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Charge transport and heavy metal removal efficacy
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Doping of graphitic carbon nitride (g-C3N4) with semiconductors prevents electron—hole recombination
and enhances adsorption capacity. This work investigates the synthesis of a water remediation material
using g-CsN4 doped with CeO, using two different techniques. The chemical structures of the doped g-
C3N4 samples were confirmed using FTIR, XRD, XPS and their morphology was studied using SEM-EDX.
Charge transport through the doped materials was illustrated by a comprehensive dielectric study using
broadband spectroscopy. The ability of doped g-CsN4 to adsorb heavy metals was investigated
thoroughly in the light of applying different parameters such as temperature, pH, time, and
concentration. The results showed that the mode of doping of g-CsN4 by CeO, strongly affected its
adsorption capacity. However, g-C3N,4 doped with CeO, using the first mode adsorbed 998.4 mg g~ in
case of Pb?* and 448 for Cd?*. Kinetic study revealed that the adsorption process obeyed PSORE as its
q2® is close to its g5 and the rate-controlling step involved coordination among the synthetic materials
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utilizing different molar concentrations of HNO3z and indicated no significant change in the sorption

DOI: 10.1039/d3ra00844d capability after three different runs. This study has demonstrated an efficient method to obtain a highly
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1. Introduction

Graphitic carbon nitride (g-C3N,) is a nonmetallic polymer
semiconductor, that has emerged as a desirable material due to
its ease of preparation and eco friendliness. It has a 2D-triazine
structure with versatile optical, thermal and chemical proper-
ties because of its high nitrogen content. These characteristics
make it applicable in many fields, such as photocatalysis, water
remediation, hydrogen evolution, energy storage and solar
cells."* The narrow band gap of g-C;N, and its high light
absorbing ability have improved solar cell devices that include it
in their structure. An in-depth description and compositional
analysis of g-C3N, can be found in a review published by Miller
et al.® The review also illustrated the latest research work on the
energy and sustainable applications of g-C3Nj,.

Intensive research on the intrinsic photocatalytic activity of
¢-C3N, demonstrated high recombination of the hole-electron
pairs formed by the photo-reaction because of its narrow band
gap, and low absorption ability in the visible light range.”
However, the photocatalytic activity of g-C;N, was found to be

“Physical Chemistry Department, Institute of Advanced Material Technology and
Mineral Resources Research, National Research Centre, Cairo, Egypt. E-mail:
aabadawy107@yahoo.com

*Packaging Materials Department, National Research Centre, Elbehoth Street 33,
Cairo 12622, Dokki, Egypt. E-mail: monaabdelrehim23@gmail.com

“Microwave Physics and Dielectrics Department, National Research Centre, Elbehoth
Street 33, 12622, Dokki, Cairo, EgQypt

© 2023 The Author(s). Published by the Royal Society of Chemistry

efficient adsorbent for removing heavy metals from waste water.

greatly improved upon doping with another co-catalyst.>® Non-
metal doping of g-C;N, is also reported to enhance its photo-
catalytic activity and retain the non-metallic character of the
photocatalyst.’*** Moreover, non-metals form covalent bonds
by abstracting electrons from other compounds during reac-
tions.” Coupling of g-C;N, with semiconductors to prevent
recombination of photogenerated electron-hole pairs has also
been reported.**® Great attention has been directed toward
doping g-C;N, with ordered mesoporous metal oxides in order
to optimize its photocatalytic activity. Cerium oxide (CeO,) is
a semiconductor characterized by its low cost, environmental
friendliness, high oxygen storage capacity, and catalytic activity
due to the fast change between Ce** and Ce*" that might result
in oxygen vacancies'”*® Cerium oxide is also characterized by
space group Fm3m due to its stable cubic fluorite arrangement
as a cerium cation present in a face-centered-cubic (fcc)
construction. In this crystal structure the cerium ion is coordi-
nated with eight adjacent oxygen ions while the oxygen ion is
coordinated with four adjacent cerium ions.*?° This coordina-
tion leads to the presence of defects that form CeO(,x_»). These
defects play a vital role in the catalytic characteristics of cerium
oxide. The preparation of a nanocomposite based on meso-
porous CeO, and g-C;N, for CO, reduction has been reported.*
The obtained nanocomposite showed enhanced charge carrier
separation and high response to solar light. Kesarla et al
described a facial technique for the preparation of g-C3N,/CeO,
in the presence of r-arginine and studied its photocatalytic
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activity for degrading a herbicide.”* Researchers have described
different methods for the preparation of g-C;N,/CeO, toward
photocatalytic applications that include mixing-calcination and
hydrothermal synthesis.?*"

In this work, we describe the synthesis of g-C3N,/CeO, by two
different methods; the first route is the preparation of ceria
nanoparticles in the presence of g-C;N, nanosheets. The second
one is the in situ reduction of a ceria precursor during the
synthesis of g-C;N,. Characterization of the obtained nano-
composites was carried out using different techniques. More-
over, an alpha analyzer was employed to investigate the effect of
preparation method and temperature on the mobility of charge
carriers in the g-C;N,/CeO, matrix. This work also demonstrates
an alteration in the adsorption activity of g-C;N, upon doping
with ceria nanoparticles.

2. Experimental

2.1. Materials

Cerium ammonium nitrate was obtained from Merck Company,
while urea was a product from ADWIC. All chemicals were used
as received without further purification.

2.2. Instruments

An ATR-FTIR-VERTEX 80 (Germany) was employed for investi-
gation of the chemical structure of the prepared pure and
variously doped samples. The instrument was combined with
a Platinum diamond ATR disk. The internal reflection was in
the range of 400-4000 cm ' with a resolution of 4 cm™" and
a refractive index of 2.4. The phase crystallinity and crystallite
size were determined using X-ray diffraction (XRD) (Bruker AXS
D8 advance) employing Cu-Ka radiation (A = 0.15406 nm) in the
260 range from 20° to 80°. The crystallite size of the phases
present in the various solids was calculated according to the
Scherrer eqn (1):*

d= KA/,BUzCOS 0 (1)

where $,,, is the full width at half maximum (FWHM) of the
major diffraction peaks of the crystalline phase, 6 is the
diffraction angle, A is the X-ray wavelength, K is the Scherrer
constant (0.89), and d is the average crystalline diameter. The
area of the principal diffraction peak of the present phase was
utilized to calculate the degree of crystallinity of that phase.”® A
model K-alpha X-ray photoelectron spectrometer (XPS) was used
under the following conditions: (I) monochromatic Al K-alpha
radiation with an energy range of —10 to 1350 eV, (II) pot size
400 pm, (II1) a pressure of 10~° mbar and (IV) full and narrow
spectrum pass energies of 200 eV and 50 eV, respectively.
Sample morphologies were examined using a scanning electron
microscope (SEM) fitted with an energy dispersive X-ray spec-
trometer (EDX) for elemental analysis, producing a gallery of
microscopic images. The concentrations of Pb** and Cd*" were
determined using atomic absorption spectroscopy (AAS, Model:
Varian AA240FS).

A high-resolution alpha analyzer from Novocontrol was
employed to investigate the dielectric properties of the prepared
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samples in the frequency range 10 '-10" Hz, supported by
a Novocontrol-Quatro temperature controller system using pure
nitrogen as heating agent. The measurements were carried out
at different temperatures ranging from —50 to 150 °C isother-
mally in 10 °C steps, and with a measurement error less than +
0.5%. For dielectric measurements a sample (0.5 g) of milled
powder was pressed into a stainless-steel mold at 30 MPa,
sandwiched between two Teflon plates at 100 °C, and pressed at
30 MPa once again for film-formation, and left to reach an
equilibrium state. During the dielectric measurements the film
was sandwiched between two gold-plated brass electrodes in
parallel plate configuration. More details about the broadband
dielectric spectroscopy technique, its characteristics, and work
theories have been published elsewhere.>*

2.3. Preparation methods

2.3.1. Preparation of g-C3;N,. Graphitic carbon nitride (g-
C;3;N,) was prepared following the previously described
method.*>* In brief, 10 g of urea was heated in a muffle furnace
using the following heating regime: 100 °C for 10 min, 200 °C,
300 °C for 10 min, then finally at 500 °C for 2 hours. A yellowish-
white fine powder was formed, which was left to cool down.

2.3.2. Preparation of g-C;N, doped with CeO, (M1). A
known mass of finely powdered g-C3N4 with 0.05 mol% cerium
ammonium nitrate was dissolved in the minimum volume of
distilled water necessary to make a paste to produce a solid
doped with cerium. The paste was dried at 100 °C for two hours
before being calcinated at 500 °C.

2.3.3. Synthesis of g-C;N, doped with CeO, (M2). For the
second mode of doping, the same recipe was used but a calcu-
lated quantity of cerium ammonium nitrate (0.05 mol%) was
mixed with a definite amount of urea. A minimum volume of
distilled water was added to make a paste which was dried at
100 °C and then calcinated at 500 °C for 2 h.

2.4. Adsorption experiments

Using batch adsorption techniques, the uptake of Pb*>" and Cd**
ions onto prepared pure g-C;N, and different doped samples
was investigated. 0.05 g of each sample was mixed at room
temperature with a series of 20 mL solution of Pb** and Cd**
(6.24 mmol L™, pH 6) on a shaker set to 120 rpm to optimize
the Pb** and Cd** ion adsorption behavior of the prepared
solids. It was investigated how various factors, including pH,
lead and cadmium ion concentrations, temperature, and time,
affect the sorption of Pb®>" and Cd*". The pH range of 2.1 to 8.1
was chosen to demonstrate the impact of pH. The pH value was
adjusted in each experiment by utilizing 0.1 M HNO; and 0.1 M
NaOH solutions for 3 h. The initial concentrations of Pb*" and
Cd*" ions were varied from 0.01 to 6.24 mmol L™ " at pH 6.0 to
obtain the kinetic sorption isotherms. At a pH of 6.3, an
adsorbent dose of 50 mg, and a temperature range of 25-50 °C
for 60 minutes, the effect of temperature on the uptake of Pb**
and Cd** on various adsorbents was examined. The concen-
tration of Pb>* and Cd*" ions was 6.24 mmol L. Up to 150 min
of adsorbent contact time with waste ions were studied at
a temperature of 25 °C, while the resting conditions remained

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the same as before. Approximately 200 mL of 6.24 mmol L™*
Pb>" and Cd>* solutions were combined and magnetically stir-
red (120 rpm) for an hour and a half. A portion of the mixture
was taken out and filtered through 1.0 um membrane filters,
and the filtrate was then subjected to atomic absorption spec-
troscopy over a predetermined period. To study the sorption
kinetics, the experimental data were simulated as pseudo-first-
order and pseudo-second-order reactions. However, to further
fit the sorption isotherms of these experimental data, kinetic
models based on the Langmuir and Freundlich isotherms were
also used. Each sorption experiment was conducted three
times. Calculating the correlation coefficients and/or mean chi-
squared error (x?), as shown in eqn (2), allowed us to assess how
well the experimental data fit the investigated kinetic and
equilibrium models:

1 exp — Xca ?
oty (o0 @

n
where n indicates how many data points there are. The terms
Qexp and Q.1 denote the experimental and calculated values for
equilibrium sorption capacity, respectively. Eqn (3) was used to
ikcalculate how much lead or cadmium would be adsorbed onto
the various prepared solids:

ge = V(C; — C)im (3)

where V (mL) is the solution volume; C; and C. (mmol L") are
the initial and equilibrium concentrations of Pb®>" and Cd** in
the solution, respectively; and m (g) is the mass of the obtained
solid.

2.5. Desorption experiments

By soaking the contaminated specimen sorbents in 20 mL of
0.4-0.6 M HNO; solution for 60 min, during which the surface
was recovered, it was possible to determine whether the
adsorbed lead ions on the surface of the as-prepared sorbents
could be released.**** The cleaned sorbent that had already
been used twice was then carefully removed and thoroughly
washed with distilled water in preparation for a third cycle of
impregnation with wastewater. While this was going on, the
mass balance eqn (4) was used to determine the released metal
concentration in the filtrate and to calculate the regeneration
efficiency (RE%):

amount of sorbed Pb(II)(mg)at run(n + 1)
amount of sorbed Pb(II)(mg)at run(l)

RE = x 100 (4)
where n is the cycle number.

Investigations into kinetics are comparable to experiments
into equilibrium, but equilibrium was attained over time. Eqn
(4) and (5), respectively, can be used to demonstrate pseudo-
first-order and pseudo-second-order calculations:****

In(ge — g,) = Ing. — kit (5)

where g, is the quantity of ions adsorbed at time ¢ (min), g. is the
quantity adsorbed at equilibrium, and all values are in mg g™,
k; (min™") is the pseudo-first-order adsorption rate constant.
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tlg, = Ukyq + tlge (6)

where k, (g(mg min) ™) is the pseudo-second-order adsorption
rate constant. The parameters of pseudo-first-order values (ge,
geal, and ;) and pseudo-second-order values (ge, gcal, and &) in
the equations can be estimated from the linear graph of log(g. —
q.) against ¢ and t/q, versus t, respectively (eqn (5) and (6)) by
working out the slopes and intercepts of the straight lines.

3. Results and discussion

3.1. XRD investigation

XRD spectroscopy was used to investigate pure g-C;N, and
variously doped samples. The collected XRD patterns of the
different solids are shown in Fig. 1. A previous study demon-
strated that pristine g-C3N, has two diffraction characteristic
peaks at 26 = 12.7° and 27.2° belonging to the system of
aromatic graphitic C3N, (JCPDS card no. 87-1526).2*> The figure
shows that the peak intensities of CeO, were influenced by the
preparation technique. The doped samples show diffraction
peaks at 20 = 28.54°, 33.09°, 47.5° and 56.38°, which could be
assigned to the (111), (200), (220) and (311) crystalline planes of
cubic CeO, NPs (JCPDS card no. 81-0792). The intensity of the
CeO, peaks was 58 a.u. for the M1 sample and 17 a.u. for the M2
sample. The disappearance of the characteristic peak of g-C3N,
might be due to distortion of the sp® carbon sites into an
amorphous structure.** Moreover, the peak intensity of CeO,
was influenced by the preparation technique as the different
preparation processes of the two composites resulted in a vari-
ation in the diffraction patterns, crystallite size and degree of
crystallinity, as displayed in Table 1. These results confirm the
strong contact of CeO, not only over the surface of g-C;N, but
within the interlayer spacing as well.

3.2. FTIR investigation

Investigation of the chemical structure of the prepared mate-
rials was carried out by FTIR spectroscopy (Fig. 2). The spectrum

M2

11° (a.u.)

M1

g-C.N

0 T T T T T T T T T T T T 1
10 20 30 40 50 60 70
2 theta, degree

Fig. 1 XRD patterns of pure g-CsN4 and variously doped samples.
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Table 1 Crystallite size and degree of crystallinity of g-CsN4 and
variously doped samples

Sample Crystallite size, nm Degree of crystallinity
gCsNy 0.9 17.3
M1 49.3 56.2
M2 16.3 25.7
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Fig. 2 FTIR spectra of g-C3sN4 and its doped samples M1 and M2.

of pure g-C;N, showed bands at 1627 cm™ " corresponding to
C=C and 1528 cm ' for N-H bending.*®* By examining the
spectra of doped samples M1 and M2, we can find the same
bands but in slightly shifted positions due to the interaction
with g-C3N,. The hydroxyl group of attached water molecules
appeared at 3212 cm ™ ', while bands related to N-H bending are
shifted to 1550 cm ™' in both samples. This shift can be attrib-
uted to hydrogen bonding between hydrogen atoms in g-C3;N,
and oxygen atoms in the oxide doping material. Bands in the
region 1200-1350 cm ™' can be assigned to C-N stretching.
Moreover, doped samples showed a band at 758 cm™* charac-
teristic of the stretching vibration of Ce-O-Ce. This band
should appear below 700 cm ™', but it had shifted owing to the
electrostatic interaction with the host material.

3.3. X-ray photoelectron spectroscopy (XPS)

XPS analysis of the surface chemical composition of the various
prepared samples is demonstrated in Fig. 3. The samples doped
with CeO, contain only Ce, O, N, and C elements with no other
peaks, signifying the purity of the prepared samples. In Fig. 3a,
the peaks presented around 287.8 and 284.5 eV are the core level
peak of C (1s) that belong to three coordinated C atoms and
carbon contamination, respectively. The peak of N (1s) occur-
ring at 398 eV corresponds to sp>-hybridized nitrogen.’” The
presence of these peaks refers to the formation of g-C;N,.*” The
presence of a broad peak at about 400 eV for Nl in the two doped
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samples emphasizes the incorporation of nitrogen into CeO,.*
Fig. 3b shows the presence of three signals of C 1s, N 1s, and O
1s located at 284 eV, 400 eV, and 528 eV, respectively. These
peaks reveal that the major elements in the doped samples are
C and N. The C 1s spectrum shows three peaks, as revealed in
Fig. 3b and c, located at 285 eV, 288 eV and 291 eV. These peaks
belong to C-C coordination of the surface transverse carbon,
N=C-N coordination of the sp>hybridized and m-excitation,
respectively.®®*® The broad peak located at 400 eV for N 1s
corresponds to overlapping of the sp®-hybridized nitrogen
atoms in C=N-C with that of amino group.*’

The peak of Ce 3d dissociated into 8 weak signals, as shown
in Fig. 3b and c. These peaks confirm the presence of two types
of cerium: Ce*" and Ce*'. The peaks near 900.2 and 893 eV
accompanied by peaks at 885 eV and 883.7 eV, which are weaker
than those at 917.5 and 903.2 eV, suggest that the major
oxidation state is Ce** accompanied by Ce*" as a minor phase.*!
The presence of signals for O 1s at 535 eV, 534 eV and 531.4 eV
in Fig. 3b relates to the generation of oxygen vacancies, which
decreases the coordination number from 8 to 4 in the case of
Ce** constructing a fluorite arrangement. This might lead to
high metal ion uptake, which will be discussed in the next
section of this work.

3.4. Scanning electron microscope and elemental study

Scanning electron microscopy with EDX was used to investigate
the variations in the morphology of g-C;N, after the addition of
CeO, (Fig. 4a—c).

The pure g-C;N, sample shows an ill-defined form resem-
bling ruptured toweling. So, this structure cannot give any
perfect information. But, the morphology was changed signifi-
cantly by the addition of CeO, using different techniques. By
observing image 4b, we can see the formation of aggregates
comprised small particles. This change in surface morphology
confirms the successful inclusion of CeO, into g-C;N,. Further
modification of the morphology of the formed composite and
obvious variation could be observed in the case of composite
M2 (image 4c). Investigation of surface elemental composition
for the three samples revealed that the atomic percentage of Ce
element depends on the mode of preparation. Comparing the
percentage of N and C in the pure sample (Fig. 4d) with their
values in doped samples (Fig. 4e and f) we can see that the
concentrations of N and C were decreased on the surface by the
presence of CeO,. This might be interpreted as the replacement
of the parent elements (C and N) by Ce. This decrease in the
concentrations of C and N by doping with CeO, can be
explained by the formation of an electron-hole pair that results
in ionic vacancies in the matrix."*'**>-** These vacancies might
play a role in the uptake of heavy metal ions, as will be discussed
in Section 3.6.

3.5. Dielectric and electrical study

The effect of CeO, and the method of doping on the dielectric
and electrical properties of g-C;N, are investigated in the
frequency range 100 mHz-20 MHz and at temperatures between
—50 and 100 °C. The dielectric permittivities of the investigated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS spectra of g-C3N,4 and variously doped samples (a) g-C3Ngy,

samples at the lowest and highest measurement temperatures
are shown in Fig. 5. Pristine g-C3N, showed perfect dielectric
features, since its permittivity was influenced neither by
frequency nor by temperature, at least not in the ranges
considered. This is accompanied by lower values of dielectric
loss tangent ranging between 0.001 and 0.1 depending on
measuring temperature and frequency (not discussed here).
According to these results, g-C3N, can be considered to be
applicable in the field of electronics as an ideal dielectric
material.

© 2023 The Author(s). Published by the Royal Society of Chemistry

(b) M1, and (c) M2.

Doping of g-C;N, with CeO, by two modes increases the
values of permittivity remarkably from 4.5 to 8.5 for the M1 and
7.5 for the M2 mode at frequencies down to 1 kHz. At lower
frequencies starting from 1 kHz there is a slight increase (which
may be linear) with decreasing frequency, reaching about 35 at
0.1 Hz for both nanocomposites, as shown in the rescaled inset
in the figure. This agrees well with the fact that the replacement
of the parent elements C and N by Ce leads directly to
a remarkable decrease in the concentrations of C and N by
doping with CeO, and the formation of electron-hole pairs,
resulting in ionic vacancies in the matrix, as stated before. The
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Fig.4 SEM images of (a) g-C3N4, (b) M1, (c) M2, and EDX images of (d) g-CzNy, (e) M1 and (f) M2 (photographs are of different magnification for

clarity).

contribution of conductivity in describing the transport of the
generated ions is the reason for such behavior at lower
frequencies. On the other hand, the fluctuation of the generated
charge carriers lags behind the alteration in the applied field at
higher frequencies which is the cause of the constant values of
permittivity at higher frequencies starting from 1 kHz (inde-
pendent of frequency and temperature as well as the mode of
synthesis). One has to conclude that the number-density of the
generated free charge carriers seems to be nearly independent
of the mode used for preparation and hence there is no
significant difference between the modes even in the lower
frequency range. At higher temperature (100 °C), the figure
shows three distinguishable trends for the two nanocomposites
M1 and M2. At frequencies ranging from 100 Hz down to 0.1 Hz
the permittivity increases linearly and abruptly as the frequency
decreases, reaching about 5900 for M2 and 11 350 for M1. This
may indicate that the mobility at elevated temperatures is

8960 | RSC Adv, 2023, 13, 8955-8966

higher in the case of M1, which will enhance its DC-
conductivity. The second trend between 100 Hz and 100 kHz
shows the well-known shoulder originating from interfacial
polarization - usually called Maxwell-Wagner-Siller (MWS)
polarization. It is now considered a characteristic feature of
heterogeneous systems.*** Fig. 6 shows the electric loss
modulus, M”, at 100 °C for the two nanocomposites M1 and M2
illustrated graphically against frequency. This is a very useful
tool for obtaining a close look at the dielectric properties at
higher temperatures when the two parts of the complex
permittivity are very high as a direct response to both electrode
polarization and charge carrier transport.

M’ = &7/(” + &) in that case is very useful since it
suppresses the undesirable capacitance effects that may origi-
nate from electrode contacts and hence provides a clear view of
the DC conduction and dipole relaxation.*®->2 The behavior of M’
" with frequency for the two samples is characterized by two

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Typical permittivity spectra of the three investigated samples at
two selected temperatures, namely, —50 °C (closed symbols) and 100 °
C (open symbols) on a log—log scale plot. The inset shows rescaling of
the spectra at —50 °C. The error is in the range of the size of the
symbol.
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Fig. 6 The determined electric loss modulus, M”, vs. frequency for the
two samples M1 and M2 at 100 °C.

different relaxation peaks. The first one is positioned in the
region of the conductivity contribution, whereas the second
peak is in the intermediate range of frequency. The latter is
assigned as interfacial polarization, IP (sometimes called space-
charge polarization). From close inspection of the 1st peak that
originated from transport of charge carriers, it is very inter-
esting to note that the peak intensity of M2 is higher than that of
M1 (which may be attributed to the number density, n, of the
free charge carriers), the maximum peak position of M2 is
positioned at higher frequency indicating the hopping process
is faster, i.e. the mobility, u, is higher. One should expect close
values of DC-conductivity for both samples, according to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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relation: o4, = gnu, in which n is the number density of charge
carriers and u is their mobility.>*>¢

The complex conductivity function: ¢* = ¢’ + ic”, when the
external electric field is low, i.e. in the linear response region, is
related to complex permittivity, according to the relation:

0¥ (w) = ieowe™* (7)

where ¢, is the permittivity of a vacuum and w denotes the radial
frequency, respectively. This equation implies that ¢” = e,we’.
The real part of the complex conductivity function ¢’ is
illustrated graphically against frequency for the samples under
investigation at three selected temperatures in Fig. 7. The CeO,
free sample shows the lowest values of AC-conductivity even at
high temperature with a gradual decrease overall in the
considered frequency window, with decreasing frequency
meaning that g-C;N, is an insulator. The two composite
samples M1 and M2 have the same insulation features at —50 °©
C as g-C3Ny, although they have higher values of conductivity.
This may be attributed to the freezing of the charge carriers at
such low temperatures, leading to an insulation feature without
any effect from the preparation mode. As the measurement
temperature increases to 20 and 100 °C, the AC-conductivity
spectra are characterized in the low-frequency regime by lack
of dependence on frequency. The value of this plateau directly
yields the DC-conductivity, g4, in addition to a characteristic
frequency (f.). Atf., dispersion sets in and turns into a power law
at higher frequencies. The typical resistivity values, pqg. (=1/0’
taken at 0.1 HZ) of the three samples and at the three
measurement temperatures considered are plotted as shown in
the inset to the figure. The spectra investigated in the freezing
temperature range (—50 °C) coincided for M1 and M2, indi-
cating identical insulation features for both modes. However,

10
£
)
~— Bl
7, Elgcy, Il v
o PV o @30T 20 100°q
10" g o -
i 5”’:;"5"# 5
in =s
10-16 el el el sl .. /NI m
10" 10’ 10° 10° 10’
Freq. [Hz]

Fig. 7 The frequency dependence of the real part of the complex
conductivity, ¢, for the three investigated samples g-CzN,4 (black
squares), M1 (red circles) and M2 (green triangles) at three selected
temperatures: —50 °C (closed), 20 °C (upper closed) and 100 °C
(open). The inset shows the resistivity, p’ (=1/¢"), at 0.1 Hz for the three
samples at the three indicated temperatures.
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the addition of CeO, significantly decreased the resistivity of
pure g-C3Ny, so the preparation method has a very slight effect,
especially at lower temperatures.

3.6. Metal ion sorption

3.6.1. Effect of pH. The charge of the adsorbent surface and
the surface binding sites are strongly dependent on the change
in solution pH.*”"** In our previous work** it was found that an
increase in pH in the presence of g-C3;N, results in increases in
Pb>" and Cd*" uptake of 50% and 284%, respectively. As has
been discussed,*” at low pH (less than 3) there was competition
for adsorption sites between heavy metal ions and a higher
concentration of H;O'. While, with an increase in pH up to 6,
the coordination and chelating capability for Pb*" and Cd**
increased due to the weakness of the protonation of the amino
groups. If the pH is increased to more than 6, there is poor
adsorption capacity as metal ions might form a precipitate of
insoluble hydroxide in the ion solution. Fig. 8a shows the
increase in adsorption capacity for both Pb** and Cd** by
doping g-C;N, with CeO, by the two modes. The increases in
Pb>* uptake were 128% and 45% for the first mode and second
mode of doping, respectively. Also, the uptake of Cd>" was
increased by 55% for sample M1 and by 43% for sample M2.
These results indicate that doping of g-C3N, by CeO, as well as
the mode of doping strongly affected the adsorption capacity.
The high Pb** and Cd*" uptakes are related to the percentage of
cerium on the surface (as confirmed and discussed in Section
3.4) which might be favorable for a secondary removal mecha-
nism for both cations. The secondary mechanism might be
illustrated by the presence of an oxygen vacancy in the crystal
lattice of CeO, (Fig. 9) since CeO, exhibits high oxygen storage
capacity and good surface acidic-basic properties.®* The syner-
getic influence of g-C;N, and CeO,-doping might be attributed
to the electronic interaction between Ce*" and g-C3Ny, as Ce*"
present in the CN lattice might improve the redox cycle. The
mechanism can be illustrated as the absorption of visible-light
resulting in the formation of e~ and h* (eqn (8)). Oxygen stored
in the CeO, matrix can react with e~ in the conduction band
(CB) of g-C3N,, converting it to ‘O,  (eqn (9)). This was
confirmed by electrical measurement, as has been previously
discussed in this work (c.f. Section 3.5). Also, a number of these
electrons (e™) can shift to the special Ce 4f, and transfer to the
surface to combine with Pb*" or Cd**. So, the increase in Ce
concentration on the surface of g-C;N, improved the adsorption
uptake. This might explain the high uptake of sample M1 (c.f
Section 3.6) and could be taken in combination with the effect
of g-C3N,, as shown in our previous work.*> However, it can be
further discussed in the light of the increase in negative charge
due to the existence of C-NH- groups. The presence of nitrogen
atoms in different forms leads to an increase in Lewis and
Brgnsted basic sites.*” The basic -NH, group is strongly bonded
with Pb** and/or Cd*" cations. The mechanism of adsorption is
shown in the following equations (eqn 10-13):

CN + i — CN (h*) + CN (e7) (8)

CN () + 0, > -0, ©)
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Fig. 8 The influence of (a) pH, (b) contact time, (c) temperature on
Pb?* and Cd?* adsorption by g-CszN,4 and variously doped samples.

Pb** + nH,0 < Pb(H,0)*"" (10)
Pb(H,0)*"" < Pb(H,0)"! + H* (11)
nPb>* + mH,O < Pbn(OH),,> " + mH* (12)
2(-NH;") + Pb** & (-NH,),Pb** + 2H" (13)

3.6.2. The influence of contact time. Fig. 8b shows the
rapid increase in adsorption for all adsorbents at the beginning
(up to 60 min). The results obtained revealed that 100 min was
sufficient time to reach equilibrium. The decrease in active sites
over time might be the reason for the decreasing sorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Crystal lattice of CeO, in the presence of one oxygen vacancy accompanied by two generated Ce* species.

uptake. This is in good agreement with our previous studies,*~**
which revealed that the adsorption rate is directly proportional
to the amount of vacant sites. So, the time chosen for additional
studies was 60 min.

3.6.3. The influence of temperature on adsorption uptake.
Adsorption uptake of Pb>" and Cd** by pure and variously
doped samples was studied in the temperature range 25-50 °C
(Fig. 8c). It was found that the adsorption of Pb>* and Cd** by
doped samples is dependent on the mode of doping and the
type of heavy metal ion. Fig. 8c reveals that a higher uptake of
Pb>" could be observed by increasing the temperature for the
solid doped by the first mode while the opposite trend is shown
by the solid doped by the second mode. But Cd** uptake was
almost unaffected by temperature for the solid doped by the
first mode while it was greatly decreased by increasing the
temperature for the solid doped by the second mode. These
results were in good agreement with those previously
mentioned (c.f. Section 3.4.1) and can be attributed to the
increasing electron charge due to the presence of more cerium
cations. However, the uptake of Pb*>* is much higher than that of
Cd** since lead ions have higher electronegativity than
cadmium ions. Additionally, Pb®>" is characterized by higher
ionic radius and redox potential, which are favorable for
adsorption.****

3.6.4. Kinetic study. A kinetic study is essential to investi-
gate the route of adsorption and determine the rate-controlling
step of a reaction.®® The relationship between the number of
adsorbates adsorbed on the adsorbents (g,) and the time of the
reaction (¢) is described by adsorption kinetics. Pseudo-first-
order (PFOR)* and pseudo-second-order (PSOR) Kkinetic
models of adsorption are frequently employed.®” The data of
q<*® for pseudo-first-order and pseudo-second-order are given in
Table 2. The results reveal that the adsorption process obeyed
PSORE as its g&P was close to its g&*. This means that the rate-
controlling step involved coordination among the synthetic
materials and the heavy metal ions.®® That is, the negative
centers of the adsorbate attracted Pb** and Cd*" (c.f eqn (8)).
Hence, the mechanism of sorption might be interpreted as
follows: firstly, heavy metal ions move to the adsorbent surface.
The second step is the diffusion of metal ions through pores,
from the outside to the inside. For the sample treated by cerium
there is a synergetic effect as electrons on the surface attach to
positive ions (Pb** and Cd**) and also the presence of an NH-
group on the g-C3;N, surface that can work as an active site.*

3.6.5. Metal ion recovery. By employing various molar
concentrations of HNO;, the recovery of Pb>* and Cd** ions
from different sorbents was studied. The recovery effectiveness
(RE%) of the prepared solids' for Pb** and Cd>" adsorption are

Table 2 Correlation coefficients of Pb?* and Cd?* adsorption by g-C3N,4 and variously doped samples and kinetic model constants

Kinetic model Parameters Cd* by g-C3N,*  Pb*" by g-C3N,* Cd* byM1 Pb*> byM1 Cd** byM2 Pb* by M2
Pseudo-first-order model Ky (min™") 0.0410 0.0390 0.0068 0.009 0.0084 0.0089

ge (mmol g7 4.8 3.9 2.9 2.4 3.2 2.8

R? 0.880 0.900 0.79 0.74 0.82 0.78

x* 0.70 0.80 0.73 0.68 0.77 0.78
Pseudo-second-order model K, (g mmol ' min~")  0.006 0.004 0.0208 0.02 0.027 0.019

g> (mmol g™) 4.2 3.77 3.5 2.9 3.4 3.1

R* 0.9960 0.9630 0.993 0.994 0.989 0.985

x 8.4 x 10°° 32 %107 22x10°% 29x10° 36x10° 3.8x10°°

“ These data adapted from ref. 32.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Regeneration efficiency (RE%) of Pb* and Cd?* on different prepared solids

Regeneration efficiency (%)

Cd*" by g-C;N,*  Pb** by g-C3N,* Cd*" by M1 Pb*>* M1 Cd** by M2 Pb** by M2

HNO; (mol L™')  HNOj; (mol L)

HNO; (mol L)

HNO; (mol L™")  HNO; (mol L")  HNO; (mol L)

Sorption regeneration

cycle 0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6
First — — — — — — — — — — — — — — — — — —
Second 83.3 89.7 92,6 79.6 89.6 951 874 934 982 883 939 0988 86.7 929 973 92.7 945 974
Third 80.7 87.5 90.7 754 88.0 92.8 833 92.7 97.8 84.4 931 979 82.8 919 96.8 91.3 93.2 96.7
Fourth 785 849 881 733 854 90.7 808 90.6 965 812 91.3 97.0 80.0 90.8 959 886 91.8 95.1
“ These data adapted from ref. 32.
Table 4 Comparison of Pb?* and Cd?* uptake efficiency using g-C3N,4 doped with CeO,
Heavy metal Adsorbent Max. adsorption capacity, mg g~* Ref.
Pb** 2-C;N, nanosheets 136.57 70

Forest waste 769.2 71

2-C5N, 436.8 32

2-C3N, doped by CeO, (M1) 998.4 Present work
cd* 2-C;N, nanosheets 123.21 70

Fe;0, modified with poly-dopamine 25 72

g-C3N, 399.4 32

2-C3N, doped by CeO, (M1) 448 Present work

listed in Table 3. The outcomes showed that using 0.6 M HNO;
enabled excellent metal desorption (more than 90%). Addi-
tionally, the data show that the sorption capability is nearly
identical to the values found in the first run and that the
proficiency is noticeably higher for the solids treated with CeO,
using both methods. These outcomes demonstrated incredible
productivity and workability the prepared solids for three iter-
ative cycles of sorption-desorption, which can be used to
remove heavy metals from wastewater.*

3.6.6. Evaluation with other adsorbents. A comparison
between g-C3;N, treated with CeO, and further adsorbents for
the adsorption capacity of Pb>" and Cd>" in earlier studies is
given in Table 4. g-C;N, doped with CeO, is a favorable adsor-
bent for Pb>* and Cd** from waste solution. So, the synergistic
effect between g-C3N, and CeO, resulted in higher adsorption
uptake of the prepared sample compared with other
adsorbents.

4. Conclusions

Novel materials for heavy metal removal based on graphitic
carbon nitride g-C3;N, have been prepared by two methods,
namely M1 and M2. The chemical structures of the obtained
materials were confirmed using different analytical techniques.
Investigation of the surface chemical composition by XPS
analysis confirmed the incorporation of nitrogen into CeO, in
the two doped samples. Moreover, the presence of Ce**
accompanied by Ce*" was confirmed. Dielectric spectroscopy

8964 | RSC Adv, 2023, 13, 8955-8966

was utilized to study mobility and charge transport within the
prepared materials. The results demonstrated that the
replacement of the parent elements C and N by Ce had occurred
and led to the formation of an electron-hole pair that resulted
in ionic vacancies in the matrix. The adsorption efficacy of
doped samples M1 and M2 compared to g-C;N, was studied
against Pb>" and Cd*" and by changing different parameters.
The kinetics of the adsorption process showed that the rate-
controlling step involved coordination among the synthetic
materials and heavy metal ions. Comparison of the adsorption
efficiency of doped g-C;N, with removal of other heavy metals
depicted the superiority of the doped g-C;N, for wastewater
remediation.
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