valuable polymers, including
cellulose, carboxymethyl cellulose (CMC), and carbon quantum
dots (CQDs).>** Cellulose is the most prevalent renewable
biopolymer. Numerous cellulose derivatives were produced by
chemical processes such as etherification to soluble CMC.>*
CQDs are tiny (10 nm) carbon balls with a massive surface
area, like little sponges. GQDs are like CQDs mixed with flakes of
graphene. Both have several chemical groups attached, like
hydroxyl (O-H), carbonyl (C=0), and ether (C-O-C). Researchers
found that microwave heating is a quick and cheap way to make
CQDs."” Carbon allotropes known as fullerenes (F) adopt
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intriguing geometries like hollow spheres, ellipsoids, or tubes
characterized by a network of single and double bonds between
carbon atoms. The most ubiquitous member, C60, nicknamed
“buckminsterfullerene,” resembles a soccer ball. Their discovery
in 1985 by Kroto, Curl, and Smalley earned them the 1996 Nobel
Prize in Chemistry.”® Given the significant ecological threat
posed by Cr(vi), prioritizing its extraction from industrial waste-
water before discharge into aquatic ecosystems is crucial for
environmental protection.®* Therefore, monitoring the content
of Cr(vi) ions in the environment is important for public health.

This study explores the microwave-assisted synthesis of
diverse carbon nanomaterials, including “fingerprinted” and
“tree-like” CQDs, using cellulose and CMC as precursors and
CA/DMF as a reaction system. The influence of microwave
treatment parameters on domestic and lab settings was inves-
tigated, offering insights into the resulting nanomaterials’
adsorption kinetics and fluorescence properties.

Materials and methods
Materials

The sugarcane bagasse was obtained from the Paper Industry
Quena Company, Egypt, and used to prepare dissolving pulp,
designed according to our previous work."” The composition of
the pulp was 96% and 3% cellulose and hemicellulose,
respectively, with shallow lignin content. Dimethyl formamide
(DMF) and citric acid (CA) were purchased from Sigma-Aldrich.
MCA (Monochloroacetic acid) and alcohols were laboratory-
grade chemicals. The carboxymethylation of extracted cellu-
lose was carried out as described elsewhere.>*?
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Methods

Preparation of tree-shaped/fingerprinted carbon quantum
dots (TF-CQDs) and fullerenes (F). The tree-shaped/fingerprinted
carbon quantum dots (TF-CQDs) and fullerenes (F) were prepared
from cellulose and CMC, respectively, as follows; 0.1 g of CA was
dissolved in 20 ml of DMF, and 1 g of cellulose or CMC was added
to this solution. The mixture was microwaved in a lab microwave
(Milestone Italy; model: StartSynth, Reactor: Pack2B Basic Single
Vessel Kit) at 100 °C and 750 W for 135 min. The final solution was
left to cool down at room temperature, followed by centrifugation,
filtration, and drying under vacuum.*

Cr(vi) adsorption study. The effectiveness of the synthesized
TF-CQDs and F in adsorbing Cr(vi) from aqueous solutions was
investigated through a comparative analysis of their removal effi-
ciency (R%) and adsorption capacity (g.) at varying contact times.
Eqn (1) and (2) were employed to quantify these parameters.
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This equation expresses the relationship between the initial
and final Cr(vi) (chromium(vi)) concentrations in solution
(denoted by C, and C,, respectively, measured in milligrams per
liter) with the volume of the solution (V, in liters) and the mass
of the adsorbent used in the adsorption experiment (m, in
grams).®

The dependence of reaction rate on reactant concentration
can be categorized as zero order, pseudo-first order, or pseudo-
second order based on the kinetic expressions presented in eqn
(3)—(5), respectively.>*
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where g. and g, are the amounts of chromium adsorbed per
gram of material at equilibrium and time ¢, respectively. Ce:
final concentration of chromium remaining in the solution. ¢
time of contact between the material and the chromium solu-
tion. K; and K,: rate constants for the two adsorption models
(pseudo-first-order and pseudo-second-order). t/g, vs. t plot:
a graphical representation used to determine the appropriate
model and calculate its parameters.*>**
The Elovich kinetic model:

_Inab 1

q: = T+Elnf (6)

« is the initial rate of adsorption (mg g ' min~"), and b is

related to the extent of surface coverage and activation energy
for chemisorption (g mg™'). A plot of g, against Int yields
a straight line with o and b determined using the slope (1/b) and
intercept (In ab/b), respectively.'”

Characterization and analysis

Fourier-transform infrared spectroscopy (FT-IR). Fourier-
transform infrared spectra were collected employing a Matt-
son 5000 spectrometer (Unicam, United Kingdom) using the
KBr disk method.

Transmission electron microscopy (TEM). TEM images were
taken with a JEOL JEM-2100 electron microscopy at an accel-
eration voltage of 120 kv.

Fluorescence spectroscopy. Fluorescence spectroscopy was
evaluated using the spectrofluorometer model: Jasco FP6500,
Tokyo, Japan—Ilight source: Xenon arc lamp 150 watt.

X-ray diffraction. The crystallinity was studied on X-ray
powder diffraction as the diffraction patterns were measured

e Bl b |

Ce=Co— K, (3) by Bruker D-8 Advance X-ray diffractometer (Germany) applying
a 40 kv voltage and a 40 mA current employing copper (Ka)
Lnfge — ¢ =Ing. — K¢ () radiation (1.5406 A).
Q
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Fig. 1 FTIR spectra of (a) TF-CQDs and (b) F.
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Fig. 2 TEM images of TF-CQDs and F.
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where S. = area of the crystalline domain, S, = area of the total
domain.'**®

Quantum yield. The quantum yield was calculated according
to the formula:

2

QY = 0 ("—) 9)
Mgt \Nst.

where “QY” is the quantum yield, “m” is the slope from the plot

of fluorescence vs. absorbance, “i” is the refractive index of the

solvent, the “x” indicates the unknown sample, and “st.” refers

to methylene blue standard solution in water (0.1 M).*®

Results and discussion
Mechanism of the reaction yield of CQDs

Cellulose or CMC precursors undergo a transformation during
CQDs synthesis. This process begins with dehydration, which
breaks down the starting material and leads to the formation of
large, aggregated polymers through mild condensation. As
heating continues, these polymers shrink due to ongoing
dehydration within their molecules. Simultaneously, C-C bonds
form and aromatic clusters begin to take shape within the
polymers. Eventually, the concentration of these aromatic
clusters reaches a critical point, triggering the nucleation - the
nucleation of the initial step for the formation of CQD parti-
cles.*? During this initial step, aromatic clusters gather on the
particle surface and are simultaneously passivated by func-
tional groups like OH, C=0, N and COOH groups. Over time,
these polymer nanoparticles transform into CQDs, causing the
polymer-to-CQDs ratio to decrease. This conversion leads to
smaller, less polycrystalline CQDs with a narrower size distri-
bution as the polymers decompose in the final stage.*

FTIR spectroscopy

The calculated QY was 20.45 and 68.52% for TF-CQDs and F,
respectively. Fig. 1 displayed the FTIR spectra of the prepared
TF-CQDs and F; the TF-CQDs displayed a small O-H absorption
peak at 3357 cm ™, indicative of isolated hydroxyl groups, while
F showed a broader band at 3207 cm™ ', suggestive of more
extensive hydrogen bonding networks.»* The broader O-H
peak in F compared to TF-CQDs suggests the presence of
a greater abundance of oxygenated groups in the precursor
CMC. Furthermore, the lower wavenumber observed for the
O-H group in F relative to TF-CQDs indicates the involvement of
stronger intermolecular H-bonds, which facilitate the forma-
tion and stacking of the spherical structures.»* The calculated
MHBS proved this fact. The calculated MHBS was 1.18 and 0.97
for TF-CQDs and F, respectively. The peaks between 3357-3346,
2973-2925, 1633-1604, 1454-1434, 1064-1051 and 773-
800 cm ! were attributed to N-H, -CH-, C=0, C=C, C-0-C
and C-N, respectively.
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The relative absorbance (RA) of the characteristic -N-H are
0.99 and 1.18, and for C-N group are 0.86 and 1.03 for TF-CQDs
and F, respectively, confirmed the high content of nitrogenized
groups in the prepared F than TF-CQDs.

Transmission electron microscopy (TEM) analysis

Fig. 2 shows the typical TEM images and diameter distributions
of TF-CQDs, and F. TEM revealed two distinct morphologies of
CQDs: cellulose-derived TF-CQDs exhibited a unique
fingerprint-like architecture with ~0.16 nm horizontal lines and
tree-like branches formed by aggregated CQDs of ~3.73 nm
diameter. In contrast, CMC-derived F displayed purely spherical
aggregates (32.21-122.21 nm) composed of individual CQDs
with a diameter of ~3.05 nm. The surface area was 246 and 255
nm?” for TF-CQDs and F, respectively.

X-ray analysis

Fig. 3 displays the X-ray diffraction patterns of TF-CQDs and F,
which revealed peaks at 13.94 & 12.36 and, 29.62 & 21.90°
related to the (001) and (002) planes, respectively, due to the
presence of graphic sheets with the d = 0.30 and 0.33 nm.***®
The d value of F (0.33 nm) is higher than TF-CQDs (0.30 nm).
This may be due to the presence of more O groups on CMC
compared to cellulose. The peaks at 31.47, 38.10, 41.74 and
51.10° for TF-CQDs and at 28.50, 30.01, 31.73 and 44.57° for F
related to the (002), (100), (102),and (103) crystal planes in
which (002), (100), and (102) represent graphite (sp®) and (103)
related to diamond (sp®)-like carbon.®® The calculated Cr.L.% of
TF-CQDs and F were 62.62 and 11.99%.

Fluorescence spectra

Fig. 4 shows the fluorescence emission spectra of the TF-CQDs
and F. They were stimulated at 350 nm and emitted at 421.50
and 422.50 nm wavelengths, respectively. In theory, this emis-
sion might demonstrate the potential of these materials as

15 20 25 30 35 40 45 50 55 60 65 70
Position [°2Theta] (copper (Cu))

Fig. 3 XRD of (a) TF-CQDs and (b) F.
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Fig. 4 Fluorescent spectra and microscope images of TF-CQDs and F.

sensors. The C=O/C=N moieties on the surfaces of QDs
produce fluorescence emission.”® For TF-CQDs and F, the
emission peaks at 815.50 and 809.00 nm are produced from
oxygen vacancies, respectively. These findings confirmed the

© 2024 The Author(s). Published by the Royal Society of Chemistry

efficacy of TF-CQDs and F synthesized from SB as a suitable
material for future chemical sensing applications.

A fluorescent microscope was used to observe the fluores-
cence of prepared TF-CQDs and F. Blue fluorescence was

RSC Adv, 2024, 14, 25785-25792 | 25789
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Fig. 5

detected for TF-CQDs and red fluorescence for F. Fig. 4 shows
the fluorescence images and the enrichment of TF-CQDs
around nucleoli, where the nucleoli became brighter and
more precise in the case of TF-CQDs. This may be due to the
variation of CQDs types (i.e., fingerprinted and tree-shaped)
compared to the stacked F. The red color of F is due to the
more nitrogen content while the blue color is due to the low
nitrogen content.

Cr(vi)adsorption study

TF-CQDs and F with fluorescent properties were evaluated to
remove Cr(vi). The effect of contact time on the adsorption
efficiency of TF-CQDs and F was studied at different times,
namely 15, 30, 45, 60, 90, 120, 240, 480, and 960 min. As shown
in Fig. 5a, the affinity of TF-CQDs and F towards Cr(vi) was not
the same. The removal of Cr(vi) by TF-CQDs and F was found to

25790 | RSC Adv, 2024, 14, 25785-25792

(a) Effect of contact time, (b) zero order reaction, (c) pseudo-first-order, (d) the pseudo-second-order rate and (e) Elovich model.

be quick at first due to the existence of more free functional
groups, then slow, and no significant increase in the adsorption
rate was detected after 120 and 240 min, respectively. Cr(vi)
adsorption to TF-CQDs and F was 99.16 and 99.48%, respec-
tively, and steady until 120 and 240 min before decreasing due
to the leaching process.™

Fig. 5b—e shows that the zero-order reaction wasn't suitable
for describing the kinetics of Cr(vi) sorption on TF-CQDs and F,
which assumes that increasing the concentration of reactants
does not affect the magnitude of the reaction rate.*” The pseudo-
first-order and pseudo-second-order equations are utilized to
model the kinetics of Cr(vi) on TF-CQDs and F. Concerning the
values of R* presented in Table 1, it is seen that the pseudo-first-
order model gave a better fit to the adsorption data of TF-CQDs
(i.e., physical bonds in the adsorption).****® On the contrary, F
gave a better fit to both pseudo-first (due to the fitting of geyp.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Evaluation of kinetic models for adsorption process:
a comparative analysis of rate constants and correlation coefficients
for pseudo-first-order, pseudo-second-order, intra-particle diffusion,
Boyd, and Elovich models

Kinetic model Parameter TF-CQDs F
Zero order reaction Ky 19 x 102 25 x 103
R 0.827 0.747
Pseudo-first order Gexp. (Mg g™Y) 15.22 15.48
Geale. (Mg g™ 13.16 15.14
K 2x 104 72 x 10°°
R 0.994 0.868
Pseudo second order  Geqie. (Mg g™ ") 0.12 0.10
K, 16 x 107> 26 x 107
R 0.955 0.988
Elovich model amgg 'min™') 65x107"" 20x10""
b(gmg™) 13x10% 15 x 1072
R 0.853 0.838

with geqc.) and pseudo-second (due to the fitting of R*) orders,
which means the surface processes involving chemisorption
and physisorption in the adsorption of Cr(vi) by F.'***

Conclusions

We synthesized TF-CQDs and F derived from citric acid and
DMEF using a simple microwave method. The prepared samples
have the advantage of high fluorescence, in addition to their
excellent absorbance ability towards Cr(vi). The prepared CQDs
from cellulose showed fingerprinted/tree-like CQDs, while the
prepared QDs from CMC showed a shaped structure. The
fluorescence microscope proved the preparation of CQDs with
emitted light blue for TF-CQDs and red fluorescence for F.
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