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ARTICLE INFO ABSTRACT

Keywords: Various integrated technologies have been investigated for the remediation of heavily polluted industrial dye
PhOtOdegl’ad?tion effluent. Also, more than 70 % of these dyes are known to be solely azo dyes used in the textile industry with
Photocatalysis 5-30 % presence in the effluent as loose dye molecules which are recalcitrant to treatment. These challenges led
Photons . o . . L .

Composites to the investigation of energy-efficient processes (solar) and the fabrication of high-performance nano-photo-
Efﬂuint catalysts for proficient photocatalysis of dye effluent while mediating the process with Fenton reagents. The

study fabricated nanopolymeric catalyst composites (P-AKT) via novel in situ coupling and impregnation of the
polyaniline (PANI) with surface-activated TiO2 NPs. This fabrication is aimed at developing a high-performance
catalyst with rapid and proficient photocatalytic activities to photons from sunlight irradiation. The photo-
catalytic process was mediated using a novel Fenton reagent to enhance the generation of radical species for dye
degradation. Various instrumental characterization methods were used to study the structural, molecular,
elemental, functional and optoelectronic properties of the fabricated nanocomposite photocatalysts. The result
reveals functional groups aiding dye-catalyst bonding and morphological interaction reveal a surface-activated
tetragonal crystalline mixture of anatase and rutile from TiO2 Nps embedded in the macromolecular chain of
PANL. It also reveals the optimal conditions of 20 mg dosage, 10 mg/L initial concentration with substantial
effectiveness at pH of 5 and 7. However, the most efficient photocatalyst recorded was P-AKT-2 % and P-AKT-3 %
having 95 % and 94 % efficiencies at 90 min of solar irradiation. The photocatalyst equally demonstrated its
capacity for effluent treatability up to 4 cycles of use.

1. Introduction

Textile industries are saddled with various unit processes for textile
apparel. These are generally classified as either wet or dry treatment
processes [1,2]. However, the wet treatment processes of textile oper-
ations such as printing, dyeing and pigmentation are associated with a
large volume of effluent heavily polluted with loose dyestuff [3-5]. The
effluent resulting from these textile industries mostly consists of syn-
thetic industrial dyes associated with significant genotoxic impacts on
flora, fauna, man and the environment at large [6,7]. Among the
commonly used industrial dyes are the synthetic azo dyes. These dyes
are characterized by recalcitrant and chemo-transformative properties
in effluent which often impart deleterious effects on land and in water
bodies [8-10]. However, the emphasis on these highly valued azo dyes is
based on vital properties such as excellent fastness rating on the textile
substrate, formation of brilliant hues and cost-effective synthetic route
[11,12]. However, their presence in wastewater as effluent commonly
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undergoes the cleavage of the azo group transforming into aromatic
compounds with acute carcinogenic effects [7,13,14].

Although, various conventional treatment has been adopted for
effective clean-up of textile effluent before discharge especially the
recent use of advanced polymeric nanocomposite membranes for water
and industrial effluent treatment [15]. Studies also address the use of
state-of-the-art fabricated nanocomposites like cellulose graft co-
polymers and magnetic Fe304/Polypyrrole/Carbon Black nano-
composite for the treatability of dye effluent via adsorption process [16,
17]. However, challenges such as the difficulties in the separation of the
dye molecules after adsorption from aqueous media, the resistance of
these dyes to other forms of treatment techniques, energy and cost
intensiveness remain major challenges. Also, most of these technologies
merely transfer these recalcitrant dye molecules from one phase to
another leaving toxic sludge characterized by secondary pollutants
[18-20]. This necessitates the need for the investigation of the photo-
catalytic technique which plays a premium role in the complete
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degradation of these recalcitrant dye molecules. The process involves
the use of photocatalysts with an appreciable bandgap that can initiate
the generation of hydroxyl, superoxide radicals that will react with the
dye molecules leading to their mineralization into water and CO» [18,
21]. Although, various catalyst has been studied ranging from the
semiconductors such as TiOy, Cu20, ZnO, H-BN, Graphene Oxide, Al,O3,
Fe;03, FeO, WnO; and SnO; to various polymeric materials [22,23].
However, the quest for band gap tunability to enhance its sensitivity to
visible light, reduction in agglomeration of the particles, availability of
sufficient radicals for rapid dye degradation, immobilization of the
catalyst to avoid leaching and proficient electron transport dynamics led
to the recent investigation of composite formation [21]. This involves
the coupling or impregnation of the novel conducting polymers with
semi-conductors, especially TiO; which stands out with excellent
oxidizing attributes among others [24].

Among the investigated conducting polymers, polyaniline (PANI),
polyaniline stands out with unique electron mobility, thermal and
chemical stability. It has appreciable surface functional properties and
effective synergism with semiconductor materials via in-situ or ex-situ
polymerization. Coupling of semiconductors with this polymer forms a
versatile nano polymeric composite photocatalysts [24,25]. Also, one of
the most pivotal reasons for coupling conducting polyaniline with
semiconductor photocatalysts is based on the optoelectronic impacts of
PANI in the mix [26]. However, reported limitations such as longer
irradiation time required for solar-driven photocatalysis and ease in
catalyst deactivation due to leaching and agglomeration remain. Also,
the need for green energy applications to drive the process efficiently in
contrast with commonly used UV irradiation led to this study [7,27].
The novelty of this study is expressed in the development of
high-performance solar-driven photocatalyst nanocomposites with
rapid degradation activity for the recalcitrant dye molecules. In addi-
tion, the study seeks to incorporate a novel electro-Fenton mediation
process for the generation of sufficient free radicals. The process in-
volves the study of the combing possibility of ferrous ion which has
proficient activity with hydrogen peroxide as an oxidant under solar
irradiation. this generates Fe?" which combines as an active oxidant

4n @—NHZ. HCI + 5n(NH4),S,04

+ +
o cr
n

with the hydroxide radicals from Hy0,. The radicals species combine
with the radicals generated on the surface of the fabricated photo-
catalyst to enhance rapid dye degradation [28]. The collaboration of
these radicals with those generated by the irradiated photocatalyst will
trigger unique spontaneity in dye degradation under solar photon irra-
diation. Thus, the current study seeks to incorporate novel Fenton re-
agents to mediate the solar photocatalytic process of the model dye
(methylene blue) using nano photocatalyst composites fabricated from
polyaniline impregnated with surface activated TiO,—Nps.

2. Materials and methods
2.1. Materials

The aniline used (CgHsNH,: LOBA, 99 %) was double distilled and
stored in a dark bottle before its use. Also, TiO9 (P25) with a purity grade
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of 99.5 %, ammonium peroxydisulfate (99 %), HCI (37 % v/v), NaOH,
anhydrous FeCl3 and Methylene blue dye (C;6H;8CIN3S) were purchased
from LOBA chemical industries, India while HyO5 (30% v,y) was pur-
chased from Sigma and Aldrich, USA. De-ionized water was also used
throughout the experiment, while glassware and equipment such as an
oven, analytical weighing scale, and centrifuge, sonicator, UNICO 2800
UV-VIS spectrophotometer and solar power meter (Datalogging-TES
132) were procured at the Nelson Mandela African Institution of Science
and Technology (NM-AIST), Tanzania.

2.2. Preparation of activated titanium oxide NPS (AKT-NPs)

Alkali-activated titanium nanoparticles (AKT-NPs) were prepared
via the modified method of Hou et al. [24] and Sharma et al. [25]. This
involved weighing 1.5 g of TiO5 into 100 mL of 3 M NaOH with stirring
for 3 hrs, then left undisturbed for 2 hrs. The mixture was then centri-
fuged at 3000 rpm, filtered and washed three times with ultrapure water
before drying for two hours at 105 °C in the oven. The resulting material
was calcinated at 450 °C for 2 hrs to eliminate water trappings and to
enhance its surface activation for effective synergism with other mate-
rials. The solid sample was then pulverized to obtain powdered material
and labeled as (AKT-3 %).

2.3. Synthesis of polyaniline (PANI)

The synthesis of the macromolecule (PANI) was carried out via the
oxidative polymerization method. The reaction involves the use of
0.0215 mol double distilled aniline in 30 ml of 1 M HCl(aq) with drop-
wise addition of 0.0215 mol ammonium persulfate (APS) as an oxidant,
described in Eq. (1) [22,23]. The set-up was carried out in an ice bath of
0-5 °C with uniform stirring for 4 hrs and kept in the refrigerator at 4 °C
overnight. The precipitated green polyaniline emeraldine was washed
with 0.5 M HCI, filtered then re-washed with deionized water to obtain
neutral filtrate. The residue was further washed with a mixture of
acetone and ethanol (1:1) to remove the remaining monomers and
oligomers before vacuum drying at 80 °C for 2 hrs.

(€8]

+5n H,80,

2.4. Fabrication of polyaniline impregnated with activated Tioz Nps

The fabrication of nanocomposite via the impregnation of alkali-
activated TiO,—Nps was carried out via in situ impregnation using the
modified method of Lee et al. [27] and Shahabuddin et al. [20]. The
processing involves the dispersion of 1 % activated TiO Nps already
sonicated in 5 ml ultrapure water. The dispersoid was added dropwise to
0.0215 mol of aniline in HCI with constant stirring, before the dropwise
addition of equal mole of ammonium persulfate (APS). The mixture was
stirred for 6 h in an ice bath (Fig. 1). And then kept in the refrigerator at
4 °C overnight. The polymerized precipitate was filtered, washed with
DI, ethanol, methanol: acetone and dried at 75 °C for 12 h and labeled
P-AKT-1 %. Similar reaction was carried using 2 %, 3 %, 4 % and 5 %
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Sonicated TiO,-Nps =

Activated TiO,-Nps
under sonication
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Fig. 1. Fabrication of nanopolymeric photocatalyst nanocomposites.

activated TiOp—Nps impregnation and was labelled as P-AKT-2 %,
P-AKT-3 %, P-AKT-4 % and P-AKT-5 %.

2.5. Instrumental characterization

The surface morphology and elemental constituents of the fabricated
nano photocatalyst were analyzed using a JEOL JSM-7600F field emis-
sion scanning electron microscope functioning at 10 kV. The EDX was
used to access the elemental composition, while the internal structural
properties such as the size, shape and crystallinity of the materials under
investigation were studied using JEOL JEM-2100F high-resolution
transmission electron microscope. The crystalline structure of the ma-
terials was investigated using a Rigaku Ultima IV X-ray diffractometer
(XRD) with Cu Ka radiation (k= 1.5418 A) at a scanning rate of 0.02 s L
The functional group features of the nanomaterials were recorded on a
QATR-Shimazu Infrared spectrometer (Japan) in a range from 4000 to
400 ¢cm~!. Brunauer—Emmett-Teller (BET) system (NOVA2200e) and
Barrett-Joyner-Halenda (BJH) desorption isotherms were used to
analyze the pore structures and the corresponding specific surface areas.
Also, the wave scan of the respective photocatalyst was analyzed using
UNICO 2800 UV-VIS spectrophotometer (Thermo Scientific) their
respective band gap was determined using Tauc expression in Eq. (2)

(a. )'/" = B(hv —E,) (2

where the Plank’s constant is h, v represents the photon frequency, Eg
indicates the band gap energy (eV), B is a constant, n represents a
dependent factor which is a function of electron transition property and
the absorbance coefficient is represented by a.

2.6. Measurement of photocatalytic activities with incident solar radiance

The photocatalytic activities of the fabricated photocatalyst nano-
composites were investigated through the use of the model dye (meth-
ylene blue) under the intensity of solar irradiation for electron excitation
[29]. The set-up involves the use of varying percentages of nano pho-
tocatalyst composites fabricated P-AKT (1,2,3,4,5 wt%) for the photo-
catalytic degradation of 100 mL known concentration of methylene
blue. This effluent was initially subjected to a dark room for
adsorption-desorption equilibrium for 60 min [20,30]. Then the study of
the photo-degradation of the dye pollutant was executed on sunny days,
from March to May where the sun intensity is highest in Arusha (3° 23’
59" S and longitude 36° 47' 47" E between 11:30 am-2:30 pm). The
pyranometer (Datalogging-TES 132) was used to measure the sunlight

radiance by tilting the sensor of the device to the point of highest sun-
light intensity (solar zenith angle) [29,31]. The degradation rate was
quantified using UNICO 2800 UV-VIS spectrophotometer (Thermo Sci-
entific) at the predetermined wavelength of 663 nm before sunlight
exposure (control) (Cp) and after irradiation with sunlight (C;) respec-
tively. The degradation efficiency was calculated using the formula in
Eq. (3) while the quantity adsorbed at equilibrium (Q,) and at time t (Q)
was determined via the formula in Egs. (4) and (5).

C, — C
%Degradation Efficiency = 'C % X 100 3)
0

Co—C,H)XV

Quantity adsorbed at Equilibrium (Qe) = % 4)
m

Co—C)XV

Quantity adsorbed at Equilibrium (Qt) = % 5)

3. Results and discussion
3.1. Morphological assessment of fabricated nanocomposites

The results in Fig. 2(a-g) show the SEM image of polyaniline (PANI),
the alkali surface activated TiOo—NPs (AKT-3 %) and the fabricated
nanocomposites P-AKT (1-5 %) respectively while Fig. 2(h)-(i) shows
the XRD spectra for PANI and AKT-3 % respectively. Similarly, Fig. 3(a)
shows the internal structural features of the selected fabricated photo-
catalysts nanocomposites (P-AKT-3 %) via HR-TEM imaging, and Fig. 3
(b) reveals the SAED pattern of the photocatalyst. The XRD pattern of
the fabricated composites (P-AKT-1 to 5 %) was also depicted in Fig 3(c)
while Fig. 3(d), (e) and (f) show the 3D surface imaging of PANI, Acti-
vated TiO,—Nps and the corresponding fabricated photocatalyst com-
posites. From the SEM imaging results of PANI, there was an evident rod-
like polymeric network observed which is related to the densely inter-
connected polymeric networks of PANI [7,32,33]. Also, the morpho-
logical analysis via SEM for the activated TiO Nps in Fig 1(b-b?) is in
tandem with the image of TiO; reported by Hou et al. [24] and Zhou
et al. [34]. However, with a well-defined nanospheric shape and a
higher amount of anatase than rutile constituent from the XRD diffrac-
tion peaks in Fig. 2(i). This is because the anatase phase from the pattern
has a greater proportion and features more prominently than the rutile
phase in the XRD pattern [35]. Phromma et al. [31] further revealed that
a lower temperature of <500 °C favours lower crystallite size of TiO,
which equally reduces the rate of agglomeration and aggregation of the
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Fig. 2. (a-g) SEM image of PANI (a-a'); AKT-3 % (b-b'); PAKT-1 % (c-c!); PAKT-2 % (d-d'); PAKT-3 % (e-e'); PAKT-4 % (f-f1); PAKT-5 % (g-g'); (h) XRD of PANI; (i)

XRD spectra of AKT-3 %.

nanoparticles. In addition, Oyetade et al. [36] suggested that the alkali
surface activation treatment given to TiO2 Nps enhances its synergism
and surface activity when incorporated as a sonicated suspension to the
conducting macromolecules to form photocatalytic composites.

Also, Lu & Astruc [31] and Martakov [32] observed that surface
activation for semiconductors like TiO2 lowers the amount of possible
impurities that meddle with desired properties such as bandgap, func-
tional groups and adsorption capacity which precedes effective photo-
catalysis of dye molecules. The XRD pattern in the figure affirms
respective angles such as 25°, 38°, 48°, 55.1° and 63.2° which corre-
spond to (101), (103), (200), (211) and (204) peak planes of anatase--
TiO,, while the spectra equally feature the structural patterns of
rutile-TiOy at the 110 planes [37]. Similarly, the XRD spectra of
conductive macromolecule (PANI) indicate characteristic peaks at 20
=15.78 0, 20.45 ©, and 25.35 °. The XRD pattern of PANI reflects
amorphous properties of the conductive macromolecules based on the
repetition of benzenoid and quinoid rings along PANI chain [38,39]. A
similar observation in the diffraction patterns indicated by the peaks

was reported by Habtamu et al. [33] and Shahabuddin et al. [20].
Shahabuddin et al. [20] affirmed that the diffraction pattern of PANI
with the sharp peaks at 20 = 20.35 and 25.25 is attributed to the peri-
odic repeating of the quinoid and benzenoid rings along PANI chains.
However, the spectra generally indicate a high degree of amorphous
behavior of PANI which is in contrast with the well-defined crystalline
pattern of the activated metal oxide semiconductor (AK-TiO—NPs).
However, the XRD spectra result after nanocomposites fabrication at
various wt/wt% loading of activated TiO,- Nps in Fig. 3(c) indicate the
surface transformation of the peak from well-defined crystalline peak
pattern in Fig. 2(i) to amorphous structure with lower peak intensity
when the metal oxide is incorporated in situ to polyaniline. This suggests
the surface interaction of amorphous PANI in Fig 2(h) with the
well-ordered morphology of AK-TiO;Np resulting in the formation of
nanocomposites with a lowered degree of crystallinity as revealed in Fig
3(c). These observed morphological tunability effects of PANI were
equally reported by Shahabuddin et al. [20] on 2D-hexagonal boron
nitride, TiO2/NbyO5/Reduced graphene oxide by Zarrin &
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Fig. 3. (a-a?) HR-TEM of P-AKT-3 % (b) SAED pattern for P-AKT-3 % (c) XRD pattern of P-AKT-1 to 5 % (d) 3D surface imaging of PANI and (e) Activated TiO, Nps;
(f) Composites P-AKT-1 %; 2 %; 3 %; 4 %; 5 %.
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Fig. 4. EDX Spectra of the composites at varying weight percent.

Heshmatpour [40] and TiOy/reduced graphene oxide by Ma et al. [41].
This action could enhance the availability of active sites on the photo-
catalyst needed for dye photocatalysis.

Furthermore, the 3D image revealed the surface topology of the
fabricated nanocomposites which maintain a similar topology of PANI
despite the incorporation of the activated metal oxide Nps at varying wt/
wt%. This indicates the domination of the amorphous pattern of PANI
over the incorporated crystalline TiO;—Nps as equally observed by
Shahabuddin et al. [23].

However, the 3D image shows the possible formation of an
agglomerated surface as the activated metal oxide loading in the poly-
meric matrix increases. The agglomeration of these nanomaterials often
lowers the performance of the photocatalysts in dye photocatalysis after
photon irradiation [42,43]. However, the surface tunability impacts of
PANI in the blend have the potential of tackling challenges of agglom-
eration as it creates means of even dispersibility of the catalyst at opti-
mum dosage in the effluent [21]. Furthermore, the TEM result of the
fabricated nanocomposites photocatalyst reveals the internal arrange-
ment of the nanocomposites. From the HR-TEM image in Fig 3(a), the

On the other hand, Fig. 3(b?) indicates the distinct diffraction spot of
TiO5 Nps in the amorphous chain of PANI Additionally, the internal
investigation via HR-TEM shows the structure features of anatase and
rutile (tetragonal crystal structure) which overlays and evenly distrib-
utes itself macromolecular polymeric nanorod. Thus, from the
morphological view, PANI serves as polymeric support to anchor the
activated metal oxides [46]. This synergic action is desirable to lower
the leaching rate of the catalyst during photocatalyst and improve the
surface activities by lowering the rate of agglomeration apart from
improving the dye-catalyst interaction which is a major prerequisite to
photocatalysis [21].

3.2. EDX elemental composition
Fig. 4 and Table 1 depict the elemental compositions of the

Table 2
BET surface area analysis.

result indicates the coating of the conducting polymeric network with SN Samples BET Surface area (m® g ) Pore volume (cm®/g)
the activated TiO, Nps which aligns with the SAED pattern Fig. 3(b!) 1 P-AKT-1 % 9.449 0.0163
and (b?). The selected area electron diffraction (SAED) pattern shows a 2 P-AKT-2 % 11.317 0.0195
dominating halo ring pattern which is a characteristic associated with 3 P-AKT-3 % 14.671 0.0163

ominating &p ! ¢ ) A 4 P-AKT-4 % 14.320 0.0141
the amorphous material (PANI), unlike the consecutive continuous rings 5 P-AKT-5 % 14.320 0.0141
pattern associated with a pattern of polycrystalline materials [44,45].
Table 1
EDX elemental composition.

Samples Elemental composition in wt%

C N O S Ti Cl

P-AKT-1% 62.44 12.85 14.25 1.74 0.7 8.02

P-AKT-2% 60.83 12.78 15.08 2.03 1.66 7.62

P-AKT-3% 49.35 13.88 29.54 0 2.00 5.32

P-AKT-4% 61.40 8.08 7.91 0 2.39 20.22

P-AKT-5% 68.59 0.98 16.29 0 2.79 11.35




J.A. Oyetade et al.

a 14 —a— P-AKT-1%
Q.
[l 00025
%’
Zooms
£ 101 Soon
= H
o Sooos
@ H
° & H H 1]
<
2 6
=
©
-] s
E
c .",{l
2 -
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure p/p°
C 20
& 18 —=—P-AKT-3%|»
» 16 - #
2 -
B 1
£ 12 -
o
3 104
< -
> 81
] _,-":'"/-
s © . '-J’.
> 4] .‘r"::"-l
(<]
2 -
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure p/p°
e
12
& —m— P-AK-5%
173 b §1un1u
% 104 L.
> S
3 b éwnw
- 8- H
3 Fows
Qo 4 =
=
<] H 3
g 6 = Poro sizo (nm)
< 4
2
£ 44 -
g ] o
(<]
2 -
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure p/p°
-~ AKT-3%
100 -
I
s
8
5
b=
£
@
c
g 60
40
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Journal of Photochemistry and Photobiology 20 (2024) 100231

16 o —=—P-AKT-2%
o -
- 14 4 ]
2,12_ §umu
8 10 4 g oo
° J 3 oot
4
© 84 ! " poeszeom ©
< 4
2 ° -_.,'"."
'ﬁ E
c 44 -
El .
(<] 24
T T L) L) T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure p/p°®
20
Lo1s —=—P-AKT-4%
- - oo,
9 16 3
S E Lomn
A
5 ] Joone
T 12 - H 1
@ i Somse
a :
< 0] e —
> g
b= ] -
: 6 - j]ﬁ===hf-
S L] 22t
s, ] ¢ & 2
o ] .'.‘#
2 -
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure p/p°
PANI
45 -
40 - C=N str
<
X -
< s 1 C-N Str
E 30 - \A C-H Op
E 25 1 c-C st
F C=C Str \
20 -
15 = C- Bd
10 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
120
— P- AKT-1% P- AKT-2%
—— P- AKT--3% P- AKT-4%
100 = —— P- AKT-5%

Transmittance (%)

80 =

60 -

40 -

20 -

0

<—— Increasing OH band

Increasing Ti-OH band —

4000

3500

3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5. (a-e) BET adsorption-desorption Isotherm for P-AKT-1 % to P-AKT-5 %; FT-IR Spectra of (f) PANI; (g) Activated TiO;—Nps; (h) P-AKT-1 % to P-AKT-5 %.



J.A. Oyetade et al.

Journal of Photochemistry and Photobiology 20 (2024) 100231

0.80
NI
a }
0751 HA= protonic aqp,——"————__ “Emeraldine saltn
T {%,
; B Quinoid segments dedoping Binolarons
8 0.70 4 N
g YOS
% T ne N polarons
_e Emeraldine base &
S 0.65 ~ E VN
a8 & F
< = _-N. ©
0.60 4 L{,,L\N)' )
| Pemigamiline
0'55 L] T L] T L] T L] 1
350 400 450 500 550 600 650 700
Wavelength (nm)
b 1.05- 3.50
1.00 ——P-AKT-1% C 3484
a ——P-AKT-2% —m— Bandgap
0.95 ——P-AKT-3% 3.46 ~
——P-AKT-4% <344 342 eV
0.90 4 ——P-AKT-5% o
K 9 3.42 ~ _ T
<C 0.85 4 o))
% 3.40 - 1
0.80 - m .38 3.42 eV 3.42¢V
0.75 .36 3.34 eV
0.70 4 3.34 - —""=335eV
0.65 r T v r 3.32 T T T T T T
300 400 500 600 700 PANI  P-AKT-1% P-AKT-2% P-AKT-3% P-AKT-4% P-AKT-5%
Wavelength (nm) Fabricated catalyst composite
€
d —— l
1200 Max
March 45 4 g - =
= April //. s
1000 - T T |Ma - ) ! &
T lrm B L o oty
S H ] <40 I
£ s00- h e 2
2 I o | | 2
2 g
£ 600+ £ 351 ~= 11:30 am-12:30 pm
5 L M |e12:30-1:30 pm
€ 400- § 0. * —a— 1:30-2:30 pm
£ : o
S = - )(
o ]
200 - xf/
W 254 I
0 r T ' ' Pycnometer i . . . i i
1 4 .
Waeke reading process ° 10 20 30 40 50 60

Fig. 6. (a) UV-vis analysis of PANI and (b) P-AKT-1 % to 5 %; (c) bandgap result of photocatalyst; (d) Measurement of solar radiance (e) measurement of working

temperature.

fabricated photocatalyst in weight percent (wt%). From the results in
Table 1, it is observed that the constituent of Ti increases with increasing
addition of wt/wt% of surface-activated TiOy—Nps. The prevailing
elemental composition (C, N, O) in the mix affirms the successful for-
mation of fabricated composite photocatalysts. The presence of these

vital elements could improve the availability of active sites for dye-
catalyst bonding. The Table also indicated a noticeable increase in the
amount of Cl as TiOy Nps loading increases. This could be due to either
the choice of precursor (titanium isopropoxide and titanium butoxide or
titanium tetrachloride) used in the synthesis of TiOa—Nps or the HCIL
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used to adjust the pH during the sol formation of TiO,. This may
constitute to the presence of increasing chlorine in the elemental matrix
with increasing loading [47,48].

3.3. BET analysis of fabricated photocatalyst

Brunauer-Emmett-Teller (BET) analysis is one of the most effective
methods for determining nitrogen adsorption-desorption isotherms.
This analysis gives details of the material’s surface features such as pore
volume, pore size and the hysteresis loop type as seen in Table 2 and
Fig. 5(a)-(e). From Table 2, the value of the fabricated composites (P-
AKT-1 %) with the lowest surface area and pore volume was 9.449
m>g~! and 0.0163 cm>/g respectively, while the highest reported was P-
AKT-3 % with a value of 14.671 m%g ! and 0.0163 cm®/g for BET sur-
face area and pore volume. Furthermore, it was generally observed for
the BET adsorption-desorption Isotherm plot in Fig. 5(a)-(e) was type-IV
hysteresis loop a characteristic feature of mesoporous material accord-
ing to the specified loop pattern by the International Union of Pure and
Applied Chemistry (IUPAC) [49-51]. These properties are very crucial
in the adsorption process of dye molecules onto the surface of the
photocatalysts before the dye mineralization into CO, and HyO. Also,
the addition of more activated metal oxide to PANI network increases
the surface areas which suggests that doping of PANI with TiOy Nps
improves the surface area of the conducting polymer which may
enhance the availability of more active sites for dye-catalyst interaction
[20,21]. Additionally, the observed increase in the surface area of the
photocatalysts often enhances proficient and dynamic electron mobility
apart from improved ion diffusion thereby increasing the rate of

photochemical activities [52-54].
3.4. FT-IR analysis

The FT-IR spectra of the activated metal oxide nanocatalyst (AK-TiO,
Nps) and polyaniline (PANI) are depicted in Fig. 5(f) and (h). From the
spectra, the peak intensity observed around 400-800 cm ™! which in-
dicates the functional features of the transition metal (Ti) bonded with a
heteroatom (O) forming a Ti-O bond. Also, at 1400 cm~! the stretching
vibration ascribed to Ti-O-Ti was observed [55,56]. Similar to the
spectra, the observed O—H bend at 3454.51 cm™! is frequently attrib-
uted to the hydrogen bond-associated OH free radical. Likewise from the
spectra, the bend of O—H observed at 3454.51 cm ™" is often assigned to
the OH free radical associated with hydrogen bond [57,58]. Further-
more, the FT-IR spectra of PANI in Fig. 5(h) reveal characteristic peaks
of C—H bending at 783 cm™!, while the C=N stretching of the PANI
nano tubular network was observed at 1685 cm ! and band at 1292
em™! indicated the C—N stretching. This points to the vibrational
interaction of carbon with -NHe "= which accounts for the amphiphilic
properties of polyaniline [59]. Also, the spectra display IR peaks at 1563
cm™! and 1482 cm™!, which are attributed to the G=C stretching of the
quinoid and benzenoid rings of the PANI homopolymer, respectively.
The peaks at 1120 cm ™! and 809 ecm ™! may be attributed to out-of-plane
C—H bending in the macromolecular chain [20,25]. On the other hand,
the FT-IR spectra result of the fabricated composites from 1 to 5 % wt/wt
activated TiO, Nps reveals an increasing Ti-OH band as the wt/wt%
impregnation with the metal oxide which is equally confirmed by the
increasing adsorption band of OH from the spectra [60].
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In addition, the functional groups found in pure PANI and activated
TiO4 Nps feature in the fabricated composites. Although the intensities
of the functional groups vary, however, the spectra indicate a successful
impregnation process. Additionally, the impregnation of the PANI with
the activated metal oxide enhances bonding activities such as electro-
static interactions, Van der Waals forces, hydrogen bonding and n-x
interactions as a result of multiple functional groups revealed from the
FT-IR spectra in Fig. 5(f). The surface functional features observed from
these spectra are suggestive of the bond arrangement existing between
molecules and the external bonding arrangement that may occur at the
surface of the photocatalyst in consonance with the dye molecules in
effluent [7,21,45].

3.5. Analysis

The optoelectronic impacts of PANI in the fabricated mix as depicted
in Fig 6(a)-(b) via the UV spectra scan of PANI and the corresponding
composites at varying wt/wt% impregnation. Also, Fig 6(c) indicates the
estimated band gap using fundamental relation (Tauc expression). The
maximum wavelength for the UV scan of PANI in Fig 6(a) is at 371 nm
which corresponds to the estimated band gap of 3.34 eV in Fig 6(c).
However, Majeed et al. [48] pointed out that the optoelectronic char-
acteristics are often associated with their states. This could be leucoe-
meraldine (completely reduced state), emerald salt (half oxidized state)
or pernigraniline (totally oxidized state). However, p-type emeraldine
salts exhibit strong exciton bonds and have dynamic charge carrier and
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electron hopping potential needed during photon irradiation, especially
within the visible region [7].

Also, as indicated from the spectra, the synthesized polyaniline
positively influences the formation of polarons/bipolarons, thereby
supporting the p-type conductivity model. Thus, coupling PANI with
activated TiOo-Nps enhances its optoelectronic activities to solar irra-
diation which is a major setback for TiOs. From the result, the increase
to 3.49 eV in the bandgap in Fig. 6(c) could be due to the higher addition
of the metal oxide semiconductor which results in the reduction of
photocatalytic activities. However, the presence of an electronic carrier
(polaron) in PANI orchestrates a cation radical of one nitrogen which
acts as a hole thereby transferring an elemental positive charge. In
addition, the p-type conductivity is achieved when an electron from the
nearby nitrogen (neutral) jumps to this hole, making it electrically
neutral and starting the motion of the holes through a resonance process
[20].

The sensitivity of PANI to photons from solar sources makes the
macromolecule act as a photon sensitizers in the blend. Additionally,
this macromolecule possesses its own valence and conduction bands
called HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital). The HOMO is excited during irradiation
thus moving to LUMO via n—x transitions however, often challenged
with frequent electron-hole recombination. Interestingly, activated TiO»
Nps often associated with higher band gap enhance effective charge
separation which lowers frequent electron-hole recombination [23].
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Table 3
Results of the photocatalytic efficiency of various photocatalysts in comparison.
S/N Polyaniline based Photocatalyst Model dye Conc of dye (mg/L) Dosage mg/ml Time (min) Degradation (%) References
1 PANI/Ti02/SiO, membrane Methyl orange 1.5 - 90 87 [46]
2 PANI/SrTiO3 Methylene Blue 10.0 0.3 210 95 [76]
3 PANI/ZnO Methylene Blue 3.2 0.4 300 99 [77]
Methylene Green 300 97
4 PANI/TiO, Methylene Blue 5.0 1.2 360 929 [78]
10 10 325.2 91.5
5 FeO-ZnO/PANI 10 0.2 120 92 [79]
6 Graphene/PANI Rose Bengal 10 2 180 56 [80]
7 TiO,/PPy/PANI Victoria blue - - 180 97 [81]
Rose Bengal 150 97
8 PANI-Modified TiO2 composite Methyl orange - - 360 21.5% [82]
9 PANI/mesoporous silica Methylene blue 10 2 120 70 % [83]
10 P-AKT-2 % Methylene blue 10 0.2 90 95 % This work
P-AKT-3 % 0.2 90 94 %

3.6. Photocatalytic activities

a. Sunlight Radiance and Working Temperature

One of the most prominent factors that constitute to rate and kinetics
of the solar-driven photocatalytic process is the intensity of the sunlight
radiance and the temperature. The result is depicted in Fig. 6(d) and 6(e)
respectively. The results indicate the average weekly solar radiance
measured from March to May. From the result, the highest intensity of
solar radiance was 1061 W/m? in the third week of March while the
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lowest radiance was at 744 W/m? in the second week of May. This im-
plies that the average solar radiance range for the analysis is between
744 and 1061 W/m?2. Similarly, the working environmental temperature
measured rose from room temperature to the highest internal 45.5 °C -
41.2 °Cin (Fig. 5e). The solar radiance variation is similar to the trend
reported by Andrea et al. [49] however, the highest temperature
recorded was 48.6 °C. High solar radiance is often accompanied with
high-temperature values for the environment and increasing tempera-
ture favours the rate of dye photocatalysis [61,62]. Similarly, Kumar and
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Pandey [52] added that the working temperature plays a prime role in
the rate of photolysis of organic matter. However, at high temperature
(80 °C), the recombination of charge carriers increases which lowers the
photocatalytic activities.

b. Effect of Irradiation time

The result in Fig. 7(a)-(ah) quantifies the effect of irradiation time at
pH 7 and 20 mg/L dosage vis-a-vis degradation efficiency and degra-
dation rates respectively. From the results, the highest degradation ef-
ficiencies recorded for P-AKT-1 %, P-AKT-2 % and P-AKT-3 % were 90.5
%, 94.7 % and 90.2 % respectively. On the other hand, P-AKT-4 % and P-
AKT-5 % have efficiencies of 84.5 % and 76.3 %.

These results exhibit higher efficiency when compared with the re-
sults reported by Gilja et al. [53] with a value of 77 % at 30 mg/L
dosages and at 90 min and Jumat et al. [54] having higher efficiency of
96 % at a higher time frame of 300 min using solar irradiation. The rapid
degradation can be ascribed to the action of the mediation of Fenton
reagents. However, the photocatalytic activity of catalysts under irra-
diation with solar photons depends on vital parameters such as
composition, crystallinity, crystallite size, and surface area [63]. How-
ever, the driving force for rapid photocatalysis is the incorporation of a
Fenton reagent involving the reaction of HyO5 with the ferric ion from
FeCls. These generate hydroxide radicals which combine with the rad-
icals at the surface of the photocatalyst thereby enriching the system
with required radical species for spontaneous dye degradation. Also, the
appreciable elevated working temperature of the environment revealed
in Fig. 6(e) supports the rapid degradation of the dye molecules in
effluent. This is because, increase in temperature enhances the genera-
tion of more energy which consequently increases the activation energy
of the system. This salvage the challenges of lower efficiency and high
irradiation time for solar powered irradiation [64]. Furthermore, Tunc
Dede et al. [58] pointed out the surface homogenizing propensity of
Fenton reagents which aids dye-catalyst interaction. Hence, during solar
photon irradiation, the n-n transitions in the polymeric chain alongside
the excitation of the activated semiconductor induce the generation of
singlet and triplet species. This leads to self-degradation of the dye
molecules [65]. The formed species are characterized by high energy
and react with oxygen and water molecules in the effluent to form
peroxide, superoxide, and hydroxyl radicals [23]. Also, from the result,
the lowest irradiation efficiency recorded for P-AKT-5 % may be
attributed to higher loading of activated TiOo—Nps which agglomerate
to the surface as revealed from the SEM image in Fig. 2 (g-g').

c. Effect of pH

Fig. 7(b)-(bY) revealed the effect of the pH on the degradation rates
and quantity absorbed at equilibrium respectively. From the result, the
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optimal pH recorded for the photocatalytic process was at a slightly
acidic pH of 5 and neutral pH (7). From the result, the least degradation
performance recorded was for P-AKT-5 % at an acidic pH of 3 (25.4 %)
while both P-AKT-1 % and P-AKT-5 % have a value of 32.3 % and 43 %
respectively at an alkaline pH of 11. However, the pH value with the
most effective degradation performance was at 5 and 7 with the highest
record in P-AKT-2 % (94 % and 90 %) and P-AKT-3 (91 % and 85 %). The
lowest performance of the photocatalyst was equally recorded by Gilja
et al. [53] at pH 3 which is suggestive that a highly acidic medium
lowers the adsorption performance of the nanocomposite photocatalyst
[66]. Also, Babuponnusami et al. [67] added that Fenton processes are
most efficient at the acidic range pH 4 while at higher pH range the Fe?"
is inactive at higher pH levels. From the result, the quantity of dye
molecules adsorbed decreased as the pH values tended towards the
acidic region. However, it increases with increasing pH up to the neutral
point before the decrease sets in. This is because positive charges are
built up by PANI due to its side amine groups’ protonation along the
polymeric chain. This coupled with amphoteric TiO,—Nps forms an
effective electrostatic bond with the anionic model dye (methylene blue)
and decreases steadily due to gradual loss of positively charged groups
[26,68]. Also, the decrease at higher pH is based on the generation of
negatively charged groups due to deprotonation thereby creating
stronger electrostatic repulsion with anionic dye molecules [69]. Addi-
tionally, studies have shown that the pH of the solution generally affects
the surface charge of the photocatalyst nanocomposites, thereby influ-
encing their degradation efficiencies. Mendre et al. [33] found that the
pH of the solution had a significant impact. This impact is seen in the
electrostatic interactions between the photocatalyst surface, solvent
molecules, substrate, and charged radicals produced during photo-
catalytic oxidation.

d. Effect of Dosage

The effect of photocatalyst dosage on the degradation efficiency and
quantity of the dye molecule absorbed is depicted in Fig. 8(a)-(a'). The
result indicated the optimum catalyst dosage of 20 mg/L at a pH of 5.
The highest degradation efficiency was 91.03 %, 94.45 %, 94.76 %,
73.74 % and 83.94 % for P-AKT-1 % to 5 % respectively. From Fig 8(a),
the efficiency of each catalyst nanocomposite tested maintains con-
stancy from 20 mg to 50 mg of dosage (Fig 8a). This shows that the
optimum catalyst dosage is at 20 mg and an equilibrium is established
beyond which further addition of dosage does not improve the system
efficiency. However, the respective reduction in efficiency at 73.85 %
and 83.46 % for P-AKT-4 % and P-AKT-5 % may be due to the impedi-
ment of the incident solar photons due to high dosing. Also, this could be
due to possible agglomeration of the nanomaterial based on the clus-
tered surface area of the catalyst which is equally reflected in Fig. 8(a®)
[40]. Generally, increasing dosage comes with an increasing amount of
dye molecules adsorbed up to the point of equilibrium (constancy)
beyond which desorption sets in [70].

This is based on clustered surface area (agglomeration) leading to the
availability of limited binding sites which initiate the generation of
radicals (hydroxyl and superoxide) before degradation reaction [71,72].
Oyetade et al. [36] added that the aggregation of the particles up to the
point of adhesion to one another occurs during the agglomeration of
photocatalysts in nano form (10~°). This results in the formation of large
amount of agglomerates due to their higher surface energy. Although
incident UV irradiation is limited by high catalyst loading of TiO; par-
ticles, there is also a possibility of agglomeration due to clustered surface
area [44,62]. Beyond the optimal catalyst dosage, reduction in the
surface area sets in leading to limited efficiency in dye degradation
decolorization effectiveness decreases, even though similar to the report
by Hou et al. [24].

e. Effect of Concentration

The result in Fig. 8(b)-(b') shows the effect of varying concentrations
on the degradation efficiency and quantity of dye molecules absorbed.
The result indicated the most significant efficiency at 10 mg/L for P-
AKT-1 % to 5 % having efficiencies of 85 %, 95 %, 94 %, 73 %, and 83.36
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% respectively. However, at higher concentration (40 mg/L) of dye
molecules low degradation rates of 41.67 %, 37.40 %, 35.73 %, 29 %
and 24 % was adduced to the photocatalyst with the increasing loading
of TiO2 Nps. This is due to an increase in the amount of dye molecules as
against the limited hydroxyl radicals generated from the process needful
to degrade the organic molecules [73]. The optimal dye concentration
reported in this study is similar to the photocatalytic study reported by
Jangid et al. [22] and Mpelane et al. [74]. However, Dutta et al. [75]
pointed out that the reduction in the quantity absorbed from the study is
due to the high coverage of the dye molecules leading to the over-
saturation of the active sites of the nano photocatalyst. This significantly
reduces dye-photocatalyst interaction and lowers the generation of free
radicals needed to mineralize the organic dyes during photon irradiation
from sunlight.

3.7. Reaction mechanism

The reaction mechanism of the process involves the absorption of the
irradiated solar photons by the photocatalysts and the photolytic reac-
tion of the Fenton reagents which generates radical species. This rup-
tures the chemical bond of the dye molecules as described in Fig. 9(b).
Also, the availability of the conjugated organic part (quinoid) and
-NHe+ in the conducting macromolecules used in composite fabrication
improves proficient dispersibility, surface functionality and effective
adsorption of dye molecules from the effluent [74]. These appreciable
features are due to the imparted surface modification by PANI in the mix
apart from the lowering of bandgap which is for photoactivity to solar
photons. On the other hand, the activated TiO,—Nps in the mix having a
larger bandgap provides the means for effective charge separation which
is needed to accomplish a reduction in electron-hole recombination
[23].

HyOp + hv = 2HO® ..o, (6)
3FeCl; + Hy0— Fey03 + HCL............... %)
Fey03 + hv — Fe?™ + HOe................... (8)
Fe?t = Fed T 9
Fe’* + Hy0, + hv - Fe?* + HOe + H'...... 10)

Thus, upon solar irradiation, the mechanism involves electron exci-
tation from HOMO to LUMO creating electron-hole pair which often
travels back to the HOMO for recombination [23,74]. However, the
presence of larger bandgap semiconductor material (AK-TiO2—Nps)
receives photoelectrons returning into the vacant conduction bands
instead of returning to the HOMO of PANI as shown in Fig 8. This pro-
vides effective charge separation while the mediation of the process with
the Fenton reagent enriches the photocatalyst surface with a high
amount of radical species. This directly attacks the dye molecules, opens
the aromatic ring and terminates to CO, and HyO known as dye pho-
tocatalytic degradation as revealed in Eq. (6)-(10). Thus, the electro-
static interaction at the dye-photocatalyst interface in slightly acidic
conditions (pH=5) and radical enrichment with Fenton reagents ac-
count for the faster reaction rate and time.

3.8. Efficiency comparisons

Table 3 comparatively describes the efficiency of the polyaniline-
based photocatalysts driven by solar irradiation for dye photocatalysis
as compared to the current study. The present photocatalytic approach
indicated the most proficient fabricated composites (P-AKT-2 % and P-
AKT-3 %) have respective efficiency of 95 % and 94 % at 90 min using
10 mg/L concentration of methylene and 20 mg/100 mL of catalyst
loading. This rapid efficiency within the lower time frame has never
been reported before for solar irradiated photocatalytic dye
degradation.
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From the Table, the current approach shows faster degradation time
with considerably lower photocatalyst dosage. This is attributed to the
process mediation with the Fenton reagent which boosts the photo-
catalytic performance of the nanocomposites. The simultaneous use of
these high-performance photocatalysts and the Fenton-mediated process
enhance high photocatalyst sensitivity to solar energy illumination. The
use of the solar-driven process for dye remediation is often considered an
affordable and clean energy process with profound sustainability when
compared to UV irradiation. Hence, this approach is valid for the rapid
remediation of dye-laden textile effluent posing great prospects in
tackling the challenges of environmental pollution.

3.9. Reusability of fabricated photocatalysts

Fig. 10 shows the result of the reusability tests conducted on the most
proficient photocatalysts (P-AKT-2 % and P-AKT-3 %) for photocatalytic
remediation of methylene blue dye in effluent. The photocatalyst
recovered from the treatment process was vacuum-dried, rinsed in DI
water, and utilized in the following cycles to assess its viability for usage
commercially and practically. The treatability performance was
accessed for the second, third, fourth, and fifth cycles, respectively.

The figure indicates the considerable performance of more than 70 %
dye degradation for more than four runs for P-AKT-3 % and less than 70
% at the 4th cycle of use for P-AKT-3 %. Although, P-AKT-2 % indicates
effective stability and reusability after the fourth run [23]. However, the
observed reduction in efficiency of the latter photocatalyst (P-AKT-3 %)
could be due to catalyst agglomeration or mostly leaching of TiO,
nanoparticles from the PANI matrix into the effluent. This lowers the
activity of the photocatalyst after its recovery and subsequent reuse [21,
64]. However, studies reveal that the use of high-surface-area matrix
such as carbon-based materials has the potential of lowering leaching
rate and possible agglomeration of the catalyst active sites during use
thereby enhancing catalyst stability during dye effluent photocatalysis
[84-871].

4. Conclusion

The study reveals the possibility of proficient degradation of indus-
trial azo dye using methylene blue as model dye under solar photo-
illumination and Fenton-mediated process using fabricated nano-
composite photocatalyst. From the study, it is possible to accomplish
efficient dye photocatalysis (95 % and 94 %) at a lower irradiation time
of 90 min using sunlight energy with a solar radiance range of 1061-744
W/m? and the working temperature (<40 °C). This process salvages the
appreciable longer irradiation time required and the need for alternative
use of green energy sources other than the commonly used UV irradia-
tion. The report also provided the experimental condition optimal
concentration of 10 mg/L, dosage of 20 mg/100 mL of effluent and
slightly acidic pH of 5 coupled with the possibility of catalyst regener-
ation and reuse up to 4th run. It is necessary to add that the study
revealed the possibility of agglomeration of the nanoparticle with
respect to higher loading of activated TiOo—Nps in the mix. However,
the study suggests the economic prospect of using the methods and
photocatalysts for the degradation of industrial recalcitrant dye mole-
cules. Thus, the study unveils the possibility of confronting the envi-
ronmental pollution of toxic industrial dyes using cost-effective
nanocomposite catalyst using green energy to aid the Sustainable
development goals of the use of affordable and clean energy; goal (7) to
achieve goal (3) good health and well-being, goal (6) clean water; goal
(13) climatic action goal (14) life below water, goal (15) life on land and
cumulatively goal (11) involving sustainable cities and communities.
Additionally, the energy required to drive the process (sunlight photon)
is time-dependent and may be unstable due to various climatic condi-
tions within a specified area. Thus, to extend the frontiers of this study,
solar power harvesting and storage technique for driving dye effluent
photocatalysis holds great prospect in energy sustainability. Also,
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further studies on the determination of the iron content of the effluent
after dye photocatalysis is pivotal to mitigate its high usage which is

deleterious to aquatic life.
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