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Fluorescent carbon nanoparticles from Citrus
sinensis as efficient sorbents for pollutant dyes
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ABSTRACT: Here, we report a simple, green and economic process for the synthesis of highly fluorescent carbon nanoparticles
(CPs) through low-temperature carbonization of a fruit waste, Citrus sinensispeel. This approach allows the large-scale production
of aqueous CPs dispersions without any additives and post-treatment processes. The as-prepared CPs were of small particle size,
exhibited bright blue fluorescence under UV irradiation (λmax = 365 nm) with excellent colloidal stability in water. The chemical
composition, structure and morphology of the as-prepared CPs were analyzed using various spectroscopic techniques such as
X-ray diffraction, transmission electron microscopy and raman spectroscopy. The formed CPs were turbostratic in nature, with
a large number of functional groups on the surface. We explored the adsorption characteristics of the formed CPs for wastewater
treatment. Because of the negative surface of the CPs, as evident from the zeta value, it is possible to use them for selective
adsorption of the cationic dye methylene blue from a mixture of dyes. The equilibrium adsorption isotherm revealed that the
Langmuir model better describes the adsorption process than the Freundlich model. As-prepared CPs rapidly adsorbed ~84%
of the methylene blue within 1 min and can be regenerated and used repeatedly. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: Citrus sinensis; turbostratic carbon; cationic dye; adsorption efficiency; selective adsorption
* Correspondence to: P. S. Devi, Sensor and Actuator Division,
CSIR-Central Glass and Ceramic Research Institute, 196, Raja SC Mullick Road,
Jadavpur, Kolkata 700 032, India. E-mail: psujathadevi@cgcri.res.in

* O. Adedokun, Department of Pure and Applied Physics, Ladoke
Akintola University of Technology, P.M.B 4000, Ogbomoso, Nigeria.
E-mail: oadedokun@lautech.edu.ng

a Sensor and Actuator Division, CSIR-Central Glass and Ceramic Research
Institute, 196, Raja SC Mullick Road, Jadavpur, Kolkata 700 032, India

b Department of Pure and Applied Physics, Ladoke Akintola University of
Technology, P.M.B 4000 Ogbomoso, Nigeria
Introduction
Fluorescent carbon nanoparticles (CPs), a new class of emerging car-
bon material, have attracted significant attention due to their fasci-
nating properties, which include high photostability, tunable optical
properties, high chemical stability, easy functionalization, low cyto-
toxicity and, above all, high biocompatibility (1,2). Some CPs have
potential application in bioimaging (3,4), optoelectronic devices
(1), photocatalysis (5), wastewater treatment (6) and in sensors (7).
Many synthetic routes for fluorescent CPs have been explored, such
as laser ablation, arc-discharge, acid dehydration, electrochemical
oxidation, hydrothermal reaction and microwave heating (8–10).
Some of these synthesis techniques require high-value equipment,
non-environmentally friendly chemicals, catalysts or harsh experi-
mental conditions, which increase production costs. Because of
these disadvantages, the development of simple and green prepar-
ative strategies for fluorescent CPs is in high demand. As a result,
there are ongoing efforts to develop simple, direct and economical
methods to synthesize carbon nanoparticles without any surface
passivation (5,6,9,11). Among these strategies, the thermal (combus-
tion) supported route, also known as pyrolysis of carbonaceous
precursors, is a simple, clean and cost-effective method. Many
researchers have demonstrated the success of thermal degradation
of various naturally occurring materials through furnace and
microwave-assisted pyrolysis (6,8,12,13).
Various functional carbon materials can be synthesized from

abundant natural biomass waste, which is cost-effective, non-toxic
and easily available. In view of increasing global awareness of the
need for a clean and green environment through waste reduction,
the choice of reusing or recycling carbon-rich waste as a starting
material for CP synthesis is an added advantage. In addition, bio-
mass wastes are renewable and cost-effective resources, and some
natural biomass wastes have been shown to be suitable starting
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precursors for the synthesis of CPs (6–9,11). In general, natural
biomass contains different components, such as starch, cellulose,
hemicellulose and lignin, together with micro amounts of
extractives and minerals (14,15). Although, fluorescent CPs from
natural biomass sources have been studied for application in
photocatalysts (16), sensors (17,18) and bioimaging (3,4,19), the
use of fluorescent CPs from an orange peel precursor as an
adsorbent for wastewater treatment has rarely been reported.

Here, we report a simple, green and economic process for the
synthesis of highly fluorescent CPs by low-temperature carboniza-
tion of fruit waste, namely orange (Citrus sinensis) peel. Thermal
decomposition of orange peel led to the formation of fluorescent
CPs with excellent adsorption characteristics toward water-
polluting dye molecules.

Experimental

Chemicals

Fresh fruits of Citrus sinensis (orange) were bought from a local
farm in Ogbomoso, Nigeria. Methylene blue (MB) and methylene
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orange (MO) (Sigma-Aldrich, India) were used as received. Distilled
water was used as the medium throughout. All chemicals were of
analytical grade (AR) and were used without further purification.
Preparation of CPs

Fresh Citrus sinensis fruits were used as the raw material. The peel
was removed and washed with distilled water, followed by
vacuum-drying at 60 °C for 24 h. The dried peels were then
crushed to a fine powder. CPs were prepared by low-temperature
carbonization of fruit peel. In a typical procedure, 5 g of fine
powder was carbonized at mild constant temperature of 220 °C
in a furnace for 2 h in air (Scheme 1). A dark brown product was
obtained after allowing it to cool naturally at room temperature.
The obtained product was dispersed in 100 mL of distilled water,
homogenized under sonication for 15 min and then centrifuged
at 12,000 rpm for 10 min. The resultant supernatant containing
CPs was dried under vacuum for 24 h. The overall yield of CPs,
calculated from the weight of the powdery raw material and the
final weight of the product formed was 15.08 ± 0.5%. CPs were
finally dispersed in distilled water at a concentration of 0.25 mg/L
for optical studies.
Instrumentation

To study the thermal decomposition of the precursor, thermogra-
vimetric analysis (TGA) was carried out on the powder samples
from room temperature to ~1000 °C at a heating rate of
10 °C/min on a NETZSCH STA 449 C simultaneous TGA–DTA ana-
lyzer (Germany). The dried powder was further characterized by
powder X-ray diffraction (XRD) analysis on a X’pert pro MPD XRD
of PAN analytical with CuKα radiation (λ = 1.5406 Å). Fourier trans-
form infrared (FTIR, Netherlands) spectra of the samples were
measured within the interval of 400 and 4000 cm�1 on a NICOLET
380 FTIR spectrometer (Waltham, Massachusetts) using potassium
bromide (KBr) powder. Raman signals were obtained using a STR500,
Cornes Technologies Raman spectrometer (Japan) with an excitation
of 514.5 nm from an argon ion green laser (50 mW). The Raman
signals were measured at different exposure times (5 s, 10 s) and
different data acquisition times. The microstructure of the CPs was
analyzed by transmission electron microscopy (TEM; Tecnai G2

30ST high-resolution transmission electron microscope Netherlands
operating at an acceleration voltage of 300 kV). The sample was
prepared by dropping a given volume of a well-dispersed CP
Scheme 1. Schematic representation of synthesis of fluorescent CP from waste
orange peel and its application towards removal of MB dye.
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solution onto a carbon-coated copper grid followed by drying
in air. The spectroscopic properties of the CPs were studied
using a UV/Vis/NIR (near infra red) spectrophotometer (Shimadzu
UV-3600) and spectrofluorometer (QM-40, Photon Technology In-
ternational, Bimingham Road, New Jersey) with a 150 W xenon
lamp as the excitation source. The zeta potential was recorded
using a Horiba Nanoparticle Analyzer SZ100 (Japan).
Adsorption experiment

Adsorption experiments were performed at room temperature. In
detail, to 10 mL of a known concentration of MB dye was added
10 mg of CPs powder in an experimental beaker. To study the
effect of equilibrating homogenization of the solution on the
adsorption, three methods were employed, viz. stirring at
150 rpm for 45 min, initial sonication for 5 min followed by
stand-alone (in separate experiments). The solution pH was
adjusted with HCl (0.1 M) or NaOH (0.1 M), and was measured
using a Sartorius PB-11 pH meter (Bohemia, New York). Samples
were removed from the beaker at predetermined time intervals
until adsorption equilibrium was achieved. The dye solution was
separated from the adsorbent by centrifugation at 8000 rpm for
5 min before measuring the residual dye concentration. The residual
MB concentration was calculated by Beer’s law and a standard
curve based on the maximum absorption band at 665 nm using
an UV/Vis/NIR spectrophotometer. The dye removal efficiency
and among of adsorption were evaluated based on the differ-
ence in the MB concentration in the aqueous solution before
and after adsorption, according to equations 1 and 2 below (20):

%ð Þ Dye removal ¼ Co � Ce

Co
�100 (1)

Qe ¼ Co � Ceð Þ�V
W

(2)

where Qe (mg/g) is the amount of dye adsorbed per gram of
adsorbent at equilibrium, Co (mg/L) is the initial concentration
of dye in the solution, Ce (mg/L) is the equilibrium concentration
at time, t (min), V (L) is the volume of solution and W ( g) is the
mass of adsorbent used.
Selective adsorption of cationic dye from a mixture of dyes

Selective adsorption experiments were performed with a mixture
of MB and MO at pH 6.5. In a typical experiment, 10 mg of pow-
dered CPs was added to 10 mL of a mixed solution of MB and
MO having initial concentrations of 10�5 M each. After stirring at
150 rpm and room temperature for 45 min, the dye solution was
separated by centrifugation. The dye concentration in the solution
and the removal of dye were monitored and evaluated by UV/vis
spectra.
Desorption experiments

Regeneration of the adsorbents was performed with a mixture of
methanol and acetic acid (9:1 v/v). Saturated CPs were added to
a mixture of methanol and acetic acid at a ratio of 5 g/L, and the
suspension was left for 2 h. Subsequently, the CPs were collected
by centrifugation. After washing with water and air drying,
the CPs were regenerated and reused for adsorption. The
adsorption/desorption of the MB onto/from the CPs was assessed
for five consecutive cycles.
Luminescence 2016Wiley & Sons, Ltd.
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Results and discussion

The TGA study on powdered orange peel was conducted to under-
stand the thermal decomposition characteristics of the precursor.
A typical thermal analysis of the precursor powder, obtained from
TG–DTA in dry air, is shown in Fig. 1(a). From the thermal profile,
four main thermal events can be clearly distinguished up to
500 °C. It is observed that the mass of dry orange peel powder
decreases continuously between room temperature and 520 °C,
which is attributed to dehydration and thermal degradation of
the powder. The initial 5.28% loss of mass, below 100 °C, is associ-
ated with the release of weakly bonded water molecules. In
addition, the main losses of mass at 210, 312 and 468 °C were
associated with decomposition of the biomass into its three main
components (hemicellulose, cellulose and lignin, respectively) (21).
All the thermal events were typically exothermic in nature, except
the water release at 80 °C. After the desorption of physically
bonded water, the dehydrated biomass was stable up to 145 °C,
and then began to decompose. The first step from 155 to 260 °C,
characterized by an exothermic peak at 210 °C, coincides with a
24.72% loss of mass and is attributed to the degradation of
hemicellulose. Hemicellulose is a mixture of various polymerized
monosaccharides, such as glucose, mannose, galactose, xylase
and arabinose among others, with low molecular mass and lower
thermal stability than cellulose (22). Hemicellulose decomposes
between 200 and 260 °C, giving rise to more volatiles, fewer tars,
and fewer chars than cellulose (14). In the simultaneous processes
between 265 and 370 °C, an exothermic peak is seen at 312 °C,
associated with a 33.50% loss of mass due to the degradation of
cellulose. Cellulose forms long chains that are bonded to each
other by a long network of hydrogen bonds. As a consequence
of their crystalline structure, they resist thermal degradation better
Figure 1. (a) DTA–TG plot of the precursor powder in air at a heating rate of 10 °C/min. (b
Raman spectrum of the as-prepared CPs.
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than the hemicelluloses (14,21). During the last stage, over a
temperature range of 400–520 °C, an exothermic peak is identified
at 468 °C. The total loss of mass up to 520 °C relative to the initial
mass at this last stage was 24.50%. This may be attributed to the
degradation of lignin and char residue, in which homologous
phenolic compounds might be the main product (14). Lignin is
an amorphous cross-linked resin with no exact structure and its
degradation occurs between 280 and 500 °C (22). Based on
thermal decomposition studies, the calcination temperature was
fixed to produce highly fluorescent CPs from the biomass.

Figure 1(b) shows the typical XRD profile of as-prepared CPs. The
broad peaks at 24.3° and 37.8° are assigned to the (002) and (101)
planes, respectively, of turbostratic carbon (11). The peak at 24.3°
corresponding to an interlayer spacing (d) of 3.66 Å is slightly
higher than the 002 plane spacing of the graphitic carbon
(3.44 Å). This increase in d indicates an increase in the amorphous
nature and is attributed to the introduction of more oxygen-
containing groups (11). This can be further confirmed by the se-
lected area electron diffraction (SAED) pattern of the CPs shown
in Fig. 2(c). The FTIR spectrum displays the functional groups asso-
ciated with the as-prepared CPs. Figure 1(c) shows a characteristic
broad OH peak at 3440 cm�1, whereas the distinctive band at
2924 cm�1 is related to the presence of C–H stretching vibrations,
together with bending vibrations around 1399 cm�1 (22). The ab-
sorption peak at 1730 cm�1 is ascribed to C = O stretchingmodes,
indicating the existence of carboxyl groups. The signal at
1632 cm�1 is due to C = C stretching and asymmetric and symmet-
ric stretching vibrations of C–O–C around 1264 cm�1. The data
confirm the presence of hydrophobic C = C moieties and hydro-
philic oxygen-containing functional groups in the as-prepared
CPs. The presence of a broad D-band at 1380 cm�1, G-band at
1589 cm�1 and 2D-band at 2974 cm�1 in the Raman spectrum,
) XRD pattern of the as-prepared CPs. (c) FTIR spectrum of the as-prepared CPs and (d)
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Figure 2. (a) TEM image of the as-prepared CPs. (b) Corresponding size distribution histogram. (c) SAED pattern of the CPs.
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shown in Fig. 1(d), indicates the graphitic nature of the CPs. The
relative intensity of ID

IG
is 0.848. The zeta potential of the CPs was

�38.9 mV (Fig. S1). This confirms the formation of functionalized
CPs with hydroxyl and carboxyl moieties on the surface.
The TEM bright field image in Fig. 2(a) vividly reveals that the

CPs are spherical in shapewith a wide size distribution in the range
of 6.0–19.0 nm (average size 11.0 nm) as confirmed from the size
distribution histogram shown in Fig. 2(b).
In order to explore the optical characteristics of the as-prepared

CPs, UV/vis spectroscopy of the sample was recorded, as shown in
Fig. 3(a). The UV/vis absorption spectrum of CPs displays a weak
absorption band at around 280 nm, which is typically ascribed to
the presence of aromatic π orbitals (5,10). As-prepared CPs in
aqueous solution show blue luminescence upon exposure of UV
Figure 3. (a) UV absorption, excitation and emission spectra. (Inset) Optical image under d
increments. (c) Optical absorption and emission spectra of orange peel extract before carb
increments.

Copyright © 2016 Johnwileyonlinelibrary.com/journal/luminescence
light, as shown in the inset to Fig. 3(a). The maximum
photoluminescence was observed around 450 nm upon excitation
at 360 nm. The full-width at half-maximum (FWHM) at the stron-
gest photoluminescence maximum for CPs was evaluated to be
100 nm, which was relatively broad compared with those reported
in the literature (< 100 nm) (7,18). This suggests that as-prepared
CPs have a broad distribution of particle sizes, which correlates
well with the TEM analysis. The synthesized CPs also exhibited
excitation-dependent emission, as shown in Fig. 3(b). CPs exhibit
excitation-dependent emission due to the presence of trap states
arising from the surface defects (1,3,4,6,8,10). We also studied the
optical properties of the fruit extract derived from the powder
sample of the precursor, as shown in Fig. 3(c). It is speculated
that the sample extracts contain chlorophyll-derivative and
aylight and UV light. (b) Emission spectra at different excitation wavelengths in 10 nm
onization. (d) Excitation spectra of extract at different emission wavelengths in 10 nm

Luminescence 2016Wiley & Sons, Ltd.
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non-chlorophyll-derivative pigments. It is interesting to find the
red emission from the fruit extract, compared with the blue
emission from the calcined fruit extract powder (20).
MB, a cationic dye was chosen as a model dye to evaluate the

adsorption ability of CPs (21). The chemical structure ofMB has rich
aromatic ring and a cationic atom (S+), which is favorable for
adsorbing on the CPs surface through π–π staking and ionic inter-
action. We evaluated the adsorption efficiency of MB dye under
different conditions such as stirring at 150 rpm for 45 min, 5 min
sonication and the stand-alone method at room temperature with
an MB concentration of 10�5 M. The removal rate was quite rapid
(within 1 min) for both stirring and sonication, but slow in the
stand-alone condition, as shown in Figs 4(a) and S3. The removal
efficiency was calculated as 97%, 85% and 59% for stirring, 5 min
initial sonication and the stand-alone method, respectively
(Fig. S3). This is because, initially on stirring at 150 rpm and 5 min
initial sonication, the diffusion rate of MB dye from the bulk liquid
to the liquid boundary layer surrounding the CPs adsorbent
increases due to enhanced turbulence. This results in a higher
adsorption efficiency. The above results confirm that stirring at
150 rpm is sufficient for the rapid adsorption of MB dye to the
CPs surface. Therefore, we maintained this condition (stirring at
150 rpm) for further experiments. It is worth mentioning that
~84% of the MB dye could be removed from water by the CPs ad-
sorbent within 1 min. We speculate that the strong adsorption
characteristic of CPs is due to strong ionic interactions between
the negatively charged surface COO� groups and the positively
charged functional groups of the dye molecule.
However, the pH of the dye solution may affect the aqueous

chemistry and surface binding sites of ionic-type adsorbents. To
Figure 4. (a) Removal efficiency ofMB dye from an aqueous solution by CPs using differen
(c) UV/vis absorbance spectra of the separated MB solution at different uptake times. (Inset)
removal at 10

�5
M.
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gain further insight into the adsorption process, the effect of initial
pH on the adsorption efficiency of CPs was studied for pH values of
1, 3, 5, 7, 9, and 11 at room temperature, an initial dye concentra-
tion of 10�5 Mwith an adsorbent dose of 10mg and a contact time
of 45 min.

Figure 4(b) shows the removal efficiency of CPs for MB at various
pH values. On increasing the pH from 3 to 7, the dye removal
ability of CPs for MB gradually increases. This is attributed to the
fact that the variation in pH influences the surface charges of CPs
and the degree of ionization of the dyes. The CPs adsorbent is
negatively charged in solution due to the presence of many
carboxylic groups. The decrease in removal efficiency at very low
pH is possibly caused by the competition of protons with dye
molecules for the available adsorption sites. As the pH increases,
the electrostatic attraction between the negatively charged
surface of CPs and cationic MB molecule enhances, resulting into
increase in removal efficiency of adsorbent.

More often in practical applications, the contact time
required to reach equilibrium is an important parameter. To
establish the time-dependent adsorption, the adsorption of
MB dye on CPs as a function of contact time, the dye removal
efficiency and the adsorption capacity of CPs at different
contact times were evaluated experimentally. As shown in
Fig. 4(c,d), the adsorption rate for MB initially increased rapidly
over 1 min, and then slowed until the process reached equilib-
rium within just 30 min. Approximately 84% of the MB could
be adsorbed within the first 1 min. This initial rapid dye
adsorption is caused by surface electrostatic attraction on the
CPs surface because of the existence of a large number of
adsorption sites. The later slow step is attributed to the limited
t methods with different uptake times. (b) Effect of pH on the efficiency of dye removal.
MB initially and after 60 min. (d) Dye removal efficiency and adsorption rate of MB dye
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adsorption sites available on the surface of CPs, and the
adsorption process followed intraparticle diffusion. The adsorp-
tion kinetics and isotherms were investigated to understand
the adsorption process.
Adsorption kinetics

In order to investigate the adsorption mechanism, the pseudo-
first-order and pseudo-second-order were verified by the linear
expression: log(qe� qt)vs t, t

qt
vs t.

The pseudo-first-order model describes the adsorption of a
solute from an aqueous solution (23). The pseudo-first-order
model is represented below:

log qe � qtð Þ ¼ logqe �
K1

2:303
t (3)

where qe and qt (mg/g) are the amount of MB adsorbed at equilib-
rium and time t (min), respectively, and K1(min�1) is the pseudo-
first-order rate constant.
The pseudo-second-order model is based on the adsorption

capacity of the solid phase (23). The model is expressed as:

t
qt

¼ 1
K2q2e

þ t
qe

(4)

Where, K2 is the pseudo-second-order rate constant ( g/mg/min).
Figure 5(a,b) shows a plot of the pseudo-first-order and

pseudo-second-order kinetic models at different initial MB dye
concentrations. Table 1 gives the rate constants of the two
models with their correlation coefficients. It is obvious that at low
concentrations the pseudo-first-order and pseudo-second-order
Figure 5. (a) Pseudo-first-order kinetic and (b) pseudo-second-order kinetic plot for the ad
the adsorption of MB onto CPs at initial concentrations of 10

�5
M (c) and 10

�4
M.
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fit well with our experimental data, whereas at relatively high
concentrations, the pseudo-second-order is more suitable for
describing the adsorption process, as evident from the
correlation coefficient. Based on our observations, as the dye
concentration increases, there is tendency for the pseudo-first-
order kinetic model to be poorly correlated with the experimental
adsorption data.
Intraparticle diffusion model

To further evaluate the step controlling the adsorption process of
MB onto CP adsorbents, we used the intraparticle diffusion model
(24) which can be expressed as:

qt ¼ Kit0:5 þ C (5)

where Ki is the intraparticle rate constant and C is the intercept. As
speculated, the plot of qt vs. t

0.5 was a straight line, and the adsorp-
tion process should involve intraparticle diffusion. In addition, the
line passed through the origin, and so particle diffusion was the
controlling step. The intraparticle diffusion kinetics for the adsorp-
tion of MB onto CPs at different MB dye concentrations is shown in
Fig. 5(c,d), and could be divided into three stages. The first stage
was rapid adsorption that occurred within first 1 min and is attrib-
uted to external surface adsorption, that is, MB dye molecules
diffused through the bulk solution to the external surface of the
adsorbent. The second stage was a gradual adsorption process,
in which intraparticle diffusion was rate controlling. Thereafter,
the adsorption of MB onto CPs became very slow and stable,
reaching equilibrium and maximum adsorption, similar to the
results reported by Wang et al. (25).
sorption ofMB at different initial concentrations. (c, d) Intraparticle diffusion kinetics for
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Table 1. The obtained parameters for pseudo first-order and pseudo second-order kinetic model and their coefficient of correlation

Pseudo first-order kinetic model Pseudo second-order kinetic model

Co (M) qe (mg/g) K1 (min�1) R2 qe (mg/g) K2 ( g/min/mg) R2

10�5 3.665 0.518 0.9856 4.590 0.175 0.9997
10�4 35.014 1.436 0.7735 234.74 6.368 × 10�4 0.9999

Fluorescent carbon nanoparticles as efficient sorbents
Adsorption isotherm

The adsorption isotherm describes how the adsorbate molecules
are distributed between the liquid phase and solid phase. We used
two common models in this study, viz. the Langmuir and
Freundlich isotherm models, to describe the experimental data.
The linear forms of Langmuir and Freundlich isotherm models
(26,27) are expressed in equations 6 and 7, respectively,

Ce

qe
¼ Ce

qmax
þ 1
qmaxKL

(6)

ln qe ¼ lnKF þ bF lnCe (7)

where KF((mg/g) is the Freundlich constant, bF ( g/mL) is a constant
depicting the adsorption intensity, qmax (mg/g) is the maximum ad-
sorption capacity of the adsorbent and KL (L/mg) is the Langmuir ad-
sorption constant. The constants are evaluated from the intercept
and slope of a linear plot of the experimental data. The essential
characteristics of Langmuir equation can be expressed in terms of
the dimensionless separation factor, RL, defined as:

RL ¼ 1
1þ KLCo

(8)

where Co is the initial dye concentration at which the adsorption iso-
therm is considered to be favorable (0 < RL < 1), linear (RL = 1),
Figure 6. (a, b) Langmuir adsorption isotherm and (c, d) Freundlich adsorption iso
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unfavorable (RL > 0) or irreversible (RL = 0) on the basis of RL. The
MB adsorption experimental data were fitted with the Langmuir
and Freundlich isotherm models. The obtained parameters from
Fig. 6 are tabulated in Table 2.

As evident in Fig. 6(a,b), the Langmuir isothermmodels coincide
very well with the experimental data; better than the Freundlich
isotherm model at both concentrations used. This suggests that
active sites are homogeneously distributed on the surface of the
adsorbent and the adsorption process is monolayer coverage of
the dye on the surface of the CPs. Also, the dimensionless separa-
tion factor RL is said to be favorable, as shown in Table 2.
Selective adsorption

Separation of a particular dye from a solution mixture has impor-
tant practical applications. Because of the negative surface of the
CPs, as evident from Zeta value, it is possible to use CPs for the
selective adsorption of cationic dye from a mixture of dyes. The
mixture of MB and MO showed characteristic dual absorption
peaks at 665 and 463 nm in the UV/vis absorption spectra, as
shown in Fig. 7(a). It was noticed that the intensity of the 665 nm
band corresponding to MB decreased significantly, whereas no
obvious decrease was observed at 463 nm, the characteristic
absorption band of MO. This demonstrated the high selectivity of
therm plots for MB at initial concentrations of 10
�5

M (a, c) and 10
�4

M (b, d).

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence



Table 2. Adsorption isotherm parameters for MB adsorption on CPs at initial concentrations of 10�5 and 10�4 M

Langmuir isotherm Freundlich isotherm

Co (M) qmax (mg/g) KL ( g/mL) R2 RL KF (mg/g) bF ( g/mL) R2

10�5 3.665 5.08 × 105 1 5.28 × 10�7 1.4530 0.9274 0.31539
10�4 35.014 1.000 1 0.964 10.033 3.00205 0.9996

Figure 7. (a) UV absorption spectra of a mixed solution of MB and MO, before and after selective adsorption onto CPs. (Inset) Photograph of a mixed solution of MB and MO
before and after selective adsorption onto CPs. (b) Regenerative ability of the CP adsorbents. (Insert) Photographs of aqueous solutions of MB before adsorption, after the first
adsorption and after the fifth cycle.

O. Adedokun et al.
CPs for adsorption of the cationic dye. The high selectivity may be
due to electrostatic attraction between the CPs and the dye, which
is the main driving force for the adsorption process.
Desorption study

In real-life applications, the regeneration capability of the adsor-
bent is important because the dyes can be recovered and the ad-
sorbent can be regenerated and reused further. An excellent
adsorbent should possess not only a high adsorption ability, but
also a high desorption capability in order to significantly reduce
the overall cost of the adsorbent. Five cycles of desorption–
adsorption were performed with the CPs, as shown in Fig. 7(b).
From the regeneration results, it is clear that the adsorption ability
of CPs decreased with repeated usage.

Conclusions
A green and economic technique of synthesizing CPs by low-
temperature carbonization of a cost-effective and readily available
food waste (orange peel precursor), with excellent fluorescent
properties and cationic dye adsorption efficiency was successfully
demonstrated. The partially crystalline CPs exhibited strong and
stable excitation-dependent photoluminescence. Our experimen-
tal results showed that stirring at 150 rpm was sufficient for the
rapid adsorption of MB dye onto the CPs surface, which exhibited
better adsorption at pH 7. Moreover, the extent of dye removal
increased with increasing initial dye concentration. The
pseudo-second-order kinetics model confirmed the experimental
data for both concentrations used. The equilibrium adsorption
isotherm showed that the Langmuir model better describes the
adsorption process than the Freundlich model. As-prepared CPs
rapidly adsorbed ~84% of the MB within 1 min and can be
regenerated and used repeatedly. From our results, it is evident
Copyright © 2016 Johnwileyonlinelibrary.com/journal/luminescence
that fluorescent CPs not only have bioimaging applications, but
also could be used as a low cost, environmentally friendly and
promising adsorbent for the efficient removal of cationic dyes
from wastewater.
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