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Nowadays, dye pollution arising from industrial activities has become an environment issue. Surface adsorption of pollutants seems to
be a promising solution for this problem. In this research, P-doped graphitic carbon nitride was prepared by the facile strategy with
phosphoric acid and melamine. The characterization of P-doped graphitic carbon nitride (P-g-C;N,4) was performed using FT-IR, XRD,
SEM and BET analyses. The preparation method was simple, easy and efficient compared to other methods. The as-synthesized P-doped
g-C3N, was applied for the adsorption of methylene blue. The results were analyzed using the isotherms of Langmuir and Freundlich. The
best fit was resulted from Langmuir isotherm having an R’ value of 0.98. The maximum adsorption capacity (¢.,) from the Langmuir
isotherm was 100 mg g when pH, adsorbent dosage, initial concentration of methylene blue, and contact time are 8, 0.07 g, 8 ppm and
60 min at 18 °C. The adsorption on the P-doped graphitic nitride matched pseudo-second order model. Based on our findings, P-g-C5N,

could be an efficient material to adsorb methylene blue.
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INTRODUCTION

Recently, environmental pollution has become a major
concern for human in worldwide. The development of
industries as well as massive population growth is
contributing to this plight. The industrial revolution was
accompanied by a sudden increase in pollution. Many
companies such as food, leather, pharmaceutical and textile
industries can produce organic pollutants such as organic
dyes. These pigments are toxic, harmful, resistant to
degradation, and can result in cancer [1]. Hence, the
removal of organic dyes has become an essential topic.

One of the necessary requirements is designing new
materials to overcome this problem. Among new polymers,
graphitic carbon nitride (g-C;Ny) has attracted the attention
of researchers due to its properties such as physical and
chemical stability, and electronic band structure. The
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graphitic carbon nitride can be synthesized via different
precursors containing nitrogen [2-3].

Note that graphitic carbon nitride can be applied as an
optic device, sensor, photocatalyst, and as an agent to
increase the catalytic activity. The photocatalyst activity of
g-C3N, can be applied for degradation of pollutants. The
unique structure of g-C;N, has specially attracted the
attention of scientists trying to improve the building
structure of this polymer [4-8].

This semiconductor is cheap and ecofriendly material
[5]. In order to obtain the best yield, the modification of
graphitic carbon has been studied extensively. This can be
achieved by doping atom, adding metal and formation of
novel composites to improve adsorption property. Some of
these methods include synthesizing V,0s/g-C;Ny4 [9],
g-C3Ny/BiVO, [10], g-C3N4/ZnO [11] and g-C3N4/BiPO,
[12] composites as well as doping sulfur [13], phosphorus
[14] and sodium [15]. Among these procedures, doping
atoms can improve the electronic properties to increase the
degradation after adsorption on the surface of adsorbent.
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Here, delocalization electrons can be developed and this
method needs cheap precursors compared to construct new
The photocatalytic
adsorption activities can be increased by addition of small

multi-component  material. and
amounts of phosphorus [16-17]. The photoexcited electron-
hole pairs can decrease the yield of photocatalyst activity of
the

photocatalytic efficiency of g-C3;Ny is limited due to its high

non-doped carbon nitride graphitic. However,
recombination of photo-excited electron-hole pairs. Based
on the analysis and adsorption results, the porosity of
g-C3N, can increase the surface area through doping P atom
on graphitic carbon nitride.

The P-doped graphitic carbon nitride was obtained by
melamine and melamine phosphate ester polymer [14]. In
another strategy, an ionic liquid, BmimPF,, was employed
as a dopant to improve the adsorption activity of graphitic
carbon nitride compared to non-doped polymer. In general,
the utilized methods have some disadvantages such as
expensive and unconventional precursors, as well as
difficult recovery and purification [18].

This the subjects: (i)

Preparation of phosphorus-doped graphitic carbon nitride by

study contains following
a simple method and cheap reactant; (ii) Characterization of
P-doped g-C;N4 by FTIR, SEM, XRD, EDX and BET
analyses; (iii) The effect of factors such as pH, doses of
adsorbent, methylene blue (MB), time and temperature; (iv)
Studying kinetic and isotherm models.

MATERIALS AND METHODS

Chemicals

Melamine, sodium hydroxide, methylene blue,
hydrochloric acid (37%) and phosphoric acid (85%) were
purchased from Merck and Loba Chemie Pvt. Ltd. (India).
These chemicals were used without any further purification.

Characterization

Melting points were measured on an Electrothermal
9100 apparatus. FT-IR spectra were recorded on Unicam
Galaxy 5000. Scanning electron microscopy (SEM) study in
the present work was performed by FE-SEM (Tescan-
Chek). Wide-angle X-ray diffraction (XRD) measurements
were performed at room temperature on XPertPro using
Cu-Ka radiation (A=1.54 A). UV-Vis spectroscopy was
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conducted by a Hitachi UV-365 spectrophotometer. The
nitrogen adsorption-desorption isotherms were measured
by Belsorp Mini II and Bel Prep VAC II. The concentration
of MB was obtained by a UV-Vis spectrophotometer
(Amax = 665 nm).

Preparation of P-doped Graphitic Carbon Nitride

The P-doped graphitic carbon nitride was synthesized by
a simple process. First, 5 g of melamine was mixed with
100 ml aqueous solution of phosphoric acid (2% v/v) and
was stirred at 25 °C for 1 h. After water evaporation at
100 °C for 2 h, to complete the reaction, the mixture was
heated up to 550 °C for 1 h. Finally, the P-doped graphitic
carbon nitride product was collected and ground into
powder. The synthesized composite was characterized using
the techniques cited above.

Adsorption Experiments

To evaluate the performance of P-doped graphitic carbon
nitride, the methylene blue was chose as an organic
pollutant. The adsorption activity of the P-doped graphitic
carbon nitride (0.01-0.25 g) was studied by adsorption of
methylene blue (2-22 ppm) under different conditions such
as pH (2-12),
(15-45 °C). At a certain time, 10 ml suspension mixture of

time (30-300 min) and temperatures

the composite and MB were sampled and centrifuged
(VS4000C, 4000 rpm) to remove the particles. The
concentration of the MB was analyzed by the UV-Vis
spectrophotometer (A = 665 nm).

The amount of MB adsorbed was calculated by Eqs. ((1)
and (2));

_(G-cyr

e
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where ¢, (mg g") is the amount of the MB adsorbed per unit
mass of g-CsNs. C;, C, and C; represent the initial,
equilibrium and final concentration (mg 1), respectively, v
denotes the volume (1) of the solution, and m is the mass (g)
of P-g-C3N,.

The optimum pH test(1): The pH of solution was
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Table 1. The Conditions of MB Adsorption on P-g-C3N,

Test pH Dosage of adsorbent Initial MB concentration Time Temperature
) (ppm) (min) (°0)
1 2-12 0.09 10 90 23
2 8 0.01-0.25 10 90 23
3 8 0.07 2-22 90 23
4 8 0.07 8 60 23
5 8 0.07 8 60 23
6 8 0.07 8 60 18

adjusted ranged from 2.0-12.0 using 0.1 M of NaOH or HCI
solutions. The experiment was carried out to find out the
optimum pH. The conditions of tests are shown in Table 1.

The optimum dosage of adsorbent test (2): The
experiments were carried out to find out the optimal dosage
of adsorbent for the removal of methylene blue from the
aqueous solutions in the range of (0.01-0.25 g).

The initial MB concentration test (3): The effect of initial
MB concentration in the range of 2-22 ppm on adsorption
was investigated under the specified conditions.

The optimum time test (4): To find out the equilibrium
time for the removal of MB, the range of 30-360 min was
studied.

The temperature effect test (5): The effect of temperature
in the range of 15-45 °C on adsorption was investigated
under the determined conditions (Table 1).

The reusability test (6): After adsorption of MB from
aqueous solution, the P-doped graphitic carbon nitride can
be recovered in concentrated ethanol solution. After
desorption of MB, P-g-C;Ny is able to absorb MB.

The adsorption kinetic data of methylene blue (MB) was
analyzed using two kinetics models including pseudo-first
order and pseudo-second order rate equations [19,20]. The
pseudo-first order kinetics rate Eq. (3) is expressed as
follows:

3)

In(g, —q,)=Inq, -kt

g. and ¢,(mgg™") represent the amount of MB, and K,
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shows the rate constant (1 min™") (slope of the linear plot of
log(g. - g vs. t). The pseudo-second-order reaction rate
equation was employed to assess the kinetics of methylene
blue adsorption on P-g-C;N,. Eq. (4) is as follows:

t_ 1o 4

kyq: 4.

g. and ¢, (mg g™"): the amount of methylene blue adsorbed
by P-g-C;N, nanosheet

K;: the rate constant of pseudo-second- order adsorption
(g mg” min™).

Kinetics measurements were performed in a glass vessel
equipped with a mechanical stirrer in static conditions. The
optimum dose of 0.07 of adsorbent was contacted with
concentration 2-8 ppm of MB. The concentration of MB
from the aqueous solution was determined at known time
intervals. The analysis of MB was performed by a UV-Vis
spectrophotometer (A= 665 nm).

One of the important factors in the design of adsorption
systems is the adsorption isotherm. The isotherms can
provide useful information about adsorption capacity of
adsorbent, multilayer or monolayer formation, and type of
interaction. In this study, the Langmuir and Freundlich
adsorption isotherms were selected based on the literature
[21-25]. These isotherms are the most employed models for
description the equilibrium distribution of methylene blue
on surfaces. The heterogeneity of the adsorbent surface can
be calculated by the Freundlich adsorption isotherm model



Chegeni & Dehghan/Phys. Chem. Res., Vol. 8, No. 1, 31-44, March 2020.

based on the multilayer adsorption. The Freundlich Eq. (5)
can be written as [26]:

)

Ing, =lnK, +llnC€
Toon

K; and n are constants for a given adsorbate and
adsorbent. The graph was plotted and the slop and intercept
were obtained to determine the value of Kyand n by the plot
including Ing, vs. InC,. The amount of n > 1 suggests
favorable adsorption conditions. The Langmuir adsorption
isotherm model is used to describe that only one molecule
can bind to each site of the adsorbent. Homogeneous sites
the
adsorption. The Langmuir’s Eq. (6) can be written as [27]:

and monolayer adsorption occur in Langmuir

C, 1 C,
Ce _ +
4o Yo O G

(6)

g.: the adsorbent amount (mg g') of the methylene blue;
C.: the equilibrium concentration of the methylene blue in
the solution (mg I""); ¢,: monolayer adsorption capacity
(mg g'); b: the constant related to the free energy of
adsorption (I mg™).

RESULTS AND DISCUSSION

Characterization of the P-doped Graphitic Carbon
Nitride

Figure 1 displays the FT-IR spectrum of P-g-C;N,.
The aromatic C-N heterocycles are observed within
1200-1687 cm™ and at 3152 cm™ [28]. The stretching pick
at 808 cm™' is assigned to the C-N plane bending [29]. The
spectrum of prepared P-g-C;N, has partial different rather to
graphitic carbon nitride, given the absence of major changes
to the framework and existence of a little amount of
phosphorus atom.

Figure 2 demonstrates the XRD patterns of g-C3N4 and
P-g-C3N4. The peaks at 13.5° and 27.4° in non-doped
g-C3N, and doped g-C;N4 can be attributed to (100) and
(002) reflections (JCPDS 87-1526: Reference card of
g-C3Ny). The (100) plane is shown an in-plane structural
packing motif. The weaker peak for the P-g-C;N, is
determined the decrease planar size of the layers. It revealed
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the same peaks at both of them and it was observed that the
phosphorus doping cannot disrupt the pure product [14].
The size of composite was obtained as 8.3 nm.

In Fig. 3, the SEM images of g-CsN, and P-g-C;N, are
exhibited. The surface of g-C3N, can be seen in Fig. 3a. The
different crystals stacking layers with smooth surface can be
seen in Fig. 3b. In images of P-g-C;N,, the layers have
become thinner and curlier (Fig. 3c). After addition of
phosphorus,
observed on the surface of g-CsN, (Fig. 3d). These images

some nanoparticles agglomeration was
confirm the p-doping on the surface of graphitic carbon
nitride by thinner and curlier layers rather to g-C;Ny.

The energy dispersive X-ray analyzer spectroscopy
(EDX or EDA) can provide useful information about
elemental analysis. It is an essential part of a SEM [30]. The
analysis was performed to further validation of the
combination of g-C;N, and phosphorus, Figs. 4-5. The SEM
image of P-g-C;N, is seen in Fig. 4a. The corresponding
EDS mappings to this image are shown in Figs. 4b-5.

The mappings of C and N elements are seen in Fig. 4b
and Fig. 5a, confirming the g-C;Ny structure. The maps in
Fig. 5b illustrate that P atoms are in a close contact with g-
C3Ny. It is also observed the uniform distribution of P
elements in g-C;N,. Figures 4b-5 can demonstrate that C, N
and P are distributed homogeneously within graphitic
carbon nitride.

The physical adsorption can be explained by Brunauer-
Emmett-Teller (BET) theory to achieve the type of pores,
hysteresis, pore size distribution and the specific surface
area of materials. The BET surface area measurement was
performed wusing an adsorption-desorption isotherm
(nitrogen). The nitrogen adsorption-desorption isotherm is
shown for P-g-C;N, in Fig. 6. The specific surface areas,
cumulative pore volume and pore sizes were obtained as
33.123 m* g, 0.2996 cm® g and 36.176 nm. The specific
surface areas of P-g-C;N4s was increased compared to
g-C3Ny (25.1 m2 g™'). The IV type isotherm was investigated
according to the IUPAC classification which confirmed a
porous surface [31-33].

The IV type isotherm demonstrates porous adsorbents
with pores in the range of 1.5-100 nm and capillary
condensation is accompanied by hysteresis. It occurs near

completion of the first monolayer. Hysteresis loop is the H1
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Fig. 4. (a) The SEM of P-g-C;N, and (b) the EDS elemental distributions of C in P-g-C;Ny.
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Fig. 5. The EDS elemental distributions of (a) N atoms and (b) P atoms in P-g-C;N,.
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type that indicates a narrow range of uniform mesopore
[34].

ADSORPTION STUDIES

Effects of Different Parameters on the Adsorption

The pH effect. The pH has an important role on the
adsorption of material because the adsorbent surface can be
either protonated or deprotonated by hydrogen or
hydroxide. The condition on adsorbent surface can cause
adsorption or desorption, affecting on removal of MB [15].
The pH effect on the adsorption of MB is shown in Fig. 7.
The optimum pH was obtained at 8. It can be seen that as
the pH values increased, so did the efficiency of removal.
Therefore, the best results were obtained at alkaline pH.
Indeed, the increase in % adsorption is due to the
deportation of g-C3;N4 in basic condition. Therefore, the
positively charged dyes such as methylene blue can be
adsorbed at alkaline pH.

The effect of adsorbent doses. The role of the adsorbent
amount can be seen in Fig. 7b that the maximum efficiency
was obtained at 0.07 g of P-g-C3N, The adsorption
percentage remained constant by increasing the adsorbent
mass because of the saturation of P-g-C;N, surface.

The methylene blue concentration. The study of the

MB dose effect on the adsorption is particularly important

because it can explain the adsorbent-adsorbate interaction in
solution. The high concentration of MB can produce
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pollution. The optimum concentration of MB 1is an
important parameter for adsorption on P-g-C;N4. In Fig. 8a,
the optimum dose of methylene blue was found as 8 ppm.
By increasing the amount of MB, the recovery percentage
was increased until the activity sites were saturated, since
then, the addition of MB concentration did not have a
positive effect on recovery percentage of MB at a constant
dosage of adsorbent.

The contact time. In the batch experiment, time has an
important role in the adsorption. The completion of
adsorption time affects the efficiency adsorption. When the
contact time between MB and adsorbent was low, the
adsorption was decreased and the dye could remain in
solution. According to the experiments, the optimum time
for equilibrium was achieved at 60 min. Initially, the
efficiency removal was enhanced sharply until the surface
of P-g-C;N, was saturated. Because the first time, there are
not equilibrium between constant dosage of MB and
P-g-C3Ny in solution. After 60 min, the removal of dye
could not improve significantly due to the saturation of the
adsorbent surface (Fig. 8b).

The temperature. The adsorption process can also be
affected by the temperature. Nevertheless, according to
Fig. 9, increasing the temperature leads to a decrease in
adsorption percentage since this adsorption process is
exothermic. Based on the results, the nature of MB
adsorption on P-g-C3;Ny is physisorption [35], therefore the
elevation of optimum temperature can consume energy.
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Fig. 8. The effect of a) concentration of MB and b) time of the MB adsorption on P-g-C;N,.

Adsorption Kinetics Studies
The kinetics plots were plotted for different initial
concentrations (Fig. 10). Slope and intercept values

corresponded to pseudo-second-order equation.

Adsorption Isotherm Studies

The plot of Q.vs.C. is shown in Fig. 11a. The

39

Freundlich and Langmuir isotherms are shown in Figs. 11b-
c. The values of the Freundlich and Langmuir constant are
reported in Table 2. The Freundlich isotherm model shows a
regression coefficient R = 0.97 (Fig. 11b). The Langmuir’s
graph was plotted by Ce/g, vs. Ce (Fig. 11c). The regression
coefficient (R?) for Langmuir isotherm was obtained 0.98.
According to the Langmuir’s equation, the slop and



Chegeni & Dehghan/Phys. Chem. Res., Vol. 8, No. 1, 31-44, March 2020.

% Re
by

15 20

25

30 35 40

Temperature (°C)

Fig. 9. The effect of temperature on the methylene blue (MB) adsorption on P-g-C3Nj.

tfqt

10

t{mimn)

g} DO gl DD s—ges b ppm E ppn

(a)

3
s
IE' 1 |&
]
R-2 [P
=] a
g 0 = &
L1} 20 40 B0 a0
%
1 ® s
e
-2
t (min|

()

Fig. 10. Pseudo-second-order kinetics (a) and pseudo-first-order kinetics (b) of MB adsorption on P-g-C;N, nanosheet.

intercept of the graph indicate the values of ¢,,,, and K.

The process of methylene blue adsorption followed the
Langmuir’s model (R’ = 0.98) and the higher adsorption
capacity. Homogeneous sites and monolayer adsorption

occur in the Langmuir adsorption.
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Recyclability

The recyclability of P-g-C;N, is an important factor due
to its low cost and high efficiency. The results indicate the
reusability of composite after five times, suggesting that it
can be an environmentally friendly material for the
purification of wastewater (Fig. 12).
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Table 2. Information of Isotherm Models for MB Adsorption on P-g-CsNy4

Freundlich Langmuir
Kf n R2 Qmax K[ R2
(mg 1) (mg g™) (Img")
19.88 1.84 097 100 0.005 0.98
CONCLUSIONS melamine and phosphoric acid were applied for this

efficient synthesis method. The structure of P-g-C;N, was
In this research, we used a gentle strategy for preparation confirmed by analysis methods including FT-IR, XRD,
of P-doped graphitic carbon nitride as an adsorbent. The SEM and BET. The efficiency of P-g-C;N, for adsorption of
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methylene blue was further studied. The operational
conditions including pH, methylene blue concentration,
adsorbent doses, time and temperature were tested. The
results offered the optimum conditions to achieve the best
yield. The suitable kinetics was found to be pseudo-second-
order kinetic. The Langmuir model corresponded to the
equilibrium experiments. The utilized P-g-CsN, could be
recovered and retained after five times use. These findings
suggest the suitability of our novel strategy for synthesis of
P-g-C;N, for adsorption of organic pollutants.
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