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Efficient removal of Cu(in) from aqueous systems
using enhanced quantum yield nitrogen-doped

carbon nanodotst

Mohammed Abdullah Issa,@‘* Zurina Z. Abidin,@’* Musa Y. Pudza and Hamid Zentou

The valorization of cellulose-based waste is of prime significance to green chemistry. However, the full

exploitation of these lignocellulosic compounds to produce highly luminescent nanoparticles under mild

conditions has not yet been achieved. In this context, we convert low-quality waste into value-added
nanomaterials for the removal of Cu(i) from wastewater. Carboxymethylcellulose (CMC), which was
derived from empty fruit bunches, was selected for its high polymerization index to produce luminescent

nitrogen-doped carbon dots (N-CDs) with the assistance of polyethylene glycol (PEG) as a dopant. The

optimum N-CD sample with the highest quantum yield (QY) was characterized using various analytical
techniques and the results show that the N-CDs have great crystallinity, are enriched with active sites
and exhibit a long-shelf life with an enhanced QY of up to 27%. The influence of Cu?* concentration,
adsorbent (N-CDs) dosage, pH and contact time were investigated for the optimal adsorption of Cu?*.
The experiments showed the rapid adsorption of Cu?* within 30 min with a removal efficiency of over

83% under optimal conditions. The equilibrium isotherm investigation revealed that the fitness of the
Langmuir isotherm model and kinetic data could be well explained by the pseudo-second order model.
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Desorption experiments proved that N-CDs can be regenerated successfully over five adsorption—

desorption cycles owing to the ability of ascorbic acid (AA) to reduce the adsorbed nanocomplex into

DOI: 10.1039/d0ra02276d

rsc.li/rsc-advances water remedy.

1. Introduction

Water pollution caused by toxic Cu(u) metal has become
a worldwide issue owing to its severe threat to human health
and the environment.»* Toxic Cu(u) can easily enter the food
chain via anthropogenic activities causing diverse diseases in
humans.® Cu(u) is widely found in the environment, industries,
and domestic functions. The excessive intake of copper has
detrimental impacts on human health that include disorders of
the nervous, immune, reproductive and gastrointestinal
systems.*® Based on the World Health Organization and Envi-
ronmental Protection Agency, the permissible limits of Cu(u) in
drinking water is 2 and 1.3 mg L™, respectively.® Thus, the
separation and elimination of Cu(u) from the aquatic environ-
ment is still a hot topic due to its toxic effect on human health.

Many protocols have been reported for Cu(u) removal from
water like reverse osmosis, ion-exchange, electrochemical
removal and adsorption.>* Among the above protocols,
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Cu™. The rapid adsorption property using low-cost materials identifies N-CDs as a superior candidate for

adsorption is the most used for its simplicity, low-toxicity and
ease of operation. Recently, the usage of fluorescent nano-
materials has been well-documented in the recognition of
contaminates using fluorescence quenching and electro-
chemical removal, which typically occurs via an adsorption
mechanism.”™ Despite their ability to enhance the sensing
performance, several drawbacks of using these nanomaterials,
such as high toxicity and complex operational steps, limit their
practical applications. For instance, high sensitivity was ob-
tained using semiconductor quantum dots (QDs), but the
introduction of intrinsically toxic elements affects their perfor-
mance as ideal systems.®'>'* Additionally, the fabrication of
metal-based nanomaterials such as Au and Ag with electro-
chemical techniques requires extensive pre-treatments of the
electrode surface, like polishing and surface contamination
oxidation among others, restricting their practical applications.
Recently, carbon dots (CDs) have been exploited for novel
applications due to their impressive optical features. However,
the encapsulation of CDs into solid-state films is still chal-
lenging as they exhibit self-quenching phenomena after the
immobilization processes, making them unsuitable for appli-
cation in a variety of fields.

Contrary to QDs, carbon dots (CDs) are composed of
intrinsically non-toxic carbon.* CDs consist of a graphitic or
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amorphous carbon core coated with oxygen-functionalities,
polymers and other active groups based on the synthesis
conditions and surface chemistry.”® The novel properties in
terms of biocompatibility and photoluminescence in addition
to the large diversity of carbonaceous precursors make CDs
ideal in the fields of wastewater treatment, photocatalysis,
bioimaging, cancer therapy and chemical sensing.’**° In this
regard, various carbon-rich resources have been employed as
single precursors for the production of CDs.**** However, the
latter show weaker PL compared to those from dual precursors.
Doping CDs with non-metal moieties such as N dopants has
been considered as the most promising approach to QY
enhancement by tuning the upward shift of the Fermi level.****

On the other hand, the usage of biomass resources, partic-
ularly lignocellulosic waste, has been recently reported for the
synthesis of heteroatom-doped CDs, in which various QYs were
obtained using different synthesis conditions (Table 1). It is well
known that the formation of CDs is highly dependent on the
substitution degree of the cellulose structure, the chain length
of the cellulose backbone, the clustering degree of the cellulose
substituents, as well as the choice of dopant and influence of
the passivating species. Most reported works show several
shortcomings including low fluorescence QY and long prepa-
ration time.***® These drawbacks may relate to the absence of
ether groups within the cellulose framework resulting in a lower
substitution reaction. Carboxymethylcellulose (CMC) from
empty fruit bunches (EFBs) is rich with ether and hydroxyl
groups, which could play a major role in the successive rear-
rangement reactions leading to process acceleration. Thus, the
full exploitation of these waste products to recycle them and
develop new value-added carbon nanomaterials is of great
interest.

In this work, we report the eco-friendly synthesis of N-CDs
from EFB carboxymethylcellulose and PEG as the carbon and
nitrogen sources, respectively. The obtained N-CDs were
applied for the rapid removal of Cu(un) from contaminated
water. The properties of N-CDs were established using TEM,
HRTEM, XRD, FTIR, XPS, UV-vis, PL and zeta potential. The
influence of the initial concentration, adsorbent dosage, pH
and contact time on the removal efficiency of Cu(u) using N-CDs
was studied using batch adsorption tests. The adsorption
isotherms and kinetic models were demonstrated and
emphasis was placed on the adsorption mechanism through
studying the interaction of Cu(u) with N-CDs.
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2. Experimental
2.1 Materials

CMC of oil palm empty fruit bunches (EFBs) were purchased
from Waris Nove Company, Malaysia. Polyethylene glycol (M.W.
400) and quinine sulfate were obtained from Sigma-Aldrich
(USA). Deionized water (DI) was used throughout all the exper-
iments. All the chemicals used were of analytical grade and used
as received without further modification.

2.2 Preparation of N-CDs

First, 0.2 g of fine CMC was mixed with 30 mL of PEG and
dispersed into 25 mL of DI water by means of ultrasonication.
The mixture was then transferred to a 50 mL Teflon-lined
stainless-steel reactor, sealed and heated at 270 °C for 6 h in
an oven. The obtained solution was cooled down at room
temperature and then centrifuged at 10 000 rpm for 12 min to
remove the larger size particles. To further isolate the smaller
particle size of N-CDs and eliminate salt ions, purification was
done with vacuum filtration (0.22 um) and a dialysis membrane
(1 kDa), respectively. For comparison, undoped CDs were
prepared using a similar manner as that used for the produc-
tion of N-CDs, except for the addition of PEG.

2.3 Characterization of adsorbent

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) measurements were carried out using a Tecnai
G2 F20 electron microscope, with an acceleration voltage of 200
kv. X-ray powder diffraction (XRD) patterns were measured
using a PANalytical diffractometer with Cu-Ka radiation. The
Fourier transform infrared (FTIR) (Thermo Nicolet FT-IR spec-
trometer of 4 cm~ ' resolution) was measured with KBr as
a standard within the range from 650 to 4000 cm™'. X-ray
photoelectron spectra (XPS) (Physical Electronics PHI 5400
spectrometer, Mimos Semiconductors, Malaysia) were collected
using Al-Ka. radiation (hv = 1486.6 eV). Prior to de-convolution,
charge correction was established at C; by setting the binding
energies of C-C and C-H at 284.8 eV. The pH values were ob-
tained by a PB-10 pH-meter (Beijing Sartorius Instruments Co.
Ltd., China) and the zeta potential study of N-CDs was carried
out using a Zetasizer Nano ZS (Malvern, UK). The UV-vis spectra
of all samples were recorded using Shimadzu UV-1800 spec-
trophotometer. Fluorescence studies were measured in quartz

Table 1 A summary of different cellulose biomasses with heteroatom-doping for the synthesis of CDs via a hydrothermal route

Type Starting material Synthetic method QY Ref.
CDs CMC 210°C, 12 h 6.2% 27
N-CDs Cellulose, urea 180 °C, 72 h 21% 28
N-CDs CMC, urea 210 °C, 12 h 18% 29
N-CDs CMC, EDA 270°C, 6 h 22.9% 30
N-CDs Microcrystalline cellulose, EDA 240 °C, 12 h 51% 31
N/AI-CDs Durian shell cellulose, urea, Al(NO3); 210 °C, 12 h 28.7% 32
N-CDs Durian shell cellulose, urea 210°C, 12 h 10.4% 32
S-CQDs Cellulose, sulfuric acid 200 °C,4 h 32% 33

14980 | RSC Adv, 2020, 10, 14979-14990
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Fig. 1

The inset shows HRTEM the image.

cuvettes with a 1 cm path length using an LS 55 Fluorescence
Spectrometer (PerkinElmer, USA) with a slit width of 15 and
5 nm for excitation and emission, respectively, and a scan rate

of 240 nm min .

2.4 Quantum yield calculations

The QY of the N-CDs was calculated using quinine sulfate (QS)
as a reference at a similar excitation wavelength. To guarantee
a linear relationship between the absorbance and the concen-
tration, optical densities of 0, 0.02, 0.04, 0.06, 0.08, and 0.1 were
made for both the N-CD suspensions and QS at an absorption
wavelength of 330 nm. Quinine sulfate (literature QY = 0.54)
was dissolved in 0.1 M H,SO, (refractive index (n) of 1.33) while
the N-CD samples were dissolved in water (7 = 1.33). Taking the
optimal sample as an example, PL spectra were recorded at an
excitation of 330 nm. Then, by comparing the integrated
intensities and the absorbance values of the N-CD samples with
the QS, the QY of the aqueous N-CDs was determined. The
spectroscopic data were plotted (Fig. S11) and the QY of the N-
CDs was calculated according to the following formula:

This journal is © The Royal Society of Chemistry 2020
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(a) TEM image of N-CDs, (b) particle size distribution, (c) XRD pattern of N-CDs and (d) zeta potential study of N-CDs at different pH values.

Grads 7]52
Ys=QYy | —— | (— 1
Qvs = Ve (G ) (2 0
where the subscripts S and R refer to the sample and reference,
respectively. Grad is the gradient from the plot of integrated PL

emission against absorbance, and 7 is the refractive index of the
solvent.

2.5 Adsorption studies

The Cu(n) adsorption onto N-CDs was carried out with batch
experiments. A stock solution (1000 ppm) of Cu(u) was prepared
by dissolving a suitable amount of copper nitrate and then
diluted with deionized water (DI). Different concentrations of
adsorbate were then prepared from the stock solution by stan-
dard dilution manners. The adsorption capacities of N-CDs for
Cu(u) were studied at room temperature by mixing 100 mg of N-
CDs into the flasks containing 25 mL of copper ions
(100 mg L™ "). The solutions were finally centrifuged at 2000 rpm
and the supernatant then analyzed via atomic absorption
spectroscopy (AAS). The adsorption uptake and removal

RSC Adv, 2020, 10, 14979-14990 | 14981
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Fig. 2 Optical properties of N-CDs showing (a) absorption spectra (black line) combined with PL spectra (red line), (b) PL spectra at different
excitation wavelengths, (c) emission FWHM and QY as a function of excitation wavelength and (d) freshly produced N-CDs and after 1 year
storage in a dark environment. Inset in panels (a) digital photo of N-CDs under illumination of UV light at 365 nm and (d) corresponding QYs of the

N-CDs.

performance of Cu(u) from wastewater were determined using
the following equations:

go— G-CP @

m
Cy— C.

Adsorption (%) = C
0

x 100 (3)
where g is the equilibrium of Cu(u) at any time (mg g~ ), m (g), v
(L), Co (mg L™") and C. (mg L") are the amount of N-CDs,
volume of Cu(u), and initial and equilibrium concentrations
of copper in solution, correspondingly.

The influence of pH, N-CD dosage, contact time and copper
concentration were optimized by varying one factor while
keeping others constant. In detail, the effect of pH on N-CDs
was conducted in the pH range of 3-13 at room temperature
with 10 mg of adsorbent dose and an initial concentration of
100 mg L™" for 30 min. The optimization of dosage was per-
formed at room temperature using 10-200 mg of N-CDs while
the values of other variables were fixed at 100 mg L™, 7 and
10 min for Cy, pH and time, respectively. The influence of
contact time on the copper adsorption was carried out in the

14982 | RSC Adv, 2020, 10, 14979-14990

range of 1-70 min (pH 7; dosage 100 mg; C, 100 mg L %
temperature 25 °C). The impact of adsorbate concentration on
their adsorption onto N-CDs was studied in the range of 20-
100 mg L~ " (pH 7; dosage 100 mg; time 30 min; temperature 25
°C). For isotherm modeling, experiments were conducted at
room temperature using different Cu(n) concentrations and
optimum pH, dosage and contact time. The kinetic tests were
carried out at optimum parameters and after a certain time (¢) of
adsorption, the concentration of Cu(u) was determined via AAS.

3. Results and discussion

3.1 Optimization of synthesis conditions

The QY of the N-CDs is highly altered by the processing vari-
ables like temperature, time and amino weight. Thus, several
experiments were carried out to synthesize the best lumines-
cence N-CDs from CMC and PEG as shown in Tables S1 and S2.+
Under optimal conditions, N-CDs with a QY of 27% were ob-
tained. The N-CDs with the highest QY suggest that the carbon
nuclear growth and the carbonization reaction successfully
completed.*® In comparison, the QY of undoped CDs is

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Adsorption removal as a function of (a) pH, (b) adsorbent dosage, (c) contact time and (d) initial concentration.

calculated to be 7%, indicating that PEG can remarkably
enhance the fluorescence emission of the CDs by introducing
energy states corresponding to the N-species.'®** The summary
presented in Table 1 demonstrates the advantageous features of
the present study in terms of the mild synthetic conditions and
higher QY.

A possible formation mechanism corresponding to the
hydrothermal treatment of CMC and PEG is illustrated in
Fig. S2.7 Several reactions, including dehydration, polymeriza-
tion, carbonization, and passivation, take place over the
formation of N-CDs using a hydrothermal route.>*** First, at
elevated temperatures, CMC molecules hydrolyze to form
glucose. Additionally, PEG reacts with the aldehyde of glucose
to form glucosamines. Amadori compounds are then produced
through dehydration and fragmentation processes resulting in
the formation of hydroxymethylfurfural (HMF) and the latter is
rehydrated to produce organic species like levulinic acid and
formic acid. Successive processes, including fragmentation,
substitution, condensation, reversion, and/or dehydration, may
occur to transform these by-products into polymeric
compounds. A burst in the nucleation of N-CDs takes place
when the concentration of the aromatic sites in the polymers
reaches the critical supersaturation point. This was followed by
the attachment of oxygeneous moieties such as carbonyl and
dicarbonyl groups to the edge of the CDs. At the same time,

This journal is © The Royal Society of Chemistry 2020

amino groups penetrated the sp® hybridized domain to form
pyridinic and graphitic N. Meanwhile, the surface of N-CDs was
coated with cyclic amines. The final composition and structure
of the N-CDs were further supported by TEM, HRTEM, zeta
potential, EDS, FTIR and XPS.

3.2 Structural and optical properties of N-CDs

TEM and HRTEM were used to characterize the morphology
and crystallinity of the sample, as displayed in Fig. 1. The TEM
image in Fig. 1a shows that these nanodots are spherical and
monodispersed. The HRTEM image (inset of Fig. 1a) reveals
a noticeable crystalline structure with a lattice distance of
0.24 nm, assigned to the (102) facet of graphite with crystalline
domains. Furthermore, the size distribution histogram of the
obtained N-CDs (Fig. 1b) exhibits a narrow size distribution
with an average size of 3.4 nm. The results agree with the XRD

Table 2 Isotherm parameters for Cu(i) adsorption onto N-CDs
Langmuir Freundlich

dm K R n Kp R?
26.95 0.014 0.9983 1.63 1.04 0.9885

RSC Adv, 2020, 10, 14979-14990 | 14983
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Fig. 4 Different plots of Langmuir isotherms for the adsorption of Cu(i) onto N-CDs (a—c) and Freundlich isotherm (d).

data of N-CDs (Fig. 1c) with a peak centered at 26 = 23.8°, which
corresponds to the diffraction of the (002) lattice spacing of
carbon-based materials.*?

Based on the results obtained by the zeta potential study
(Fig. 1d), the surface charge changes from 12 mV to —38 mV
with the increase of pH value from 3 to 13, demonstrating the
reversible protonation and deprotonation of the active sites,
including -NH and COOH, on the edge of N-CDs. The highest £
potential of —38 was observed at pH 13, suggesting that
numerous moieties exist. These negatively-charged species can
act as stabilizing barriers and thus restrict the coagulation of N-
CDs for a long period.* The £ potential analysis showed that the
synthesized N-CDs had an isoelectric point at pH 5.7. Further
information on the characterization of the N-CDs together with
an detailed discussion of the EDS analysis (Table S37), FTIR
results (Fig. S41) and XPS data (Fig. S51) can be found in the
ESIT (Section II).

The optical properties of the N-CDs were studied with UV-vis
absorption and PL spectroscopy. The optical absorption spectra
of N-CDs display intense peaks in the UV region at 284 nm and
a tail extended in the visible region, which is attributed to the n-
7* transition of the C=0/C=N groups and m-7* transition of
the aromatic sp> framework, respectively (Fig. 2a).3>* The ob-
tained N-CDs exhibited bright blue emission under the irradi-
ation of a UV light source exciting at 365 nm (the inset of
Fig. 2a). Moreover, the optimal luminescence was noticed at
431 nm when excited at 330 nm, suggesting that the largest

14984 | RSC Adv, 2020, 10, 14979-14990

number of nanodots are excited at that wavelength.** The N-CDs
had a Stokes shift of 101 nm, which is an advantage for bio-
imaging applications.*

Fig. 2b presents the PL emission spectra of N-CDs at
different excitation wavelengths. Two behaviors could be shown
where excitation independent emission was observed in the
range of 310-320 nm excitation and an excitation dependent
emission from 330 to 380 nm excitation. The XPS, FTIR and
absorption spectra of the N-CDs shown earlier agree well with
the results obtained from the PL spectra. More specifically, the
higher absorption peak at 284 nm confirms the energy transi-
tion from the HOMO to the LUMO originating in the carbon

Table 3 Comparison of different adsorbents for Cuf(i) removal®

Time consumed

Adsorbent (min) gm (mgg™") Ref.
Pomegranate wood AC 43.1 1.683 2
Vegetable waste AC 90 75 52

Wheat shell 180 17.42 53

OPEFB AC — 0.84 54
Sewage sludge AC 60 7.73 51

Palm shell AC 20 18.6 55

Wheat shell 120 10.84 56
Hazelnut shell 120 6.74 57
Lignocellulosic waste N-CDs 30 26.95 This work

% AC: activated carbon; OPEFB: oil palm empty fruit bunch.

This journal is © The Royal Society of Chemistry 2020
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Fig.5 (a) Pseudo-first order kinetics fit (b) pseudo-second order kinetics fit, (c) effect of a series of scavengers on the desorption of Cu?* from N-
CDs and (d) the reusability of the N-CDs in Cu?* removal from an aqueous suspension for five cycles with the optimized sample.

core (C-C and graphitic N), leading to the excitation indepen-
dent emission due to the absence of multiple PL centers.*®
Meanwhile, the lower energy absorption tail is related to the
transition from the HOMO to the LUMO of the surface state
(pyridine N, amino N, and C=0 groups). The latter can create
a series of defect levels in the bandgap, resulting in the excita-
tion dependent emission. Hence the PL emission of N-CDs is
tuned by both the size and surface defects.

Fig. 2c illustrates the full width at half maximum (FWHM) of
the emission spectra as a function of excitation wavelength. A
slight change of excitation wavelength in the range of 320-
350 nm was observed with a minimum FWHM of 77.1 nm at A.,
= 330 nm. However, an increase in the FWHM was shown when
the excitation value was higher than 350 nm. This demonstrates
the suitability of using these nanomaterials in a broad range of
analytical applications.*” Moreover, Fig. 2c shows that the QY
was dependent on the excitation values. In detail, the rise in the
QY occurred with the increase of excitation wavelength, reach-
ing a maximum of ~23% at 330 nm excitation. However,
a further increase of excitation values has a negative influence
on the QY. Comparing the dependence of QY and FWHM
suggests a trade-off exists between the QY and FWHM.

Moreover, no significant loss of PL emission (Fig. 2d) was
observed even after being stored for 1 year in a room under
ambient conditions. The inset in Fig. 2d shows the QYs of N-
CDs as a function of 1 year storage, in which a QY retention
of around 97.7% was noticed compared to the freshly synthe-
sized N-CD suspension. The long-term storage stability
demonstrates that N-CDs are a suitable candidate for biological
functions.

3.3 Optimization of adsorption parameters

3.3.1 Effect of pH. The effect of pH in the range of 3-13 on
the adsorption of Cu(u) using N-CDs was investigated as illus-
trated in Fig. 3a. It can be seen that the adsorption capacity
increases with increasing pH from 3 to 7 and reaches the
maximum when the pH is at 7, in which a further increase of pH
causes no significant removal of Cu(u). In acidic pH, the
adsorption uptake of Cu(u) is low owing to the release of H;0"

This journal is © The Royal Society of Chemistry 2020

ions. These ions compete with Cu(u) for the active sites on the
surface of N-CDs, leaving Cu(u) free in the solution.*** With
increasing pH until 7, the surface occupation declines and
positively charged Cu(u) attach to the free active sites of the
adsorbent." As previously reported, metal ion adsorption is
favorable at a suspension pH higher than the pHpyc values.*®
The £ potential data (Fig. 1d) agrees well with pH results, in
which after the isoelectric point at pH 5.7, the negative charge
containing groups become dominant. As a consequence, elec-
trostatic attraction occurs between Cu(u) and the N-CD surface,
leading to an improvement of adsorption uptake. Thus, pH = 7
was chosen as the optimal value for subsequent experiments
owing to the negative charges on the adsorbent edge.

3.3.2 Effect of dose. Keeping in mind the importance to
achieve the optimal removal capacity with as low an adsorbent
dose as possible, the optimization of dosage was performed in
the range of 10-200 mg while the other variables were fixed at
100 mg L™, 7 and 30 min for Co, pH and time, respectively.
Fig. 3b shows the percentage adsorption as a function of dose.
As the adsorbent dose increased from 10 to 100 mg, an
enhancement in the % adsorption from 31 to 81.76% was
noticed. The reason for this can be explained as follows: as the
dose increases from zero, many more active sites are available,
resulting in the enhancement of Cu(i) adsorbed. Yet, when the
dose is too high, it is believed that the aggregation of the
adsorbent particles occurs, leading to the reduction in the
adsorption as a result of reducing the surface area.* Therefore,
100 mg of N-CDs was considered the optimum dosage.

3.3.3 Effect of contact time. The influence of contact time
on the adsorption removal of Cu(u) using N-CD as an adsorbent

Table 4 Kinetic model parameters for copper adsorption onto N-CDs

Pseudo-first order Pseudo-second order

qe K R ge K, R

5.4 0.1 0.9853 13.2 0.075 0.9961
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was studied over time from 1 to 70 min. As shown in Fig. 3¢, two
stages were observed: rapid Cu(u) adsorption achieving 82.1%
within 30 min and relatively slow adsorption increasing to
83.6% over the adsorption time of 30 to 70 min. However, the
latter improved adsorption was insignificant. The trend
observed in this study was consistent with that of the reported
work using CDs as an adsorbent® and consequently, the best
duration of time for Cu(u) adsorption onto N-CDs was noted to
be 30 min. In comparison to other adsorbents reported in the
literature,>** our present work is superior in terms of equilib-
rium time, which is suitable for practical applications.

3.3.4 Effect of initial concentration. The influence of the
initial concentration of Cu(u) on the percentage adsorption of
N-CDs was evaluated at ambient temperature using different
concentrations in the range of 20-100 mg L. Fig. 3d shows
that the removal efficiency rises with increasing initial Cu(u)
concentration. This enhanced adsorption with rising concen-
trations could be assigned to a greater driving force for mass
transfer from the suspension to the edge of N-CDs.* Therefore,
100 mg L~ " was selected as the optimum value for the following
tests.

Lo T3S
“Size: (i)

Fig. 6
Cu(i) onto the N-CD edge. Inset of (a) shows the size distribution.
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3.4 Modeling

3.4.1 Adsorption isotherm. The adsorbate-adsorbent
binding can be clearly understood by studying the fit of the
Langmuir and Freundlich isotherm models. Detailed informa-
tion on the two models is presented in the ESIT (Section III). The
isotherm models were studied under the optimal conditions at
room temperature. The results of the corresponding numerical
parameters are summarized in Table 2. The Langmuir param-
eters were evaluated using three forms of Langmuir isotherms
(Fig. 4a—c). There is an adequate fit for the first and second
Langmuir plots with an R* of 0.9935 and 0.9983, respectively, as
compared to the third plot (R* = 0.9809). However, the results
suggest that the Langmuir isotherm fits better than the
Freundlich isotherm (Fig. 4d) under the concentration range
tested. This may be attributed to the homogeneous distribution
of functional groups on the N-CD edges since the Langmuir
model assumes that the surface is homogenous.”® The
maximum adsorption uptake for copper onto N-CDs is deter-
mined to be 26.95 mg g~ '. To compare the adsorption uptake of
N-CDs with other adsorbents, a summary of adsorbents for

X207 ' N
ot L ®el........ .
200 ;
= ;
100 0 100 200

Apparent Zeta Potential (mV)

) ——N-CDs

_ | —N-cps-cuan
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3
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E

£

650 1150 1650 2150 2650 3150 3650

Wavenumber (cm-1)

(a) TEM image, (b) zeta potential, (c) FTIR of N-CD suspension in the presence of copper ions and (d) possible adsorption mechanism of
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Cu(u) removal is illustrated in Table 3. The favorable adsorption
was noticed since the values of R;, were between 0 and 1.

3.4.2 Adsorption kinetic model. The kinetics of the
adsorption reaction are significant in wastewater remedy as it
reveals critical information about the nature of the adsorbent
materials and the dynamic process. Thus, the adsorption
mechanism of Cu(u) was studied by assessing both pseudo first-
order and second-order kinetic models, which can be explained
as follows:pseudo-first order kinetic model

log(¢e — qu) = log ge — (k1/2.303)¢ 4)

pseudo-second order kinetic model

et 5)
g kg’ qe

where g, (mg g~ ') and g. (mg g~ ') are the adsorption uptake at
time t and equilibrium, respectively. k; (min~') and k,
(g(mg min ")) are the rate constants of the pseudo-first-order
and pseudo-second-order models.

The kinetics data were calculated from the slope and inter-
cepts of the straight-line curves of In(g. — q.) versus (¢) (Fig. 5a)
for the pseudo-first-order model and ¢/q, versus (t) (Fig. 5b) for
the pseudo-second-order model, and the results are listed in
Table 4. The adequacy of the models was determined by
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comparing the correlation coefficient (R*) of the two models.
The pseudo-second-order kinetic model with R*> = 0.9961 for
copper was higher than that of the pseudo-first-order kinetics
model (R*> = 0.9853). Hence, the chemisorption of the adsorp-
tion process follows pseudo-second order kinetics behavior.

3.4.3 Adsorption mechanism investigation. Despite the
effective and rapid adsorption uptake that can be achieved
using N-CDs, there are insufficient reports on the adsorption
mechanism of metal ions onto fluorescent nano-adsorbents.
Thus, several spectroscopic analyses were performed to gain
better insight into the copper removal by N-CDs. In comparison
to the TEM imaging of the pure N-CD suspension, a remarkable
rise in the size of the N-CDs-Cu** complex was noticed (Fig. 6a).
The size distribution curve was in the range of 7-15 nm for the
complex with an average diameter of 8.6 nm, which is bigger
than that of N-CDs (range of 3-8 nm and 3.4 nm diameter). This
provides evidence for the aggregation of N-CDs through the
formation of N-CDs-Cu®" complexes.”** Following this, the &
potential value of 5.08 eV was measured after the addition of
Cu** (Fig. 6b). In comparison to the £ potential of pure N-CDs at
pH 7, this rise in £ potential suggested that the charges of N-CDs
were neutralized by the positive charges of Cu®>" due to the
electrostatic effect.”

FTIR spectroscopy (Fig. 6¢) was also conducted to investigate
the interaction of copper with N-CDs. In comparison to the pure
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Fig.7 (a) Effects of inorganic species on the adsorption of N-CDs for Cu?*; dosage 0.1 g, concentration 100 ppm, pH 7.4 =+ 0.1, time 30 min. (b)

Reversible study of N-CDs towards Cu(i).
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N-CDs, there is a large increase and red-shift of the C-N band
from 1266 cm ™' to 1214 cm™ " after adding Cu®*. This could be
assigned to the binding affinity of N to Cu®" that weakens the C-N
bond and thus vibrates at a lower energy.® In addition, the
increase in the peak intensity at 725 cm ™" may be ascribed to the
coordinate bond formation between the hydrogen atom of the
methyl groups and the copper center. In detail, the strong
hydrogen bonds between water molecules and carboxylate groups
and the anagostic interactions between C-H---Cu is clear evidence
of the formation of the intramolecular complex.®*** Furthermore,
the stretching vibrations of C=0, C-O and C-O-C at 1641, 1045
and 1016 cm ™', respectively, were significantly affected after Cu®*
addition. This could be due to the coordinate bond formation
between Cu”* and the active sites around N-CDs. It is believed that
O atoms can donate a lone pair of electrons to the Cu*', forming
a coordinate covalent bond between Cu** and O owing to the high
oxidability of copper.®** Considering the above results, the
proposed Cu(u) adsorption by N-CDs was illustrated in Fig. 6d, in
which a N-CDs-Cu** complex was formed due to the electrostatic
interaction between Cu(n) and the -COO ™, -OH and -N functional
sites on the surface of N-CDs.

3.4.4 Performance evaluation. With inherent pollution,
metal ion adsorption in aqueous media has superior advantages
in practical application in terms of selectivity. In this regard, the
interference effect of various cations (Hg>*, Ag", Fe*', Pb**, Mg*",
Ca*, Cd*",Zn>", and Fe*") and anions (F~, NO; ~, Cl, and Br ) on
the adsorption process of Cu”>* was investigated. All the inorganic
moieties were performed in PBS (pH 7.4) at a concentration of
100 ppm along with 100 ppm of Cu®". As presented in Fig. 7a, no
significant reduction in the adsorption rate (<5.5%) for Cu®>*
removal was noticed after adding different inorganic moieties,
demonstrating the nearly zero coordination of active sites to most
co-existing cations and anions.

The reusability and regeneration ability of the adsorbent was
also investigated to evaluate its performance for practical
applications. First, the recycling tests to recover the adsorbed
Cu(u) were carried out using urea (0.1 M), EDTA (0.1 M), AA (0.1
M) and NaCl (0.1 M). The results demonstrated the great
effectiveness of AA to desorb Cu(u) from N-CDs (Fig. 7b). Next,
the regeneration experiments were conducted using AA as
a reducing agent. As shown in Fig. 7c, there is no significant
reduction of the percent adsorption even after five adsorption-
desorption cycles, in which only a 14.95% loss in the removal
efficiency of the recycled material was observed. The loss in %
adsorption might be assigned to the loss of the adsorbent or the
irreversible occupation of some of the adsorption sites.®® The
above results indicated the ability of AA to reduce the Cu®*-N-
CDs nanocomplex into Cu" ions.®*” The excellent reusability
suggested that the obtained N-CDs adsorbent could be poten-
tially used for practical wastewater treatment.

4. Conclusion

In this work, we developed a versatile method to produce highly
luminescent N-CDs using CMC and PEG as precursors. The
characterization results reveal that the formed N-CDs have an
average particle diameter of 3.4 nm. The optimal N-CDs show
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high crystallinity, a surface coated by the amino moieties of PEG
and an enhanced QY of up to 27%. The adsorption test shows
that the best conditions for the maximum removal of Cu(u)
using N-CDs were: pH 7; dose 100 mg; time 30 min; and
concentration 100 mg L~ '. Under optimal variables, an
adsorption capacity of 26.95 mg g~ * was obtained. Isotherm and
kinetic studies indicate that the adsorption reaction was
described well by the Langmuir and pseudo-second-order
model, respectively. Moreover, the excellent reusability of the
adsorbent was obtained by the adsorption-desorption test.
Therefore, the work demonstrated the suitability of using N-
CDs as an effective adsorbent for the treatment of polluted
water containing toxic copper ions.
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