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ABSTRACT: Nitrophenols (NPs) and related derivatives are industrially
important chemicals, used notably to synthesize pharmaceuticals,
insecticides, herbicides, and pesticides. However, NPs and their metabolites
are highly toxic and mutagenic. They pose a serious threat to human health
and ecosystem. Current work was undertaken to develop a suitable visible-
light active catalyst for the sustainable and efficient mineralization of NPs in
an aqueous environment. Nanocrystalline cellulose (NCs)-based nitrogen-
doped titanium dioxide and carbonaceous material (N-TiO2/C) was
synthesized by pyrolysis and sol−gel methods using NCs, polydopamine,
and TiO2. The synthesized N-TiO2/C was characterized using different
analytical techniques. Photocatalytic degradation of NPs under visible light
indicated that acidic pH (3) was most suitable for the optimal degradation.
4-NP degradation followed both pseudo-first-order (R2 = 0.9985) and
Langmuir−Hinshelwood adsorption kinetic models (adsorption constant,
KLH = 1.13 L mg−1). Gas chromatography−mass spectrometry and ion chromatography analysis confirmed the total
mineralization of 4-NP into smaller molecular fragments such as acids, alcohols, and nitrates. The total organic carbon showed
that 67% of total carbon present in 4-NP was mineralized into CO2 and CO. The catalyst was recycled for five consecutive
cycles without losing its catalytic activities. The degradation mechanism of NPs with N-TiO2/C was also explored.

■ INTRODUCTION

Water pollution has become a global issue in today’s world.
Modern societies and industries are responsible for the
utilization and subsequent release of hazardous chemicals
such as heavy metals, organic halogens, dyes, nitroaromatic
compounds, and so forth into the environment.1 Among them,
nitrophenols (NPs) and their derivatives have been detected in
water and atmosphere in significant levels.2 Inappropriate
waste disposal practice, medical, agricultural, and industrial
uses are the causes for NP contamination in water. Microbial
degradation or photodegradation of industrial products such as
pesticides, synthetic dyes, and pharmaceuticals (Figure 1a)
enables the NPs to be released into the atmosphere.3,4 Thus,
NPs are found in all places and humans are most likely to get
exposed to environmental NPs through breathing, drinking,
eating, and skin contact.5 Human exposure to NPs causes eye
and skin irritation and damage of functionally important
organelles such as kidney, liver, central nervous system, and so
forth.6,7 The U.S. Environmental Protection Agency (EPA) has
listed 4-NP as one of the “priority environmental pollutants”
because of its toxicity, carcinogenic, and mutagenic effects.8

According to the EPA report, the maximum permissible
concentration of 4-NP in water is restricted to be <10 ng L−1.

This impels researchers to develop some new techniques
where complete removal of NPs could be achievable. Over the
several decades, a variety of techniques such as adsorption,
biodegradation, chemical oxidation, and so forth have been
identified for the NP decontamination. However, they are
always associated with some sorts of disadvantages.9−11 For
example, the adsorption process is insufficient to provide
complete decontamination of NPs. It simply transforms NPs
into the other secondary forms. On the other hand, the
chemical partial oxidation process may generate intermediates
of NPs which are more toxic than the original compound.
Therefore, developing a new remediation method which can
remove NPs completely and economically is an attractive area
of research in wastewater treatment.
Recently, photocatalytic treatment of NPs using TiO2 has

gained a lot of attention. TiO2 have several advantages such as
high thermal and chemical stability, low cost, and non-
toxicity.12 TiO2-based nanomaterials are highly photoactive
and result in complete mineralization of the pollutants.13,14
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However, because of the large band gap (∼3.3 eV), TiO2
requires high energy ultraviolet (UV) light for the photo-
catalytic activation.15 This limits the practical and large scale
application of TiO2 as a photocatalyst material for effective
remediation of NPs from the environment. An effort has been

made to extend the light absorption of TiO2 in the visible light
region making it more economical and safe.16 Dye
sensitization, ion-implantation, and doping of metal atoms or
ions have been applied to increase the optical response of the
TiO2 catalyst.15 These methods have been found to be
effective in retarding the rate of the e−h recombination and
increasing the overall lifetime of photoinduced oxidation and
reduction process.16 Metal-doped TiO2 photocatalysis is quite
popular but major drawbacks are the high cost, toxicity of
metals, and photocorossion.17 One of the most feasible ways to
enhance visible light photocatalytic activity of TiO2 is
heteroatom doping, such as nitrogen (N).18 This method
obviates the use of expensive and toxic metals. N-doping
improves the charge transfer process by introducing a large
electron donor state near the Fermi level of TiO2.

3

Furthermore, TiO2 with different nanostructures such as a
nanotubes, nanospheres, and nanowires are possible also
through N-doping.19 As a result, N-doped TiO2 possesses
unique optical and electronic properties than bulk TiO2 and
improves the overall photocatalytic activity toward degradation
of pollutants. To further enhance the catalytic activity of N-
doped TiO2, carbonaceous nanomaterials are useful because of
their high specific surface area, improved thermal and electrical
conductivity, porosity, and mechanical strength.19,20 Because of
these characteristics properties, they help in enhancing the
loading capacity of catalysts, lowering the aggregation, and
increasing the chances of separation and recovery of catalysts
for consecutive uses.21 So far, carbon nanotubes,22 graphene,23

and reduced graphene oxide24 have been used to generate
various types of N-doped TiO2 nanocomposites. However,
because of probable inherent nanotoxicity, their use for

Figure 1. Schematic diagram of (a) structures of different NPs and
NP-containing organic pollutants and (b) synthesis of the N-TiO2/C
catalyst.

Figure 2. SEM images (a) ×2000 and (b) ×100 000 magnifications, TEM images (c−e), EDAX spectra (j), STEM image (f), and corresponding
elemental mapping images for carbon (g), nitrogen (h), and titanium (i) of N-TiO2/C.
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sustainable and environment-friendly processes appear to be
limited. In this context, nanocrystalline cellulose (NCs) seems
to be a promising candidate.
NCs is a new class of nanomaterial derived from cellulose,

which is a naturally abundant, biodegradable, biocompatible,
and renewable source.25,26 NCs have garnered much attention
in recent years owing to its unique physicochemical properties
and myriad applications.27,28 NCs possess high specific surface
area, high crystallinity, superior mechanical strength, and
tunable chemistry.26 These properties make NCs a fascinating
material for various applications.29 However, limited work has
been done on NCs for making carbonaceous material-doped
metal nanocomposites.27 The aim of the present investigation
is to exploit the unique physicochemical property of NCs for
developing a sustainable and efficient, visible light active N-
doped TiO2 and carbon nanocomposites catalyst (N-TiO2/C).
For the synthesis of our catalyst (N-TiO2/C), NCs and
dopamine were selected as a source of carbon and N dopant,
respectively. Dopamine undergoes self-polymerization in
alkaline pH in the open air to form polydopamine, a
bioinspired polymer, which forms a strong coating on any
surface easily.30 Therefore, when TiO2 and NCs were mixed in
the presence of dopamine under alkaline condition, polydop-
amine forms in situ and it helps to immobilize TiO2 on the
NCs.31 Furthermore, when mixed together TiO2 alone is
capable of forming weak co-ordinate covalent bond with the
hydroxyl (−OH) groups present in NCs. However, in the
presence of polydopamine, TiO2 is immobilized strongly to the
surfaces of NCs. Therefore, such a design may furnish better
N-doping to both TiO2 and carbonaceous material. Finally, the
synthesis of desired N-TiO2/C photocatalyst was achieved by
the pyrolysis of a lyophilized sample containing polydopamine-
immobilized TiO2 on NCs. The structure morphology,
chemical composition, and elemental mapping of N-TiO2/C
were analyzed by scanning electron microscopy (SEM),
Brunauer−Emmett−Teller analysis (BET), transmission elec-
tron microscopy (TEM), energy dispersive X-ray analysis
(EDAX), thermal gravimetric analysis (TGA), Fourier trans-
form infrared (FT-IR) spectroscopy, and X-ray photoelectron
spectroscopy (XPS). The photocatalytic activity of N-TiO2/C
on NPs degradation was studied using both UV and visible
light sources. We demonstrated that N-TiO2/C showed
excellent reactivity in NP degradation under visible light. To
the best of our knowledge, this is the first report of synthesis,
characterization, and applications of N-TiO2/C which was
produced using NCs, dopamine, and TiO2.

■ RESULTS AND DISCUSSION
The morphology of the N-TiO2/C was observed by SEM and
TEM analysis (Figure 2). Figure 2a,b shows the SEM images
of N-TiO2/C at different magnifications. As shown in Figure
2a, it can be observed that the N-TiO2/C surface was rough
and composed of stacked graphitic carbon layers whose size
falls in the micrometer range. Several nanosized TiO2
nanoparticles in aggregated forms were also observed on the
surface. For better clarity, the N-TiO2/C surface was visualized
under higher magnifications, which clearly showed that the
spherical-shaped TiO2 nanoparticles are anchored on the
surface of graphitic layer (Figure 2b). The average diameter of
the spherical TiO2 nanoparticles was measured using ImageJ
software and it was found to be around 21.7 nm. Furthermore,
TEM analysis of N-TiO2/C was also performed and the images
obtained at different magnifications are shown in Figure 2c−e.

As seen in Figure 2c,d, the average interlayer distance
measured between the lattice planes of TiO2 was 0.247 nm.
TEM micrographs also showed the dense agglomerated
sheetlike structure with TiO2 nanoparticles maintaining their
spherical shape (Figure 2e). EDAX conducted for the sample
ensured the presence of carbon, nitrogen, and titanium in the
sample (Figure 2j). The scanning TEM (STEM) image
(Figure 2f) with corresponding elemental mapping further
confirmed the presence of graphitic carbon (Figure 2g),
nitrogen (Figure 2h), and titanium (Figure 2i) in N-TiO2/C.
To determine the crystal structure of N-TiO2/C, powder X-

ray diffraction (XRD) was conducted and the experimental
data are presented in Figure S1. N-TiO2/C displayed
diffraction peaks (2θ) at 25°, 38°, 48°, 53°, 55°, 63°, 69°,
71°, and 73°, which can be correlated with the (hkl) indices
(101), (004), (200), (105), (211), (204), (116), (220), and
(215) of anatase TiO2, respectively.

24,32 The XRD pattern of
N-TiO2/C showed that the major peaks were identical in
shape and peak position to that of standard anatase TiO2.
Because of the overlapping of adjacent (103), (004), and
(112) diffraction peaks, a broadened diffraction peak centered
at around 42° was observed. This property is the indication
that TiO2 has nanometer particle size, which is one of the most
influencing factors in determining the catalytic activity of any
photocatalyst.32 The formation of graphitic carbon was difficult
to distinguish in the XRD patterns of N-TiO2/C because of
peak overlapping and widening. To further characterize the
material, FT-IR was performed and the results are shown in
Figure S2. In the spectrum of N-TiO2/C, broad peaks
belonging to C−N stretching bonds were observed in the
region 1000−1300 cm−1, which were not found in undoped
TiO2.

33 Similar peaks were present in the spectra of N doped
carbonaceous (N-C) material. The results indicated the
formation of graphite C−N structures along with the growth
of TiO2 during the pyrolysis. The peak at around 500 cm−1

(Figure S2b,c) represented vibration of the Ti−O−Ti bond,34
which was found in undoped TiO2 and N-TiO2/C but not in
N-C materials.
To probe the elemental state, the N-TiO2/C was

characterized by XPS (Figure 3). The elemental compositions
of C, N, Ti, and O atoms were examined from XPS survey scan

Figure 3. (a) Survey XPS spectrum and narrow scans of (b) C 1s, (c)
N 1s, and (d) Ti 2p, XPS spectra of the N-TiO2/C.
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(Figure 3a) with their characteristic peaks centered at around
284.00, 400.00, 459.00, and 532.00 eV, respectively. The
contents of C, N, Ti, and O in N-TiO2/C were found to be
82.2, 3.6, 11.5, and 1.1%, respectively (Table S1). The narrow
scan C 1s spectrum (Figure 3b) reveals that it was resolved
into four different peaks with binding energies of 284.00,
284.80, 286.58, and 288.78 eV, which were attributed to sp2

carbon, sp3 carbon, carbon with hydroxy or ethers (C−OH,
C−O−C), and carbonyl carbons (CO), respectively. Figure
3c shows the narrow scan N 1s spectrum for N-TiO2/C, which
were fitted with three peaks at about 398.48, 400.48, and
404.08 eV, corresponding to pyridinic N, graphitic N, and
pyridinic N+−O−, respectively.35 However, in some literature
studies, it was noted that the peak at 398.48 eV might be
attributed to the N bonded in O−Ti−N linkage.36−38 The
peak at 400.48 eV might be due to the presence of N in the
Ti−N−O environment.36 Therefore, the broad peak at 398.38
eV could be due to both pyridinic N and O−Ti−N linkage N,
and another broad peak at 400.48 eV could be due to the
mixture of both graphitic N and N in Ti−N−O linkage. The
narrow scan Ti 2p spectrum is shown in Figure 3d. The
spectrum can be fitted with two peaks at 458.68 and 464.28 eV
corresponding to the N-doped TiO2 containing Ti4+ (2p1/2)
and Ti4+ (2p3/2), respectively. The decrease in binding energy
of pure TiO2 from 459.54 to 458.68 eV is due to the N-doping
to TiO2.

18

The amount of TiO2 present in N-TiO2/C was more
precisely estimated by performing TGA of the N-TiO2/C
catalyst. TGA of the sample was performed three times using
an air flow rate of 50 mL min−1 and a heating ramp of 5 °C
min−1 up to 850 °C to get the more accuracy of the data. TGA
curve (Figure S3a) shows the initial weight loss of 4% from
room temperature to 150 °C, which was assigned to physically
adsorbed water. The pronounced second weight loss of 64%
from 330 to 530 °C was attributed to the decomposition of
nitrogen-doped carbonaceous material. The residual material
remaining after 850 °C was 30% of initial total weight of the
sample, which was attributed to TiO2. Additionally, the
residual material was further tested by EDAX (Figure S3b)
to confirm the presence of TiO2. The EDAX spectrum shows
that most of the residual sample was TiO2. The inset SEM
image of residual material showed the presence of crystalline
needlelike structure of TiO2. Furthermore, the surface area and
porosity of N-TiO2/C were determined using BET analysis.
The BET linear isotherm plot for adsorption/desorption cycle
(Figure S4a) and Barrett, Joyner and Halenda (BJH) pore size
distribution plot (Figure S4b) proved the presence of
abundant micropores along with some mesopores. The BET
surface area and BJH average pore volume of N-TiO2/C were
found to be 21.97 m2/g and 0.024 cm3/g, respectively, which
enhanced the adsorption of NPs and aided for their
degradation.
To study the photocatalytic efficacy of N-TiO2/C, 4-NP was

chosen for the detailed photodegradation study. All other NPs
were studied under the similar conditions. Before testing the
degradation of 4-NP in the presence of visible light, various
control studies were performed in the presence and absence of
UV light as shown in Figure S5. It can be observed that using
N-TiO2/C, 85% of 4-NP was degraded in the presence of UV
light compared to 10% removal in the absence of UV light after
150 min of treatment. For the control study, the effect of UV
light without N-TiO2/C, anatase TiO2, and N-C was tested
separately on the degradation of 4-NP. In the absence of N-

TiO2/C, UV light alone could not degrade 4-NP. The result
clarified the fact that the presence of catalyst was essential for
the degradation of NPs. Similarly, the difference in the
percentage degradation of 4-NP (25%) using N-TiO2/C and
anatase TiO2 under similar conditions indicated that the
doping of N on carbon played a significant role in the
degradation of 4-NP. Furthermore, the role of N-doped TiO2
in N-TiO2/C for 4-NP degradation is also shown in Figure S5.
The presence of N-doped TiO2 showed better performance for
the 4-NP degradation. 4-NP was degraded more efficiently
using the N-TiO2/C sample (85%) compared to N-C sample
(26%) after 150 min of UV light exposure. After analyzing the
data, it was confirmed that the N-TiO2/C was photocatalyti-
cally active and an efficient catalyst.
However, the use of UV light can be costly and physically

hazardous.39 Therefore, we evaluated the degradation of NPs
in the presence of less expensive and harmless visible light.
Figure 4a represents the efficacy of N-TiO2/C for the

degradation of 4-NP under visible light. Additionally, the
control studies were performed (Figure 4b) for the comparison
of 4-NP degradation under different conditions using (i) TiO2
in the presence of visible light, (ii) TiO2 and carbon
nanocomposite (TiO2/C) in the presence of visible light,
and (ii) N-TiO2/C in the absence of visible light. After 7 h,
80% of 4-NP with an initial concentration of 10 mg L−1 was
degraded in the presence of N-TiO2/C under visible light. In
the absence of visible light, N-TiO2/C removed only 30% of
the 4-NP under similar conditions. It also confirmed that N-
TiO2/C was porous in nature. It was also observed that TiO2/
C removed 54% of 4-NP under similar reaction conditions.
The noticeable difference (26%) for the degradation of 4-NP
using N-TiO2/C material compared to TiO2/C was due to the
effect of possible N-doping in the N-TiO2/C material. As the
control experiment showed that TiO2 alone as the catalyst
degraded only 42% of 4-NP after 7 h of reaction. When TiO2
alone was used to degrade 4-NP, the degradation rate was

Figure 4. (a) UV−vis spectrum of 4-NP degradation in the presence
of visible light, (b) control study for the 4-NP degradation, (c)
comparative study of different NPs degradation, and (d) recyclability
test of N-TiO2/C for the degradation of 4-NP after 7 h of reaction.
Experimental conditions: 10 mg L−1 NPs solution at pH 3, 20 mg of
N-TiO2/C at room temperature. *“D” stands for “dark” and “L”
stands for “light”.
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found to be slow initially. However, after 3 h of visible light
exposure, the degradation profile was similar to that of the N-
TiO2/C catalyst. The similar degradation profile indirectly
verifies the possible role of N-doped TiO2 for degradation of 4-
NP. Additionally, the photocatalytic activity of N-TiO2/C
material was extended by performing an experiment for the
degradation of 2-chlorophenol (2-CP) (Figure S6) under
similar conditions. After 5 h of visible light irradiation, 88% of
2-CP was degraded whereas only 66% 4-NP degradation was
obtained under similar conditions. The faster degradation of 2-
CP was attributed to the electron donating and withdrawing
effect of chlorine, which activates the benzene ring and
facilitates the degradation process.40,41 The excellent photo-
catalytic activity of N-TiO2/C under visible light may be
attributed to the fact that during synthesis TiO2 interacts
strongly with the hydroxyl groups of nanostructured NCs in
the presence of polydopamine, which results in more doping
on N-TiO2/C and generation of spherically shaped anchored
TiO2 on the surface of graphitic carbonaceous structures.
Because of the formation of such structures, it is possible to
produce close intimate interfacial interactions between TiO2 at
2D heterojunction of the layers. As a result of this, the charge
separation process during photocatalysis may become easier
which aid in the overall photocatalytic activity by N-TiO2/C.

26

We have recently synthesized a similar carbonaceous material
involving TiO2 and polydopamine (NGC-TiO2). However
microcrystalline cellulose was used for the synthesis. In this
material, TiO2 nanoparticles were found embedded inside the
graphitic carbon layers. Because of this, NGC-TiO2 suppressed
desire photocatalytic activity but showed adsorption behav-
ior.42 Therefore, another reason for the enhanced photo-
catalytic activity under visible light could be attributed to the
sufficient adsorption of 4-NP on the surface of N-TiO2/C.
The pH of the medium is an important factor in catalysis

because it determines the interaction between the catalyst and
organic impurities.43 Therefore, optimized pH of the NP
containing solution is necessary for the effective degradation of
NP in the presence of a catalyst. Solution pH ranging from 2 to
10 was selected for the optimization. The effect of solution pH
on 4-NP degradation in the presence of visible light is shown
in Figure S7. It was observed that the degradation rate
increased with increasing pH up to 3 and then decreased with
further increasing the solution pH. The optimized pH for 4-NP
degradation was found to be 3. 4-NP undergoes dissociation to
the phenolate ion if the pH of the solution is greater than its
pKa (7.15) value.

44 In acidic pH (pH < 7), 4-NP remains in a
molecular form. The pH of the solution affects the surface
charge of the catalyst and consequently adsorption and
degradation of the organic pollutants.45,46 In acidic solution,
the surface of the N-TiO2/C is most likely to be positively
charged because of the protonation of any pyridinic N present
in the catalyst. The point of zero charge (PZC) might be
another reason for catalyst being positively charged.47,48 The
pHPZC of the TiO2 is reported in the range of 6.25−6.90.
Because TiO2 was used for the synthesis, we assume that
pHPZC of NTiO2/C is also in the similar range. Therefore, the
surface of the catalyst becomes positively charged if pH <
pHPZC and negatively charged pH > pHPZC as shown in eqs 1
and 2.48

< + =+ +pH pH : TiOH H TiOHPZC 2 (1)

> + = +− −pH pH : TiOH OH TiO H OPZC 2 (2)

In the acidic pH solution, electrostatic interaction between
the positively charged surface of the catalyst and the lone pairs
of electron present on the nitrogen and oxygen atoms of 4-NP
brings molecular 4-NP more closely to the surface of the
catalyst, which results in higher degradation.49 However, if the
pH < 3, the percentage degradation of 4-NP diminished. In
this condition, •OH radical produced on the surface of the
catalyst may interact with Cl− (due to the addition of strong
HCl solution) to produce the •OCl radical which is less
reactive than •OH.47 Another possible reason for decreasing
degradation efficiency of the catalyst at pH < 3 is due to the
repulsion between partially protonated lone pair of electrons of
phenolic oxygen atom of 4-NP and positively charged surface
of the catalyst.49 In alkaline pH (pH > 7), negative charges are
developed on the surface of the catalyst and the phenolate ion
formed after the dissociation of 4-NP is repelled from the
catalyst surface.50 This reduces the proximity of 4-NP with the
reactive oxygen species generated on the surface of the catalyst
and decreases the overall degradation.
The photocatalytic efficacy of N-TiO2/C was tested for the

degradation of different NPs as well. 2-NP, 3-NP, 4-NP, and
2,4-dinitrophenol (2,4-DNP) were tested for degradation
under similar optimized conditions. The decrease in the
concentration of NP in the solution was evaluated by
measuring the change in absorbance peak at their correspond-
ing λmax. Figure 4c illustrates the decrease in concentration of
different NPs with time using N-TiO2/C under visible light
condition. The results exhibit that 2-NP was degraded more
efficiently compared to other NPs. The degradation efficiency
of N-TiO2/C reached 90% in case of 2-NP compared to 80%
for 4-NP, 60% for 3-NP, and 54% for 2,4-DNP in the presence
of visible light after 7 h of reaction at room temperature. The
results were in agreement with those reported by Kavitha and
Palanivelu,39 which explained that the position and numbers of
−NO2 group in the phenolic compound affect the ability of
their degradation on the surface of the catalyst. They also
reported that the •OH undergoes electrophilic attack on ortho
and para positions of phenolic −OH groups with more
preferably to the para position. Therefore, 2-NP being
electron-rich in the para position degraded faster than 4-NP
being electron-rich in the ortho position. On the other hand,
−NO2 group are ortho- and para-deactivating group.14

Therefore, 3-NP was difficult to degrade under similar
conditions. In addition to the deactivating effect of −NO2
group, the presence of two −NO2 groups in 2,4-DNP blocks
the favorable positions susceptible to •OH attack. This is the
reason for the less degradation of 2,4-DNP under similar
conditions. On the other hand, the effect of O2

•− radical for
NPs degradation cannot be neglected. According to the report
of Hameed et al.,51 the proper orientation of −NO2 group in 2-
NP creates soft site for O2

•− radical attack on the benzene ring.
In 4-NP, the presence of additional negative inductive effect
prevents the approach of O2

•−, resulting in less degradation
compared to 2-NP. In case of 3-NP, the improper position
(meta-position) of −NO2 group causes less degradation.
Similarly, in case of 2,4-DNP, the presence of bulkier −NO2
group hinders the sites for attack by O2

•− radical.
In terms of economy, the stability and reusability of the

catalyst are crucial factors for the removal of organic pollutants.
Multiple use of the catalyst remarkably minimizes the cost of
the water purification. In the present work, the catalyst was
used for five different cycles for 4-NP degradation as shown in
Figure 4d. The recyclability experiment was performed in the
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presence of visible light under optimized conditions. After each
cycle of photocatalytic degradation, the catalyst was recovered
by centrifuging and repeated washing with methanol and
doubly distilled deionized (DI) water to remove the adsorbed
4-NP or its degraded products. The regenerated catalyst was
dried completely and used for the next identical batch
experiments. The results indicated that the N-TiO2/C was
efficient to remove 4-NP. In the 1st cycle, 80% of the 4-NP
solution was degraded after 7 h of reaction. The percentage of
4-NP degradation remained almost consistent in the
subsequent cycles. The slight decrease in the percentage
degradation of 4-NP in the subsequent cycles might be due to
the loss of sample during the washing process.
Degradation of organic pollutants was initiated by the

reactive species such as •OH or O2
•− present on the surface of

the catalyst. For the effective degradation of the organic
pollutants, the proximity of the oxidizing species should be
necessary.39 Therefore, the adsorption of organic pollutants on
the surface of catalyst will influence their degradation rate
under light illumination. To study the adsorption behavior of
4-NP on the surface of N-TiO2/C, a Langmuir adsorption
model was fitted and the adsorption constant under the
equilibrium condition was calculated using eq 3.52
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+
C
Q K Q
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Q

1
( )
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e ads m

e
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where Ce (mg L−1) is the equilibrium concentration; Kads (L
mg−1) is the Langmuir adsorption constant; Qe (mg g−1) is the
adsorbed equilibrium quantity, and Qm (mg g−1) is the
maximum adsorbed quantity. Qm and Kads can be calculated
from the slope and intercept of the straight line, respectively,
using the plot of Ce/Qe versus Ce. The 4-different initial 4-NP
concentrations of 10, 15, 20, and 50 mg L−1 were taken to
study the dark adsorption kinetics. Using the eq 3, the linear
plot of Ce/Qe against Ce was drawn as shown in Figure 5a and
the values of Kads and Qm were determined as 1.22 L mg−1 and
10.57 mg g−1, respectively.

For the kinetic study of the photocatalytic degradation of 4-
NP, four different initial 4-NP concentrations of 7.90, 14.4,
18.6, and 49.6 mg L−1 obtained after 1 h of 4-NP adsorption in
the dark were considered in this batch experiment. Figure 5b
shows the linear plot of ln(Co/Ct) versus time with different
initial concentrations of 4-NP solution. The 4-NP degradation
followed the pseudo-first-order kinetic given in the following
eq 4 as
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C
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where kapp (min−1) is the apparent pseudo-first-order reaction
rate constant. Also, Co and Ct are 4-NP concentrations (mg
L−1) at the initial and at time t, respectively. The kapp values for
four different initial concentrations of 4-NP were obtained
directly from the regression analysis of the linear curve present
in Figure 5b. The kapp values along with initial rates of reaction
are given in Table S2. It was observed that the degradation rate
constant values decreased with the increase in the initial 4-NP
concentrations. To examine the effect of the initial 4-NP
concentration on the reaction rate, a Langmuir−Hinshelwood
(L−H) adsorption model was applied. The L−H adsorption
model52−54 can be expressed in the following eq 5 as

= =
+

r k C
K K C

K C1o app o
C LH o

LH o (5)

where ro (mg L−1 min−1) is the initial rate of photocatalytic
degradation of 4-NP, kapp (min−1) is the apparent rate
constant, KLH (L mg−1) is the L−H adsorption constant, and
kC (mg L−1 min−1) is the L−H rate constant of the surface
reaction, respectively. The linear form of the L−H adsorption
model can be expressed as shown in following eq 6.
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Figure 5. Linear plots of (a) Ce/Qe vs Ce based on the Langmuir monolayer adsorption model, (b) ln(Co/Ct) vs time for different initial 4-NP
concentrations, (c) 1/ro vs 1/Co, and (d) 1/Kapp vs Co based on the L−H kinetic model. Experimental conditions: 4-NP solution at pH 3, 20 mg of
N-TiO2/C at room temperature.
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The linear plot of 1/ro against 1/Co as shown in Figure 5c
gives the linear relationship between 1/ro and 1/Co. From the
value of intercept (1/kC) and slope (1/kCKLH), kC and KLH
values were determined to be 2.73 × 10−2 mg L−1 min−1 and
1.13 L mg−1, respectively.
Equation 5 can also be rearranged to obtain the following eq

7, which gives the linear relationship of 1/Kapp and Co as shown
in the Figure 5d.

= +
K K K

C
K

1 1

app C LH

o

C (7)

The linear plot of 1/Kapp versus Co gave the straight line with
the slope of 1/KC and intercept of 1/KCKLH. From the slope
and intercept, the values of KC and KLH were calculated to be
the same as obtained above from the plot of 1/ro against 1/Co.
The constant values obtained from the L−H adsorption

model and the Langmuir adsorption isotherm model were
found to be close to each other (Kads = 1.08KLH). This result
confirmed that photocatalytic degradation of 4-NP at pH 3
followed the L−H model satisfactorily under visible light.55

We believe that during the visible light irradiation of 4-NP in
the presence of N-TiO2/C, a number of intermediate products
were formed, which were finally mineralized into inorganic
products such as CO2, CO, and H2O. To detect the possible
compounds formed during the reaction, we used gas
chromatography−mass spectrometry (GC/MS), FT-IR, ion-
chromatography (IC), and total organic carbon (TOC)
analysis. At first, the intermediate products obtained after the
degradation of 4-NP were detected by GC/MS analysis. Table
1 shows the list of intermediate products of 4-NP after

degradation along with their formula, molecular mass, and the
retention time in the gas chromatogram. As it can be seen in
Table 1, many of the products are acids and alcohols and they
are produced in low concentrations. Particularly, acids and
more polar intermediates with high molecular mass are difficult
to detect in GC/MS without derivatization. Therefore, after
the reaction, the products were extracted in an organic solvent
(ethyl acetate) and then reacted with bis(trimethylsilyl)-
trifluroacetamide (BTSTFA) (a silylating agent) to make
them volatile for facile detection in GC/MS. The GC
chromatogram of 4-NP degradation with some intermediate
products are shown in Figure S8 and mass spectra of some of
the trimethylsilyl (TMS) derivative of intermediate products
are shown in Figures S9 and S10. The major intermediate
products detected after 30 min of 4-NP degradation include

low molecular weight alcohols such as isobutanol, 1,3-
propendiol, and glycerol with their retention times of 3.41,
11.33 and 18.41 min, respectively. Smaller acids such as formic
acid, acetic acid, oxalic acid, and lactic acid with their
corresponding retention times of 1.23, 2.73, 6.69, and 11.91
min, respectively, were also detected during the degradation
(Figure S8). These intermediate products further degraded to
give CO2, CO, and H2O.
The mechanism of 4-NP degradation is still not fully

understood in general. The possible mode of 4-NP degradation
initiated by reactive oxygen species such as •OH and O2

•−

radicals is schematically represented in Figure S11. •OH being
a neutral radical and having similar reactivity as of •F initiates
the degradation of 4-NP forming different aromatic inter-
mediates.56 On the other hand, the O2

•− radical bearing free
radical along with an additional negative charge initiates the
degradation reaction by attacking and cleaving the aromatic
benzene ring to furnish directly aliphatic intermediates without
forming any aromatic intermediates.51 No aromatic inter-
mediate products such as p-nitrocatechol, 4-nitropyrogallol,
1,2,4-trihydoxybenzene, and so forth other than hydroquinone
were detected in the GC/MS analysis. The possible reason
might be either due to the rapid degradation of these
intermediate products into smaller aliphatic intermediates or
inability to be detected in GC/MS because of their high
molecular weight. Furthermore, the aliphatic intermediate
products might be formed quickly by the attack of O2

•− radical
to give the nitrite ion, which can be further oxidized to the
nitrate ion.51 The aliphatic intermediates were further attacked
by the O2

•− or •OH radical to produce mineralized products.
Additional information on the mineralization of 4-NP was

obtained from TOC and IC analyses. From the TOC result, it
was confirmed that 4-NP was degraded to smaller fragments
such as CO and CO2. Before degradation, the theoretical TOC
value for 4-NP was calculated to be 5.2 mg L−1 (for 10 mg L−1

of 4-NP), which changed to 1.7 mg L−1 after 7 h of reaction
with N-TiO2/C in the presence of visible light. The result
showed that 67% of 4-NP was mineralized into species such as
CO2 and CO. We believe some intermediates (e.g., acetic
acid), which formed after degradation of 4-NP, are recalcitrant
and remained for a longer time without further degradation.57

Therefore, percentage of TOC removal was found to be less as
compared to the percentage degradation of 4-NP, which was
earlier estimated by UV−vis analysis. The TOC removal
percentage achieved using N-TiO2/C was higher than TOC
removal efficiency (42%) by radiation-induced degradation of
4-NP using TiO2.

58 Wang et al. reported the activity of the
TiO2 nanocomposite for degradation of 4-NP, where 47%
decrease of TOC was observed after 400 min.59 This is much
lower than the TOC efficiency that was achieved in 420 min
using N-TiO2/C. In some cases, higher TOC removal of 4-NP
has been reported using doped TiO2 catalyst but required a
longer time (more than 7 h) of light irradiation and a high
dose of the catalyst.60 Similarly, the mineralization of 4-NP can
be detected by measuring the concentration of ammonium and
nitrate ions formed using the IC technique.61 The theoretical
concentrations of ammonium and nitrate ion in the 4-NP
solution for the complete mineralization process were
calculated to be 1.29 and 4.46 mg L−1 (for 10 mg L−1 of 4-
NP), respectively. For the blank studies, their concentrations
were found to be 0.1 and <0.05 mg L−1, respectively. After 7 h
of photocatalytic degradation of 4-NP, the concentration of
mineralized products such as ammonium and nitrate ions

Table 1. List of 4-NP Degraded Intermediate Products
Obtained from the GC/MS Studya

name of intermediate
products

retention time
(min)

molecular weight
(g mol−1)

molecular
formula

formic acid 1.23 46 CH2O2

acetic acid 2.73 60 C2H4O2

isobutanol 3.41 74 C4H10O
oxalic acid 6.69 90 C2H2O4

2-methyl-1-butanol 7.43 88 C5H12O
1,3-propendiol 11.33 76 C3H8O2

lactic acid 11.91 90 C3H6O3

hydroquinone 16.99 110 C6H6O2

glycerol 18.41 92 C3H8O3
aAll of the above compounds are TMS derivative of intermediate
products.
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reached to 0.51 and 1.2 mg L−1, respectively, exhibiting the 32
and 26% of mineralization into respective species. From the
literature, it can be found that the ammonium ion takes time to
oxidize into the nitrate ion.62 During the degradation process,
some of the N atoms of 4-NP are released as nitrogen (N2)
gas, while some other N atoms remain in the intermediate
products.60 Therefore, the percentage of mineralization into
nitrate and ammonium ions was found to be lesser than the
percentage of degradation. Total nitrogen percentage con-
version in the form of nitrate and ammonium ion achieved is
comparable to the previously reported study. However, in their
study, TiO2 was used along with other metal oxides containing
expensive and rare metals.60

Further insights in the degradation mechanism can be
gained by FT-IR analysis of the solids obtained before and
after degradation of 4-NP at certain intervals of time using N-
TiO2/C under visible light irradiation. The changes in the FT-
IR spectra before and after 4 and 7 h of degradations are
depicted in Figure S12. The broad and intense peak at around
3400 cm−1 can be attributed to the phenolic OH stretching
peak of 4-NP before degradation (Figure S12a). The OH
stretching peak intensity decreased with increasing the
irradiation time from 4 to 7 h (Figure S12b,c). The
characteristic peaks of 4-NP as shown in Figure S10a at
1600 cm−1 (aromatic CC stretching), 1400 cm−1 (asym-
metric NO stretching), 750−690 cm−1 (aromatic C−H
bending), and 3070 cm−1 (aromatic C−H stretching)
disappeared after 4 and 7 h of degradation as shown in Figure
S12b,c, respectively. The formation of smaller acids after
degradation of 4-NP was verified by the appearance of new
peak at around 1700 cm−1 (Figure S12b,c). The peak at
around 1700 cm−1 was due to the carboxylic CO bond
stretching. The sharp peak at 1070 cm−1 assigned (Figure
S12a,b) to alcoholic C−O stretching was detected till 4 h of
degradation, which became less intense after 7 h of
degradation. The sharp characteristic peak at 1330 cm−1

assigned to stretching frequency of nitrate ion was clearly
observed in Figure S12b,c. This also supported the fact of 4-
NP mineralization into the nitrate ion.63

The oxygen species either in the form of •OH or O2
•−

radicals, which were generated on the surface of the catalyst
during the e−h transfer, play an important role in the
degradation of NPs.64 To verify that, the effect of the oxygen
was studied and the results are depicted in Figure 6a. It was
presumed that the dissolved oxygen may have a role in the
generation of the reactive species and eventually degradation of
NPs. When solution was purged and saturated with oxygen gas
(O2), 77% of 4-NP was degraded. On the other hand, only
27% degradation was detected when the solution was saturated

with N2 gas. The degradation occurred in the presence of N2
gas was due to the presence of oxygen in water. This indicates
that oxygen species played a significant role for the 4-NP
degradation. From Figure 6a, it is evident that only 10% more
degradation of 4-NP was observed in the case of O2 saturated
condition compared to open air condition. This finding
indicates that oxygen required for 4-NP degradation was
sufficient from open air, which is more economic and beneficial
for waste treatment.
To further understand the generation of •OH or O2

•−

radicals during the photocatalysis, radical quenching reactions
were performed. Ascorbic acid, which is a quencher of O2

•−

radical, and isopropanol, an •OH radical quencher, were used
to indirectly detect the radicals and confirm their possible roles
on degradation.65,66 The concentration of quenchers used in
the experiment was 10 times higher than the 4-NP
concentration in the reaction mixture. From the Figure 6b, it
is evident that the use of radical quenchers suppressed the
degradation rate of 4-NP. After 5 h reaction, the catalyst alone
was found to degrade only 67% of 4-NP. Isopropanol, on the
other hand, showed a more retarding effect in the degradation.
In the presence of isopropanol, only 12% 4-NP degradation
was observed indicating the possible and major role of •OH in
the degradation. In the presence of ascorbic acid, N-TiO2/C
degraded 42% of 4-NP after 5 h of reaction. The less
degradation observed in the presence of isopropanol compared
to ascorbic acid might be due to the smaller size of isopropanol
that might block the active sites by its adsorption along with
the quenching effect. The results indicated that both radicals
were found to be crucial for effective photocatalytic
degradation of 4-NP.

■ CONCLUSIONS
In conclusion, photocatalytic degradation of NPs was
successfully studied using N-TiO2/C under visible light. The
photocatalyst N-TiO2/C was prepared by the sol−gel method
followed by pyrolysis at 500 °C and characterized via SEM,
TEM, EDAX, XRD, XPS, TGA, and BET techniques, which
confirmed the N-doping in N-TiO2/C nanocomposites.
Photocatalytic activities of the material were tested by the
degradation of 4-NP using visible and UV light. Acidic pH was
found to be more suitable for 4-NP degradation with optimum
pH of 3. Recyclability experiment showed that the N-TiO2/C
can be used multiple cycles without loss of activity.
Photocatalytic efficacy of N-TiO2/C was further extended by
testing successful degradation of different NPs. The kinetic
study revealed that the 4-NP degradation followed the pseudo-
first-order kinetics. The KLH and Kads values obtained from the
L−H adsorption kinetic model and the Langmuir adsorption

Figure 6. Effect of (a) oxygen and (b) radical quenchers on the percentage degradation of 4-NP solution in the presence of N-TiO2/C under
visible light. Experimental conditions: 10 mg L−1 4-NP solution at pH 3, 20 mg of N-TiO2/C at room temperature.
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isotherm model, respectively, confirmed that the degradation
study of 4-NP followed the L−H adsorption kinetic model
satisfactorily. GC/MS and FT-IR studies confirmed that 4-NP
degraded into smaller molecular fragments. TOC analysis
showed that 67% of TOC in 4-NP mineralized into inorganic
molecules such as CO2 and CO after 7 h of reaction.
Furthermore, IC analysis was performed to determine and
confirm mineralization of 4-NP into less toxic products.
Different radical quenchers were used to detect the possible
role of reactive oxygen species in the photocatalytic
degradation process. The synthesized NCs and dopamine-
based catalyst has a promising potential for the degradation of
other hazardous organic pollutants from wastewater.

■ EXPERIMENTAL SECTION

General. All chemicals were analytical grade reagents and
were used as received without further purification. NCs (8 w/
w %) was obtained from Blue Goose Biorefineries Inc.
(Canada). Dopamine hydrochloride, anatase TiO2 (size < 25
nm), 4-NP, 2,4-DNP, 2-CP, L-ascorbic acid, BTSTFA,
potassium dihydrogen phosphate (KH2PO4), and dipotassium
hydrogen phosphate (K2HPO4) were obtained from Sigma-
Aldrich (USA). 2-NP and 3-NP were obtained from Acros
Organics (USA). DI water was used to prepare all solutions.
Ultrahigh purity N2 and O2 were obtained from NLR Welding
Company, North Little Rock, Arkansas (USA). The details of
the as-prepared N-TiO2/C characterization instrumentations
and techniques, the procedure for the degradation of NPs, and
kinetic studies have been described in the Supporting
Information.
Synthesis of the N-TiO2/C Photocatalyst. N-TiO2/C

was synthesized by mixing NC, dopamine, and anatase TiO2 in
the ratio of 5:5:1 by weight in 25 mL of DI water and the
mixture was stirred for 24 h in open air at room temperature.
The pH of the mixture was maintained at 8 throughout the
reaction. During this period, the reaction mixture turned black.
After 24 h, the resulting mixture was filtered and the precipitate
was washed with copious amounts of DI water. The residual
black slurry was frozen at −20 °C and lyophilized using a
Labconco FreeZone 1 L benchtop freeze dry system (Cole-
Parmer, USA) to obtain a powdery black solid. The freeze-
dried sample was then pyrolyzed at 500 °C using a tube
furnace (model GSL-1100X, MTI Corporation, USA) for 2 h
under continuous N2 gas flow. The heating and cooling rates
during pyrolysis were maintained at 10 °C min−1. After
pyrolysis, the sample was cooled to room temperature. Finally,
a black carbonaceous material was obtained, which was further
grounded into a fine powder using a mortar and pestle to
generate N-TiO2/C. The material was stored in a desiccator
for further use. The synthesis of N-TiO2/C is schematically
represented in Figure 1b. N-C was synthesized following the
same procedure but no TiO2 was used during the synthesis.
Similarly for the control experiment, TiO2 and TiO2/C
material was synthesized using anatase TiO2 and NCs.
Additionally, anatase TiO2 was treated at 500 °C for 2 h
prior to use for any control reaction.
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