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ARTICLE INFO ABSTRACT

Keywords: Dyes are widely used in a variety of industrial applications for aesthetical purpose as well as to provide the color
Superhydrophobic surface of their products. Huge amount of dye-containing wastewater is released after their processing, posing a risk of
PDMS tubes

environmental contamination. This has prompted the development of low-cost, highly reliable, and long-term
technologies for effluent remediation. In this work, the synthesized tantalum (Ta)-doped Zinc oxide (ZnO)
composite coated over the bioinspired polymeric platform has been reported for the decolouration of methylene
blue (MB) dye when exposed to UV light. These structures were carefully investigated using a scanning electron
microscope (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and a contact angle (CA)
goniometer. The contact angle results show the contact angle of 108 for pure polydimethylsiloxane (PDMS) and
168 for bio-inspired PDMS with Ta-doped ZnO composite leading to a superhydrophobic surface. This super-
hydrophobic bio-inspired polymeric platform was modified by optimizing the surface roughness and coating it
with low-surface-energy Ta-ZnO NWs composites, paving the way for it to be envisioned in "self-cleaning" water
treatment facilities. When exposed to UV light, the MB dye degradation time was reduced from 150 mins to 105
mins, indicating that the synthesized Ta-doped ZnO NWs composite is more effective than ZnO. These photo-
catalysts lead to "waste control using Ta-ZnO NWs composites," which opens up new possibilities for flexible and
biocompatible environmental remediation platforms. In this study, real-time MB dye degradation is also moni-
tored using the Internet of things (IoT) technique by integrating a NodeMCU microcontroller board as a control
center and a pH sensor as a tool for detecting the change in pH value of the MB dye under UV light exposure.

Lotus leaf replication
Ta-ZnO composite
Photocatalytic application
Real-time monitoring

MB dye

inefficient in wastewater treatment and reuse owing to several re-
strictions such as expensive chemical and operating expenses, advanced

1. Introduction

The chemical business makes extensive use of color. However, the
usage of paints in industry is rapidly growing, the resulting in increased
the natural water contamination. In fact, even extremely little level of
dye in the water (as little as 1 mgL ™! for certain dyes) is visible and
enough to cause esthetic issues. Organic chemicals, such as dyes, are
toxic to humans [1]. It is believed that about 15% of all dyes produced in
the world are discarded in the dying and printing operations, and this
waste is released into the water. As a result, innovative wastewater
treatment technologies are always needed to address environmental
contamination. Traditional techniques for wastewater decontamination
have been used for decades, including adsorption, coagulation, the
Fenton process, flocculation, aerobic treatment, heterogeneous photo-
catalysis, reverse osmosis, precipitation, ozonation, membrane filtra-
tion, and many more [2]. These traditional technologies, however, are
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processes, complicated sludge production, separation challenges, long
process times, and many more. Photocatalysis is a potential approach for
eliminating organic pollutants without producing secondary pollutants
that require additional treatment. Different metal oxide semiconductors
are thought to be potential photocatalysts such as ZnO, TiO, SnO,, WO3,
etc., for converting organic pollutants to ecologically favorable species
[3-8]. Because of its photosensitivity, nontoxicity, and lower price than
precursors, ZnO is a potential semiconductor for photocatalytic appli-
cations [9]. The wide bandgap and higher recombination rate of
photoexcited electron-hole pairs are the major disadvantages that pre-
vent ZnO nanoparticles from being used in industry [10]. A literature
analysis also revealed that due to faster electron and hole recombina-
tion, undoped ZnO has only limited photocatalytic effectiveness [11]. As
a result, some method of slowing recombination and increasing the
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Fig. 1. Schematic of fabrication of hollow PDMS tube with lotus-like microstructures.

number of charge carriers is required. To improve the performance of
ZnO, the technique of doping specific appropriate metal ions is used.
Transition metals such as Ag, Co, Ce Cu, Cr, Mn, Mo, Ni, Ta, and V, have
been doped into ZnO to change their properties [12-14]. Tantalum (Ta)
is one of the suitable doping metals for ZnO, with an ionic radius of
0.064 nm (Ta®") that is similar to that of 0.074 nm (Zn?"). When
compared to other transition metals, Ta is the most effective dopant for
boosting ZnO photocatalytic ability [15,16]. Most industrial wastewater
contains methylene blue (MB), the most prevalent color in effluent from
the fabric, sheet, and printing companies. It is difficult to eliminate MB
from the wastewater due to the existence of an aromatic ring structure
that contains polar groups and chromophores. Many researchers are
working to eliminate MB by adsorption by lotus leaves [17].

In recent years, superhydrophobic surfaces having more than 150
water contact angle (WCA) have piqued academic and industrial
attention. For many applications, having unique features is crucial such
as biocompatibility, self-cleaning, water repellency, improved material
durability, and other features to avoid contamination [18]. The chemi-
cal composition and morphological features present on a surface are
considered to influence super hydrophobicity [19]. In nature, there are a
lot of plants that have hydrophobic surfaces. The air was trapped as a

cushion for the water droplets that dropped on the leaf due to the hi-
erarchical micro/nanostructures, resulting in superhydrophobicity. In
this study, we have attempted to develop lotus leaf-like super-
hydrophobic structures on polydimethylsiloxane (PDMS) substrate and
to examine its photocatalytic ability to degrade MB dye when coated
with Ta-ZnO composite. Because of its ductility and biocompatibility,
the PDMS substrate is ideal for flexible and stretchable platform [20,21].
Therefore, it has a wide range of applications [22-25]. Industrial
wastewater, mostly from chemical and pharmaceutical processing,
frequently contains contaminants that must be treated before being
discharged. The effect of not adhering to the standard disposal of dyes is
that water with an uneven acidity level would disrupt the environment’s
health and ecology. Manual collection of water samples at various sites
is used in traditional water quality procedures, which are then analyzed
in laboratories to identify the character of water. The procedure will
result in certain errors, such as the worker entering incorrect data.
Therefore, in this study, real-time MB dye degradation is monitored
using the IoT technique. We have a monitoring system based on the
NodeMCU microcontroller development board as a control center and a
PH sensor as a tool for detecting the change in pH value of the Textile
dye [26]. The first section of this paper discusses the basic introduction

1153.06um

Fig. 2. (a, b) Flexible PDMS tube with an inner diameter of 1.15 mm.
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Fig. 3. SEM image of (a) .-PDMS, (b) .-PDMS/ZnO seed layer, (c) .-PDMS/ZnO NWs, and (d) .-PDMS/Ta doped ZnO NWs, and (e-f) EDS results of a sample .-PDMS,

and -PDMS/Ta-doped ZnO.

and requirements for Ta-ZnO composite for photocatalytic applications.
The various materials and procedures for preparing PDMS tubes, as well
as the synthesis technique used for Ta-ZnO NWs composite are discussed
in Section 2. In Section 3, the experimental characterization, result of
photocatalytic and real-time degradation are discussed.

2. Materials and methods

Sigma-Aldrich provided zinc acetate dihydrate (ZnC4HgO4), potas-
sium hydroxide (KOH), methanol, zinc nitrate, hexamethylenetetramine
(HMTA), isopropyl alcohol (IPA), Slygard 184, and curing agent and
methylene blue dye. All of the chemicals utilized were AR grade, and
they were used exactly as they were received, with no further
purification.

2.1. Fabrication of superhydrophobic PDMS tube

The PDMS prepolymer (Slygard 184) and curing agent are mixed in a
20 ml beaker in a 10:1 ratio before being placed in a vacuum desiccator
to remove any air bubbles that form during the mixing process (see
Fig. 1). After 30 mins of degassing, PDMS is poured into 2 mm diameter
plastic tubes which are placed vertically. Now, a copper wire with a
diameter of 1.0-1.25 mm is inserted vertically into the PDMS-filled
tubular template and cured in an electric oven at 80 °C for 5 hrs. The
2 mm diameter PDMS tubes are then carefully removed from the tubular
template. Now, for the removal of copper wire, the whole PDMS tube
was dipped in chloroform for 30 s [11]. The chloroform allows PDMS to
swell and copper wire will be easily removed by applying a light me-
chanical pulling force. Finally, the hollow PDMS tube can be obtained.

For bio-mimicking the structure of the lotus leaf on PDMS, a fresh lotus
leaf is taken and cleaned thoroughly and dried. A thin layer of PDMS is
applied over the leaf using a brush, and a fabricated PDMS tube is
wrapped around the leaf and placed in an electric oven at 65 °C for 60
mins to cure. Fig. 2 shows the prepared hollow PDMS tube.

2.2. Growth of Ta-Zno composite over the PDMS tubes

The synthesis of Ta-ZnO composite initiates with the seeding on
PDMS tubes with ZnO and Ta-ZnO nanoparticles (NPs). For the prepa-
ration of Ta-ZnO seed solution, 3 g of Zn(CH3COO)2(H20)2 were dis-
solved in 62.5 ml of isopropyl alcohol and 93 mg TayOs in 25 ml of
glacial acetic acid. Thermal treatment was provided at 100 °C to both
solutions after mixing and magnetically agitated for 60 min. Pure ZnO
reference samples were simultaneously synthesized using the same
procedure but do not contain the TayOs precursor. Both the prepared
NPs were used to further seed the PDMS tubes.

The prepared PDMS tubes were cleaned with acetone and DI water,
then dip-coated in both seed solution one after another, for the initial
growth of the ZnO and Ta-ZnO seed layer, and finally calcined at 70 °C in
an electric oven. A high-density and the uniform ZnO seed layer is
preferred to accelerate the growth of the Ta-ZnO NWs. Now, in a 500 ml
beaker, a homogeneous solution containing Zn(NO3), and HMTA (1:5) is
prepared in DI water using a probe sonication technique. The ultra-
sonication technique is used to homogenize the solution. In a separate
beaker, a TapOs5 solution was made by dissolving 0.2 g of TapOs in 20 ml
ethanol and then ultrasonicated for 180 mins. Then, 4 mL of TayOs so-
lution was added to the previously prepared Zn(NOs)z - HMTA solution.
After that, seed PDMS tubes were placed in the solution for 8 hrs at 90
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Fig. 4. Contact angle results of (a) S1- pure PDMS (without lotus structure replications (CA: 108.3)), (b) S2- .-PDMS (CA: 137.25), (c) S3- .-PDMS/ZnO NWs (CA:
149.1), and (d) S4- .-PDMS/Ta doped ZnO NWs (CA: 168.1), and graphical representation of (e-f) CA and SFE.

°C. Finally, the Ta-ZnO composite is deposited on the PDMS tube.
Similar technique was used to grow Ta-ZnO nanocomposite using the
Ta-ZnO seeded PDMS tubes, but this method led to the agglomeration of
nanoparticles and the loss of the nanowire-like structures over the PDMS
tubes.

3. Results and discussions
3.1. Surface characteristics

An SEM (Carl Zeiss) and EDS (Oxford instruments) were used to
examine the surface morphological features of all the synthesized
specimens at an accelerating voltage of 10 kV. The SEM image of (a)
lotus microstructure replicated PDMS (L-PDMS), (b) .-PDMS/ZnO seed
layer, (c) .-PDMS/ZnO NWs, and (d) Ta-ZnO NWs coated over .-PDMS
tube are shown in the Fig. 3 (a-d). The presence of Ta and Zn can be
evaluated by EDS results (see Fig. 3e—f). The surface energy of seed layer
is high due to its small size. After the substrate is placed in the growth
solution, a thin, homogeneous film of finely dispersed seed is attached to
the PDMS substrate, enticed Zn®** and 0% ions to the seed, lowering
surface energy. These ions have quite enough energy to unify and
organize themselves in the (002) to form a hexagonal structure because
of the optimal temperature for growth [27]. 1-D polycrystals in the form
of NWs were formed as a result. Because of the presence of HMTA, which
impedes lateral progression, NWs with finely distributed seeds has

enough free space for compact growth of smaller diameters. In addition,
the ability of any substrate to support a uniform distribution of nano
seeds is linked to the formation of ZnO NWs. The properties of the
substrate’s surface have a huge influence on the film’s deposit that
provides growth nucleation sites [28]. The following equations show the
growth of ZnO NWs.

Zn(NO3),.6H,0—~Zn*" + 2NO; + 6H,0 €))]
CsH\2Ny + 6H,O—6HCHO + 4NH; 2
CsH\oNy + 4H,0—(CH, ) ((NH), + 40H~ 3
NH; + H,O—~OH™~ + NH} ©)]
Zn** +40H™ + H,0—Zn(OH)?~ (5)
Zn(OH); —ZnO + H,O + 20H~ (6)

3.2. Water contact angle (WCA) results

The Kruss DSA25B instrument was used to predict the water contact
angle (CA) of pure and Ta-ZnO coated PDMS tubes. The results show that
as the Ta-ZnO composite over lotus microstructure-based PDMS tubes
grows, the CA increases to 168.0'in comparison to pure PDMS tubes with
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Table 1

The characteristics of probe liquid.
Probe Liquid Polar” SFT Disperse”
Toluene 2.3 28.4 26.1
Water 51 72.8 21.8
# mN/m.

a CA: 108.2. Fig. 4 shows the results of the contact angle of various
samples, (a) S1- pure PDMS(without lotus structure replications), (b) S2-
L-PDMS, (c) S3- .-PDMS/ZnO NWs, and (d) S4- 1-PDMS/Ta doped ZnO
NWs. Table 1 shows the properties of probe liquid.

OWRK technology has been used to develop a working model that
distinguishes interfacial tensions based on the fundamental interactions
between molecules. From the SEM results, the pore size space between
the surface of NWs helps capture air, resulting in a decrease in the solid
liquid interface, and thus increasing the CA of the Ta-ZnO NWs surface,
according to SEM findings.

According to the literature, if the CA is ( 90°, the surface will be
sufficiently wet and the liquid will spread over the entire surface,
whereas, the surface will be poorly wetted and the liquid reduces its
contact with the surface to produce droplets if the CA is ) 90° The greater
the CA, the higher the cohesion and the interactions between liquid
molecules are frequently more in contrast to those between solid mol-
ecules. As a result of the increased CA, the cohesiveness of the Ta-ZnO
composite is significantly better than pure ZnO adhesion. Further-
more, the air was trapped as a cushion for the water droplets that
dropped on the lotus-like structure with Ta-ZnO NWs composite due to
the hierarchical micro/nanostructures, resulting in superhydrophobicity
of up to 168. Fig. 4 (e-f) depicts the graphical relationship between
contact angle and material, as well as SFE and material.

3.3. X-ray diffraction (XRD)

Fig. 5 depicts the XRD patterns of ZnO and Ta doped ZnO films. The
diffraction patterns were recorded in the 20 range of 20-80"using Cu Kla
radiation (1.54059 A). The peaks of the hexagonal wurtzite phase of ZnO
were identified and peak intensity matches with JCPDS card No.
00-036-1451 [29]. The XRD patterns corresponding to Ta-doped ZnO
are shown in Fig. 5b. These patterns have the same characteristics as
those found in undoped ZnO samples. After 200° of thermal treatment,
we see the presence of the TayOs precursor phase. The major peak of this
phase is 26=23. This is similar to the finding reported by Richard et al.
[30]. The influence of temperature on the XRD pattern of Ta-doped ZnO
was further investigated by the author, who discovered that when the
temperature rises, the peak of 20=23 decreases.

Chemical Engineering Journal Advances 12 (2022) 100423

3.4. Photocatalytic degradation of Ta-Zno NWs composite grown over
PDMS tubes

The photocatalytic efficiency of nanowires generated on the fabri-
cated tubular hollow PDMS substrate was evaluated by analysing the
rate of degradation of MB in an aqueous solution with UV radiation. The
Fig. 6 shows the schematic diagram of the experimental setup. To expose
the Ta-ZnO/PDMS tubes to the 300 mL MB dye solution formed with a
10 mg1-1 (concentration), a small acrylic tank with two holes at the base
was formed and the solution was gradually agitated by hand. Periodi-
cally take a 3 mL sample of the mixture and record the UV-Vis ab-
sorption spectrum to assess the rate of degradation.

The degradation of MB dye based on the exposure to UV light and the
effect of Ta-ZnO NWs composite were examined. The maximum peak
intensity and position of the MB dye remained at 664 nm, after 105 mins
of observation. As time passes, the maximum peak intensity at 664 nm
decreases significantly, which is attributed to MB dye degradation,
demonstrating that Ta-ZnO NWs composite has strong degradation
reactivity against the MB dye (see Fig. 7a-b). Fig. 7(c) depicts a degra-
dation in normalized maximum absorbance as a function of time. Ac-
cording to Beer-Lambert’s rule, the concentration and absorbance of an
MB dye solution have a linear relationship, and the standardized MB
dye concentration replaces the normalized absorbance. Previous studies
focus on the kinetic model of Langmuir-Hinshelwood which is useful for
explaining the degradation of various dyes. The first-order equations are
shown below.

dB
_E = —kB as
DarkROO —"""_"""—_"“]1—0 __________________
Stirrer Ta-ZnO over
PDMS tubes

Methylene Blue
solution

Fig. 6. Schematic representation of photocatalytic degradation setup.
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B
In B kt + constant (15)

0

Where By and B represent the initial and final concentrations of MB dye,
whereas k represents the first-order rate constant calculated from the
linear regression kinetics line graph. According to Fig. 7C, the degra-
dation of MB dye pursues pseudo-first-order kinetics. Slope value Ta-
ZnO is higher than ZnO, indicating the higher rate constant. The pH
sensors were integrated with the electronics circuit to perform real-time
MB dye degradation illustrated in Fig. 8.

A pH sensor module (Robocraze) and a NodeMCU ESP8266 micro-
controller form the basis of this electronic circuit. The pH sensor data
from the MB Dye will be streamed to a web server and made available to
the public via IoT on their smartphones (details can be found in the
supplemental documentation). A pH sensor uses a potential difference
between two electrodes to determine the acidity of water. Small ions
enter the borders of the glass membrane when the pH sensor is sub-
merged in an MB dye solution, whereas larger ions remain in the solu-
tion. This has the capacity to make a potential difference. The potential
difference between electrodes is measured using a pH sensor. It is indeed
directly translatable to a pH value. The pH sensor is required to be
calibrated in order to obtain accurate results. Standard calibration so-
lutions at pH 4, and pH 7 were used for calibration. The degradation of
MB dye by adsorption onto Ta-ZnO composite was found to be slower at
first but subsequently became faster as contact duration increased. The
degradation of MB dye was found to increase when the pH increased
from 6.35 to 6.64 (see Fig. 8A). Similar literature shows, that increasing
trends in the pH value of the MB dye solution in response to UV and solar
irradiation were also found [31,32].

The degradation characteristics of MB dye molecules on the surface
of Ta-ZnO composite are also influenced by the surface charge property
of the composite, which is dependent on the pH point of zero charges
(pHpzc)- The pHpyc of ZnO was 8.5 when determined using the pH drift
technique [33]. As a result, the surface of the adsorbent is positive at

(pH)mB < (PHpzc)Ta-Z00, resulting in electrostatic repulsion between MB
cations and the Ta-ZnO composite. Furthermore, at a pH of 6.35, H' ions
are present in high concentrations, competing with dye cations for active
sites on Ta-ZnO surfaces, resulting in increased substantial MB degra-
dation on the Ta-ZnO composite surface [34,35].

3.5. Reason for enhanced photocatalytic degradation

UV light (366 nm) is absorbed by ZnO-Ta composites, which allows
more electrons to be transferred from lower to higher energy levels. The
breakdown of MB in an aqueous solution is mostly caused by hydroxyl
radical oxidation. In the presence of dissolvedO,, photoinduced elec-
trons from Ta-ZnO produces O, (superoxide radicals), which can
thereafter form H»0, and - OH radicals. Because holes have a high
oxidation potential, they can cause HyO to decompose into extremely
reactive — OH groups. Reactive oxygen vacancies that have been
cleaved as electron acceptors briefly block photogenerated electrons,
inhibit surface recombination of photogenerated electrons and holes,
and then attack dissolved Os. It results in the formation of O; (super-
oxide radicals) or — OHgroups on the surface.

The photocatalytic activity of Ta-doped ZnO may be deduced as
follows based on the preceding experimental results. (a) For the break-
down of MB dyes, a Ta-doped ZnO composite coated over a PDMS tube
serves as an electron and hole source. In ZnO crystals, Ta>tions play a
crucial role in the creation of hole-electron couples. (b) oxygen and
hydrogen-related defects aid in the separation of electron-hole pairs and
reduce chemical product combination reactions. (c¢) In photocatalytic
activity, the — OH groups on the surface also serve as an effective center
for the mineralization of organic substances. Higher photocatalytic
effectiveness is associated with more surface — OH groups.

(ZnO — Ta) + ho—(Zn0O — Ta)(e” +h") (16)

0, +e =0, a7z
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The degradation pathway of MB dye can be seen in Fig. 9. First, the -
OH attacked the sulfur-nitrogen conjugated system present in the MB
dye molecules, to degrading it into B ((4-(N,N-dimethyl)-aniline) and C
(2-amino-4-(N,N-dimethyl)-benzenesulfonic acid). After that, C is
degraded to further produce F (2,4-hexadiene-1,6-diol), which cannot
be degraded after. The series of reaction causes the other part of C to
oxidized to form D (p-nitrobenzene-sulfonic acid), E (benzene-sulfonic
acid) [36]. Similar reaction at B produces I(4-(N,N-dimethyl)-phenol)
and J(hydro-quinone), which are then oxidized to G (malonic acid), H
(propionic acid), CO» and Hy0. These results can be verified by the
change in pH values from 6.35 to 6.64.

3.6. Recycling test

One of the primary problems for practical applications is the recy-
cling of the produced composite. Ta-ZnO photocatalytic stability for MB
degradation was therefore investigated. Five successive cycles of
repeatability tests were carried out. The Ta-ZnO were collected after

each run, cleaned several times with DI water and ethanol, and dried at
90°C for 18 hrs before the next cycle began. The slightly reduced
decomposition is due to the intermediate adsorbed on the Ta-ZnO sur-
face and the release of small amounts of Ta-ZnO into the solution during
photocatalysis. For Ta-ZnO, cycles 1-4 took 105, 115, 110, and 120 mins
respectively. The repeatability of synthesized photocatalyst against the
MB dye degradation in shown in Fig. 8G. Table 2 presents the compar-
ative assessment of ZnO based composites for photocatalytic
degradation.

4. Conclusions

In this work, we present a potential approach for fabricating a bio-
inspired tube using a nontoxic, biocompatible, and lotus-like micro-
structure replicated on PDMS materials coated with Ta-ZnO composite,
which will undoubtedly provide a greater number of active sites for
various applications. A real-time MB dye degradation is also monitored
using the IoT technique by integrating a NodeMCU microcontroller
board as a control center and a pH sensor as a tool for detecting the
change in pH value of the MB dye. These lotus-like microstructure
replicated on PDMS tubes were responsible for delivering a high surface-
to-volume ratio for the formation of Ta-ZnO composite, as confirmed by
SEM and EDS results. Further, this superhydrophobic (CA:168.0) bio-
inspired polymeric platform was modified by optimizing the surface
roughness and coating it with low-surface-energy Ta-ZnO NWs com-
posites, paving the way for its to be utilized in "self-cleaning" water
treatment facilities. The photocatalytic reaction of the Ta-ZnO NWs
composite coated PDMS tube took 105 mins, which is faster than ZnO.
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Fig. 9. (A-]) Possible degradation mechanisms of MB dye using Ta-ZnO composite.

Table 2

Previous work on the degradation of MB dye.
Photocatalyst Exposing Irradiation Dye Refs.

source time
CA-CNT/TiO2-NH, UV light 300 min MB [371
Ni-doped CdS NPs Sunlight 75 min MB and [38]
MO
WOj3 nanoplate UV light 105 min MB [39]
BiOI coating UV light 150 min MB [40]
rGO/CaSnO3 UV light 150 min MB [41]
nanocomposite
Ta-ZnO-PDMS UV light 105 min MB Present
work

These photocatalysts lead to "waste control using Ta-ZnO NWs com-
posites," which opens up new possibilities for flexible and biocompatible
environmental remediation platforms. Furthermore, this study might
well assist researchers in better understanding the relationship between
both synthesized composite structures and their photocatalytic
degradation.
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