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Abstract

Considering its richness in organic and inorganic mineral nutrients, the recycling of sewage sludge (SS) is highly considered
as a soil supplement in agriculture. However, the fate of hazardous heavy metal accumulation in the crops cultivated in SS
amended soils is always a source of concern. Since nanoparticles are widely recognized to reduce heavy metal uptake by crop
plants; thus, the present experiment deals with okra (Abelmoschus esculentus L. Moench) cultivation under the combined
application of SS and TiO,-nanoparticles (NPs). Triplicated pot experiments were conducted using different doses of SS and
TiO,-NPs such as 0 g/kg SS (control), 50 g/kg SS, 50 g/kg SS+TiO,, 100 g/kg SS, and 100 g/kg SS + TiO,, respectively. The
findings of this study indicated that among the doses of treatment combinations investigated, 100 g/kg SS + TiO, showed a
significant (p <0.05) increase in the okra plant yield (287.87 +4.06 g/plant) and other biochemical parameters such as fruit
length (13.97 £0.54 cm), plant height (75.05 + 3.18 cm), superoxide dismutase (SOD: 110.68 +3.11 p/mg), catalase (CAT:
81.32 +3.52 p/mg), and chlorophyll content (3.12 +0.05 mg/g fwt.). Also, the maximum contents of six heavy metals in the
soil and cultivated okra plant tissues (fruit, stem, and root regions) followed the order of Fe > Mn > Cu>Zn > Cr> Cd using
the same treatment. Bioaccumulation and health risk assessment indicated that foliar application of TiO,-NPs significantly
reduced the fate of heavy metal accumulation under higher doses of SS application. Therefore, the findings of this study
suggested that the combined use of SS and TiO,-NPs may be useful in ameliorating the negative consequences of heavy
metal accumulation in cultivated okra crops.
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Introduction

The drastic increase in the human population has resulted
in uncontrolled settlements, leading to the generation of a
huge volume of domestic and municipal wastewaters (Malik
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living biota (Sabeen et al. 2018). It is estimated that out of
the total domestic wastewater produced in 2020, only 56%
was sufficiently treated and disposed of which suggests that
progress is still challenging around the globe (UNWWR
2021). Moreover, the problem remains worst in most devel-
oping countries due to the lack of efficient wastewater treat-
ment technologies (Mara 2013; Sato et al. 2013; Adelodun
et al. 2021).

Sewage sludge (SS) is a semi-solid substance produced
from sedimentation, aeration, coagulation, and other steps of
domestic wastewater treatment plants (Kumar et al. 2022).
SS comprises residual soil particles, organic and inorganic
compounds, pesticides, heavy metals, pathogens, etc. making
it rich in various pollutants (Qian et al. 2016). The manage-
ment of SS is also crucial as it can easily contaminate different
environmental components. However, prior to its disposal, SS
is being widely utilized for various purposes such as anaerobic
biogas generation, incineration, pyrolysis, wet-air oxidation,
biochar, and biofertilizer production (CieSlik et al. 2015).

Sewage sludge, being rich in various organic and inor-
ganic nutrients, is widely accepted as a fertilization source
for arable soils (Eid et al. 2019). In the sewage treatment
plants, the produced sludge is digested to harness biogas and
then air-dried to obtain dewatered fertilizer (CieSlik et al.
2015). It is reported that the barren soils nourished with SS
could be rehabilitated for better agricultural use which also
minimizes the chemical fertilizer usages (Li et al. 2009). SS
has been successfully utilized for the cultivation of various
crops including wheat (Triticum aestivum; Eid et al. 2019),
broad bean (Faba sativa; Eid et al. 2018), soybean (Glycine
max; Rodrigues Prates et al. 2020), maize (Zea maize; da
Silva et al. 2021), and rice (Oryza sativa; Zuo et al. 2021),
among many others.

The successive use of SS depends on several factors such
as the availability of nutrients, toxicants, and aftereffect-
intensity on the soil (Tytta 2019). However, the SS utiliza-
tion in arable soil fertilization comes with some drawbacks.
These include excessive mineral nutrients, heavy metal accu-
mulation, pathogen’s introduction, the killing of beneficial
microbial communities, and drastic changes in soil structure
and pH (Tagg et al. 2021). The introduction of certain pol-
lutants may increase their bioavailability in the plants, which
may lead to stress and rapid bioaccumulation in the plant
(Goala et al. 2021; Eid et al. 2021a).

Some highly toxic pollutants such as poly-aromatic-
hydrocarbons (PAHs), pesticide residues, heavy metals,
and other carcinogens disturb the plant-root physiology and
nutrient uptake patterns, leading to oxidative stress in plants
and consequently non-feasible crop yields (Lin et al. 2021).
Several heavy metals, including cadmium (Cd), chromium
(Cr), copper (Cu), iron (Fe), manganese (Mn), zinc (Zn),
arsenic (As), and lead (Pb), are abundantly found in SS,
which create adverse effects on plant growth, crop yields,
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and also health risks to the consumer (Yakamercan et al.
2021). Therefore, the problem relating to SS fertilization,
i.e., heavy metal accumulation, needs to be adequately inves-
tigated and addressed.

Recent advances in material sciences have contributed to
developing efficient formulations for agricultural uses such
as nano-pesticides, nano-formulations, and nano-fertilizers,
among many others (Jampilek and Kralova 2015). In this,
nanoparticles (NPs) are chemical substances having par-
ticle sizes between 1 and 100 nm. NPs can easily release
the desired substances locally into plant cells to stimulate
their growth and productivity (Pestovsky and Martinez-
Antonio 2017). Nowadays, various types of NPs are widely
available in the cultivation of different crops due to their
various potential benefits in alleviating the plant’s ability
to absorb harmful chemical species, including heavy met-
als (Panpatte et al. 2016; Zhou et al. 2021). A report by
Ogunkunle et al. (2020) showed that foliar application of
TiO,-NPs resulted in decreased uptake of Cd in the cowpea
plant. Especially, TiO,-NPs are considered one of the most
effective nano-formulations, which can reduce heavy metal
bioaccumulation in various crops (Irshad et al. 2021). Foliar
use of TiO,-NPs at low concentrations can easily support the
plant leaf/root system against the chemical stress caused by
heavy metal pollutants and inhibit their migration to upper
parts by accelerating the biochemical defense mechanisms
(Hong et al. 2021). It has been reported that TiO, applica-
tion can aid the agro-business due to its several properties
such as it improves plant productivity and quality by boost-
ing the activities of the enzyme, increasing photosynthetic
pigments, facilitating nutrient utilization by root systems,
suppressing the uptake of harmful elements, mediating stress
tolerance, and increasing overall crop yield (Chaudhary and
Singh 2020).

Meanwhile, SS in this study, as polluted fertilizer, may
bring the heavy metals into soils and thereby uptake by
the experimental plant. Therefore, considering the above
problems, the present study is designed to alleviate the risk
of heavy metal uptake by the okra (Abelmoschus esculen-
tus) plant under the combined use of dewatered SS and
TiO,-NPs. Additionally, the health risk of heavy metal accu-
mulation is investigated in order to ensure the edibility of
the cultivated okra fruit.

Materials and methods

Collection of experimental materials

For the present study, SS was collected from 27 million lit-
ers per day (MLD) capacity sewage treatment plant (Jag-

jeetpur, Haridwar, India) (29°54'01.2"N 78°08'14.9"E),
while the garden soil was collected from Gurukula Kangri
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(Deemed to be University), Haridwar, India (29°55'10.3"N
78°07'08.3"E). Sterile polyethylene bags (5 kg capacity)
were used to collect both SS and soil samples. Besides this,
the healthy and fresh seeds of the okra (Abelmoschus escu-
lentus) hybrid variety (ANMOL) were procured from See-
ways Agriseeds Pvt. Ltd. (New Delhi, India). It is widely
grown in India and is considered one of the most pest-resist-
ant varieties (Ali et al. 2021). Moreover, laboratory-grade
TiO,-NPs were also procured from Akshar Agro Chemicals
(Junagarh, India) for the foliar fertilization of okra. TiO,
(O=Ti=0) is an odorless, solid white compound having a
molecular mass of 79.866 g/mol, and a density of 4.23 g/cm®
(Chen and Selloni 2014). All materials were stored under
laboratory conditions until further use in the crop cultiva-
tion experiments.

Experimental setup, treatment design,
and cultivation conditions

The laboratory experiment was carried out inside the green-
house of the Department of Zoology and Environmental Sci-
ence, Gurukula Kangri (Deemed to be University), Harid-
war, India using 10 kg capacity round polyvinyl chloride
(PVC) pots, with three replications of each trial. The pots
were loaded with a mixture of garden soil and SS. A total of
five experimental treatments including 0 g/kg (T1: garden
soil as control), 50 g/kg (T2: 950 g soil+50 g SS), 50 g/
kg (T3: 950 g soil+50 g SS +TiO,-NPs), 100 g/kg (T4:
900 g soil + 100 g SS), and 100 g/kg (T5: 900 g soil+ 100 g
SS 4+ TiO,-NPs), respectively (Fig. 1). The design of the
experiments was a completely randomized block design.
The soil of the loamy class collected from the departmen-
tal garden was used in the present experiment. Both soil
and SS were air-dried and sieved through a mesh size of
2 mm before implementing in the experiment. All pots were
sown with a total of three okra seeds on March 18, 2021 and
equally watered using a potable supply. The average temper-
ature, humidity, and light intensity of the greenhouse were

Fig.1 Experimental design
and setup of the pots for okra
cultivation

24 °C, 74%, and 6000 1x (16/8 light/dark regime), respec-
tively. The seedlings were allowed to grow for 15 days until
the foliar TiO,-NP application in the T3 and TS5 treatments.
For this, a suspension was made by dissolving 2.5 mg of
TiO,-NPs (average particle size of 25 nm) in 1000 mL dis-
tilled water and placing it in an ultrasonic water bath for
30 min. A calibrated hand sprayer (500 mL) was used for
foliar application on the 15th, 30th, and 45th days of the
okra cultivation experiment. The upper plant parts (leaves
and stem) of okra plants were carefully cleaned using a low-
pressure vacuum cleaner to remove any adhering dust/soil
particles before NP application. Okra cultivation experiment
was carried out for 90 days, and the total yield obtained in
the first fruit harvesting (60th day) was represented as effec-
tive crop yield (g/plant).

Physicochemical, heavy metals, and instrumental
analyses

In the present study, the collected soil and SS samples were
pooled and analyzed for selected physicochemical and heavy
metal parameters. For this, pH and electrical conductivity
(EC: dS/m) were analyzed using a microprocessor-based
digital pH-EC meter (Model-1611, ESICO, IN). Organic
matter (OM: mg/kg), total Kjeldahl’s nitrogen (TKN: mg/
kg), and total phosphorus (P: mg/kg) were determined by
titrimetric (Walkley and Black, 1934), acid digestion-dis-
tillation, and spectrophotometric (Cary 60 UV-Vis, Agi-
lent, USA) methods, respectively (AOAC 2005; Kumar
et al. 2020b, 2021). The contents of heavy metals in soil,
sludge, and plant samples were subjected to di-acid (2:1;
HNO;-HCIO,) digestion and further analyzed using an
inductively coupled plasma atomic emission spectroscopy
(ICP-OES: 7300 DV, Perkin Elmer) instrument (Eid et al.
2018). Moreover, the procured TiO,-NPs were subjected
to Fourier’s transform infrared spectroscopy (FTIR-8400S,
Shimadzu, USA).

Control
Soil SS

50 mg/kg

50 mg/kg
SS+Ti0, SS

100 mg/kg
SS+TiO,
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Biochemical response analysis of okra plants

The effect of TiO,-NP application on the biochemical
response of okra cultivated in SS fertilized soil was evalu-
ated in terms of superoxide dismutase (SOD), catalase
(CAT), and total chlorophyll content (ChlP) activities. The
SOD and CAT enzyme activities were estimated at 430 and
240 nm wavelength (Cary 60, UV—Vis, Agilent, USA) while
using K-phosphate buffer and sodium hypochlorite extrac-
tion solutions to prepare the extraction solution. For chlo-
rophyll estimation, a total of 1 g okra plant leaf sample was
thoroughly crushed into 5 mL of 80% acetone solution. The
contents were adjusted to 50 mL and homogenized using a
high-speed centrifuge instrument (10,000 rpm). The residue
was discarded, and the supernatant was used for ChlP esti-
mation as described by Kumar et al. (2020a).

Data analysis and statistics

The uptake of heavy metals by the okra plant was enumer-
ated using the bioaccumulation factor (BAF) index (Pachura
et al. 2018). BAF was calculated based on the ratio of heavy
metal concentration (mg/kg) in okra plant (HM,) tissue and
SS amended soil (HM,) (Eq. 1). The form of formula is
given below:

Bioaccumulationfactor = HM, /HM; 1)

On the other hand, the health risk assessment of indi-
vidual heavy metal accumulation by okra plant was assessed
using the target hazard quotient (THQ) index as given below
(Eq. 2) (Ametepey et al. 2018; Kumar et al. 2021):

THQ = 1073 x (EE X ET X CR X C)/(BW X AT x RfD)
2

where EE is the heavy metal exposure efficiency (365 days/
year), ET is the exposure timespan (70 years), CR is the con-
sumption rate (2.2 g/day), C indicates the concentration of
heavy metals (mg/kg) in okra plant tissue, BW is the average
body weight of the vegetable consumer (70 kg for adult and
16 kg for child), and AT is the average consumption time in
days (25,550 days). Meanwhile, RfD indicates the reference
dose of heavy metals viz., 5.0 X 1074,4.2x 1072, 3.0x 1073,
7.0x107!, 1.4x 1072, and 3.0 x 10~! mg/kg/day for Cd, Cu,
Cr, Fe, Mn, and Zn, respectively (USEPA 2011).

Finally, the health risk index (HRI) of okra consumption
was calculated as a sum of THQs of all heavy metals as
given in the equation (Eq. 3):

HRI = ) THQ(Cd + Cr + Cu + Fe + Mn + Zn) 3)

Moreover, Pearson’s correlation matrix analysis was done
in order to study the effect of different soil parameters and
TiO,-NPs on the biochemical and heavy metal accumula-
tion response of okra. Data were analyzed using Microsoft
Excel 2019 (Microsoft Corp., USA) and OriginPro Student
Version (2021b) (Origin Inc., MX) software packages. The
significance level of the statistical tests was p < F value of
0.05, i.e., 95% confidence interval.

Results and discussion
Characteristics of soil, sewage sludge, and TiO,-NPs

In this study, the soil and SS samples were analyzed in
advance for various physicochemical and heavy metal
properties (Table 1). Results indicated that the SS
obtained from STP, Jagjeetpur, Haridwar, India, had
relatively higher nutrient characteristics as compared to

Table 1 Characteristics of the

. Parameter Control (garden soil) Sewage sludge (SS) Treatments

soil and sewage sludge used for

okra cultivation experiments 50 g/kg SS 100 g/kg SS
pH 7.40+0.05 8.43+0.03* 7.62+0.04* 7.81+0.05%
EC (dS/cm) 1.96+0.03 6.55+0.06* 2.45+0.19* 3.10+£0.04*
OM (%) 1.05+0.02 28.52+1.540% 1.98 +0.07* 2.69+0.08*
TKN (g/kg) 1.29+0.03 33.52+0.817* 2.56+0.05* 3.19+0.15%
P (g/kg) 1.93+0.08 11.06+0.29* 2.30+0.10%* 2.57+0.06*
Cd (mg/kg) 0.150+0.006 2.558+0.012%* 0.760+0.023* 0.901 +0.006*
Cr (mg/kg) 2.700+0.010 9.801+0.035* 3.520+0.017* 4.032 £0.024*
Cu (mg/kg) 6.550+0.028 74.150 £2.403* 12.067 £0.048* 19.044 +0.152%*
Fe (mg/kg) 18.238+0.125 37.094+1.110* 23.120+1.302%* 26.109 +1.004*
Mn (mg/kg) 5.117+0.087 13.009 £0.121* 7.517+0.061* 9.083+0.082*
Zn (mg/kg) 3.024+0.011 112.082 +3.860* 32.050 +2.540* 57.108 £3.976*

Values are mean + standard deviation of three replicates

*Significantly different with garden soil as control group at p <0.05
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the garden soil. In particular, the selected physicochemi-
cal and heavy metal parameters were significantly higher
(» <0.05) in SS and its two subsequent treatment groups,
i.e., 50 g/kg SS and 100 g/kg SS. As the dose of SS was
increased from O to 100 g/kg, the soil nutrient parameters
were also augmented vise-versa. On the other hand, the
FTIR spectrum analysis of TiO,-NPs (agriculture grade)
showed the presence of different peaks (1/cm) such as
590 (vibration of Ti—-O-0), 1630 (amides), 1770 (asym-
metrical C =0), and 3430 (N-H stretching) associated
with their respective bonding groups (Fig. 2). Previously,
SS has been widely analyzed for the presence of different
nutrients. Recent studies by Shaltout et al. (2021) and Eid
et al. (2021b) showed that the dried SS contained signifi-
cant levels of various beneficial nutrient elements with
some heavy metals, which can be sustainably utilized in
the cultivation of different crops such as great millet and
cabbage. Irshad et al. (2021) pointed out some impor-
tant peaks as major features of chemically synthesized
TiO,-NPs.

Fig.2 FTIR spectrum of 100

Effects of sewage sludge and TiO,-NPs on growth
and biochemical attributes

Results of one-way ANOVA given in Table 2 showed that
supplementation of SS and TiO,-NPs significantly (p <0.05)
increased the fruit length (cm), yield (g/plant), and plant
height of the okra plant. Similarly, the biochemical param-
eters such as SOD (p/mg), CAT (W/mg), and ChIP (mg/g
fwt.) were also accelerated under nutrient stress caused by
SS application. However, the garden soil treatment itself
was not productive to support the good growth and pro-
ductivity of the okra plant. Overall, the maximum fruit
length, yield, and plant height of okra were observed as
13.97+0.54 cm, 287.87 +4.06 g/plant, and 75.05 +3.18 cm,
respectively, using the combined application of 100 g/kg SS
and TiO,-NPs. In addition, there was a significant increase
in the growth and biochemical parameters of okra under the
combined application of SS and TiO,-NPs compared to indi-
vidual SS treatment. In this, SOD and CAT activities were
highest as 110.68 +3.11 and 81.32 +3.52 p/mg, respectively,
along with maximum production of ChlP (3.12+0.05 mg/g).

TiO,-NPs used for foliar appli-
cation on cultivated okra plants 90
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Table 2 Growth, yield, and biochemical parameters of cultivated okra as affected by sewage sludge and TiO, application

Treatment Fruit length (cm) Yield (g/plant) Plant height (cm) SOD (p/mg) CAT (p/mg) ChIP (mg/g fwt.)
Control 9.50+0.35 168.45+3.05 43.20+2.50 78.08+1.10 27.14+3.28 2.06+0.02

50 g/kg SS 11.08 +£0.20* 201.92 +2.87* 52.08 +3.04* 82.09+2.81% 40.65 +2.90* 2.54+0.06*

50 g/kg SS+TiO, 12.13+0.45*% 236.09 +£5.22% 60.40+4.10* 89.15+3.44% 53.08 +4.62%* 2.78 +0.04*

100 g/kg SS 12.65+1.20% 265.40+7.15% 63.10+4.60* 93.29+6.58% 60.05+5.03* 2.67+0.08%*

100 g/kg SS +TiO, 13.97 +0.54* 287.87 +4.06* 75.05+3.18* 110.68 +3.11* 81.32 +£3.52% 3.12+0.05*

Values are mean =+ standard deviation of three replicates

SS sewage sludge, SOD superoxide dismutase, CAT catalase, ChlP total chlorophyll content

“Significantly different with garden soil as control group at p <0.05
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The better growth and productivity of okra might be due to
nutrient supplementation as a result of SS mixing. Since SS
is considered a highly nutritive supplement for arable soils,
it is commonly used to enhance crop production in India.
Slightly improved growth of okra plant under combined use
of SS and TiO,-NPs might be due to plant-NP interaction,
which alters the plant physiology. Correlation analysis also
revealed that SS dose and TiO,-NP application showed posi-
tive relations with the heavy metal characteristics of soil,
yield, and biochemical attributes of the okra plant (Fig. 3).

The critical knowledge of nutrient delivery through nan-
oparticle-assisted formulation suggests that plant growth
is strongly impacted by the size of the NPs, which allows
them to enter the cell system (Rico et al. 2011; Ullah et al.
2020). Though, interaction may result in either positive or
negative effects based on the type of NPs, their particle
size, and applied dose. Some of the positive impacts are

Sewage
TiO2

Cd Soil

Cr Soi

Cu Soil

Fe Soil

Mn Soil

Zn Soil
Fruit Length
Yield

Plant height
SOD

CAT

ChlIP

Cd Plant

Cr Plant

Cu Plant

Fe Plant
Mn Plant
Zn Plant

NS > X S X X X X X X
X &4\& »Q@ég %OQ 9 C& bQ\‘bQ 8\‘5\\08\?9 @Q\‘b? QQ\‘DQQ\‘$
o SO R R "

an increase in light absorption, stress enzyme production,
root and shoot growth, stomatal conductance, photosynthetic
activities, fruit yield, and so on, whereas negative impacts
include disturbance in nutrient-water acquisition system,
genome damage, cellular structure damage, production of
toxic metabolites, oxidation/reduction of beneficial biomol-
ecules, etc. (Mittal et al. 2020; Shahid et al. 2020; Kumar
et al. 2022). In our study, the foliar application of TiO,-NPs
did not show any negative impact on okra plant growth.
Previously, Ullah et al. (2020) studied the impact of
TiO,-NP application on the physiological and biochemical
response of wheat (Triticum aestivum) crop. In their find-
ings, it was evidenced that TiO,-NPs actively mediate the
physiological and biochemical processes of wheat, which
resulted in increased root/shoot length, number of tillers per
plant, number of grains per plant, and grain yield along with
efficient mediation of SOD, POD, MDA, and H,0, activities

Fig.3 Pearson correlation matrix for the effect of sewage sludge and foliar TiO,-NP application on yield, biochemical response, and heavy metal

accumulation in okra plant
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best at 50 mg/kg dose. Another study by Kolencik et al.
(2020) investigated the yield response of sunflower (Heli-
anthus annuus) under foliar TiO,-NP treatments. Results
indicated that the quantitative and nutritional parameters
of sunflower were significantly enhanced using 2.6 mg/L
TiO,-NPs.

Effects of sewage sludge and TiO,-NPs on heavy
metal uptake

Heavy metal analysis results given in Table 3 suggested
that the contents of six heavy metals (Cd, Cr, Cu, Fe, Mn,
and Zn) in okra plant parts were significantly (p <0.05)
increased with an increase in the SS mixing rate. In gen-
eral, the varying degree of heavy metal uptake was lowest in
the control treatment while maximum in 100 g/kg SS treat-
ment. However, the application of TiO,-NPs significantly
reduced the uptake of the heavy metals in both 50 and 100 g/
kg treatment trials (T3 and T5). The concentration of all six
heavy metals was at maximum in the root region, followed
by stem and fruit parts, respectively. More specifically,
the average contents of heavy metals followed the order
of Fe>Mn > Cu>Zn> Cr>Cd in the whole plant tissues.
The higher availability of these heavy metals leads to more

uptake by the okra plant parts; however, their uptake was
slightly reduced using the foliar application of TiO,-NPs.
Correlation studies revealed that SS application showed a
highly significant (p <0.05) positive correlation (> 0.88)
with Cd, Cr, Cu, Fe, Mn, and Zn accumulation in okra plant
tissues. However, TiO,-NP application showed neutral to
negative effects in this regard (Fig. 3).

Studies on the reduction of heavy metals fate in crops
using NPs have become increasingly important due to atten-
dant soil pollution caused by rapid industrialization. Levels
of Cd metal in wheat grains were significantly reduced after
foliar application of TiO,-NPs prepared using the sol-gel
method (Irshad et al. 2021). Similarly, Cd accumulation was
lowered in nano-TiO,-treated cowpea (Vigna unguiculata)
plant compared to non-treated by Ogunkunle et al. (2020).
These studies reported similar outcomes that are in line with
the results obtained in our study. Thus, TiO,-NPs can be
used to reduce heavy metal uptake by the okra plant.

Bioaccumulation and health risk assessment studies
Bioaccumulation of heavy metals by plants is a natural

process mediated by the physiological and biochemical
response of plant-root-microbe interactions (Kumar et al.

Table 3 Heavy metal accumulation in fruit, stem, roots, and full plant tissues of cultivated okra

Okra tissue  Treatment Heavy metals (mg/kg dwt.)
Cd Cr Cu Fe Mn Zn

Fruit Control 0.067+0.002  0.356+0.006  1.830+0.005 5.981+0.050 1.463 +0.009 2.305+0.005
50 g/kg SS 0.301+0.003* 0.713+£0.004* 5.302+0.032*  12.872+0.103* 4.115+0.020%  5.217+£0.009*
50 g/lkg SS+TiO,  0.176+0.001* 0.464+0.005% 3.109+0.018*  9.004+0.285*  3.560+0.003*  4.881+0.014*
100 g/kg SS 0.543+£0.002* 1.045+0.008* 8.170+£0.074*  21.325+0.395* 10.908+0.102* 8.120+0.050*
100 g/kg SS+TiO, 0.288+0.005*% 0.712+0.012*  6.205+0.051*%  17.548+0.520*% 8.372+0.063*  7.067 +0.035*

Stem Control 0.095+0.001  0.380+0.015  1.993+0.012 6.257+0.079 1.511+0.007 3.702+0.020
50 g/kg SS 0.373+£0.004* 0.875+£0.020*% 5.740+0.017*  13.184+0.042* 5.009+0.030*  5.654 +0.009*
50 g/lkg SS+TiO,  0.217+0.003* 0.740+0.010%  3.998+0.040*  10.027+0.127* 4.205+0.018*  5.110+0.012%*
100 g/kg SS 0.692+0.011* 1.388+0.016*% 8.683+0.031*  24.610+1.060* 11.238+0.078* 8.870+0.018*
100 g/kg SS+TiO, 0.303+0.009*% 1.162+0.008* 6.823+0.019*  19.001 +1.540*% 8.896+0.090*  8.030+0.021*

Root Control 0.250+£0.005  0.402+0.007  2.143+0.015 7.550+0.031 1.948 +£0.005 3.860+£0.005
50 g/kg SS 0.419+0.010* 0.986+0.004* 7.055+0.048*  15.320+0.095* 6.018+0.024*  6.572+0.003*
50 g/lkg SS+TiO,  0.404+0.014* 0.812+0.003* 6.107+0.029*  12.840+0.070* 5.067+0.082*  5.210+0.007*
100 g/kg SS 0.771+£0.007* 1.453+0.008* 10.118 £0.120* 28.493+1.785* 13.822+0.130* 9.250+0.024*
100 g/kg SS+TiO, 0.685+0.004* 1.205+0.012* 8.559+0.095*  23.370+1.220* 10.510+0.409* 8.626+0.013*

Full plant ~ Control 0.137+£0.003  0.379+0.004  1.989+0.013 6.596£0.016 1.641+£0.004 3.289+0.019
50 g/kg SS 0.364+£0.008* 0.858+£0.009* 6.032+0.084*  13.792+0.020* 5.047+0.009*  5.814+0.049*
50 gkg SS+TiO,  0.266+0.004* 0.672+0.010% 4.405+£0.113*  10.624+0.055* 4.277+0.006*  5.067+0.107*
100 g/kg SS 0.669£0.006* 1.295+0.025* 8.990+0.070*  24.809+0.402* 11.989+0.035* 8.747 +0.209*
100 g/kg SS+TiO, 0.425+0.005*% 1.026+0.009* 7.196+0.204*  19.973+0.398* 9.259+0.017*  7.908 +0.125%

Values are mean =+ standard deviation of three replicates

SS sewage sludge

“Significantly different with garden soil as control group at p <0.05
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Fig.4 Bioaccumulation factor
(BAF) of heavy metals in differ-
ent tissues of cultivated okra
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2020a). The bioavailable heavy metals are taken by root  as bioaccumulation. The concentration of available heavy
hairs and then translocated to different plant parts such as  metals in the substrate is the most determining factor that
root, shoot, stem, fruit, and leaves (Eid et al. 2021b). This affects the rate of bioaccumulation or bioaccumulation
biological process of accumulating heavy metals is known  factor (BAF). In this experiment, the root region of the
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Fig.5 Health Risk Index of 0.16

heavy metals uptake by okra
fruits for adult and child human
groups

0.14 A
0.12 A
0.10 A
0.08 -
0.06 -
0.04 -

Health Risk Index (HRI)

0.02 ~

0.00 -
Control

okra plant showed relatively higher BAF values for all six
heavy metals compared to fruit and stem regions (Fig. 4).
For the fruit parts of the okra plant, Cd exceeded the BAF
value above 1 using a 100 g/kg SS (T4) dose, which indi-
cated its rapid accumulation. However, it was declined
below 1 using the combined 100 g/kg SS and TiO,-NP
(T5) application. Similarly, the contents of Cd, Fe, and
Zn for the root region, and Cd, and Zn for stem/full plant
regions exceeded the BAF > 1, which were further reduced
using TiO,-NP application in the respective treatments.
The results showed that uncontrolled bioaccumulation of
heavy metals can be effectively reduced using TiO,-NP
application in okra cultivation.

On the other hand, the HRI study provides information
regarding the fate associated with the dietary consumption
of heavy metal-contaminated vegetables and their prod-
ucts (Ogunkunle et al. 2020). The result indicated that the
TiO,-NPs were significantly useful in the alleviation of

= Adult

66515
® Child
50 g/kg SS 50 g/kg SS + 100 g/kg SS 100 g/kg SS +
TiO2 TiO2
Treatments

SS-induced heavy metal toxicity in okra fruits. Though,
the values of HRI and THQ increased with an increase
in the SS dose. Overall, the child group showed greater
THQ values compared to the adult group, which might be
due to more susceptivity of the younger human popula-
tion (Fig. 5). In this, the values of HRI and THQ did not
exceed the recommended maximum limits (Kumar et al.
2021), which suggests the safe utilization of SS for okra
cultivation (Table 4).

Previous studies have shown that nanoparticle application
within recommended levels can enhance growth and allevi-
ate heavy metal stress in plants (Zhou et al. 2021). Recently,
Rizwan et al. (2019) found that TiO,-NP application on the
rice (Oryza sativa) significantly reduced the health risk of
heavy metal accumulation. They found that the values of esti-
mated BAF were lesser under TiO,-NP application as com-
pared to the control treatments. Moreover, Hu et al. (2020)
conducted laboratory experiments for the cultivation of

Table 4 Target hazard quotient

(THQ) of heavy metals in okra Heavymetal — Age group  THQ (mg/ke-day)
fruits (consumable part) Control 50 g’kg SS 50 g/kg SS+TiO, 100 g/kg SS 100 g/kg
SS+TiO,
Cd Adult 0.0019 0.0089 0.0051 0.0159 0.0085
Child 0.0085 0.0388 0.0225 0.0698 0.0370
Cr Adult 0.0017 0.0035 0.0023 0.0051 0.0035
Child 0.0076 0.0153 0.0100 0.0225 0.0153
Cu Adult 0.0006 0.0019 0.0012 0.0029 0.0022
Child 0.0005 0.0011 0.0007 0.0016 0.0011
Fe Adult 0.0001 0.0003 0.0002 0.0004 0.0004
Child 0.0006 0.0012 0.0008 0.0020 0.0016
Mn Adult 0.0015 0.0043 0.0037 0.0115 0.0088
Child 0.0067 0.0189 0.0164 0.0502 0.0385
Zn Adult 0.0002 0.0003 0.0002 0.0004 0.0003
Child 0.0007 0.0011 0.0010 0.0017 0.0015
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coriander (Coriandrum sativum L.) under TiO,-NP applica-
tion. The nutrition quality of coriander was improved signifi-
cantly along with a reduction in the bioaccumulation of vari-
ous heavy metals. However, they suggested that a higher dose
of TiO,-NPs may damage the root system of the coriander
plant. Thus, the above studies revealed that TiO, nanoparti-
cle application within recommended levels could reduce the
health risk of heavy metals in the okra plant.

Conclusion

The findings of this study concluded that SS mixing was
helpful to increase the nutritional quality of the soil. Despite
SS may bring heavy metal mixing problems in soil, still,
their uptake by plants was sustainably managed through
TiO,-NP application. Overall, the combined application
of SS and TiO,-NPs increased the yield attributes and bio-
chemical response of the okra plant while alleviating the risk
of heavy metal accumulation. Various parameters includ-
ing fruit length (13.97 +£0.54 cm), yield (287.87 +4.06 g/
plant), plant height (75.05+3.18 cm), SOD (110.68 +3.11
wmg), CAT (81.32+3.52 p/mg), and chlorophyll content
(3.12+0.05 mg/g fwt.) reached improved levels in 100 g/
kg SS and TiO,-NP application. The health risk assessment
study also indicated that the heavy metal fate was signifi-
cantly reduced after the TiO,-NP application in both child
and adult groups. Further studies on the molecular under-
standing of root-NP interaction and speciation of accumu-
lated heavy metals are highly recommended.
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