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Abstract
Photocatalysis is an effective way for treatment of wastewater and degradation of dyes. It is important to assess the reusability of
photocatalyst and treated water after the treatment process. In this study, the photocatalytic activity of TiO2 (titanium dioxide) and
TiO2-TMAOH (titanium dioxide-tetramethylammonium hydroxide) was analyzed for degradation of methylene blue dye.
Enhanced degradation of methylene blue is observed while treated with TiO2-TMAOH with photodegradation efficiency
(PDE) 80% within 20 min. A further study shows the reusability of TiO2 for degradation of dye for six cycles with a decrease
in photodegradation efficiency from 90% (cycle-1) to 50% (cycle-2). Fourier transform infrared spectroscopy (FTIR), energy-
dispersive X-ray spectroscopy (EDX), and cyclic voltammetry (CV) analysis were carried out to identify the functional groups in
treated water, traces of titanium, and TMAOH, respectively. Seed germination of Vigna radiata using TiO2- and TiO2-TMAOH-
treated water shows equivalent and consistent growth. Water quality analysis of treated water shows improved biochemical
oxygen demand (BOD) level (1.5mg L−1), which is suitable for reusability of water for many applications. The outcomes suggest
treated water can be used for irrigation and plantation purposes.
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Introduction

Advanced oxidation process has gained the attention of scien-
tists and researchers in recent years as it is proved to be one of
the most promising methods for the degradation of most of the
pollutants in wastewater effluents (Khataee et al. 2009).
Nanomaterials of ZnO, SnO2, and TiO2 are widely used for
treatment purposes (Neppolian et al. 2002a, 2002b). TiO2

nanostructures are well-established materials for photocatalyt-
ic dye degradation due to their photo-catalytically stable na-
ture, ease of production at low cost, and less risk to environ-
ment (Akpan and Hameed 2009; Gupta et al. 2006; Stylidi

et al. 2004; Natarajan et al. 2011). Light source and catalysts
are two important factors during heterogeneous photocatalysis
(Stylidi et al. 2003). TiO2-Based photocatalysis involves irra-
diation of UV light to enhance the degradation process. When
UV rays fall on TiO2, the e

−/h+ present in the conduction band
and valence band moves towards the oxide surface and reacts
with chemically adsorbed O2/OH

−/H2O molecules. This
mechanism produces the reactive O2

− (superoxide ions) and
OH radicals species during the photocatalysis process, which
reacts with the functional groups present in dyes and other
organic pollutants (Chen et al. 2015; Zhao et al. 1998;
Stylidi et al. 2003). Methylene blue is an organic dye and
soluble in water; this gets in contact and absorbed by wet soil
during discharge. Phototransformation of methylene blue in
water with solar irradiation shows dissipation half-life (DT50)
of 17.2 days, 95% of degradation when present in
biodegraded water for 20 days, 91% of degradation when
present in water for 15 days, 88% for 10 days, and 76% for
5 days showing that it can be easily degraded. TiO2 is used
with other nanomaterials and is also doped with metals to treat
several effluents and particularly dye-based contaminants.
Doping of transition metals, earth metals, and non-metals is
performed to improve the performance by enhancing the
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redox potential (Teh andMohamed 2011). Other metal oxides
such as ZnO, SiO2, Al2O3, and ZrO2 are used along with TiO2

to enhance the photocatalytic activity (Comparelli et al. 2005).
TiO2 is an excellent photocatalyst but can get activated

only at 387 nm UV wavelength due to its bandgap of 3.2
eV, which is less than 8% of the sunlight. When optimal UV
light falls on the catalyst surface, it agitates the electron pres-
ent in the valence band leaving behind a positive hole, moving
towards conduction band (Salehi et al. 2012). Impregnation of
e− produces oxidizing species such as O2

.−, OH. radicals by
reducing the surface chemisorbed oxidants which later leads
to the photodegradation of dye (Stylidi et al. 2003). Trapping
of electrons is prevented by the presence of oxygen which
reduces to form superoxide ionic radicals in the conduction
band. The reaction between the h+ and the adsorbed water
molecules leads to the formation of OH radicals (Diaz-Uribe
et al. 2014; Kim and Lee 2003; Vallejo et al. 2015).

Increasing the OH radical on the catalyst surface enhances
active sites for photodegradation. OH groups present on TiO2

surface improve photocatalytic activity at high concentration
(Wu et al. 2017; Zhang et al. 2017). Feizi et al. 2012. reported
the impact of nano and bulk TiO2 on germination of seed, but
uptake and bioaccumulation of particles have not been
verified.

Dye present in the wastewater discharge is absorbed by the
plants during transpiration. During this process, along with
water, other chemicals present in the soil also get absorbed
by the plants. Further, these chemicals translocate and get
accumulated in different parts of the plants. translocate and
get accumulated in the different parts of the plants. The water
gets evaporated from the parts of the plants, but the absorbed
dyes remain in the system. During continuous absorption and
evaporation of water, the chemicals and dyes are absorbed and
accumulated into the plant system. Growth of plants is affect-
ed after reaching the threshold limit of dye absorption.
Furthermore, it leads to bioaccumulation if consumed by
humans and animals. Treated wastewater can be reused for
irrigation purposes, and it is important to remove traces of
heavy metals and dyes before using it for irrigation and plan-
tation. These contaminants even prevent micro- and macro-
nutrients absorbed by the crops and plants from the soil. The
contaminants decrease the fertility of the soil after prolonged
exposure and get absorbed repeatedly by the crops and plants
leading to food chain and consumption. It is important to
validate traces of contaminants and transpiration of treated
water to determine the fate of plants and seeds after absorption
of treated wastewater.

In this work, TMAOH as a surfactant prevents particle
aggregation (Andrade et al. 2012). With the combination of
TMAOH with a good source of OH- group, the
photodegradation property of TiO2 can be enhanced. By
tuning the concentration of TMAOH, it is possible to control
the photocurrent response of TiO2 structures under UV

illumination (Dong et al. 2010; Rodriguez et al. 2017; Chen
et al. 2015). Hydroxyl radical on the surface of TiO2 is impor-
tant to reduce the particle aggregation and increase of these
radical initiates deformation for the structures of TiO2 (Wu
et al. 2017). Since TiO2 is the most preferred and explored
material for photocatalytic degradation of dye, it is important
to analyze the reusability of the material to treat dye samples
and to study the degradation efficiency of TiO2 during multi-
ple usages. To explore this focus, we have used two types of
TiO2 nanostructures ((a) TiO2 and (b) TiO2-TMAOH) to an-
alyze the degradation of methylene blue dye under low-power
UV irradiation. Furthermore, the treated water is analyzed for
the seed germination process; this process is undertaken to
demonstrate the reusability of the treated water for the seed
germination process.

Materials and methods

Ti tan ium isopropoxide 98% pur i ty (TTIP) and
tetramethylammonium hydroxide (TMAOH) are purchased
from Spectrochem Pvt. Ltd., Mumbai, India. Acetic acid 99–
100% (Merck specialization private limited) and methylene blue
powder (SDFCL SD Fine-Chem Limited) are utilized for pre-
paring stock solution for performing further experiments.

TiO2 nanopowders were synthesized by hydrothermal pro-
cess. Eight milliliters of TTIP is added to 17 ml of distilled
water (DI). Acetic acid (37%) is added dropwise to the solu-
tion to maintain the pH around 1.5 resulting in the formation
of white precipitate. The solution was stirred for 30 min at
room temperature in a Teflon container. The Teflon-lined au-
toclave is maintained at 160 °C in a hot air oven for 12 h and
allowed to reach room temperature. The supernatant is re-
moved, and DI water is added to the precipitate for the centri-
fugation process at 1500 rpm for 5 min. After this process, the
precipitate is washed to attain neutral pH. The precipitate is
heated at 60 °C in the hot air oven. The end-product is char-
acterized and used for experiments without any further
purification.

For the preparation of TiO2-TMAOH, 50 μl of TMAOH
(0.5% v/v) was added to 0.02 g of TiO2 powder and sonicated
for 15 min. Six parts per million of methylene blue (MB) is
prepared, and the concentration is maintained for all experi-
ments. Ten milliliters of 6 ppm MB is used to analyze the
photocatalytic activity of TiO2 nanoparticles. The experiments
were performed using UV light source 8 W (365 nm), and
actual power irradiated at the sample is 2 mW cm−2.

Experimentation

The photocatalytic efficiency of TiO2 nanoparticles is ana-
lyzed in two categories: (a) TiO2 nanoparticles and (b) TiO2-
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OH, treated with TMAOH, which are dispersed separately in
two vials consisting 10ml (6 ppm)MB aqueous solution. This
is further placed in a UV chamber for irradiation. UV-Vis
measurements were recorded at each interval (20, 40, 60,
120, 180, 240, and 300 min). During each interval, 1 ml of
the sample is carefully taken from the 10-ml vial for UV-Vis
analysis. After the analysis, the sample was re-dispersed with
forward pipetting in the corresponding vials. The treated sam-
ples are subjected to further analysis using FTIR, EDX, UV-
Vis, pH, and zeta techniques. After this process, the treated
samples are used to analyze the seed germination process
using Vigna radiata seeds without any further purification.
Seed germination analysis is conducted by dispersing 1 ml
quantity of treated water into 10-ml glass vials with Vigna
radiata seeds. The germination process is observed for 1
week, and no further treated water is added to the vials during
this period. Standard scaling measurement is followed to an-
alyze the growth profile of different samples.

Results and discussion

Photodegradation efficiency is calculated for samples using
(a) TiO2 and (b) TiO2-TMAOH; the results are shown in
Fig. 1. The plots reveal that samples treated with TiO2 en-
hance adsorption and induce coagulation and sedimentation
of dye substance, whereas TiO2-TMAOH enhances the dye
degradation process. In the present study, TMAOH has been
used as surfactant which prevents aggregation and precipita-
tion of TiO2 nanoparticles and enhances the photocatalytic
activity by producing more OH− as it reacts in the solution
to form TMA and OH− (Chen et al. 2007). In both cases, the

treated samples are analyzed to identify trace elements and
compounds.

Reusability of sediment substance with TiO2 is also ex-
plored for a few cycles with the same concentration of dye.
During this analysis, the treated supernatant was carefully re-
moved from the sample and a new untreated sample with the
same dye concentration was added. This process is analyzed
specifically to check the effectiveness of TiO2 particles sedi-
ment along with treated dye substance. All the samples were
mixed at a particular time interval to enable proper mixing of
sedimented substances with new samples.

Zeta potential values were recorded for dispersed TiO2

nanoparticles in the water at the 1-h interval for 5 h. The
average hydrodynamic diameter is 178 nm, and zeta potential
is 40 mV; this confirms that the particles exhibit good stability
for the duration of the experiment.

Photocatalytic activity of TiO2 and TiO2-OH

Photocatalytic profiles of both TiO2 and TiO2-OH are shown
in Fig. 1a and b. The plots show the photodegradation effi-
ciency (PDE) of both systems, and the inset image shows the
absorbance trend of samples recorded for 5 h (i.e., 300 min).
In both cases, the photocatalytic activity is observed as more
than 80% for the mentioned duration. The concentration of
TiO2 catalyst present in the MB samples is 1%. At this con-
centration, the photocatalyst shows significant performance in
the MB treatment process. Compared to TiO2, the TiO2-OH
shows rapid activity before 60 min. This mechanism is due to
the increased availability of OH− radicals present on TiO2

systems, which leads to a rapid reaction with MB structure
(Dong et al. 2010; Rodriguez et al. 2017; Chen et al. 2015).

Fig. 1 PDE% of MB using a
TiO2 and b TiO2-OH. Inset
images show UV absorption
spectra
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Increased OH radicals due to addition of TMAOH into the
solution are responsible for uniform dissociation of the TiO2

photocatalyst during the reaction (Wu et al. 2017). The con-
ventional approach of photocatalytic dye treatment involves
two categories such as dye degradation in sample and dye
removal from the sample through coagulation and flocculation
processes that can be attributed to physicochemical adsorp-
tion. In this work, both techniques are implemented to analyze
the photodegradation rate, efficiency, and reusability of the
treated water. The inset image in Fig. 1a shows the usual
mechanism of the reaction of TiO2 photocatalyst with MB
dye, and the trend in absorbance shows progress in the degra-
dation of MB. The absorbance plot in Fig. 1b inset shows the
treatment of MB using TiO2-OH catalyst; a blue shift in the
spectra is observed that represents the phase transformation of
the catalyst. This principle is a function of charge density with
the photocatalyst compound that leads to determining dimer
or trimer complex (Smirnova et al. 2019; Yuan et al. 2019).

Figure 2a–f show the images of MB before and after the
treatment process. The images show the degradation process
of MB in both cases for 300-min duration. Sedimentation of
substance is visible in Fig. 2c; the TiO2 catalyst reacts with
MB dye under UV iradiation and initiates the coagulation
process. This process further leads to sedimentation of the
treated substance. In this case, the supernatant is considered

the treated water and carefully separated from the sedimented
substance. In another scenario, the active –OH functional on
TiO2 undergoes a similar treatment process but at a faster rate
compared to reaction using bare TiO2 nanoparticles. This pro-
cess is shown in Fig. 2e; in this case, clear and transparent
liquid is observed with no sedimentation compared to the
previous case as shown in Fig. 2c. Furthermore, the treated
samples are analyzed using FTIR and EDX techniques to
determine the functional groups and trace elements corre-
sponding to the samples. Before validating the traces present
in the treated samples using bare TiO2 catalyst, the sedimented
substance is carefully isolated from the supernatant and sub-
jected to react with new MB samples. This process is carried
out to investigate the reusable limit of TiO2 catalyst for
treating new MB samples.

Addition of TMAOH as a surfactant resulting in narrowing
the band gap energy may be because of the interaction of
interlaminar bonding between TiO2 and TMAOH molecules.
TMAOH being an organic alkaline when it reacts with Ti
produces layers of tetramethylammonium titanate, and the
layers were bonded by hydrogen bond. But TMAOH does
not react entirely with Ti, thus indicating the presence of
tetramethylammonium cations (TMA+) and OH− (Dong
et al. 2010; Tan et al. 2015). Addition of TMAOH into the
solution releases N–C (presence of amine group in TMAOH)

Fig. 2 Images ofMB (6 ppm) raw sample and degradation process with a
TiO2 and b TiO2-OH. c Sediments in TiO2 and transparent solution in
TiO2-OH. d Stages of MB degradation using TiO2-OH. e Comparison

with 6 ppm of raw sample shows transparency level after 60 min using
TiO2-OH and f aerial view of MB (6 ppm) and sample treated with TiO2-
OH
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promising doping of non-metallic elements resulting in the
enhancement of photocatalytic oxidation process. As N atom
has strong electron affinity in TMA+ cations, it inhibits the
recombination of e−/h+ by transfer of e− from conduction band
to TMA+ cations (Chen et al. 2007; Wang et al. 2020).

Adsorption of MB is more favorable in alkaline condition
as it attains cationic configuration; availability of additional
OH radicals leads to increase in the alkalinity of the solution
by interfering in C− S+ = C functional group and undergoing
degrading oxidation of one (–CH3) group. The presence of
TMAOH with TiO2 is responsible for the generation of OH
radical scavenger as defined by Haber-Weiss reaction. OH
radical is known to be one of the strongest and most important
oxidizing agents. Along with TiO2 and UV irradiation, OH
radical is able to successfully initiate the complete oxidative
mineralization of MB. Even though TMAOH is considered
toxic to the environment if the range exceeds 30 mg L−1,
through the demethylation degradation, TMAOH can also
be mineralized in the presence of UV irradiation on
photocatalyst TiO2. The degradation process of TMAOH in-
volves the generation of OH radicals scavenger as explained
by Haber-Weiss reaction; thus, generation of OH radical
shows enhanced increase of MB degradation (Houasa et al.
2001; Diaz-Uribe et al. 2104; Huang et al. 2017; Cho et al.
2004; Nosaka and Nosaka 2016; Chiou et al. 2014).

The pH values are recorded for samples treated with TiO2

and TiO2-OH conditions. Three separate samples treated with
TiO2 and TiO2-OH are tested to identify pH range. The aver-
age value in both samples is found to be 7.6 for TiO2-treated
samples and 7.8 for TiO2-OH-treated samples. Due to the
addition of TMAOH, the pH values increased to 8.5 during
the photocatalytic reaction and reduced to 7.8 at the end of the
reaction. As shown in Fig. 2, OH radicals break the bond of
MB that is responsible for decolorization of the compounds
(Wydra et al. 2015). MB has chromophore (N-S conjugated
system on central aromatic heterocycle) and auxochrome (N-
containing groups with a lone e− pairs on benzene ring)
groups, and these two compounds undergo the process of
degradation during mineralization of MB resulting in decol-
orization (Yang et al. 2017). The decolorization process is
dependent on the photocatalyst concentration, and lower
availability of the photocatalyst with the ratio of dye concen-
tration leads to reduced decolorization process. This process is
visible in Fig. 2a as the photocatalytic treatment undertaken by
using only TiO2 with lesser concentration exhibits a mild trace
of color. In the case of photocatalytic treatment using TiO2

with additional OH groups, the decolorization is completely
achieved. This confirms that even with a lower concentration
of TiO2 and with the enhancement of OH functional groups,
the decolorization can be achieved at a faster rate.

Figure 2d shows the MB degradation process due to inter-
action with TiO2-OH at different durations. The images indi-
cate that the degradation process is initiated within 20 min and

the color of the solution is changed. At 60 min, the degrada-
tion is around 80% as shown in Fig. 1b from the
photodegradation plot. This indicates the rapid transformation
of the MB dye sample during reaction with the TiO2-OH
system. An aerial view of TiO2-OH-treated samples and un-
treated samples is shown in Fig. 2f; this indicates the transpar-
ency level in the treated samples. In the case of the TiO2

system, it took around 300 min to reach 80% degradation.
This confirms that the degradation mechanism is rapid upon
treatment with TiO2-OH compared to TiO2. The sedimenta-
tion of treated dye substance can be achieved only in the
samples treated with TiO2 systems compared to TiO2-OH
system.

Photodegradation efficiency and kinetics of
sediments containing TiO2

The sediment is used to treat new MB samples to validate the
efficiency of reusing the TiO2 samples. The sediment is used
without any further treatment or drying process, and the anal-
ysis is carried out in new MB samples with the same 6 ppm
concentration. A set of sediments isolated from the treated
water is analyzed separately in two new MB samples.
Samples consisting of TiO2 along with sediments were taken
separately to analyze the photocatalytic activity. Figure 3
shows the photodegradation efficiency profile, samples 1–3
represent the PDE of isolated sediments containing TiO2 sam-
ples, and samples 4–6 represent sediments containing TiO2

samples aged for 1 week. In both cases, the sediments are
not dried or processed for treating new MB dye samples.

The absorbance spectra are measured after forward pipet-
ting at each time interval for the given duration (20, 40, 60,
120, 180, 240, and 300 min). Sediments with new and

Fig. 3 PDE% of reusability of TiO2 sediments (black line indicates reuse
of fresh TiO2 sediments instantaneously after degradation process, and
red line indicates aged TiO2 sediments reused after a week)
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aged TiO2 were able to react with new MB samples for three
consecutive cycles. In Fig. 3, the label is mentioned for two
samples which exhibit maximum and minimum PDE in the
two categories of sediments. The freshly prepared TiO2 nano-
particles show better PDE than aged sediments for this dura-
tion. TiO2 gives 90% PDE in the first cycle of reuse, and the
efficiency declines to 70% and 60% in further cycles of reuse.
Efficiency of 80% is shown among the aged samples during
the first cycle, and the efficiency reduced less than 60% after
further cycles. A rectangular window indicated with dashed
blue lines in Fig. 3 represents the samples which exhibit more
than 70% PDE. The motive of this experiment is to analyze
the reusability of sediments containing TiO2 and to analyze
the PDE on MB samples using new MB samples. This indi-
cates that catalyst could show better PDE if it is reused at a
shorter duration. This data proves that with the mentioned
concentration of catalyst, it is possible to reuse the samples
for treating fresh MB samples. This model can be scaled up to
treat a large quantity of MB samples by reusing the sediments
rather than preparing fresh TiO2 nanoparticles.

Figure 4a shows pseudo-first-order kinetics for samples of
sediments containing TiO2 catalyst; Fig. 4b shows the kinetics
of aged sediments containing TiO2. Calculation of percentage
removal of MB via adsorption is done by using (C0−Ct/C0)
equation where C0 and Ct are the concentrations of MB in
solution at initial and final stages (Chen et al. 2015). The ki-
netics profile indicates that at the first cycles, the reaction rate is
faster (0.0104 and 0.0061) compared to consecutive cycles in
both samples. While comparing both samples, the reaction rate
at cycle-2 shown in Fig. 4a is equivalent compared to cycle-1
shown in Fig. 4b; this indicates that aged samples exhibit less
reaction rate with PDE less than 60% due to decreased stability
and photocatalytic property of TiO2 in the medium. At each
interval, the supernatant is carefully separated for recording the
absorbance and it is redispersed in the sample immediately
after the measurements. This data gives precise information
on the reusability of TiO2 for photocatalytic activity along with
reaction rate (Table 1).

FTIR and EDX of photocatalyst

FTIR and EDX analyses are performed for the treated water
samples to identify the functional groups of the compounds
and traces of elements, respectively. FTIR analysis is per-
formed using conventional KBr pellet method. Figure 5a
shows the FTIR plot consisting of two spectra of TiO2 sam-
ples before and after the treatment. This spectrum is recorded
to investigate the level of TiO2 present in the sediments after
the treatment. Similar spectra are recorded for the samples
treated with TiO2-OH conditions. Figure 5a shows two spectra
indicated as TiO2 and sediment with functional groups Ti–O–
Ti (650 cm−1), OH bending (1635 cm−1 and 1636 cm−1), and
OH (3366 cm−1 and 3326 cm−1) stretching and sediment
consisting the same functional groups in the reduced quantity.
There is reduction of 45% in OH stretching regime, 27% in
OH bending regime, and 51% in Ti–O–Ti regime. This ratio
confirms that quantity of Ti–O–Ti is reduced into half in sed-
iment during the final duration of the photocatalytic treatment.
This is due to suspensions of unreacted photocatalyst mole-
cules, and the peak at 1026 cm−1 represents the aliphatic
amine groups from methylene blue samples (Barisci et al.
2016). The sediments are clearly observed in Fig. 2c with

Table 1 Comparison of MB dye degradation using TiO2 nanoparticles
reported in journals

% of dye degradation Duration (min) Reference

88.51 120 Wu and Huang (2010)

68 180 Yang et al. (2010)

91 720 Mukhlish et al. (2013)

92 120 Wei et al. (2013)

30 120 Wu and Tai (2013)

98 270 Chekir et al. (2016)

40 300 Nasikhudin et al. (2020)

85 300 Present study

Fig. 4 Pseudo-first-order kinetics study on photodegradation of MB in multiple cycles. a TiO2 sediments collected and analyzed instantly. b TiO2

sediments reused after 1 week
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bluish color traces. Apart from a peak at 1026 cm-1, the sed-
iments did not exhibit any peaks of other functional groups
present in the methylene blue. Figure 5b shows comparative
spectra of TiO2-OH and TMAOH; functional groups at 1490
cm−1 and 948 cm−1 indicate the TMAOH sample, and the
same groups appear at TiO2-OH sample but the peak intensity
is not predominant due to less quantity of TMAOH present in
the TiO2-OH samples after the treatment process. EDX and
CV analyses were performed exclusively to detect the traces
of TiO2 and TMAOH, respectively.

EDX measurements were performed to identify traces of
elements after the treatment process. The supernatant is sepa-
rated after the treatment process and allowed to dry under
vacuum conditions. Figure 6a and b show the EDX plot for
TiO2 nanoparticles (sediments) and supernatant of the treated
water. EDX plot indicates that there are no traces of TiO2 in
the supernatant after the treatment process. The traces of Ti
and O are present in sediment after the treatment process. This
shows that the sedimentation is initiated by reaction of parti-
cles with dye molecules and promotes flocculation. In case of
samples treated by TiO2-OH, traces of Ti are not detectable
due to degradation of the photocatalyst by TMAOH during

the process. This analysis confirms that the supernatant is free
from Ti, and treated samples were further analyzed for seed
germination process.

SEM analysis

SEM image of powder TiO2 reveals agglomeration of nano-
particles with non-uniform size distribution as shown in Fig.
7a , whereas TiO2 dispersed in TMAOH, l iqu id
monodispersed nanoparticles can be identified at some extent
which clearly indicates that addition of TMAOH as surfactant
decreases the agglomeration of TiO2 particles (Fig. 7b).

Water quality and CV measurements

The objective of this experiment is to analyze the quality of
the treated water for seed germination. To validate this task,
the samples are further subjected for water quality and CV
analysis. Water quantity parameters are analyzed for the sam-
ples with dye-infiltrated water and treated water. Among these
parameters, turbidity (NTU), calcium, magnesium, equivalent
mineral acidity, phosphate, aluminum, and sulfate levels are

Fig. 5 FTIR plot of a TiO2 before and after treatment (black line indicates TiO2 samples to be used for degradation, and red line indicates the sediments).
b Spectra of TMAOH and TiO2-TMAOH

Fig. 6 EDX plot of a TiO2 sediments examined after the degradation process. b After the treatment process, supernatant shows no traces of Ti
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common in the range < 0.1 (mg L−1). Conductivity, TDS,
bicarbonate, and chloride levels are slightly higher in treated
water compared to those in dye-infiltrated water. The conduc-
tivity values are 140 and 200 micromhos cm−1; TDS values
are 108 and 130 mg L−1; chloride range is 14.7 and 20.3 mg
L−1 for untreated and treated samples, respectively; and the
range is under permissible limit. Total hardness, biochemical
oxygen demand (BOD) (3 days), and chemical oxygen de-
mand (COD) are low in treated water compared to those in
untreated water. The range of total hardness is 9 and 6 mg L−1,
BOD values are 8 and 1.5 mg L−1, and COD values are 40 and
13.4 mg L−1 for untreated and treated water samples. Among
the parameters, BOD value decreased to 1.5 from 8 mg L−1

after the treatment process. BOD of natural waters like pristine
rivers exhibit values below 1 mg L−1, and severely polluted
waters exceed the range of 8 mg L−1 as per the reports (Grover
andWats 2013). High COD value indicates an increased level
of pollutants in the water and one of the important parameters
in water quality analysis of wastewater treatment (Guoqing
et al. 2011). Effect of TiO2 photocatalyst for degradation of
methylene blue and analysis of COD and BOD levels are
reported (Sari et al. 2017). The experiments conducted in this
work focus on the samples treated with TiO2-OH and their
effect on COD and BOD. The reports show that the treated
samples exhibit plausible BOD and COD range which is suit-
able for scale-up process in treatment plants for irrigation and
plantation purposes.

CV of the TMAOH solution was performed on Screen-
Printed Carbon Electrodes DropSens© 110 series using 3-
electrode electrochemical system (Model CHI 660C) where
two separate carbon electrodes act as working electrode and
counter electrode, whereas silver/silver chloride electrode acts
as reference electrode. CV of different concentrated TMAOH
and trace solution was taken in the potential range of −0.2 to
0.8 Vwith respect to reference electrode at a scan rate of 5 mV
S−1. A certain amount of solution was dropcasted on the elec-
trodes, and cyclic voltammetry was performed using CHI
660C interfaced with computer.

The permissible discharge limit for TMAOH is 30 mg L−1

since exceeding this limit is considered toxic for the environ-
ment and aquatic life (Chang et al. 2019). To identify the
traces of TMAOH, the samples are analyzed using CV tech-
niques with Screen-Printed Carbon Electrodes DropSens©
110 series. The CV plot of the different concentrated
TMAOH solution (fM to μM) along with trace solution is
shown in Fig. 8a. The figure shows that the redox peak is
decreasing with decrease of the concentrations of TMAOH
solution. Figure 8b shows the CV of the fM concentrated
TMAOH and CV of trace solution. It is clearly observable
that no peak of TMAOH is found from the treated solution
compared to fM concentrated TMAOH solution. Hence, CV
proves that the treated solution is free of TMAOH and it does
not restrain the seed germination process.

Seed germination

Vigna radiata seeds were analyzed for the germination pro-
cess with 1 ml of treated water samples and growth was ob-
served for 6 days. Untreated water with 6 ppmMB is also used
to observe the germination process. In both cases, the growth
was observed; further length of root and shoot is measured.
Root is the prominent point for uptaking minerals and nutri-
ents present in the soil and water. Average root and shoot
lengths observed for samples with Milli-Q water are 9.5 and
8.5 cm, water treated with TiO2 is 5.75 and 5.5 cm, and water
treated with TiO2-OH is 5.5 and 6 cm. The same analysis was
performed using untreated samples of MB in concentrations 6
ppm, 20 ppm, and 40 ppm; the results show that root and
shoot lengths are 6.5 and 9 cm, 5.5 and 7.25 cm, and 2.75
and 6.25 cm, respectively.

The profile confirms that the germination of seeds and
growth phase is not inhibited by the presence of the effect of
dyes for mentioned concentration as shown in Fig. 9. The
growth rate of plants in untreated water consisting of MB
clearly shows the absorption of MB exhibited by color traces
on the plant as denoted in Fig. 9b. This indicates that the dye is

Fig. 7 Scanning electron micrograph (SEM) of a powder TiO2 synthesis through hydrothermal process and b dispersion of powder TiO2 into TMAOH
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absorbed by the plants through transpiration, but the growth of
the plants was not inhibited as the concentration was low and
time period of exposure was less but the transpiration rates in
plants may be affected by the change in concentration and
exposure period of MB. Even though plant growth was nor-
mal until a certain stage, due to the absorbance and retaining
of dye molecules, the plant could not grow further due to
hurdles created on pathway by dye molecules that will prevent
absorption and mobilization of essential nutrients like proteins
and carbohydrates that were stored in the germinating seeds
(Sethy and Ghosh 2013; Yu et al. 2015). Further absorption of
MB by the plants was confirmed by placing horizontal sec-
tions of plant shoot under a microscope as shown in Fig. 9c.
Considering this factor, the treated water samples were ana-
lyzed to detect the trace elements of nanoparticles and other
chemicals.

Distribution plot is shown in Fig. 10. The x-axis indicates
root and shoot lengths from the proximal point; the negative
numbers indicate the downwards direction of root growth
from the proximal point. The in vitro hydroponics experi-
ments are conducted by analyzing the seed germination and
growth using treated water and MB infiltrated water. The ger-
mination process is performed in 10-ml glass vials as shown in
Fig. 9 under the influence of natural environmental and

sunlight conditions. Although the germination process in
wet soil can enhance the growth factor, the experiments are
performed to analyze the uptake of treated and untreated water
by seed for germination process. Figure 10 a shows the distri-
bution of root and shoot for samples of control (Milli-Q water)
and treated water using TiO2 and TiO2-OH, respectively. This
plot indicates that the root and shoot distribution for control is
more than that of samples with treated water. This indicates
that water is absorbed and initiated the seed germination pro-
cess. All the water samples (control, treated samples and MB
infiltrated water) are added only once during the initial stage
of the process. The root and shoot distribution of samples
influenced by TiO2 and TiO2-OH exhibits equal root and
shoot lengths from the proximal point; this indicates the treat-
ed water acts neutral without any additional nutrients for en-
hancing the growth of the plant. The root-shoot ratio deter-
mines the ability of the plants to absorb nutrients in case of
higher root proportion and absorb more light in case of more
shoot proportion. The root-shoot predicts the favorable param-
eters for effective growth of the plants (Harris 1992). In the
case of MB-infiltrated water, the root-shoot ratio increases
with an increase in MB concentration (6, 20, and 40 ppm) as
shown in Fig. 10b. This is due to the organic additives present
in MB that enhance the growth of the plants. Although the

Fig. 8 CV plot of a different TMAOH concentrations (fM to μM) from prepared aliquots. b Comparison of TMAOH with known (fM) concentration
and TiO2-OH-treated samples to identify traces of TMAOH

Fig. 9 Seed germination process using aMilli-Q water as control, treated water using TiO2 and TiO2-OH. bUntreated water using MB-infiltrated water
(6, 20, and 40 ppm). c Microscopic image of the cross section of stem shows traces of MB (6 ppm)
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growth is supported by MB-infiltrated water, this leads to the
decomposition of the plant due to immobilized dye traces in
their system for a prolonged duration. Figure 10c shows the
comparative plot of root and shoot distribution MB (6 ppm),
TiO2, and TiO2-OH. The plot indicates that the root-shoot
ratio is higher with MB (6 ppm) compared to that in treated
water. The treated water exhibits identical root-shoot distribu-
tion from the proximal level, and this indicates that upon ad-
dition of more treated water, the root-shoot ratio will increase
with the proper growth of the plant. This also confirms that the
treated water can be reused for irrigation and plantation after
post-processing techniques such as addition of minerals to the
water. The treatment process can be scaled up to large quan-
tities to reuse processed contaminated water for irrigation and
plantation purposes. Considering the enormous quantity of
water requirements for irrigation and plantation, dye degrada-
tion using TiO2 and TiO2-OHmaterials can be adapted to treat
contaminated water. Although several processes are involved
in treating the contaminated water and in reuse for irrigation
and plantation, this simple and cost-effective technique can be
utilized at the minimum to degrade the dye and reuse the water
for irrigation and plantation purposes.

Conclusion

Photocatalytic degradation of methylene blue is demonstrated
with TiO2 and TiO2-TMAOH with reuse of TiO2 samples
from treated water. The samples treated with TiO2-TMAOH
show enhanced degradation efficiency compared to TiO2 due
to complementary OH groups supplied by TMAOH. Data of
FTIR, EDX, and CV analyses confirm the absence of dye
functional groups and metal ion traces in treated water, respec-
tively. Furthermore, water quality analysis showed an im-
proved level of BOD for the treated water. Seed germination
experiments using treated water show a growth response. The
outcomes of the experiments show that the photocatalyst is

stable to treat dye-infiltrated water for three cycles to retain
(70–90%) photodegradation efficiency. The treated water acts
as a supportive platform for the seed germination process with
the specified quantity of water. This study can be further ex-
tended to monitor the germination of other seed varieties and
life cycle analysis. This result explores the new platform to
analyze the treated water for reusability of photocatalyst and
utilize the treated water for plantation and irrigation process.
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