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ABSTRACT: Adsorption and degradation of harmful organic molecules in aqueous wastewater streams is a considerable challenge,
and materials featuring both properties are highly sought after. Tris(4-aminophenyl)amine-based polyimide (TP) is well-known for
its significant adsorption properties, yet it features limited photocatalytic performance. To overcome this limitation, graphitic carbon
nitride (CN) is combined with TP to form TPCN composites in order to improve the adsorption and photocatalytic properties for
the degradation of organic molecules. Characterization of TPCN composites via UV−vis diffuse reflectance spectra (DRS) and
photoluminescence (PL) showed improved charge separation, slow recombination of electron−hole pairs, and enhanced light
absorption. Subsequent analysis of rhodamine B adsorption and photodegradation showed high activity of the composite material
(99% degradation under visible light in 40 min), indicating the favorable interaction of both components. Therefore, TPCN
composites might be an avenue for the application of organic industrial pollutant removal.
KEYWORDS: adsorption, photocatalysis, polymer composites, dye degradation, water remediation

■ INTRODUCTION
Water pollution is one of the significant daily threats the world
population faces and requires immediate attention. In response
to this issue, numerous countries and environmental protection
agencies are implementing stringent effluent standards to
mitigate the challenges arising from water pollution.1 As a
result, wastewater contaminated with hazardous materials, such
as dyes and metal ions, from a wide range of industries,
including electroplating, metal forming, microelectronics,
paper, and textiles, must be treated before they are discharged.
Dye contaminated wastewater poses a serious threat to both
the ecosystem and humans. It is estimated that 100,000
different types of dyes have been sold worldwide, and that
700,000 tons of dyes are produced every year.2,3 Several dyes
are lethal to aquatic plants, as they hinder photosynthesis in
these organisms. Wastewater contaminated by organic dyes
features increased chroma, which prevents sunlight penetration
in the environment. In addition, due to functional groups like

biphenyl, naphthalene, etc., dyes also comprise carcinogens
and mutagens.4 Thus, the existence of highly toxic and
nondegradable azo and aromatic structures in dye compounds
can cause ecological destruction and pose potential hazards to
humans. For instance, methylene blue is capable of causing
permanent harm to the eyes, a burning sensation if ingested,
and may induce symptoms like nausea, vomiting, and profuse
sweating.5 Another example is rhodamine B (RhB), which is a
water-soluble dye used in the textile industry that can trigger
skin and eye irritation.6 Consequently, there is an increasing
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need to develop advanced wastewater treatment technologies
that are environmentally friendly and capable of effectively
treating harmful substances present in wastewater. Various
technologies for the removal of dyes from water were
developed, for example, adsorption, biological degradation,
electrochemical degradation, photodegradation, and chemical
oxidation.7−11 Each type of treatment has its own benefits and
drawbacks. In particular, adsorption is regarded as a reliable
treatment owing to simple processing and low cost, but it is
connected with the production of solid waste in significant
amounts.7

In recent times, polymers have garnered significant attention
as viable materials for water treatment due to their advanta-
geous characteristics such as low toxicity, customizable
functionalities, and cost-effectiveness.12 Certain polymers
exhibit a branch-like structure, falling into categories like
dendronized, multiarmed star, and hyperbranched polymers.
Among these groups, the branched structure of polymers
(including their composites) has been of particular interest for
their potential applications in wastewater treatment.13

Introduction of tris(4-aminophenyl)amine (TAPA) moieties
into a polymer leads to a highly branched structure due to its
propeller-shaped conformation and C3-symmetric structure.14

The propeller-like shape disrupts polymer chain entanglement
and increases the free volume of the polymer chain to improve
adsorption capacity.15 A profusion of functional groups and
internal cavities makes polymers ideal for constructing
templates to prepare nanoparticles with a higher adsorption
capacity. For instance, hyperbranched polyimide, which has
well-developed cavities, contains many nitrogen atoms. The

presence of such functional groups enhances the affinity of
polyimides for pollutants.16

Photocatalysis is regarded as a green, efficient, eco-friendly,
and promising wastewater treatment technique.17,18 Numerous
photocatalysts have been developed in the past, e.g., ZnO,19

WO3,
20 TiO2,

21 SnO2,
22 Fe2O3,

23 BiVO4,
24 Ag3PO4,

25 and
graphitic carbon nitride (CN).26 CN consists of tri-s-triazines
that are connected by tertiary aminess.26 Additionally, CN is a
typical polymeric semiconductor, possessing a layered, two-
dimensional structure formed by the sp2 hybridization of
nitrogen and carbon, and forming π-conjugated graphitic
planes.27 In contrast to TiO2, which is only active in the UV
region, CN has a band gap of 2.7 eV, the conduction band
(CB), and valence band (VB) positions are approximately
−1.1 and +1.6 eV, respectively, versus the normal hydrogen
electrode (NHE).28 This enables it to be a visible-light-active
photocatalyst for a range of reactions. Thus, compared with
other photocatalysts, CN is more conveniently stimulated by
visible light, leading to an increased activation efficiency for
molecular oxygen producing active oxygen species such as
•OH and •O2−.29 These active oxygen species are highly
oxidizing, which benefits the photocatalytic conversion of
organic functional groups and the degradation of organic
molecules. In particular, CN is employed frequently as a
visible-light photocatalyst due to its unique semiconductor
band structure and excellent chemical stability,30 which was
pioneered in 2006 by Wang et al. Thus, CN has been
extensively used for photocatalytic degradation, water splitting,
photocatalytic reduction of CO2, fuel cells, and environmental

Scheme 1. Top Left: Composite Formation; Top Right: Degradation of RhB; Bottom: Adsorption and Photocatalysis by
Tris(4-aminophenyl)amine-Based Polyimide (TP) and Graphitic Carbon Nitride (CN) Composites (A: electron acceptor; D:
electron donor)

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.4c00019
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsapm.4c00019?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c00019?fig=sch1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c00019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


remediation.31−33 With these highly relevant applications in
mind, CN-based catalysts have been improved in various
directions over the past few years. For example, variation in
CN structures have been investigated like poly(heptazine
imide)s or poly(triazine imide)s, but also structuring via
nanosheet or nanosphere formation.34,35 Nevertheless, the low
surface area and fast recombination of photogenerated
electron−hole pairs in pure CN restrict further improvement
of its photocatalytic activity, leading to the requirement of
further developments, e. g., functionalization, modification, or
composite formation.32,36

As heterogeneous photocatalysis mainly depends on
reactions at the interface, an optimum degradation capacity
is obtained when pollutants are transferred to the surface of the
catalyst directly. In other words, the excellent adsorption
capacity of photocatalysts benefits the photodegradation
process. Although, adsorption is one of the most efficient
methods for removing pollutants, it cannot convert pollutants
into harmless substances. Thus, adsorption can lead to
secondary pollution, generation of waste adsorbent, and
hence, limited utility. On the basis of the aforementioned
factors, a synergistic strategy combining adsorption and
photocatalysis is an avenue to improve pollutant removal.4

The main objective of this work was to synthesize a
polymeric organic network composite system featuring TAPA-
based polyimide (TP) and CN for use in the degradation of
organic pollutants. TP and CN were synthesized by solid state
polymerization, and the composite was formed via ultrasound
treatment. TP, CN, and composites were characterized by
powder X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy, UV−
vis diffuse reflectance spectroscopy (DRS), and photo-
luminescence (PL) spectroscopy to evaluate their crystallinity,
morphology, chemical functionality, band gaps, and charge
separation properties, respectively. Their dye removal
efficiencies were assessed by determining adsorption and

photocatalytic degradation using RhB in water as a
representative organic pollutant (Scheme 1).

■ RESULTS AND DISCUSSION
Synthesis of TPCN Composites. Carbon nitride and

TAPA-containing polyimide were synthesized to form photo-
catalytic composites. As shown in (Scheme 2a), the monomer
for TP synthesis, TAPA, was synthesized through a two-step
synthetic route. First, the nucleophilic substitution reaction of
4-nitroaniline with 4-fluoronitrobenzene in the presence of
potassium carbonate gave the trinitro compound tris(4-
nitrophenyl)amine (TNPA). The triamine monomer TAPA
was obtained by reducing TNPA using hydrazine monohydrate
catalyzed by Pd/C. The aromatic triamine monomer is pure
enough for polymerization with the commercial aromatic
dianhydride monomer pyromellitic dianhydride (PMDA) to
prepare polyimides (Scheme 2b). The synthesis of TP was
carried out at 300 °C, where the melted PMDA acts as a
reactant and a reaction medium. Thus, the use of toxic high
boiling-point solvents as well as the removal of solvent was
avoided. During the preparation process, the polycondensation
of TP is accompanied by dehydration, and the water molecules
produced in the imidization reaction are evaporated rapidly at
the reaction temperature, further promoting the condensation
reaction between TAPA and PMDA. After the condensation of
TAPA and PMDA, a blackish polyimide product was
produced. Due to the densely cross-linked structure, the
obtained TP exhibits excellent solvent-stability; i.e., it is
insoluble in aqueous medium and other common organic
solvents, including methanol, dimethylformamide, tetrahydro-
furan, and in dimethyl sulfoxide.

Further, Fourier transform infrared (FTIR) spectroscopy
studies were carried out to confirm the successful synthesis.
For TAPA, the resultant product has characteristic peaks at
3405, 3330, 1615, and 1500 cm−1 which can be attributed to
the N−H stretching vibration of primary amine, C�C

Scheme 2. Synthesis Route of (a) Triamine TAPA and (b) Polyimide TP
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stretching vibration, and the C−C bending vibration of
aromatic ring, respectively. The disappearance of the N−H
peak and appearance of peaks of imide group confirms the
synthesis of TP (Figure S1).14 Further analysis via solid-state
13C NMR confirmed the formation of TP (Figure S2).
CN was synthesized from the cyanuric acid-melamine

complex via heat treatment in a tube furnace. For composite
formation, CN and TP were combined through strong
intermolecular forces such as hydrogen bonding and π−π-
stacking interactions between the materials. The lone electron
pairs of the free amino groups on the TAPA building block
possess binding affinity for pollutants due to the Lewis acid
base interactions, providing enhanced adsorption of TPCN
composites for dyes. Polyimide/CN (TPCN-X) composites
with varying weight ratios were formed using ultrasonication,
where X reflects the amount of CN in wt %.
Crystallinity and Surface Morphology Analysis.

Powder XRD measurements determined the crystallinity of
the synthesized TP, CN, and TPCN composites (Figure 1a).
As expected from literature,37 the diffraction pattern of TP
showed a completely amorphous nature of the polymer as
indicated by the presence of a broad feature between 12 and

30°, which is due to the presence of bulky triphenylamine
groups disrupting the chain packing and inhibiting the
formation of ordered structure formation. For CN, two
pronounced diffraction peaks at around 13.1 and 27.5°
correspond to the (100) and (002) planes, respectively.
These two peaks are attributed to the structure of the tri-s-
triazine units with interplanar spacing and the conjugated
aromatic system.38 For TPCN composites, the crystallinity
increased with an increment in CN loading as indicated by an
increase in the intensity of the (002) peak and a decrease in
the broad feature of TP (from TPCN-5 to TPCN-80)
compared to the reflections from CN, which indicates an
increasing presence of CN particles in the composites. To
confirm the increase in crystallinity, full width at half-maximum
(fwhm) was calculated from the fitting of the peak at ca. 27.5°
with the Gaussian function. The decrease in fwhm values
confirms improved crystallinity of the products as CN added to
TP (Table S1).

FTIR spectra to confirm the synthesis of composites are
given below (Figure 1b). For TP as expected from the
literature,39 the characteristic absorption bands of the imide
group at 1780, 1710, and 1370 cm−1 are observed. The

Figure 1. (a) XRD patterns of TP, CN, and TPCN composites within the range 2θ = 5−50°. (b) FTIR spectra of TP, CN, and TPCN composites.

Figure 2. SEM images of (a,b) sponge-like CN particles, (c,d) smooth surfaced TP with cavities, and (e,f) TPCN-20 at different resolutions. (g) N2
adsorption−desorption isotherms of CN, TP, and TPCN-20.
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spectrum of CN clearly shows several bands at the frequency,
characteristics of vibrational modes related to the chemical
bond between carbon and nitrogen,40 as well as the broad band
near 3160 cm−1 that is ascribed to the stretching vibration of
N−H groups. While the strong bands in the range of 1200−
1650 cm−1 with characteristic peaks at 1241, 1325, 1414, 1547,
and 1628 cm−1 are attributed to the typical stretching vibration
of C−N and C�N in the heterocyclic ring. The characteristic
peak at 810 cm−1 is assigned to the breathing mode of the
triazine units. For TPCN composites, the major peaks of both
components, i.e., TP and CN, are observed. As the content of
CN particles increased, the intensity of CN characteristic
bands gradually became stronger and imide bands disappeared
moving from TPCN-5 to TPCN-80.
The TPCN composites were further characterized regarding

the surface morphology using scanning electron microscopy
(SEM). For comparative morphological studies, the SEM
micrographs at two different resolutions are shown in Figure
2a−f. It can be seen that CN has a sponge-like particle
structure (Figure 2a,b). The morphology of TP (Figure 2c,d)
appeared as a smooth surface with more or less homogeneous
cavities. These cavities result most likely from the evaporation
of condensation products during the imidization process at a
high temperature.41 When CN was introduced into the TP
materials, some significant changes in the morphology of TP

are visible, although CN accounted for only a small amount of
the material in TPCN-20 (Figure 2e,f). The images indicate
CN particles are found to be well distributed over the polymer
matrix. This leads to an increased number of active sites in the
TPCN-20 composite that now has both the characteristics of
TP (adsorbent) and CN (photocatalyst).

As adsorption capacity toward organic pollutants is
connected to the surface area, we measured N2 adsorption−
desorption isotherms (Figure 2g). The Brunauer−Emmett−
Teller (BET) approach was then used to calculate the surface
area of pure TP, pure CN, as well as the TPCN-20 composite
(Figure 2g). CN has the highest BET surface area (44.7 m2

g−1) that is close to the reported value in the literature,42

whereas TP exhibits the lowest surface area (13.2 m2 g−1). The
addition of CN to TP leads to an increase in the surface area
for TPCN-20 to 17.4 m2 g−1, which can be attributed to the
addition of more porous CN to the TP matrix.

UV−vis diffuse reflectance spectroscopy was used to
measure the absorption characteristics of pristine CN, TP,
and composite TPCN-20 (Figure 3). The absorption edge of
pure CN was estimated to be around 450 nm (Figure 3a),
while pure TP shows broad absorption in the visible region
with high intensity (Figure 3b). TPCN-20 shows characteristic
absorptions of TP and CN, whereas the absorption edge for
TPCN-20 shows a slight blueshift due to the strong interaction

Figure 3. (a) UV−vis diffuse reflectance spectra of CN, (b) UV−vis diffuse reflectance spectra of TP, (c) UV−vis diffuse reflectance spectra of
TPCN-20 (d), and band gap values assessed by a correlated curve of (F(R)hν)1/2 set against photon energy plots of CN, and the composite TPCN-
20.
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of TP and CN. The intensity of absorption for TPCN-20 is
greater than CN which confirms the addition of TP to CN.
The band gap energy of the composite and CN was evaluated
using the following equation

=h A h E( )g
1/2

where A is constant, hν is photon energy, and Eg is the band
gap energy. Eg was observed from the extrapolation of Tauc
plot when the curve (αhν)1/2 intersects the y-axis and an
indirect band gap was assumed. The band gaps were estimated
to be at 2.64 and 2.56 eV for CN and TPCN-20, respectively
(Figure 3d). These band gap values are similar to the literature
for CN and allow catalytic activity in the visible light region.28

The band gap energies decreased in the composite on mixing
of TP and CN, which might feature improved photocatalytic
activity for the degradation of organic molecules under visible-
light exposure.
A PL study at ambient temperature and excitation at a

wavelength of 300 nm was used to investigate the separation
efficiency of photo generated electron−hole pairs of CN, TP,
and TPCN-20 (Figure 4a). A strong PL emission peak is

observed for CN which can be attributed to the high
recombination rate of photoinduced electrons and holes.
Moreover, a very low PL emission was observed for TP
because TP absorbs over the whole spectrum. The PL emission
peak intensity for the TPCN-20 composite is significantly
weaker than the PL intensity for CN implying that a
heterogeneous structure is formed.
In order to gain a deeper insight into the photochemical

behavior of TP, we performed DFT calculations. We optimized

the lowest triplet excited state of a model compound, TPI
(Figure S3), using a DFT method (CAM-B3LYP/cc-pVDZ)
(Tables S2 and S3). Solvation by a polar solvent (CH3CN)
was taken into account using a polarizable continuum model.
According to the calculations, the sum of the Mulliken charges
of the atoms of the central triphenylamine unit, in the lowest
triplet state, is +1.46. For the ground-state of TPI, at the same
level of theory, the calculation gives a sum of the Mulliken
charges on the atoms of the triphenylamine unit of +0.67.
Thus, the triplet state has an energy of 42.6 kcal mol−1, which
is a rather low energy. The DFT data were further
corroborated by performing DLPNO−CCSD(T)/def2-TZVP-
(CPCM,CH3CN) single point energy calculations based on
the geometries obtained by DFT. At this advanced level of
theory, the sum of Mulliken charges on the central triphenyl-
amine unit of TPI was obtained as 0.36 for the S0 state, and
1.15 for the T1 state. The T1 energy was calculated as 48.0 kcal
mol−1. Hence, the calculations, both DFT and coupled-cluster,
give support of the assumption from the literature43 that TP-
like structures undergo charge transfer.
Adsorption Properties of TPCN Composites. The

adsorption performance was investigated by adsorption
kinetics and adsorption isotherms. Among all composite
samples, TPCN-20 was selected as a representative sample
and its adsorption performance was evaluated against pure TP
and CN samples.

Figure 4b shows the effect of contact time and adsorption
capacities (qt) on the surface of pure CN, pure TP, and
TPCN-20 composite for the adsorption of RhB. In the
beginning, TP and TPCN-20 show a more rapid adsorption
compared to pure CN, indicating the excellent adsorption
properties of TP. Afterward, the adsorption rate slows down
until it reaches an equilibrium adsorption−desorption stage
after 100 min when all the active sites are covered. This can be
explained as in the initial adsorption stage, dye molecules will
find their best orientation for strong binding on the extensively
available catalyst surface. Eventually, the approach of dye
molecules from the bulk solution will become more restricted
due to the steric hindrance of adsorbed dye molecules already
occupying surface sites. Hence, the rate of adsorption gradually
decreases44 as the maximum adsorption capacity of the catalyst
is reached. Pure CN material does not show strong adsorption
of RhB even though it has a higher BET surface area, which
indicates that the adsorption of RhB on TPCN composites is
only marginally related to the surface area but rather relies on
surface chemistry. It is observed that TPCN-20 achieves the
highest adsorption efficiency (75%) as compared to TP (73%)
and CN (9.1%) with adsorption capacities of 32.7, 30.1, and
3.7 mg g−1, respectively.

In order to study the relation between quantity of adsorbent
and equilibrium concentration, adsorption isotherms were
investigated.45 The Freundlich and Langmuir models were
studied here, showing the most accurate results for the
Freundlich model (details about the models and results for the
Langmuir model are discussed in the Supporting Information,
Figure S4 and Table S4). The Freundlich isotherm describes
nonideal adsorption on heterogeneous surfaces, where the
adsorption capability is mainly related to the adsorbent
concentration at equilibrium. Its linear form is given below:

= +q K
n

Cln ln
1

lne f e

Figure 4. (a) PL spectra of TP, CN, and TPCN-20 at ambient
temperature at an excitation wavelength of 300 nm. (b) Adsorption
capacity (mg g−1) of pure TP, CN, and TPCN-20 at ambient
temperature in the dark (composite concentration: 0.5 mg mL−1 in 20
μM RhB solution).
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where Kf (mg/g(L/mg)1/n) is the Freundlich constant related
to the adsorption capacity and the slope 1/n indicates intensity
of adsorption or surface heterogeneity in a range between 0
and 1. The values of Kf and n were obtained from the linear
plot between ln qe versus ln Ce, where qe (mg g−1) is the
adsorbed amount of adsorbate at equilibrium and Ce (mg L−1)
is the equilibrium concentration of adsorbate (Figure 7 and
Table S5).

The analysis shows that RhB adsorption for CN, TP, and
TPCN-20 was well described by the Freundlich model, with R2

values of 0.989, 0.998, and 0.999, respectively. Nevertheless,
the R2 for Langmuir model fitting for CN was also higher than
0.96 (Figure S4), indicating the presence of a partially
heterogeneous structure, i.e., multilayer adsorption. These
observations confirmed that adsorption on CN, TP, and
TPCN-20 was likely to involve a multilayered process with
complex adsorption mechanisms, reflecting the heterogeneity

Figure 5. (a) Adsorption isotherms at equilibrium, (b) Freundlich isotherms, and (c) pseudo-second-order kinetics. Linear plots for TP (green),
CN (blue), and TPCN-20 (red) with a concentration of 0.5 mg mL−1 in RhB solution at ambient temperature.

Figure 6. Removal of RhB (20 μM in water). (a) RhB degradation under visible light after equilibration in the dark; blank solution, pure TP (0.5
mg mL−1), pure CN (0.5 mg mL−1), and TPCN-20 (0.5 mg mL−1). (b) RhB degradation under visible light after equilibration in the dark using
various catalyst samples (0.5 mg mL−1). (c) Effect of catalyst (TPCN-20) dose on RhB degradation under visible light after equilibration in the
dark. (d) Effect of different scavengers on RhB degradation over the TPCN-20 catalyst (0.5 mg mL−1) after equilibration in the dark.
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of the catalyst surface. From the fitting results with the
Freundlich model, the n values were evidently >1 for CN, TP,
and TPCN-20, indicating that the adsorption might occur
through physical interactions, i.e., electrostatic interaction, ion
exchange, or synergistic mechanisms on the catalysts surface.
The slope value for the catalysts CN, TP, and TPCN-20 is less
than 1, indicating that adsorption of RhB dye on TPCN-20 is
heterogeneous. Both Langmuir and Freundlich isotherms were
found to fit the experimental data, yet the higher regression
coefficient R2 values indicate that the Freundlich isotherm is
most appropriate for the adsorption of RhB dye on TPCN-20
(Table S5).
The adsorption mechanism depends on the characteristics of

the adsorbent and the mass transport process. To confirm the
controlling mechanism of the adsorption process, the pseudo-
first order (PFO46) and the pseudo-second order (PSO)
model were investigated in order to analyze the experimental
data of the adsorption of RhB dye onto TPCN-20. Our results
show that adsorption kinetics proceed according to a PSO
model, which is expressed by the equation

= +t
q K q

t
q

1

t 2 e
2

e

where K2 is rate constant for second-order adsorption (g mg−1

min−1). K2 and qe were determined from slope and intercept of
the plot of t/qt versus t (Figure 5). The calculated qe values are
in good agreement with the experimental qe values and
correlation coefficient (R2) values are also very close to 1
(Table S5), which together indicate that the adsorption of RhB
dye on TPCN-20 follows the second-order kinetic model
suggesting that adsorption involves a chemical process that
depends on both RhB dye and TPCN-20.
Photocatalytic Properties of TPCN Composites. The

photocatalytic activity of the TPCN composites was evaluated
via photocatalytic degradation of RhB dye in an aqueous
solution under visible light irradiation with a catalyst
concentration of 0.5 mg mL−1 in RhB solution (20 μM).
Figure 6 shows the dye removal curves for all samples under
similar conditions of light irradiation, where C0 and C
represent the initial dye concentration and concentration
after the reaction time (t), respectively. It can be observed that
pure TP reduces RhB concentration significantly. After 120

min of stirring in the dark, an overall RhB removal of 73% is
observed due to adsorption. In the case of RhB solution
without catalyst loading, no significant change is observed in
RhB dye concentration in the time span of 0−40 min of light
irradiation, i.e., only a slight decrease of 5% is observed. As
noticed before, TP is not a semiconductor and thus does not
perform in the catalytic degradation reaction. For pure CN
(0.5 mg mL−1), after achieving the adsorption−desorption
equilibrium, a slight decrease in RhB dye concentration (34%)
under visible light irradiation of 40 min is observed, hence
representing the limitation of photocatalytic performance
attributed to its ability of fast recombination of electron hole
pairs.

However, for the composite samples, i.e., TPCN-X,
enhanced RhB dye removal is observed as compared to
pristine CN and pure TP, i.e., 99% for TPCN-20 after 40 min.
Such an increase in the RhB dye removal for TPCN-X samples
might be associated with two key steps: (i) TP in the
composite samples acts as an effective dye adsorbent; thus, a
moderate amount of RhB dye is adsorbed on the TP and (ii)
dye degradation by CN. Hence, among TPCN-X samples,
TPCN-80, and TPCN-50 show less adsorption, while the
TPCN-10 and TPCN-5 show the highest amount of
adsorption. However, TPCN-20 gives the best dye removal
results, which indicates the optimum ratio of TP and CN in the
catalyst. The improved photocatalytic performance is attrib-
uted to the combined impact of enhanced RhB dye adsorption
by the TP support and optimum loading of photocatalytic CN
particles. Combination of TP with CN improves light
harvesting and thus improves catalysis. One of the major
drawbacks of traditional photocatalysts is the recombination of
the formed electrons (e−) and holes (h+), decreasing catalytic
activity. Based on PL analysis, CN had the highest PL intensity,
whereas a decreased PL intensity was observed for TPCN-20,
suggesting that the composite can suppress the recombination
of photogenerated charge carriers. Thus, it is indicated that TP
improves the separation efficiency of h+ and e−. Consequently,
TPCN composites have photocatalytic properties superior to
those of CN and TP.

The effect of catalyst dose was studied as well and is
described in Figure 6c. The dye removal efficiency increased as
the catalyst dose increased from 0.1 to 0.5 mg mL−1, which is
expected due to the presence of a higher number of active sites.

Figure 7. (a) Proposed mechanism for photocatalytic degradation of adsorbed dye over the surface of TPCN under visible light. (b) XRD patterns
of TPCN-20 before and after three experimental runs. (c) Removal efficiency of recycled TPCN-20 (0.5 mg mL−1) for three photocatalytic
degradation cycles of RhB (20 μM in water).
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However, a further increase in the catalyst dose to 1 mg mL−1,
led to no obvious change in the dye removal. A constant dye
removal efficiency with increasing catalyst dose suggests
particle agglomeration as no additional active sites seem to
be available. In conclusion, TPCN-20 show an improved
efficiency with the synergistic effect of adsorption and
photodegradation for RhB removal as compared to the
literature (Table S6).47−52

Role of Active Species. Several control experiments were
performed to investigate the photocatalytic mechanism and the
involved active species by adding scavengers into the aqueous
RhB solution. For example, superoxide radicals were removed
with p-benzoquinone (BZQ, 10 mmol L−1), hydroxyl radicals
were removed with isopropanol (IPA, 10 vol %), and holes
were removed with triethanolamine (TEA, 10 vol %).53

Figure 6d summarizes the photocatalytic efficiencies of RhB
with TPCN-20 after the addition of various scavengers. The
degradation efficiency remained almost unchanged in the
presence of IPA, indicating that the degradation process does
not rely on hydroxyl radicals. The addition of TEA and BZQ
led to a remarkable decrease in the degradation of RhB.
Although both TEA and BZQ led to a decreased adsorption of
RhB, the degradation RhB via photocatalysis is impacted
significantly by TEA and BZQ after achieving the adsorption
equilibrium. From literature, it can be deduced that superoxide
radicals are the main active species responsible for photo-
catalytic dye degradation driven by pure CN.54 In the present
work, the results indicate that holes are the other major active
species generated in the TPCN-20 catalyst system. In view of
the above results, it can be proposed that both superoxide
radicals and holes are the main active species and play an
important role in the working of TPCN for RhB degradation.
Based on the above analysis, a possible photocatalytic

degradation mechanism for RhB by TPCN is proposed (Figure
7a). Initially, RhB is adsorbed onto the surface of TPCN. TP in
TPCN plays the major role in adsorption, and later, when
exposed to visible light, the CN component of TPCN-20 is
easily excited due to its narrow band gap to generate
photogenerated e− and h+ pairs. The photogenerated electrons
react with dissolved O2 to form the active species of •O2−

which is mainly responsible for degradation. Similarly, the
photogenerated holes produced are also active in dye
oxidation. Here in TPCN, the recombination of photo-
generated charge pairs is effectively inhibited, and the charge
separation efficiency is enhanced, which is in accordance with
PL spectra of the samples.
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Reusability of TPCN Composite. To investigate the
stability and reusability of TPCN composites, a catalyst
recycling test for photodegradation was performed with

TPCN-20. After each photodegradation cycle, the catalyst
was collected, rinsed three times with deionized water, and
then dried at 80 °C in an oven for further use. The XRD
patterns of the TPCN-20 before and after the degradation tests
show a high similarity, confirming the catalyst’s integrity after
the catalytic runs (Figure 7b). Similarly, FT-IR analysis after
the photodegradation did not indicate any significant changes,
indicating an acceptable stability of the catalyst composite
(Figure S5). As depicted in Figure 7c, TPCN-20 showed no
obvious reduction of photocatalytic activity after three cycles
for RhB degradation, demonstrating its excellent stability and
reusability for multiple organic pollutant removal runs for at
least three cycles.

■ EXPERIMENTAL SECTION
Materials. Cyanuric acid (98%), dimethyl sulfoxide (DMSO,

99%), ethanol (99.5%), 1-fluoro-4-nitrobenzene (≥99%), hydrazine
hydrate (80% in water), melamine (99%), 4-nitroaniline (99%),
palladium/charcoal activated (10% Pd), potassium carbonate
(≥98%), pyromellitic dianhydride (PMDA, 97%), and rhodamine B
(RhB) (>95%) were obtained from Sigma-Aldrich and used as
received. Ethanol was purified and dried following standard
procedures.
Synthesis of Tris(4-nitrophenyl)amine TNPA. TNPA was

synthesized according to a modified literature procedure.55 4-
Nitroaniline (3 g, 21.7 mmol, 1.0 equiv) was stirred with K2CO3
(6.9 g, 49.9 mmol, 2.3 equiv) in DMSO (10 mL) at ambient
temperature for 6 h in a three-neck round-bottom flask outfitted with
a magnetic stirrer, condenser, and quick fit thermometer; then, 1-
fluoro-4-nitrobenzene (4.7 mL, 47.6 mmol, 2.2 equiv) was added
dropwise and refluxed at 120 °C for 48 h. After the completion of the
reaction, the reaction mixture was poured onto the crushed ice. A
dilute HCl (1 M) solution was used to neutralize the reaction, and
yellow to orange precipitate appeared. The solid was filtered and
washed with warm ethanol, tris(4-nitrophenyl)amine (TNPA) was
obtained in a yield of 6.4 g (16.8 mmol, 77%) with mp >300 °C.
Synthesis of Tris(4-aminophenyl)amine. According to a

modified literature procedure,55 tris(4-nitrophenyl)amine (2.0 g, 5.3
mmol, 1.0 equiv) was dissolved in dry distilled ethanol (100 mL) with
palladium on activated charcoal (0.02 g), after 1 h hydrazine hydrate
solution (7 mL, 175.0 mmol, 33.0 equiv) was added slowly and the
mixture refluxed for 48 h. After the reaction was completed, the
palladium charcoal was removed by hot filtration and the surplus
ethanol was removed under reduced pressure. As a result, light gray
crystals of tris(4-aminophenyl)amine (TAPA) were obtained, filtered,
rinsed with distilled water, and dried to receive a yield of 1.57 g (5.4
mmol, quantitative), mp 233−235 °C.
Synthesis of Tris(4-aminophenyl)amine-based Polyimide

(TP). Tris(4-aminophenyl)amine-based polyimide (TP) was synthe-
sized by a modified literature procedure.56 TAPA (290 mg, 1.0 mmol,
1.0 equiv) and pyromellitic dianhydride (PMDA) (327 mg, 1.5 mmol,
1.5 equiv) were mixed uniformly in an agate mortar. Then, the
uniform mixture was put into a porcelain crucible with a loosely
covered lid and heated to 300 °C with a heating rate of 10 °C min−1

in a furnace for 4 h. The resultant solid was ground into a powder in a
yield of 580 mg (94%).
Synthesis of Cyanuric Acid-Melamine Derived Graphitic

Carbon Nitride. CN was synthesized by a modified literature
procedure.57 Melamine (5.0 g, 39.7 mmol, 1.0 equiv) and cyanuric
acid (5.0 g, 38.8 mmol, 1.0 equiv) were mixed in 200 mL of deionized
water, and then, the mixture was shaken overnight. Afterward, the
precipitate was filtered and freeze-dried. The white solid was
introduced into a tube furnace and heated under nitrogen to 550
°C for 4 h, with a heating rate of 2.3 °C min−1. After cooling to
ambient temperature, CN (1.9 g, 19%) was collected as a yellow
powder.
Synthesis of TPCN Composites. TP was mixed with CN at

different weight fractions [TP/CN = 95/5, 90/10, 80/20, 50/50, and
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20/80] in absolute ethanol. The mixtures were ultrasonicated for 2 h
and then the solvent evaporated at 50 °C. The resultant powders were
named as TPCN-5, TPCN-10, TPCN-20, TPCN-50, and TPCN-80,
respectively.
Photocatalytic RhB Degradation. In a typical RhB degradation

experiment, TPCN composite sample (10 mg) and RhB solution (20
mL, 20 μM) were mixed in a glass vial in the dark under continuous
stirring for 120 min to achieve an adsorption−desorption equilibrium.
After that, the mixtures were placed between two white 50 W LEDS
(Bridge lux BXRA-50C5300; λ > 410 nm) and irradiated. The
adsorption and photodegradation of RhB was monitored by a
decrease in dye concentration. Several samples were collected at
certain time intervals. The RhB concentration was measured
spectrophotometrically utilizing its absorption maximum (λ = 554
nm) and plotted as normalized concentration C/C0. As a reference,
the same experiment was performed with TP and CN only. A blank
experiment in the absence of the photocatalysts under light irradiation
was performed, as well.

To investigate the photocatalytic mechanism, degradation experi-
ments were performed with 10 vol % triethanolamine, 10 vol %
isopropanol, and a solution containing 10 mM benzoquinone
solution. Other experimental processes were similar to those of the
photocatalytic degradation of RhB.

The removal efficiency of RhB (DR) was calculated by using the
following equation
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where Co (mg L−1) denotes the initial concentration and Ce (mg L−1)
denotes the concentration in equilibrium.
Adsorption Evaluation. 10 mg portion of each respective sample

was dispersed into 20 mL of RhB dye solution and stirred in the dark.
During the adsorption period, samples were taken after every 10 min
and analyzed using UV−vis absorption spectra.

The adsorption capacity (mg g−1) and efficiency (%) of selected
samples at equilibrium (qe) and at time t (qt) were calculated by using
the following equations
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where Co (mg L−1) is the initial concentration and C (mg L−1) is the
concentration at time t, V is the volume of solution (L), and W is the
mass of photocatalyst (g).
Analytical Methods. FTIR spectra were recorded using a Jasco

FTIR-4100. XRD patterns of TP, CN, and their composites were
obtained using a Miniflex by Rigaku. SEM was performed on a FEI
XL30 ESEM to detect the morphology of TP, CN, and TPCN-20.
Nitrogen adsorption−desorption isotherm measurements were
carried out on QUADRASORB evo by Anton Parr, and BET surface
area calculations were done using QuadraWin Software. The nitrogen
adsorption and desorption isotherms were measured after the samples
were degassed on a FloVac instrument. PL of TP, CN, and TPCN-20
was measured via Duetta-Bio by Horiba. Solid-state UV−vis
spectroscopy of TP, CN, and TPCN-20 were recorded via diffuse
reflectance accessory on a Cary 100 spectrophotometer to calculate
the band gap energies. UV−vis for photocatalysis investigation was
performed with a Shimadzu UV-3600 UV−vis−NIR spectrometer.
Ultrasonication was performed via an ultrasonicator at 50% amplitude
(Fisherbrand 120 Sonic Dismembrator). Solid-state 13C NMR was
recorded on a 300 MHz Bruker WB UltraShield 2 channel instrument
with a 4 mm WB MAS 15N−31P/1H broadband probe.
Calculations. All DFT calculations were performed using the

Gaussian 09 suite of programmes.58 We employed the B3LYP hybrid
functional59 with a Coulomb-attenuating correction (CAM-
B3LYP),60 in combination with a cc-pVDZ basis set.61 The effect

of solvation by a polar solvent (acetonitrile) was modeled using a
polarizable continuum model (scf = pcm).62,63 DLPNO−CCSD(T)
single point energy calculations64−66 were performed in combination
with Ahlrich’s def2-TZVP basis set67,68 using ORCA version
4.2.1.69,70 Solvation by acetonitrile was taken on account of using
the CPCM method.71

■ CONCLUSIONS
This work reports preparation of polyimide composites with
synergistic adsorption and photocatalytic degradation perform-
ance for the removal of organic dyes by combination with a
well-known photocatalyst, graphitic carbon nitride. The
composite catalyst showed considerable adsorption of organic
dyes in the dark. Graphitic carbon nitride particles were
uniformly distributed on the surface of the polyimide to impart
the composite with photodegradation activity for the dyes. A
synergistic effect between adsorption and photocatalytic
activity between both components was observed. Furthermore,
the catalyst could be reused several times with only a minor
loss in activity. This work provides insights into the design of
high-performance materials with adsorption and photocatalytic
properties for wastewater remediation.
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