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lignin nanocomposite as an
efficient photocatalyst for the selective oxidation
of benzyl alcohol under UV and visible light†

Ayesha Khan, *a Michael Goepel,b Wojciech Lisowski,a Dariusz Łomot,a

Dmytro Lisovytskiy,a Marta Mazurkiewicz-Pawlicka,c Roger Gläser *b

and Juan Carlos Colmenares *a

Developing functional materials from biomass is a significant research subject due to its unique structure,

abundant availability, biodegradability and low cost. A series of chitosan–lignin (CL) composites were

prepared through a hydrothermal method by varying the weight ratio of chitosan and lignin.

Subsequently, these CL composites were combined with titania (T) to form a nanocomposite (T/CL)

using sol–gel and hydrothermal based methods. T/CL nanocomposites exhibited improved

photocatalytic performance in comparison with sol–gel and hydrothermally prepared pristine titania

(SGH-TiO2), towards the selective oxidation of benzyl alcohol (BnOH) to benzaldehyde (Bnald) under UV

(375 nm) and visible light (515 nm). More specifically, the 75T/CL(25 : 75) nanocomposite (a

representative photocatalyst from the 75T/CL nanocomposite series) showed very high selectivity (94%)

towards Bnald at 55% BnOH conversion under UV light. Whereas, SGH-TiO2 titania exhibited much lower

(68%) selectivity for Bnald at similar BnOH conversion. Moreover, the 75T/CL(25 : 75) nanocomposite

also showed excellent Bnald selectivity (100%) at moderate BnOH conversion (19%) under visible light.

Whereas, SGH-TiO2 did not show any activity for BnOH oxidation under visible light. XPS studies suggest

that the visible light activity of the 75T/CL(25 : 75) nanocomposite is possibly related to the doping of

nitrogen into titania from chitosan. However, according to UV-visible-DRS results, no direct evidence

pertaining to the decrease in band-gap energy of titania was found upon coupling with the CL

composite and the visible light activity was attributed to N-doping of titania. Overall, it was found that T/

CL nanocomposites enhanced the photocatalytic performance of titania via improved light harvesting

and higher selectivity through mediation of active radical species.
1. Introduction

The dwindling supply of fossil-fuel reserves and detrimental
effects of fossil-fuel utilization on the environment have trig-
gered immense research efforts in exploring renewable
resources for the production of chemicals and fuels and the
synthesis of functional materials.1 Biomass, as an inexhaustible
and abundantly available carbon source, has great potential for
the preparation of carbonaceous materials.2 The development
of high-performance photocatalytic materials from biomass-
derived polymers (cellulose, lignin, and chitin) is a subject of
emy of Sciences, Warsaw 01-224, Poland.
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research, owing to the unique structure, functional groups, low
cost, and biodegradability of these biopolymers.3 Additionally,
it is an attractive approach to reduce the carbon-footprint of
biomass transformation processes. Interestingly, biomass-
derived carbonaceous materials can play a dual role as cata-
lyst and catalyst carrier in photocatalytic reactions due to their
high electron conductivity, chemical inertness, and suitable
surface and textural properties.4 Moreover, carbonaceous
materials can be chemically functionalized or coupled with
metal/metal oxide catalysts to impart or enhance the catalytic
activity.4 In particular, their application in the form of supports
or composites with active metal/metal oxide catalysts has
attracted attention in liquid and gas-phase reactions.5

Among the numerous sources of carbonaceous materials,
chitosan (derived from the partial deacetylation of chitin) is
a nitrogen-rich (�7 wt%) copolymer, made up of repeating units
of N-acetyl-D-glucosamine and D-glucosamine.1 There has been
growing interest in the use of chitosan for the preparation of,
supported photocatalysts, and composites, attributed to the
presence of amine and hydroxyl functional groups which may
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
interact with various metal oxides such as titania,6 zinc oxide,7

zeolite,8 etc. Saravanan et al.9 prepared titania–chitosan (TiO2/
CS) nanocomposites for the photocatalytic degradation of
methyl orange (MO). The TiO2/CS nanocomposite prepared in
the weight ratio of 75 : 25 showed 63.5% degradation of MO
aer 120 minutes, under simulated solar irradiation. Whereas,
pristine titania was found to be inactive for the degradation of
MO. The visible light activity of TiO2/CS nanocomposite is
ascribed to its slightly reduced (3.0 eV) band gap compared to
pristine titania (3.2 eV).9 Besides that, chitosan may facilitate
the nitrogen doping and can possibly improve the visible light
harvesting of a photocatalyst.1 Lignin, another macromolecular
polymer (derived from lignocellulosic waste) with multiple
functional groups (hydroxyl, methoxy, ether, and aldehyde
groups)10 is another potential candidate for the preparation of
composite materials.11 Besides chemical modication, there are
a couple of other advantages associated with lignin for its
application in the development of photocatalytic materials. For
example, the phenolic groups of the lignin possibly improve the
hole transport features of the materials.12,13 Whereas, the
aromatic structure and the chromophore groups present in
lignin allow it to absorb solar radiation,14,15 especially in the
range of 295–400 nm.16 Moreover, lignin may undergo a photo-
induced electron transfer involving molecular oxygen and other
substrate species, which result in the formation of reactive
oxygen species (ROS) such as the superoxide radical anion
(O2c

�) and hydroxyl radical (cOH). This enables its use as
a photosensitizer for photocatalytic application.17

Although both biopolymers, chitosan and lignin have
a number of advantageous properties, there are also some key
concerns associated with the individual materials. In terms of
the physical properties of chitosan, it has low mechanical and
thermal stability.18 Additionally, it is generally insoluble in
neutral and basic pH range.19 Whereas, the solubility of lignin
in different solvents varies with the type of lignin. From this
perspective, blending chitosan with another biopolymer like
lignin presents the possibility to obtain a biopolymer-based
composite with improved physicochemical properties. The
cationic nature of chitosan in acidic medium favors the inter-
action with negatively charged polymer ormaterials. Integrating
sulfonated lignin, as a counter ion polymer into chitosan may
result in the formation of ionic linkages between the two
components20 and possibly enhance the stability of the mate-
rial.21 Therefore, preparing a composite of chitosan and lignin is
a fascinating approach to overcome the limitations of indi-
vidual polymer.

Chitosan–lignin (CL) composites are widely studied as
adsorbents for the removal of dyes in aqueous solution.22 In
wastewater remediation, the improved performance of CL
composites is attributed to the presence of various functional
moieties, which facilitate the dye adsorption.23 Despite the high
level of interest in the application of CL composite in environ-
mental remediation,22,24 their application in photocatalysis is, to
the best of our knowledge, not yet documented. Interestingly,
CL composites are adaptable to couple with metal or metal
oxide nanoparticles owing to the presence of multiple func-
tional groups,23 which make them a suitable candidate for
© 2021 The Author(s). Published by the Royal Society of Chemistry
photocatalytic application. The diverse functional moieties of
CL composite, specically aromatic groups of lignin, may
enhance the adsorption of substrate due to p–p stacking
interaction with organic adsorbates, which is benecial for
enhancing the activity of the photocatalyst.25,26 Masilompane
et al.23 reported that chitosan–lignin–titania nanoadsorbent has
the capacity to remove Brilliant Black (BB) dye from contami-
nated wastewater due to strong electrostatic attraction between
BB and chitosan–lignin–titania nanocomposite. The monolayer
adsorption capacities calculated was 15.8 mg g�1 at 25 �C using
the linear Langmuir isotherm.23

Recently, extensive efforts are being made to carry out photo-
catalytic reactions using solar energy. However, to utilize solar light
the development of ecofriendly visible light (accounts �45% of
solar radiation) active photocatalysts is a challenging task.
Nanostructured-titania is one of the most widely studied photo-
catalysts, due to its low cost, high photocatalytic activity and
stability.27 Despite of several advantages, there are few drawbacks
of titania which limits its application in certain elds of photo-
catalysis, especially in organic synthesis. For example, titania
exhibits high recombination rate of electron–hole pairs and lacks
an appropriate band-gap28 required for the visible light absorption
(i.e. <3.0 eV). These intrinsic features of titania limits its applica-
tion in visible-light driven photocatalysis.29 However, efforts have
been made to improve the visible light activity of titania for the
selective oxidation reactions. Higashimoto et al.30,31 reported the
photocatalytic partial oxidation of benzyl alcohol (BnOH) to
benzaldehyde (Bnald) under visible light (l > 420 nm) via surface
complex formation by the adsorption of BnOH on titania surface.
A high conversion for BnOH (>99%) was achieved with high Bnald
selectivity (>99%) in acetonitrile aer 4 hours of irradiation.30 Li
et al.32 observed similar results for the photocatalytic activity of
single crystalline rutile titania nanorods for the selective oxidation
of BnOH to Bnald (>99% selectivity) via surface complex formation
under visible light (l $ 420 nm).32 Moreover, constructing a het-
erojunction of TiO2 and In2O3, and further decorating it with Pt
nanoparticles and MnOx to prepare a mesoporous hollow spheres
(Pt@TiO2@In2O3@MnOx, PTIM-MSs) is reported to be an efficient
approach for the photocatalytic oxidation of BnOH to Bnald. The
PTIM-MSs exhibited high activity for the selective oxidation of
BnOH, with �1000 mmol g�1 Bnald formation compared to TiO2

mesoporous hollow spheres (�300 mmol g�1) aer 14 hours of
irradiation under simulated sunlight.33 In another study, a plas-
monic photocatalyst based on Pt nanoparticles supported on
anatase titania achieved high Bnald yield (72%) at 75% BnOH
conversion under natural sunlight.34

Besides the visible light activation of titania, separation of
nano-sized titania from the liquid reaction medium is difficult
because of their ne size.35,36 Herein, we focus on preparing
nanocomposites utilizing biomass-derived waste (chitosan and
lignin) and titania, with the aim to improve the visible light (515
nm) activity as well as photocatalytic efficiency of titania under
UV (375 nm) light for the selective oxidation of benzyl alcohol
(BnOH) to benzaldehyde (Bnald). Moreover, this strategy may
overcome the problem of titania nanoparticles separation and
recovery from the liquid reaction medium.
RSC Adv., 2021, 11, 34996–35010 | 34997
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2. Experimental
2.1 Materials

Medium molecular weight chitosan (Sigma-Aldrich), alkali
lignin, low sulfonate content (Sigma-Aldrich), citric acid mon-
ohydrate ($99.0%, STANLAB), titanium(IV) isopropoxide (97+%,
Sigma-Aldrich), 2-propanol (99.7%, Alfa Aesar), nitric acid (65%,
Alfa Aesar), acetonitrile (99.9%, POCH), methanol (99.9%,
POCH), benzyl alcohol (99.8%, Sigma-Aldrich), 1,4-benzoqui-
none (98%, Sigma-Aldrich), dimethylsulfoxide (>99.5%, ROTH),
sodium acetate (99.0% Chempur), sodium sulfate (>99%,
ROTH), orthophosphoric acid (85%, POCH), potassium triox-
alatoferrate(III) trihydrate (98%, abcr), Naon (�5% in a mixture
of lower aliphatic alcohols and water, Sigma-Aldrich), 1,10-
phenanthroline (99.5%, Chempur) and active carbon Norit® SX
2 (POCH) were used without further purication. Water used
was puried to 18 MU cm resistivity by Milli-Q water purica-
tion system.
2.2 Preparation of chitosan–lignin (CL) composite

CL composites were prepared in different weight ratios (10 : 90,
25 : 75, 50 : 50, 75 : 25 and 90 : 10) as follows. First, a 0.5 wt%
chitosan solution was prepared in 0.2 M aqueous citric acid
solution (100 mL) and stirred well at 800 rpm for 2 hours to
form a homogeneous solution. A known mass of lignin was
added to chitosan citric acid solution and stirred at 800 rpm for
2 hours. Finally, the brown suspension obtained was sealed into
a Teon equipped stainless steel autoclave, which was then
placed in a hot air oven followed by hydrothermal treatment at
200 �C for 12 hours. Aer hydrothermal treatment, the auto-
clave was cooled down naturally. The obtained blackish brown
suspension was ltered and the precipitates were washed with
water and 2-propanol twice and then dried at 80 �C for 12 hours.
2.3 Preparation of titania sol

A titania sol was prepared by acid-catalyzed hydrolysis of tita-
nium(IV) isopropoxide.37 In a typical procedure, a specied
volume (9.077 mL) of titanium(IV) isopropoxide was dissolved in
2-propanol (25 mL) and stirred (400 rpm) for two hours at room
temperature. Subsequently, 1 M HNO3 (1 mL) was added to the
solution under continuous stirring for 5 minutes until gelation
takes place. Then, 25 mL of water were slowly added to the gel
and stirred for another three hours.
2.4 Synthesis of titania/chitosan–lignin (T/CL)
nanocomposites

To obtain the T/CL nanocomposites with the weight fraction of
75/25 (75 wt% titania and 25 wt% CL composite), the titania sol
was added to a suspension of CL composite (0.8 g) in 160 mL of
deionized water at room temperature under stirring. The
resulting suspension was stirred for 5 hours, then ltered,
washed with water and dried at 80 �C for 12 hours. Aerwards,
the obtained solid was ground and then transferred to Teon
lined autoclave lled (�80%) with water for hydrothermal
treatment at 150 �C for 8 hours. Finally, the obtained
34998 | RSC Adv., 2021, 11, 34996–35010
nanocomposite named 75T/CL was dried at 110 �C in an oven
for 12 hours. In this manner, a series of nanocomposites were
synthesized using CL composites prepared in different weight
ratios (10 : 90, 25 : 75, 50 : 50, 75 : 25 and 90 : 10). For
comparison, pristine titania (SGH-TiO2) and a nanocomposite
of Norit (75T/Norit) were also prepared using the same sol–gel
and hydrothermal route (in case of SGH-TiO2, omitting the
composite formation). Moreover, to evaluate the effect of titania
content, a series of nanocomposites was also prepared by
varying the titania content (50 wt%, 85 wt%, 95 wt% and
99 wt%) for the selected CL composite (CL(25 : 75)). A specied
volume of titanium(IV) isopropoxide, corresponding to the
denite wt% of titania (50 wt%, 85 wt%, 95 wt% and 99 wt%)
was used to prepare the titania sol, and the prepared nano-
composites were labelled as 50T/CL(25 : 75), 85T/CL(25 : 75),
95T/CL(25 : 75) and 99T/CL(25 : 75), respectively.

2.5 Photocatalyst characterization

The morphology of the CL composites was examined by FEI
Nova Nanolab 200 scanning electron microscopy (SEM) at an
accelerating voltage of 15 kV. X-ray diffraction (XRD) measure-
ments were performed employing Bragg–Brentano congura-
tion. This type of arrangement was provided using Empyrean
diffraction platform from Malvern PANalytical Co., powered at
40 kV � 40 mA and equipped with a vertical goniometer, with
theta–theta geometry using Ni ltered Cu Ka radiation. Data
were collected in range of 2q ¼ 9�–100�, with step size of 0.008�

and counting time up to 60 second per step. The percentage
phase composition was determined through the Rietveld
renements of the XRD patterns. Whereas, the average crys-
tallite size was determined according to the Scherrer equation
(eqn (1)), where D is the average crystallite size of the catalyst
(nm), l is the wavelength of the Cu ka X-ray radiation (l ¼
0.154056 nm), k is a coefficient (shape factor) taken as 0.94, b is
the full width at half maximum (FWHM) intensity of the peak
observed at 2q (radian), and q is the diffraction angle.

D ¼ kl/b cos q (1)

The specic surface area and pore width distribution of the
samples were determined through N2 physisorption isotherms
by applying Brunauer–Emmet–Teller (BET) and Barrett, Joyner,
Halenda (BJH) method, respectively. The measurements were
carried out at Micrometrics ASAP 2020 automated system. The
FTIR spectrum was recorded on Bruker ATR spectrometer in the
range of 4000–400 cm�1 in transmittance mode with 16 scans
and a resolution of 4 cm�1. Diffuse reectance UV-visible
spectroscopy measurements were performed using a UV/vis/
NIR spectrophotometer Jasco V-570 equipped with an inte-
grating sphere. The baseline was recorded using Spectralon™
(poly(tetrauoroethylene)) as a reference material. Band-gaps
values were calculated using Tauc plot applying Kubelka–
Munk function. Elemental analysis of the samples was per-
formed on Thermo Scientic Flash 2000 Organic Elemental
Analyzer. X-ray photoelectron spectroscopy (XPS) experiments
were performed in a PHl 5000 VersaProbe™ – spectrometer
(ULVAC-PHI, Chigasaki Japan). The XPS spectra were recorded
© 2021 The Author(s). Published by the Royal Society of Chemistry
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using monochromatic Al-Ka radiation (hn ¼ 1486.6 eV) from an
X-ray source operating at 100 mm spot size, 25 W and 15 kV.
Both survey and high-resolution (HR) XPS spectra were
collected with the analyser pass energy of 117.4 eV and 23.5 eV
and the energy step size of 0.4 and 0.1 eV, respectively. Casa XPS
soware (v.2.3.19, Casa Soware Ltd, Wilmslow, United
Kingdom) was used to evaluate the XPS data. Shirley back-
ground subtraction and peak tting with Gaussian–Lorentzian-
shaped proles was performed. The binding energy (BE) scale
was referenced to the C 1s peak with BE ¼ 284.8 � 0.2 eV and Ti
2p3/2 peak with BE ¼ 458.6 � 0.2 eV. For quantication the PHI
Multipak sensitivity factors and determined transmission
function of the spectrometer were used. Thermal stability of CL
composites was studied using thermogravimetric analysis
(TGA) performed on Netzsch STA 409 TG/DTA device. The
samples were analyzed under N2 atmosphere (75 mL min�1)
with the heating ramp of 10 �C min�1. Whereas, TGA
measurements for nanocomposites were performed under air
ow (30 mL min�1) with the heating ramp of 20 �C min�1 using
Mettler Toledo TGA/DSC 3+ system, to estimate the titania
content. The high resolution TEM (HR-TEM) measurements
were carried out on FEI Talos F200X transmissionmicroscope at
200 kV. In order to estimate the particle size more than 200
particles were counted.

2.6 Photoelectrochemical measurements

The photoelectrochemical measurements were performed on
an electrochemical workstation (Ivium Bipotentiostat) in
a typical three-electrode system using Ag/AgCl electrode as
a reference electrode and Pt wire as a counter electrode. 0.2 M
sodium sulphate was employed as an electrolyte solution. The
ITO electrode covered with photocatalyst served as a working
electrode. The working electrode was prepared by the following
method:38 10 mg of the photocatalyst were mixed with 300 mL of
2-propanol, 100 mL of Milli-Q water and 20 mL of Naon solution
then treated ultrasonically for 30 minutes to obtain a suspen-
sion. Finally, the suspension (20 mL) was drop-cast onto the ITO
glass surface (0.77 cm2) and dried in air to form the working
electrode. The electrochemical impedance spectra (EIS) were
recorded over the frequency range of 0.01 to 1000 Hz with
a 10 mV amplitude of the AC signal at 0 V vs. OCP (open circuit
potential). The transient photocurrent responses were
measured using chronoamperometry method at 0 V vs. OCP
using green (515 nm) LED lamp as a light source.

2.7 Photocatalytic selective oxidation of benzyl alcohol
(BnOH)

The photocatalytic reaction was performed in a glass photo-
reactor (20 mL). 20 mL of 0.5 mM (0.01 mmol) BnOH solution
prepared in acetonitrile and 20 mg of photocatalyst (1 g L�1)
were charged into the photoreactor. Aerwards, the suspension
was magnetically stirred (400 rpm) for 1 hour in the dark to
achieve the equilibrium. The photocatalytic reactions were
performed under the irradiation of UV (l¼ 375) LED lamps and
green LED lamps (l ¼ 515 nm). Each light source consists of six
LEDs and the photo-intensity of the green and UV LEDs was
© 2021 The Author(s). Published by the Royal Society of Chemistry
determined to be 6 ��9 Wm�2, measured by a Delta OHM HD
2302.0 light meter with a LP 471 RAD probe having a spectral
range of 400–1050 nm and LP 471 UVA probe having a spectral
range of 315–400 nm, respectively. The distance between the
light source and the photoreactor wall was about 2 mm. At given
illumination time intervals, 0.15 mL aliquots were collected,
and then ltered through a nylon lter (pore size 0.2 mm) to
remove the photocatalyst.

Aer each catalytic run the photocatalyst was collected by
decanting the solvent, washed multiple times with water, dried
at 110 �C for 48 hours and reused for next run with a fresh
BnOH solution. Multiple catalytic runs were performed
following the same procedure.

The quantitative analysis of substrate and reaction products
was performed on a high-performance liquid chromatography
(HPLC) instrument (Waters 2487) equipped with Sunre C18
(4.6 � 150 mm) column using a mobile phase consisting of
77.4% Milli-Q, 20% acetonitrile, 2.5% methanol and 0.1%
0.05 M orthophosphoric acid at a ow rate of 1 mL min�1. The
temperature of the column oven was kept at 28 �C. The BnOH
conversion (eqn (2)), and Bnald selectivity (eqn (3)) were calcu-
lated as follows:

BnOH conversion% ¼ M
�
BnOH �MBnOH

M
�
BnOH

� 100 (2)

Bnald selectivity% ¼ MBnald

M
�
BnOH �MBnOH

� 100 (3)

where M
�
BnOH refers to the initial amount of BnOH (mmol),

whereas MBnOH and MBnald corresponds to the mmol of BnOH
and mmol of Bnald aer the photocatalytic reaction.

2.8 Apparent quantum yield (AQY) measurement

The apparent quantum yield (F) for the Bnald formation is
dened as the ratio of the amount of Bnald formed per unit
time to the number of photons absorbed by the system per unit
time (eqn (4))

F ¼ number of moles of Bnald produced per unit time

number of photonsðor EinsteinÞabsorbed per unit time

� 100

(4)

To measure the apparent quantum yield (F), the photon ux
to the photoreactor was determined by potassium ferrioxalate
actinometry.39 The experiment was performed using 0.006 and
0.15 M potassium ferrioxalate solution under UV and visible
light, respectively.

2.9 Stability of titania/chitosan–lignin (T/CL)
nanocomposite

The leaching of titanium from 75T/CL(25 : 75) nanocomposite
(a representative photocatalyst) into BnOH solution aer pho-
tocatalytic reaction (aer 4 hours of illumination) was deter-
mined using energy dispersive X-ray uorescence analysis
(EDXRF). The EDXRF analysis was carried out using a MiniPal 4
RSC Adv., 2021, 11, 34996–35010 | 34999
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Table 1 Elemental (CHNS wt%) composition of chitosan, lignin, CL
composites and Norit

Entries Samples N/% C/% H/% S/%

1 Chitosan 6.26 40.71 6.64 aND
2 Lignin aND 48.26 4.73 4.16
3 CL(10 : 90) 0.06 62.47 4.98 2.06
4 CL(25 : 75) 0.29 60.59 4.83 1.62
5 CL(50 : 50) 0.55 62.84 4.75 1.25
6 CL(75 : 25) 0.76 64.77 4.7 0.89
7 CL(90 : 10) 1.28 64.93 4.65 0.44
8 Norit aND 84.41 0.43 0.03
9 75T/CL(10 : 90) aND 15.45 1.67 0.52
10 75T/CL(25 : 75) aND 15.00 1.59 0.35
11 75T/CL(50 : 50) aND 13.79 1.44 0.25
12 75T/CL(75 : 25) aND 15.82 1.52 0.24
13 75T/CL(90 : 10) aND 15.87 1.44 0.07
14 75T/Norit aND 20.18 0.56 aND

a ND: not detected.
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equipment from PANalytical Co, with a Rh-tube and silicon dri
detector (resolution 145 eV) to gain information on the
elemental composition. The spectrum was collected in atmo-
sphere, without using a lter, at a tube voltage of 30 kV in order
to evaluate the presence of Ti. The time of acquisition was set to
600 s and the tube current up to 50 mA.

Moreover the stability of 75T/CL(25 : 75) nanocomposite (a
representative photocatalyst) with respect to the degradation of
chitosan and lignin was tested under dark conditions and light
(UV and visible) irradiation. For this purpose, 20 mg of the pho-
tocatalyst and 20 mL of acetonitrile were charged in to a photo-
reactor and the resulting suspension was stirred (400 rpm) for 4
hours under dark conditions. Same experiments were performed
under UV and visible light to assess the photostability of the 75T/
CL(25 : 75) nanocomposite. Aer the experiments, 2 mL aliquots
of reaction solution were collected, and then ltered through
a nylon lter (pore size 0.2 mm) to remove the photocatalyst.
Finally, UV-visible absorption spectra were recorded (Thermo
Scientic Evolution 220, UV-vis Spectrophotometer) in the range of
200–800 nm, for the ltrate obtained.

3. Results and discussion
3.1 Characterization of chitosan–lignin (CL) composite

The as-prepared chitosan–lignin (CL) composite were charac-
terized using various techniques and the characteristic features
of the CL composites were compared with commercial activated
carbon (Norit). Scanning electron microscopy (SEM) images
revealed that the CL composites lack ordered surface structure
and exhibited rough and non-uniform surface. Whereas, Norit
exhibited irregular porous surface structure (Fig. S1, ESI†).
Elemental analysis was carried out to gain information about
the chemical composition of chitosan, lignin, CL composites
and Norit (Table 1). Chitosan (Table 1, entry 1) contains high
nitrogen content (6.2 wt%) owing to the presence of nitrogen-
containing functional groups (amine and acetamide).
Whereas, nitrogen was not detected in lignin and Norit. The
nitrogen content in the CL composites increased with the
increase in chitosan proportion in the composite (Table 1, entry
3–7). Moreover, lignin contains �4 wt% sulphur due to the
presence of sulfonate group. The sulphur content decreased
with the decrease in lignin proportion in the CL composites
(Table 1, entry 3–7). Moreover, traces of sulphur were also
observed in Norit (Table 1, entry 8).

N2 adsorption–desorption isotherms recorded for CL
composites and commercial activated carbon (Norit) can be
classied to Type II isotherms and Type IV isotherm, respec-
tively (Fig. S2, ESI†). The CL composites lack porosity and
exhibited a specic surface area in the range of 10–16 m2 g�1

(Table 2, entries 1–5). Whereas, Norit was found to be meso-
porous in nature with comparatively high specic surface area
(558 m2 g�1). Thermogravimetric analysis (TGA) has been
carried out to study the thermal degradation of CL composites
and individual biopolymers under nitrogen atmosphere. Inter-
estingly, signicant changes in the shape of TGA curves of CL
composites have been observed, compared to chitosan and
lignin (Fig. S3, ESI†). TGA curves of the CL composites showed
35000 | RSC Adv., 2021, 11, 34996–35010
increased thermal stability within the range of 100–500 �C
compared to chitosan and lignin, that is indicative of the
interaction of the components of composite. Whereas, Norit is
thermally much more stable than chitosan, lignin and CL
composites (Fig. S3, ESI†). FTIR analysis was carried out to
explore the functional groups of CL composites and Norit. For Norit,
no noticeable IR bands were observed except at 2113 cm�1, which
corresponds for adsorbed carbon monoxide. Whereas, the FTIR
spectrumofCL composites showed somedistinctive features (Fig. S4,
ESI†), which is indicative of the interaction of chitosan and lignin.
The band corresponds for N–H stretching vibrations (3300–
3400 cm�1) and O–H stretching vibrations (3200–3550) in parent
materials were completely disappeared in CL composites, which
suggests the possible interaction of the chitosan and lignin via
a hydroxyl group. Additionally, the band appeared around 1702 cm�1

for C]O stretching vibrations may ascribe to the shi in amide I
band present in chitosan at 1648 cm�1 or presence of citric acid in
the CL composite. Besides that, the bands correspond to aromatic
ring vibrations at 1605, 1506, 1456 cm�1 in ligninwere retained inCL
composites. However, their intensity decreased with the decrease in
lignin content in the composite. Whereas, the band for aryl ether
linkages at 1260 cm�1, in lignin disappeared in CL composite, which
indicates the cleavage of ether linkages during composite formation.
Furthermore, the band related to alkyl substituted ether linkages in
lignin at 1036 cm�1 has substantially decreased in intensity with the
decrease in the amount of lignin in the composite.

To elucidate further the distinct surface functionality of CL
composites and Norit, XPS analysis was carried out (Fig. S5a–d,
ESI†). Taking CL(25 : 75) composite as a typical example, the
deconvolution of N 1s spectrum of composite resolved to two
components (Fig. S5c, ESI†), which corresponds for amine
(399.1 eV) and amide (400.8 eV) groups, ascribed to the presence
of chitosan.Whereas, nitrogen containing surface functional groups
were not detected in Norit. Besides that, some sulphur containing
functional groups were also detected in the CL(25 : 75) composite,
as low sulfonate alkali lignin has been used for the synthesis of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Textural (Brunauer–Emmett–Teller specific surface area (SBET), Barrett–Joyner–Halenda pore volume (BJH Vp) and pore width (BJH
wp)) and crystallographic properties of the samples

Entries Samples SBET/[m
2 g�1] BJH Vp/[cm

3 g�1] BJH wp/[nm]

Ratio of crystalline phases Crystal size

Anatase : brookite/% Anatase/nm Brookite/nm

1 CL(10 : 90) 10 NA NA NA NA NA
2 CL(25 : 75) 16 NA NA NA NA NA
3 CL(50 : 50) 11 NA NA NA NA NA
4 CL(75 : 25) 12 NA NA NA NA NA
5 CL(90 : 10) 9 NA NA NA NA NA
6 aNorit 558 0.40 5 NA NA NA
7 SGH-TiO2 177 0.20 3 74 : 26 5 6
8 75T/CL(10 : 90) 162 0.32 6 83 : 17 5 6
9 75T/CL(25 : 75) 174 0.23 3 79 : 21 5 6
10 75T/CL(50 : 50) 170 0.23 4 78 : 22 5 6
11 75T/CL(75 : 25) 169 0.19 3 81 : 19 5 6
12 75T/CL(90 : 10) 164 0.18 3 74 : 26 5 5
13 a75T/Norit 239 0.35 5 66 : 30 6 8

a Sample contain traces of silica.
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composite. The peaks observed (Fig. S5d, ESI†) at 162.7 eV and
163.9 eV are related to the S 2p3/2 and S 2p1/2 of the S2� group,
respectively. Whereas, the peaks at 166.9 eV and 168.2 eV assigned
to an alkyl sulfonate group (Fig. S5d, ESI†). While, in Norit sulphur
containing surface functional groups were not observed, though the
elemental analysis showed the traces of sulphur in Norit. XPS
analysis revealed the distinct differences in the surface functional
groups of Norit and CL composite, which can play an important role
Fig. 1 (a) X-ray diffraction (XRD) patterns of SGH-TiO2, 75T/CL nanoc
desorption isotherms of SGH-TiO2, 75T/CL nanocomposites and 75T/N
nanocomposites and 75T/Norit nanocomposite. (d) Thermogravimetr
nanocomposite. (e) UV-visible-DRS absorption spectra of SGH-TiO2, 75T
SGH-TiO2, 75T/CL nanocomposites and 75T/Norit nanocomposite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
in determining the properties of the nanocomposite prepared using
titania nanoparticles and CL composites or Norit.
3.2 Characterization of titania/chitosan–lignin (T/CL)
nanocomposite

The activated carbon (Norit) and as-prepared CL composites
were then used to develop a series of nanocomposites based on
omposites and 75T/Norit nanocomposite. (b) Nitrogen adsorption–
orit nanocomposite. (c) Pore width distribution in SGH-TiO2, 75T/CL
ic analysis (TGA) curves of 75T/CL nanocomposites and 75T/Norit
/CL nanocomposites and 75T/Norit nanocomposite. (f) FTIR spectra of

RSC Adv., 2021, 11, 34996–35010 | 35001
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titania nanoparticles. The characteristic features of the CL-
based nanocomposites (75T/CL) were compared with activated
carbon (Norit)-based nanocomposites (75T/Norit). Activated
carbon is widely used as one of the benchmark material to
support titania nanoparticles or for the preparation of
composite with titania for the photocatalytic applications
because of its high porosity, good adsorption, photosensitizing
effect and low cost.40 The phase composition and crystal size of
pristine titania, 75T/CL nanocomposites and 75T/Norit nano-
composites was investigated via X-ray diffraction (XRD) anal-
ysis. As shown in Fig. 1a, pristine titania, 75T/CL
nanocomposites and 75T/Norit nanocomposite exhibited
similar X-ray diffraction pattern. The XRD reexes observed at
25.4� (101), 37.9� (004), 48.0� (200), 54.4� (105), 63.2� (204),
indexed to the anatase phase of titania (JCPDS card no. 21-
1272).41 Whereas, the XRD reex observed at 30.8� (121) corre-
sponds to the brookite phase of titania (JCPDS no. 29-1360).42

Moreover, the crystal size and phase composition for the pris-
tine titania, 75T/CL nanocomposites and 75T/Norit nano-
composites is summarized in Table 2.

N2 adsorption–desorption isotherms were recorded to analyze
the specic surface area and porosity of the nanocomposites. As
presented in Fig. 1b, 75T/CL nanocomposites, 75T/Norit nano-
composites and pristine titania exhibited Type IV isotherm with
H3 hysteresis which is a characteristic of mesoporous materials.
The BET specic surface area observed for 75T/CL nano-
composites was in the range of 162–174 m2 g�1 (Table 2, entries
8–12), that is comparable to the specic surface area of SGH-TiO2

(177 m2 g�1). Whereas, 75T/Norit nanocomposite showed little
higher specic surface area (269 m2 g�1) compared to 75T/CL
nanocomposites and SGH-TiO2, which may ascribe to the
higher specic surface area of Norit (Table 2, entry 6). Pore width
distribution analysis (Fig. 1c) revealed that 75T/CL nano-
composites, 75T/Norit nanocomposite and SGH-TiO2 are meso-
porous in nature (Table 2, and entry 7–13). The actual titania
content in the nanocomposites was estimated by TGA measure-
ments. As shown in Fig. 1d, the % weight loss observed for
nanocomposites during TGA was in the range of 26–29%. The
amount of the nanocomposites le aer TGA measurements
(Fig. 1d) was quite comparable to the nominal titania content
(75 wt%). UV-visible-DRS absorption spectra was recorded in the
range of 220–800 nm to study the optical properties of the as-
prepared nanocomposites and SGH-TiO2. As shown in Fig. 1e,
the 75T/CL nanocomposites and 75T/Norit nanocomposite
exhibited absorption in the whole UV-visible region, which is
favorable for photocatalysis under visible light irradiation.
Whereas, SGH-TiO2 exhibited a typical absorption edge in the UV
region. The band gap calculated for SGH-TiO2 by applying
Kubelka–Munk function was �3.3 eV (Fig. S6b, ESI†). However,
for the nanocomposite the shape of the UV-visible-DRS absorp-
tion spectra would not allow to estimate the optical band gap of
titania. In order to further evaluate the effect of CL composite on
the optical band gap, the nanocomposite was prepared with
titania nanoparticles and CL composite in the ratio of 99 : 1.
However, the optical band gap of titania remains unchanged
(Fig. S6b, ESI†), which indicates that the bulk properties of titania
remains same and suggest the surface interaction of titania with
35002 | RSC Adv., 2021, 11, 34996–35010
the composite. FTIR analysis has been carried out to study the
functional groups of 75T/CL and 75T/Norit nanocomposites
(Fig. 1f). A broad band emerged in the 75T/CL and 75T/Norit
nanocomposites at 580–800 cm�1 attributed to Ti–O–Ti bridge
stretching modes. However, the IR bands from CL composites
were not observed in 75T/CL nanocomposites probably due to
high titania content in the nanocomposites. Moreover, the
composition of the 75T/CL nanocomposites were determined
through elemental analysis and the results are summarized in
Table 1 (entry 9–13).

X-ray photoelectron spectroscopy (XPS) is a useful technique
to study the distinguishing surface functionality of the nano-
composites. The Ti 2p core level spectrum of 75T/CL(25 : 75)
nanocomposite can be deconvoluted into four peaks (Fig. 2a),
the peaks observed at 458.6 and 464.3 eV assigned to Ti4+ 2p3/2
and Ti4+ 2p1/2, respectively. Whereas, the peaks found at 457.0
and 462.8 eV corresponds for Ti3+ 2p3/2 and Ti3+ 2p1/2, respec-
tively. Ti3+ is generally described as a surface defect of titania,
which plays an important role in photocatalysis by preventing
electron–hole recombination process, and enhancing the
visible light activity.43 However, the contribution of Ti3+

observed to be very low compared to Ti4+ in 75T/CL(25 : 75)
(Fig. 2a), the peak area ratio of Ti3+/Ti4+ was 0.018 : 1. The Ti 2p
XPS prole exhibited by SGH-TiO2 and 75T/Norit was compa-
rable to 75T/CL(25 : 75). However, in SGH-TiO2 the contribution
of Ti3+ was slightly higher (Fig. 2a), with the peak area ratio of
0.028 : 1 (Ti3+/Ti4+). Moreover, the presence of nitrogen was
clearly evidenced by the N 1s XPS spectra of 75T/CL(25 : 75) and
75T/Norit (Fig. 2b). Three chemical states of nitrogen can be
identied aer the deconvolution of the N 1s spectrum of 75T/
CL(25 : 75) nanocomposite (Fig. 2b). The main signal observed
at 400.0 eV can be ascribed to C–N functional group. The second
peak appeared at 401.1 eV can be assigned to N–C]O func-
tional group. Whereas, the signal observed at the binding
energy of 399.0 eV is probably due to the substitution of oxygen
with nitrogen in the framework of the titania, indicating the
formation of N–Ti–O bond.44–46 This could be benecial for the
visible light photocatalytic activity of 75T/CL(25 : 75) nano-
composite. However, no signals of N element were detected in
SGH-TiO2. Whereas, N 1s spectrum of 75T/Norit deconvoluted
into single peak, at the binding energy of 400.1 eV which
corresponds for C–N functional group. The C–N functional
group in 75T/Norit may appear due to the atmospheric inter-
action, as nitrogen was not detected in Norit during XPS and
elemental analysis.

The morphology, average particle size and phase composi-
tion of the SGH-TiO2, 75T/CL(25 : 75) and 75T/Norit was further
corroborated via TEM analysis (Fig. 3a–f). The TEM character-
ization of SGH-TiO2, 75T/CL(25 : 75) and 75T/Norit revealed that
SGH-TiO2, 75T/CL(25 : 75) and 75T/Norit contain anatase and
brookite phase (Fig. 3a–c), Moreover, SGH-TiO2, 75T/CL(25 : 75)
and 75T/Norit exhibited the same average particle size i.e. 6 nm
(Fig. 3d–f). However, the particle size for SGH-TiO2, 75T/
CL(25 : 75) and 75T/Norit nanocomposite seems slightly larger
than the mean size (Fig. 3a–c), probably due to agglomeration.
The results of TEM characterization are in good agreement with
the XRD results.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra of SGH-TiO2, 75T/CL(25 : 75) and 75T/Norit, (a) Ti 2p (b) N 1s.
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Electrochemical impedance spectroscopy (EIS) was
employed to study the charge transportation ability of photo-
catalysts, and their Nyquist plots are shown in Fig. 4a. In
general, the arc radius of Nyquist plots depicts the resistance of
charge transfer between the photocatalysts and electrolyte
solution. The arc radius of EIS spectrum of 75T/CL(25 : 75)
nanocomposite is smaller than those of SGH-TiO2 and 75T/
Norit nanocomposite (Fig. 4a), revealing the better charge
separation efficiency and a faster interfacial charge transfer47,48

on 75T/CL(25 : 75), which could be benecial for photocatalytic
view point. Moreover, the photocurrent response (Fig. 4b) of
75T/CL(25 : 75) is comparatively higher than those of SGH-TiO2

under visible light, which further suggest that the 75T/
CL(25 : 75) is better able to generate and transfer the photo-
generated charge carrier under visible light irradiation.
Whereas, 75T/Norit did not show any response when the light
was turned on and off (Fig. S7, ESI†), depicting that 75T/Norit
was not photoactive under the visible light. Moreover, the
noise in the signal observed for 75T/Norit (Fig. S7, ESI†) may
correspond to the imperfect contact between the electrode
surface and electrolyte.
3.3 Photocatalytic activity and selectivity of 75T/CL
nanocomposites

3.3.1 Selective oxidation of benzyl alcohol (BnOH) under
UV light. The photocatalytic performance of SGH-TiO2, 75T/CL
nanocomposites, 75T/Norit and physical mixture (75T/
CL(25 : 75)-PM) of SGH-TiO2 and CL(25 : 75) was investigated
for the selective oxidation of benzyl alcohol (BnOH) to
© 2021 The Author(s). Published by the Royal Society of Chemistry
benzaldehyde (Bnald) in acetonitrile under UV light (375 nm).
As shown in Fig. 5a, SGH-TiO2 and 75T/Norit both exhibited
a high activity for BnOH oxidation under UV light, with 97% and
82% BnOH conversion aer 4 hours of illumination, respec-
tively. Whereas, different 75T/CL nanocomposites (75T/
CL(10 : 90), 75T/CL(25 : 75), 75T/CL(50 : 50), 75T/CL(75 : 25)
and 75T/CL(90 : 10)), showed comparatively lower activity for
BnOH conversion (38–55%) under UV light (Fig. 5a). Moreover,
varying the chitosan and lignin ratio did not cause large
difference in the photocatalytic performance of the nano-
composites (Table 3, entries 2–6). Interestingly, the physical
mixture of SGH-TiO2 and CL(25 : 75) composite (75T/
CL(25 : 75)-PM) showed photocatalytic activity comparable to
75T/CL nanocomposites, with 46% BnOH conversion aer 4
hours of illumination (Fig. 5a). The high activity of SGH-TiO2

may be ascribed to the high oxidizing power of pristine titania
under UV light, and the presence of OH groups on the surface of
titania (Ti–OH), which may cause the generation of highly
reactive cOH radicals and results in improved BnOH conversion.
In order to evaluate, whether the relatively lower photocatalytic
activity of 75T/CL nanocomposites is related to the lower
(75 wt%) overall titania content or not, an experiment has been
performed with higher (1.35 g L�1) photocatalyst (75T/
CL(25 : 75) nanocomposite) loading, containing an equivalent
titania content as in 1 g L�1 of SGH-TiO2. BnOH conversion was
not signicantly increased (Table 3, entry 7) using the same
amount of titania. This indicates that the overall titania content
might not be the crucial reason of the improved activity of SGH-
TiO2. Besides that, the formation of blackish-brown suspension
in case of 75T/CL nanocomposites may also be related to their
RSC Adv., 2021, 11, 34996–35010 | 35003
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Fig. 3 High resolution TEM image of (a) SGH-TiO2 (b) 75T/CL(25 : 75) (c) 75T/Norit, particle size distribution in (d) SGH-TiO2 (e) 75T/CL(25 : 75) (f)
75T/Norit. (The legend showed the crystal planes and lattice spacing (nm).)

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
0:

24
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
lower photocatalytic activity, probably due to the increased
opacity and shielding effect, which inuence photon absorp-
tion. Whereas, the improved activity of 75T/Norit compared to
75T/CL nanocomposites under UV light might be related to its
higher specic surface area (239 m2 g�1). Furthermore, the
phase composition and crystallite size of SGH-TiO2, 75T/Norit
and the 75T/CL nanocomposites were comparable (Table 2,
entries 7–13) and probably not the cause for the different
35004 | RSC Adv., 2021, 11, 34996–35010
photocatalytic activity under UV light. Interestingly, 75T/CL
nanocomposites showed high Bnald selectivity (>90%) over
the course of reaction compared to SGH-TiO2 and 75T/Norit
under UV light (Fig. 5b). To ensure that the observed phenom-
enon of increased selectivity is not caused by the lower activity
and thus BnOH conversion vs. Bnald selectivity was plotted for
SGH-TiO2, 75T/Norit, 75T/CL(25 : 75) (a representative sample
selected from the 75T/CL nanocomposite series) and 75T/
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) EIS Nyquist plots of SGH-TiO2, 75T/CL(25 : 75) and 75T/Norit (b) transient photocurrent responses SGH-TiO2 and 75T/CL(25 : 75).
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CL(25 : 75)-PM (Fig. 5c). It can be seen that, at a lower BnOH
conversion (�21%) all the photocatalysts exhibited high Bnald
selectivity (>90%). However, at a higher BnOH conversion
(�50%) 75T/CL(25 : 75) and 75T/CL(25 : 75)-PM maintained
high Bnald selectivity (>90%). The lower Bnald selectivity of
SGH-TiO2 (68%, see also Table 3, entry 1) might be related to the
formation of highly reactive species (h+ and cOH) by titania
under UV light which results in over-oxidation of BnOH. Besides
that, the Bnald produced may also compete with BnOH for
further oxidation until mineralization. In contrast, the higher
Bnald selectivity exhibited by 75T/CL(25 : 75)-PM and 75T/
CL(25 : 75) nanocomposite indicate that the presence of CL
composite in the reaction medium either as nanocomposite or
physical mixture may hinder the mineralization pathway.

Besides that, it is hypothesized that CL composite may play
a role of radical (cOH, O2

�c) scavenger and thereby inhibit the
unwanted over-oxidation reactions. To corroborate that
hypothesis, the SGH-TiO2 catalyzed oxidation of benzyl alcohol
was carried out in the presence of radical scavengers (Fig. 6).
The addition of dimethylsulfoxide (SGH-TiO2–DMSO) as
a hydroxyl radical (cOH) scavenger slowed down the BnOH
Fig. 5 (a) BnOH conversion profile of SGH-TiO2, 75T/CL nanocomposit
(375 nm) (b) Bnald selectivity profile of SGH-TiO2, 75T/CL nanocomposite
nm) (c) BnOH conversion versus Bnald selectivity plot for SGH-TiO2, 75
light (375 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
conversion initially (Fig. 6a). However, aer 4 hours of illumi-
nation no signicant change in the BnOH conversion (91%) was
observed. This indicates that cOH play a minor role in BnOH
oxidation. This is consistent with the fact that it is known from
the literature that only limited number of cOH could be gener-
ated from a UV-irradiated water-saturated titania surface in
acetonitrile (as solvent).49,50 However, the improved Bnald
selectivity in the presence of cOH scavenger also indicates the
inhibition of a cOH-driven unwanted over-oxidation reaction.
Whereas, when benzoquinone (BQ) was used as superoxide
radical anion (O2

�c) scavenger the BnOH conversion was almost
reduced to half (Fig. 6a), indicating that O2

�c is one of the key
active species for BnOH oxidation. However, the Bnald selec-
tivity remains essentially unchanged (Fig. 6b). This indicates
that O2

�c scavenger may hinder the oxidation of BnOH.
However, the oxidation of BnOH is still carried out by other
oxidizing species. Moreover, these results also suggest that CL
composite may play a role of radical scavengers and reduce the
BnOH oxidation activity (by scavenging O2

�c) and improve the
Bnald selectivity (by cOH scavenging). Besides that, the
improvement in Bnald selectivity (>90%) observed for 75T/
es and 75T/Norit nanocomposite as a function of time under UV light
s and 75T/Norit nanocomposite as a function time under UV light (375

T/CL(25 : 75) nanocomposite and 75T/Norit nanocomposite under UV
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Table 3 The summary of the photocatalytic oxidation of BnOH over titania and titania/chitosan–lignin (T/CL) nanocomposites

Entries Photocatalyst Light BnOH conv./% Bnald sel./% C balance/%

1 SGH-TiO2 UV a58 68 81
2 75T/CL(10 : 90) UV 38 100 100
3 75T/CL(25 : 75) UV 55 94 97
4 75T/CL(50 : 50) UV 53 97 98
5 75T/CL(75 : 25) UV 45 100 100
6 75T/CL(90 : 10) UV 46 99 <99
7 b75T/CL(25 : 75) UV 62 92 95
8 75T/Norit UV c56 76 87
9 Phys. mix. (TiO2 : CL(25 : 75)) UV 46 99 <99
10 85T/CL(25 : 75) UV d59 79 88
11 95T/CL(25 : 75) UV e58 75 86
12 99T/CL(25 : 75) UV a47 82 92
13 75T/C UV 52 100 100
14 75T/L UV 6 100 100
15 SGH-TiO2 Visible 0.0 0.0 100
16 75T/CL(10 : 90) Visible 12 100 100
17 75T/CL(25 : 75) Visible 19 100 100
18 75T/CL(50 : 50) Visible 16 100 100
19 75T/CL(75 : 25) Visible 14 100 100
20 75T/CL(90 : 10) Visible 15 100 100
21 b75T/CL(25 : 75) Visible 30 99 <99
22 75T/Norit Visible 0.0 0.0 100
23 Phys. mix. (TiO2 : CL(25 : 75)) Visible 0.0 0.0 100
24 85T/CL(25 : 75) Visible 17 100 100
25 95T/CL(25 : 75) Visible 33 100 100
26 99T/CL(25 : 75) Visible 12 100 100
27 75T/C Visible 14 100 100
28 75T/L Visible 0.0 0.0 100
29 75T/CL(25 : 75) Dark 0.0 0.0 100
30 99T/C Visible 16 94 99
31 99T/C UV f62 67 78
32 No catalyst UV 0.0 0.0 100
33 No catalyst Visible 0.0 0.0 100

Sol–gel and hydrothermally prepared titania (SGH-TiO2), chitosan (C), lignin (L), titania (T) reaction conditions: BnOH (0.5 mM, 0.01 mmol),
photocatalyst (1 g L�1, 20 mg), reaction time (4 hours), reaction medium (acetonitrile), BnOH solution volume (20 mL) incident light
wavelength (UV: 375 nm, visible: 515 nm), incident light intensity was (6 � �9 W m�2). a Reaction time (15 minutes). b Catalyst loading
(1.35 g L�1). c Reaction time (1 hour). d Reaction time (2 hours). e Reaction time (45 minutes). f Reaction time (30 minutes). 75T/CL (10 : 90),
75T/CL (50 : 50), 75T/CL (75 : 25) and 75T/CL (90 : 10) nanocomposites were found to be inactive for the selective oxidation of BnOH in dark as
75T/CL (25 : 75) nanocomposite.
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CL(25 : 75)-PM and 75T/CL(25 : 75) nanocomposite (Fig. 6c),
compared to SGH-TiO2 (68%) and 75T/Norit (76%) also sug-
gested that there might be an interaction of SGH-TiO2 and
Fig. 6 (a) Effect of radical scavenger on BnOH conversion profile of SGH
scavenger on Bnald selectivity profile of SGH-TiO2, as a function of tim
conversion versus Bnald selectivity plot for SGH-TiO2, under UV light (3

35006 | RSC Adv., 2021, 11, 34996–35010
CL(25 : 75) either as nanocomposite or physical mixture within
the reaction medium, which suppresses the mineralization
pathway and favours the partial oxidation of BnOH to Bnald.
-TiO2, as a function of time under UV light (375 nm) (b) effect of radical
e under UV light (375 nm) (c) effect of radical scavenger on BnOH

75 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Effect of titania content in nanocomposites on the BnOH conversion profile as a function of time under UV light (375 nm) (b) effect of
titania content in nanocomposites on the Bnald selectivity profile as a function time under UV light (375 nm) (c) effect of titania content in
nanocomposites on BnOH conversion versus Bnald selectivity plot under UV light (375 nm).

Fig. 8 (a) Photocatalytic performance of SGH-TiO2, 75T/CL nanocomposites and 75T/Norit nanocomposite for the selective oxidation of BnOH
under visible light (515 nm) (b) effect of titania content on the photocatalytic performance of nanocomposites for the selective oxidation of BnOH
under visible light (515 nm).
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Furthermore, the effect of titania content within the nano-
composite on the photocatalytic selective oxidation of BnOH
has also been studied. As shown in Fig. 7a, the BnOH conver-
sion increases with an increase in titania content within the
nanocomposite. However, the selectivity of Bnald (Fig. 7b and c)
was decreased at higher (>75 wt%) titania content (Table 3,
entries 10–12). To further investigate the role of chitosan and
lignin on the photocatalytic activity of 75T/CL nanocomposites,
two new sets of nanocomposites were prepared by coupling
titania with chitosan (75T/C) and lignin (75T/L). Interestingly,
75T/C (Table 3 entry 13) showed similar photocatalytic activity
in terms of BnOH conversion (52%) and Bnald selectivity
(100%) as 75T/CL nanocomposites (Table 3, entries 2–6).
However, 75T/L showed negligible BnOH conversion aer 4
hours of illumination (Table 3, entry 14). The inactivity of 75T/L
nanocomposite might be related to the enhanced UV blocking
ability of lignin in the absence of chitosan. Though, this is not
a direct proof, it is suggested that lignin may encapsulate the
titania in the absence of chitosan and possibly block the UV
light and diminished the photocatalytic activity of titania.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Recently, lignin has increasingly been used in sunscreen to
quench the photocatalytic activity of titania due to its UV
shielding properties.51–53

3.3.2 Selective oxidation of benzyl alcohol (BnOH) under
visible light. To explore the effect of incident light wavelength,
the photocatalytic selective oxidation of benzyl alcohol (BnOH)
was also performed under visible light (515 nm). Though, some
studies carried out in the past using CdS quantum dots54 and
Bi4O5Br2 nanoakes55 showed very high selectivity for Bnald
(99%) in BnOH oxidation reaction under blue light. However,
the current study attempts to utilize far visible region (green
light) for the selective oxidation of BnOH without compro-
mising the selectivity of Bnald. Interestingly, 75T/CL nano-
composites were photocatalytically active for the selective
oxidation of BnOH (Fig. 8a) under visible light (515 nm). As
expected, the BnOH conversion achieved aer 4 hours of illu-
mination by 75T/CL nanocomposites under visible light was
lower (<20%) compared to UV light. However, all the 75T/CL
nanocomposites exhibited high Bnald selectivity (100%) aer
4 hours of illumination (Fig. 8a). SGH-TiO2, 75T/Norit and 75T/
RSC Adv., 2021, 11, 34996–35010 | 35007
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CL(25 : 75)-PM were found to be photocatalytically inactive for
the selective oxidation of BnOH under visible light (Fig. 8a). It is
suggested that the visible light activity of 75T/CL nano-
composites may be ascribed to the N-doping of titania by the CL
composite. The XPS results of the 75T/CL(25 : 75) nano-
composite (a representative sample) showed the substitutional
doping of titania (Fig. 2b), which may lead to the visible light
activity of 75T/CL. This is consistent with the observation that
no such interaction of titania and nitrogen was observed for
75T/Norit and SGH-TiO2 which were inactive under visible light.
It is likely that the incorporation of nitrogen into the titania
framework may results in the formation of a new mid-gap
energy state, i.e., the N 2p band above the O 2p valence band,
which reduces the band gap of titania.56 However, the 75T/CL
nanocomposite showed absorption in the whole UV-visible
region (Fig. 1e). Therefore, it is difficult to estimate the shi
in the optical absorption of titania to the visible light region due
to potential N-doping. To further evaluate the potential changes
in the band gap of titania by N-doping through CL composites,
the UV-visible-DRS absorption spectra has been recorded for
nanocomposites with higher titania content (99T/CL(25 : 75),
99T/C). However, only a negligible difference was observed in
the band gap of SGH-TiO2, and 99T/CL(25 : 75), 99T/C nano-
composites (Fig. S6b†). It is suggested that N-doping of titania
by CL composites leads to surface modication through the
bonding of nitrogen,56 while the bulk material is still in the
intrinsic conguration of pristine titania. Besides that, the
doping of nitrogen can possibly suppress the charge recombina-
tion efficiency of the photogenerated electron–hole pair, which can
contribute to improve the photocatalytic activity and selectivity.57,58

The improved charge transfer in 75T/CL(25 : 75) nanocomposite (a
representative sample) compared to 75T/Norit and SGH-TiO2 is
also demonstrated by the EIS Nyquist plots (Fig. 4a) and transient
photocurrent response (Fig. 4b) analysis.

Moreover, it was observed that the titania content within the
nanocomposites also inuences photocatalytic activity under
visible light. The BnOH conversion reaches the value of 33% at
95 wt% titania content 95T/CL(25 : 75) aer 4 hours of
Fig. 9 The recycling of 75T/CL(25 : 75) nanocomposite for the selective
(515 nm) irradiation.

35008 | RSC Adv., 2021, 11, 34996–35010
illumination (Fig. 8b). However, further increasing the titania
content up to 99 wt% 99T/CL(25 : 75) decreased the BnOH
conversion to 12% and did not affect the Bnald selectivity (Table
3, entry 26). The decrease in BnOH conversion at a very high
titania content (99 wt%) might be related to the reduced
chances of N-doping due to lower CL amount.
3.4 Apparent quantum yield (AQY)

The photon ux absorbed by the photocatalytic system was
calculated to be 8.70 � 10�9 and 11.63 � 10�9 Es�1 under UV
and visible light, respectively. Whereas, the apparent quantum
yields (AQY) demonstrated by SGH-TiO2, 75T/CL(25 : 75) and
75T/Norit for Bnald production aer 4 hours of illumination
under UV light were calculated to be 2.3%, 4.1% and 4.1%,
respectively. On the other hand, the AQY observed for 75T/
CL(25 : 75) under visible light was 1.1%. The obtained AQY
are comparable to the reported efficiency of Pd-deposited CdS–
TiO2 composite (1.4%)59 and Au/TiO2 nanorods (3.4%)60 for the
selective oxidation of benzyl alcohol at 540 nm and >420 nm,
respectively.
3.5 Stability and reusability of 75T/CL(25 : 75)
nanocomposite

In order to test the stability and reusability of the photocatalyst,
leaching of titanium from the nanocomposite during photo-
catalytic reaction was studied by XRF analysis. However, no
titanium leaching was observed for 75T/CL(25 : 75) according to
XRF analysis under UV and visible light (Fig. S8†). Moreover,
UV-visible absorption spectra were recorded to assess the
stability of the 75T/CL(25 : 75) nanocomposite under dark
conditions and light (UV and visible) irradiation in acetonitrile
indicating the leaching of components of 75T/CL(25 : 75)
nanocomposite (Fig. S9†). According to GC-MS analysis, traces
of acetamide, 9-octadecenamide, oleanitrile, hexadecanamide,
tetradecanamide and 2,4-dimethyl-benzaldehyde were detected
in the liquid phase aer leaching experiments under dark and
light (UV and visible) irradiation. The 2,4-dimethyl-
oxidation of BnOH under (a) UV light (375 nm) irradiation (b) visible light

© 2021 The Author(s). Published by the Royal Society of Chemistry
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benzaldehyde may be observed from the fragmentation of
lignin. Whereas, the rest of the compoundsmay be formed from
the depolymerization of chitosan or originally present in the
chitosan as oligomers impurity. To investigate the reusability of
the 75T/CL(25 : 75) nanocomposite, recycling experiments for
the selective oxidation of BnOH were carried out under the UV
and visible light, and the results are shown in Fig. 9a and b,
respectively. 75T/CL(25 : 75) nanocomposite selectively oxidize
BnOH to Bnald without substantial drop in activity even aer
ve runs under the UV and visible light.

4. Conclusions

Chitosan–lignin (CL) composites with multiple functional
groups were prepared through a hydrothermal method. More-
over, a series of nanocomposites (T/CL) was synthesized by
combining titania with CL using sol–gel and hydrothermal
based methods. This coupling of titania with CL not only
enhanced the selectivity to benzaldehyde (Bnald) in benzyl
alcohol (BnOH) oxidation reaction under UV light but also
triggers the visible light activity. The synergy between chitosan
and titania plays a crucial role for the visible light activity. It is
suggested that the visible light activity of T/CL nanocomposites
could be related to the introduction of nitrogen from chitosan
into titania. Whereas, the improved performance of T/CL
nanocomposites under UV light possibly be related to the
radical scavenging properties of CL composites. It can thus be
concluded that nanocomposites from titania and sustainable
biomass-based materials improved the photocatalytic perfor-
mance of titania due to several non-intuitive advantages such as
an indirect improvement in light harvesting (via N-doping) and
increased selectivity through mediation (scavenging) of reactive
unselective radical species.

Conflicts of interest

The authors declare no conict of interest.

Acknowledgements

This publication is part of a project that has received funding
from the European Union's Horizon 2020 research and inno-
vation programme under the Marie Skłodowska-Curie grant
agreement no. 711859 and from the nancial resources for
science in the years 2017–2021 awarded for the implementation
of an international co-nanced project. Juan Carlos Colmenares
would like to acknowledge the support from the National
Science Centre, Poland, within OPUS-20 project number 2020/
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