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A B S T R A C T

Association of titanium dioxide nanoparticles (TiO2 NPs) and biochar (BC) to assist phytoremediation of Sb
contaminated soil was investigated in this study. Seedlings of Sorghum bicolor were exposed to different regimes of
TiO2 NPs (0, 100, 250 and 500 mg kg�1) and BC (0, 2.5% and 5%), separately and in combination, to investigate
the effects on plant growth, Sb absorption and accumulation and physiological response of the plant in Sb
contaminated soil. Co-application of TiO2 NPs and BC had positive effects on plant establishment and growth in
contaminated soil. Greater accumulation of Sb in the shoots compared to the roots of S. bicolor was observed in all
treatments. Application of BC increased immobilization of Sb in the soil. Using TiO2 NPs significantly increased
accumulation capacity of S. bicolor for Sb with the greatest accumulation capacity of 1624.1 μg per pot achieved in
“250 mg kg�1 TiO2 NPsþ2.5% BC” treatment (P < 0.05). Association of TiO2 NPs and BC significantly increased
chlorophyll a (Chl a) and chlorophyll b (Chl b) contents of S. bicolor compared to the TiO2 NPs-amended treat-
ments. Results of this study presented a promising novel technique by combined application of TiO2 NPs and BC in
phytoremediation of Sb contaminated soils. Co-application of TiO2 NPs and BC could reduce the required amounts
of TiO2 NPs for successful phytoremediation of heavy metal polluted soils. Intelligent uses of plants in accompany
with biochar and nanomaterials have great application prospects in dealing with soil remediation.
1. Introduction

Antimony (Sb) is a lustrous gray metalloid that belongs to the group
15 of the periodic table, which may occurs through naturally and
anthropogenic sources. Sb is often referred to as a heavy metal in eco-
toxicological assessments, but it has mixed metallic and nonmetallic
characteristics, therefore it could be more properly described as a
metalloid. The abundance of Sb in the earth's crust is around 0.2–0.3 and
concentrations of Sb in non-contaminated soils usually range from 0.3 to
8.4 mg/kg (He, 2007), but human activities have led to elevated levels of
Sb in soils at many locations in recent years. Antimony has a wide range
of applications in industry such as manufacturing of semiconductors,
medicine, fire retardants, lead hardeners, diodes, cable coverings, alloys,
batteries, polyethylene terephthalate (PET), brake linings and pigments
(Bagherifam et al., 2019; Pan et al., 2011). Leaching of Sb in contami-
nated lands such as mining areas and disposal sites may pose a serious
human and environmental risk (Okkenhaug et al., 2016). Formation of
antimoniosis, which is a particular form of pneumoconiosis, was reported
Zand).
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in the literature as a result of chronic exposure to antimony. Long-term
exposure to Sb may also trigger heart and gastrointestinal diseases
(Cooper and Harrison, 2009). Antimony is listed as a priority pollutant by
the US EPA due to its potential carcinogenicity (Pan et al., 2011). Envi-
ronmental contamination of antimony is gaining growing attention
worldwide because of its pretty high mobility and elevated man-made
occurrence in the environment. The remediation of Sb-contaminated
soils brings a techno-economical challenge for researchers and decision
makers. For example, chemical stabilization of some heavy metals e.g. Pb
with lime or phosphate has been applied successfully, but recent re-
searches indicated that lime and phosphate could increase the mobility of
Sb in soil (Okkenhaug et al., 2013), and therefore enhance the ground-
water contamination risk. Among the various remediation technologies,
phytoremediation is one of the most promising, ecologically friendly, and
economical remediation approaches, which can uptake metal(loid)s and
eliminate the contaminants from soil (Ehsan et al., 2014). Selected plants
for phytoextraction should have rapid growth, extended root system, and
high biomass production (Ashraf et al., 2019). Reduction in mobility of
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metal(loid)s in soil occurs through phytostabilization. Phytoremediation
of Pb using L. perenne in soil contaminated with Pb (up to 21 g kg�1)
showed accumulation of ca. 1.5 g kg�1 Pb in plant tissue after four
months (Karami et al., 2011). However, Sb uptake and accumulation may
vary widely among different plant species (Tschan et al., 2009). Anti-
mony concentrations of up to 98.23 mg/kg were detected in plants
growing adjacent to Sb deposit sites (Qi et al., 2011). Accumulation of Sb
in roots of D. viscose with a limited translocation of Sb from the roots to
the shoots was also reported in the literature (P�erez-Sirvent et al., 2012).

Although phytoremediation is a promising technology, its effective-
ness could be affected by various factors such as plant species, rhizo-
sphere microbes, climate situation, contaminant levels and
bioavailability and soil condition (Abdelkrim et al., 2020). Biochar may
be considered as a less expensive alternative to activated carbon in
reducing mobilization and release of contaminants from contaminated
soils. Biochar was found to be able to immobilize metal(loid)s in the
environment and reduce their bioavailability and biotoxicity to the or-
ganisms (Gong et al., 2018). The alleviated toxicity effects of lead on
plant growth and development in biochar treated soil was reported
(Kiran and Prasad, 2019). In addition, positive effects of biochars on
plant establishment and growth in heavy metals contaminated soils have
been found (Kiran and Prasad, 2019; Rees et al., 2016). For instance,
shoot biomass production of Z. mays and L. perenne significantly
increased in heavy metal-contaminated soils treated with biochar (Rees
et al., 2016); however, competition between heavy metals and nutrients
to be adsorbed onto adsorption sites on biochar particles may lead to
suppressed plant growth (Gong et al., 2019).

Using nanomaterials to facilitate phytoremediation of polluted soil is
gently drawing global attention (Song et al., 2019). Many of the nano-
materials such as titanium dioxide nanoparticles (TiO2 NPs) were
initially used in an effort to increase the productivity of edible plants
(Gao et al., 2013). Most studies using TiO2 NPs have been focused in
aqueous media with only few in soil. Sorption and immobilization of
metal(loid)s in soil through applying nanoparticles has been found to be
a significant mechanism by which remediation goals at metal(loid)
-contaminated sites can be achieved. Cd uptake by soybean increased
from 128.5 to 507.6 μg per plant as a result of addition of 100–300mg/kg
TiO2 NPs to soil (Singh and Lee, 2016). To the best of our knowledge, so
far there has been no attempt to use the association of biochar and TiO2
NPs to promote phytoremediation of Sb in soil. The main aim of this
study was to investigate the phytoremediation of antimony-polluted soil
through co-application of biochar and TiO2 NPs. We specifically studied:
(i) the effect of biochar and TiO2 NPs treatments, individually and in
combination, on the biomass and length of plants in Sb-contaminated
soil; (ii) the absorption and translocation of Sb in Sorghum bicolor
under the effect of biochar, TiO2 NPs and association of biochar and TiO2
NPs; (iii) impacts of biochar, TiO2 NPs and biochar/TiO2 NPs treatments
on accumulation capacity and phytoremediation potential of S. bicolor to
eliminate Sb, and (iv) effects of biochar, TiO2 NPs and biochar/TiO2 NPs
mixture on photosynthetic chlorophyll content of S. bicolor in
Sb-contaminated soil.

2. Materials and methods

2.1. Soil preparation and analysis

The soil was collected from a depth of 5–25 cm from a non-
contaminated area in Southern part of Tehran Province, Iran (35�320N,
51�240E). The collected soil samples were sieved through a 2-mmmesh to
exclude the gravel and large debris, and then air-dried (22–25 �C) for one
week. The sieved soil was thoroughly mixed by hand before adding Sb to
soil. The obtained soil was placed in plastic pots. Each pot filled with 1 kg
of soil mixed with 150 ml distilled water (DW) containing
K2H2Sb2O7⋅4H2O, to provide desired level of Sb in soil. In the control
pots 150 mL of clean DW was added (Papazoglou and Fernando, 2017).
The pots were kept in a dark room (20–24 �C) and stabilized for eight
2

weeks at 70% of field capacity using tap water before planting. Chemical
analysis of the pots soil was carried out prior to sowing the seeds. Briefly,
the soil pH was measured in suspension using a 1:2.5 (w/v) ratio of
soil-water ratio. Phosphorus was determined by Olsen P extracting so-
lution (0.5 M NaHCO3, pH 8.5), total nitrogen by the Kjeldahl mea-
surement (VELP Scientifica, UDK 142, Italy), organic carbon (OC)
content was measured according to the Walkley-Black method, in which
organic carbon is oxidized using potassium dichromate (Walkley and
Black, 1934). Electrical conductivity (EC) was measured using a con-
ductivity meter in a soil-water extract (1:2.5 soil: water ratio (w/v)). The
soil texture was determined using a Bouyoucos densitometer which is
classified as Clay-Loam (CL). Selected characteristics of the used soil are
given in Table 1. The obtained data represent the mean value of three
replicates. Sb and Ti contents of soils were determined as described by
the USEPA-3050B method (EPA, 1996); 0.5 g of soil sample was digested
with a mixture of concentrated 14 mL of HNO3, HCLO4 and HF (5:1:1,
v/v/v/) in a tightly closed Teflon vessel for 4h. Then the concentrations
of elements in soil were determined by inductively coupled plasma op-
tical emission spectrometry (ICP-OES) (Perkin Elmer Optima 5300 DV)
(Singh and Lee, 2018). Sb and Ti could be detected at a limit of 0.002
mg/L. All the analytical determinations were carried out in triplicate and
the mean values were reported.

2.2. Preparation of biochar

Fresh urban yard trimmings with no pollution background was
initially chopped into wood chips of 5–10 cm length and then oven-dried
for 48 h. Fresh trimmings of pike trees were used as a feedstock for
preparation of biochar. Leaves and fruits were excluded. Dried wood
chips were placed in open crucibles, then weighted, and covered thor-
oughly with aluminum foil in order to provide an oxygen-limited envi-
ronment. Biochar derived from the wood chips was produced under the
pyrolytic temperature of up to 740 �C with a temperature gradient of ca.
10 �C/min until the desired pyrolysis temperature of 740 � 5 �C was
reached in the muffle furnace under the atmospheric pressure with
residence time of 42 min. At the end, samples were kept in the furnace
overnight to let them cool down to the room temperature. Obtained
biochar chips were originally in granular form having a wide range of
particle sizes. The produced biochar chips were air-dried over a week,
ground using a ceramic mortar and pestle and sieved to gain homogenous
crushed biochar, with the particle size of 1 mm–2 mm. Elemental
composition of the produced biochar was as follow (dry basis): C
(81.5%), O (11.2%), H (3.3%), N (0.5%), S (0.1%) and ash (3.4%). The
produced biochar had particle density of 1.5 g/cm3. The biochar had bulk
density of 0.68 g/cm3. The pH of the biochar was determined to be 9.1.
BET surface area was measured using a Brunauer-Emmett-Teller Surface
Area & Porosity Analyzer (NOVA 4200e) by nitrogen gas sorption anal-
ysis at 77K. Samples were vacuum degassed prior to analysis, at 300 �C
for 5–15 h, based on the required time to reach a stable surface area
measurement (Qiu et al., 2009). BET surface area of the biochar was
determined to be 281.35 m2g-1. The biochar doses were chosen based on
the literature where effective immobilization of contaminants achieved
in soil by biochars (Kiran and Prasad, 2019; Kołtowski and Oleszczuk,
2016). The biochar levels of 2.5% and 5% were selected in this research.

2.3. Synthesis of nanoscale titanium dioxide particles

To prepare TiO2 NPs, 50 ml TiCl4 was slowly added to 200 mL of DW
in an ice bath and stirred for 30 min using a magnetic stirrer to gain a
homogeneous solution. Then, the bath temperature was increased to
boiling point till the process of formation of nanoparticles completed.
150 mL of urea solution (104 mg/mL) was added under constant stirring
rate till the solution turned into a white colloid without any precipitation.
We used urea in preparation of TiO2 NPs because addition of urea as the
nitrogen source can positively affect surface area and activity of the
produced nanoparticles as suggested in the literature (Marques et al.,



Table 1. Selected properties of the soil used in experiments.

Parameter Value

Clay (%) 28

Silt (%) 35

Sand (%) 37

Texture Clay Loam

Organic matter (%) 1.22

Organic C (%) 0.62

Soil pH 7.7

Electrical Conductivity (dS/m) 2.24

Total N (% wt) 1.12

Phosphorus (mg/kg) 8.7
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2019; Cheng et al., 2008). The obtained solution was then allowed to
settle overnight and the precipitate was washed with DW for 5 times
(Chavan et al., 2020). When TiCl4 hydrolyses, TiO2 particles in accom-
pany with Hþ and Cl� ions were generated, which can be described by
the following reaction:

TiCl4 þ 2H2O → TiO2 ↓ þ4Hþ þ 4Cl� (1)

Then, the volume of the suspension was made up to 100 mL with
deionized water, containing the desired concentration of the TiO2 NPs per
100 ml deionized water. The size of TiO2 NPs were determined using
transmission electron microscopy (TEM), manufactured by PHILIPS
(EM208 S), with an acceleration voltage of 100 kV. The size of the TiO2
NPs particles covers a range between 15 and 40 nm. Selection of TiO2 NPs
concentration range was based on the preliminary experiments, which
showed that TiO2 NPs concentration of lower than 100 mg kg�1 had
negligible influence on plant growth and Sb uptake. Applying doses of
1000 and 1500mg kg�1 TiO2 NPs to soil exhibited severe inhibitory effects
on plant growth. Therefore, the TiO2 NPs concentration range was selected
as 100–500 mg kg�1 to assess the impacts of TiO2 NPs on phytor-
emediation of Sb-contaminated soil. Synthesized TiO2 NPs were applied to
the soil at desired levels of TiO2 NPs per kilogram of soil by suspending
100–500 mg of the TiO2 NPs in 300 mL of deionized water separately,
sonicated in water bath for 30 min at 30 �C with occasional stirring.

2.4. Pot experiment

The S. bicolor seeds were obtained from the National Plant Gene Bank
of Iran (NPGB), sterilized in 70% ethanol for 2 min and in 1% NAClO for
10 min, then rinsed three times with DW and sown in plastic pots treated
with BC, TiO2 NPs and their combination. Air-dried Sb-contaminated soil
was treated individually with 0, 2.5% and 5% (w/w) of the wood-derived
biochar, 0, 100, 250 and 500 mg kg�1 TiO2 NPs, and biochar at doses of
2.5% and 5% (w/w) followed by TiO2 NPs water suspension at the
concentrations of 100, 250 and 500mg kg�1 as described in the literature
(Gong et al., 2019). S. bicolor was cultivated over an 80-day period in a
greenhouse. The seeds were planted in the 1.5–2.0 cm depth of the
surface soil in each pot. Pots were kept in a greenhouse under natural
sunlight (20–25 �C, 10–12 h light) to imitate real-world conditions, and
irrigated two or three times per week to 70% of the field capacity of the
soil. Pot experiments were carried out in three replicates. Pots were
monitored to assess seedling emergence rate in different treatments and
grown plants were harvested after 80 days, and the biomass and length of
roots and shoots were measured. Plants were dried in an oven at 70 �C for
48 h to obtain dry weight of the biomass.

2.5. Determination of Sb and Ti in plant organs

After harvesting, plant roots and shoots were thoroughly rinsed with
DW, dried at room temperature (22–25 �C), and then oven-dried at 60 �C
for 12 h. The obtained samples were ground through a 200 mesh. The
3

amount of 0.2 g ground sample was digested in a digestion tube. 15 mL of
70% HNO3 was added and heated at 120 �C for 90 min. After cooling
down, 3 mL 30% H2O2 was added to the digestion block, then heated
again to 120 �C for 90 min. The obtained solution then let to be cooled
down and fillied up with Milli-Q water to 50 mL, and then analyzed for
the Ti and Sb concentrations by inductively coupled plasma optical
emission spectrometry (ICP-OES) (Perkin Elmer Optima 5300 DV)
(Klingenfuss, 2014).

2.6. Bio concentration and translocation factors

The bio concentration factor (BCF) is used to calculate the metal
uptake capacity from soil to plant tissues. It can be measured for each
plant part, such as roots and shoots. Translocation factor (TF) is also an
important tool to assess the potential of a given plant for phytor-
emediation purposes. It is determined from the ratio of the concentration
of an element in plant's shoots compared to that in the plant's roots. BCF
and TF were calculated using the following equations (Embrandiri et al.,
2017):

BCF¼Concentration of metal in roots=Concentration of metal in test soil

(2)

TF¼Concentration of metal in shoots=Concentration of metal in roots

(3)

2.7. Chlorophyll content

Fresh leaves materials were analyzed in dark condition to determine
chlorophyll content in different treatments. Accurately weighted amount
(0.5 g) of intact leaves were grinded thoroughly, 20 ml of 80% acetone
was added. Milled mixture was then incubated at 4 �C for 3 h, and
centrifuged for 5 min at 2500 rpm to remove particulate matter. The
supernatant was filtered and transferred into a 50ml volumetric flask and
the volume was made up to 50ml by addition of 80% acetone. Chloro-
phyll content was measured by UV spectrophotometry at 645 nm and 663
nm (Wellburn, 1994). The chlorophyll a (Chl a), chlorophyll b (Chl b),
and chlorophyll aþ b (total chlorophyll) contents were calculated using
the following equations (Arnon, 1949):

Chl a¼ 12:7� A663� 2:69� A645 (4)

Chl b¼ 22:9� A645� 4:68� A663 (5)

ChlðtotalÞ¼ 8:02�A663� 20:21� A645 (6)

2.8. Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics 24.
All results in this paper were presented as the mean with standard errors
(n ¼ 3). Significance of differences was determined using one-way
analysis of variance (ANOVA). Significance level was considered at P ¼
0.05.

3. Results and discussion

3.1. Germination of S. bicolor in Sb contaminated soil treated with TiO2
NPs, BC and their combination

Seedling emergence of S. bicolor in different treatments was moni-
tored during the experiment. The S. bicolor was found to be a tolerant
plant with high germination rate in all treatments. Applying TiO2 NPs
concentrations of 100–500 mg kg�1 to soil improved germination rate
compared to the control (contaminated unamended soil) (Figure 1). In
this study, delayed germination was not observed due to addition of
100–500 mg kg�1 TiO2 NPs; however, germination rate of S. bicolor in
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presence of 500 mg kg�1 TiO2 NPs in soil slightly declined compared
with 100 and 250 mg kg�1 TiO2 NPs treatments. Enhanced germination
of cabbage and corn in presence of low concentrations of titanium in soil
has been reported (Lyu et al., 2017). Accelerated germination of S. bicolor
seeds in Sb-contaminated soils received low concentrations of nano-TiO2
was observed in this study, which is consistent with the corresponding
impact of applying 100–300 mg kg�1 nano-TiO2 on sprouting of soybean
seeds in Cd-polluted soil (Singh and Lee, 2016). Positive effect of BC on
germination of S. bicolor was also observed. Promoting effect of biochar
on germination of various plant species such as oat (Chirakkara and
Reddy, 2015) and sunflower (Kookana et al., 2011) has been reported.
The highest possible germination rate (100%) was observed in all
biochar-amended treatments, with or without TiO2 NPs. The ability to
adapt harsh conditions under environmental stress is an important factor
for a plant to be opted for remediation purposes.
3.2. Growth of S. bicolor in Sb contaminated soil treated with TiO2 NPs,
BC and their combination

Biomass and length of roots and shoots were determined after har-
vesting to assess the effects of different TiO2 NPs and BC treatments as
well as their combination impact on plant growth. Figure 2a shows that
applying TiO2 NPs to Sb-contaminated soil reduced root biomass of
S. bicolor particularly at higher TiO2 NPs dose of 500 mg kg�1, while
enhanced shoot biomass of plants in all TiO2 NPs treated soils compared
to the control. Contradictory results on the effects of TiO2 NPs on plant
growth have been reported in the literature. For instance, a reduction in
biomass of wheat was found at concentrations of 90 mg kg�1 TiO2 NPs
(Du et al., 2011), while application of up to 300 mg kg�1 TiO2 NPs
enhanced the biomass of soybean cultivated in Cd-contaminated soil
(Singh and Lee, 2016). The most meaningful increase in shoots biomass
among the TiO2 NPs treated soils (17.50%) was gained in 500 mg kg�1

TiO2 NPs treatment, compared to the control (Figure 2a). Total plant
biomass increased slightly with the application of 100–500 mg kg�1 TiO2

NPs. The extent of plant growth promotion or inhibition in presence of
nanoparticles in soil was suggested to be related to plant type as well as
nanoparticles types and concentrations (Yoon et al., 2019).
Figure 1. Final seedling emergence of S. bicolor in Sb-contaminated soil treated with B
replicates. Means that do not share a letter are significantly different at p ¼ 0.05 (m
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Figure 2a indicates that addition of BC to soil increased root and
shoot biomass of S. bicolor significantly, compared to the control and
TiO2 NPs treatments (P < 0.05). Application of biochar coupled with
TiO2 NPs also promoted S. bicolor growth and biomass. Increase in
plant biomass with the rising of BC levels in Sb-contaminated soil was
observed in this study. However, application of TiO2 NPs alone did not
show a significant effect on S. bicolor biomass, compared to the control
treatment (P > 0.05). Addition of 5% biochar increased plant biomass
significantly by 63.76%, in comparison with the control (P < 0.05). It
can also be inferred from Figure 2a that both 2.5% BC and 5% BC
treatments significantly enhanced root biomass compared to the TiO2
NPs treatments (P < 0.05), with a greater impact by addition of 5%
BC. “5% BC” treatment was found to yield the greatest plant biomass
(22.78 g) followed by“100 mg kg�1 TiO2 NPsþ5% BC” (22.21 g) and
“250 mg kg�1 TiO2 NPsþ5% BC” (21.68 g). Differences between the
above-mentioned treatments were not statistically significant (P >

0.05). Furthermore, the positive effects of BC on the root and the shoot
biomass of S. bicolor were found in presence of different concentra-
tions of TiO2 NPs. In a previous study, cotton stick biochar amendment
increased the biomass of S. oleracea by 29–36% in Cd polluted soil
(Younis et al., 2015). Positive effect of maize biochar on growth of
Chickpea (Cicer arietinum L.) has been reported (Egamberdieva et al.,
2019); however pine-based biochar could not significantly promote
growth of Lotus pedunculatus cv barsille (Shen et al., 2016). Biochar
can immobilize metal(loid)s in soil through adsorption of metals,
enhance biological activity in soil, release essential nutrients for
plants, and improve water holding capacity and soil structure to pro-
mote plant growth (Chirakkara and Reddy, 2015). S. bicolor is a
reasonably fast growing species that makes it suitable for phytor-
emediation purposes since establishment of considerable biomass is a
crucial factor affecting phytoremediation potential of plants (Chen
et al., 2016).

The length of roots followed the same trend as root biomass almost in
all amended treatments (Figure 2b). Application of 100 mg/kg TiO2 NPs
increased shoot length by 5.95% compared with the control, which was in
agreement with the findings of Abdel Latef et al. (2018), where adding
0.01%TiO2 NPs to soil slightly increased shoot length of leguminous crops
(Abdel Latef et al., 2018). Boosted ability of edible plants such as tomato
C, TiO2 NPs and BC þ TiO2 NPs. Error bars represent standard deviation of three
ean � SD; n ¼ 3).



Figure 2. The biomass (a) and length (b) of S. bicolor grown in TiO2 NPs, BC and BC þ TiO2 NPs treatments after 80 days. Error bars represent standard deviation of
three replicates. Means that do not share a letter are significantly different at p ¼ 0.05 (mean � SD; n ¼ 3).

A. Daryabeigi Zand et al. Heliyon 6 (2020) e04669
to take up nutrients (N, P, Ca, Mg) from soil, and therefore enhanced
growth of plants in soils treated with titanium was also reported (Kleiber
and Markiewicz, 2013). However, the root extension of S. bicolor in the
Sb-contaminated soil treated with 500 mg kg�1 TiO2 NPs (14.4� 2.0 cm)
was suppressed by 26.53% in comparison with the extension yielded in
the control treatment. Preliminary tests showed that growth of S. bicolor
was only slightly altered in presence of applied concentration of Sb in soil
compare to the clean soil. Moreover, pre-tests showed inhibitory effect of
1000 and 1500mg kg�1 TiO2 NPs on germination and growth of S. bicolor,
which markedly inhibit seedling emergence and plant growth. Negative
effects of higher doses of TiO2 NPs on S. bicolor growth may be caused by
the antibacterial effects of TiO2 NPs. Titanium dioxide has photocatalytic
properties thereby generating reactive oxygen species (ROS) which has
detrimental impacts on microbial cell walls (Bumbudsanpharoke et al.,
2015). Higher doses of TiO2 NPs in soil may induce adverse effects on
rhizosphere microbial community. In addition, higher uptake of nano-
particles of TiO2 at higher doses of applied TiO2 NPs in Sb-contaminated
soil may cause toxicity to the plants. Therefore, concurrent impacts of Sb
and excessive TiO2 NPs in soil may cause enhanced toxicity to the plants
and adversely affect plant growth.
5

BC addition to the Sb-contaminated soil increased both the roots and
the shoot lengths compared to the control. Treated soils with the com-
bination of TiO2 NPs and BC yielded greater plant length compared to the
treatments amended only with TiO2 NPs. Recently similar results on the
positive effect of biochar on plant growth have been reported. For
instance, Wang et al. (2018) observed stimulation of soybean growth by
addition of bamboo biochar. Plant nutrient uptake and translocation
could be enhanced by biochar application, which may result in promoted
plant biomass (Rees et al., 2016). Application of 5% BC posed greater
effect on plant growth promotion in both TiO2 NPs and non-TiO2 NPs
amended soils, compared to 2.5% BC.

Amplified phytotoxicity of heavy metals by addition of TiO2 NPs to
soil has been reported, especially at higher nZVI doses (Huang et al.,
2020). However, co-application of BC with TiO2 NPs may reduce toxicity
effects of TiO2 NPs even at higher TiO2 NPs levels, which is in agreement
with the findings of this study. Greater plant biomass and length were
obtained in 500 mg kg�1 TiO2 NPs treatments in presence of 2.5% and
5% BC, compared to the corresponding non-BC treatment. Sensibility of
root and shoot growth of S. bicolor to the higher applied concentration of
TiO2 NPs (500 mg kg�1) was found to be decreased by addition of BC to
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soil. The applied concentrations of TiO2 NPs and BC to the
Sb-contaminated soil, individually and in combination, favored plant
growth, with greater positive effect obtained in BC treatments. Slight
inhibitory effect of TiO2 NPs on root growth of S. bicolorwas alleviated by
using biochar. To be brief, plant growth in Sb-contaminated soil was
positively affected by TiO2 NPs and BC in the following order: 5% BC
treatment > combined BC and TiO2 NPs treatments > TiO2 NPs
treatments.

3.3. Phytoremediation of Sb from soil under the effect of TiO2 NPs, BC and
their combination

In this study, TiO2 NPs and biochar were used individually and in
combination to promote Sb uptake and translocation in S. bicolor or
enhance immobilization of Sb in the rhizosphere of S. bicolor. Phytoex-
traction is known to be the main mechanism by which metal(loid)s are
remediated in soil during the phytoremediation process (Bhargava et al.,
2012). Table 2 presents the distribution of Sb in plant roots and shoots in
different treatments. Concentrations of Sb in roots of S. bicolor were
45.75, 51.89 and 56.80 mg kg�1 in treated soils with 100, 250 and 500
mg kg�1 TiO2 NPs, respectively, compared to 38.03 mg kg�1 of the
control. Promoting effect of low doses of TiO2 NPs on Sb uptake by
S. bicolor is consistent with the literature, where application of 100–300
mg kg�1 TiO2 NPs to soil enhanced Cd uptake by G. max (Singh and Lee,
2016). Addition of 5% biochar to soil reduced Sb uptake by S. bicolor
significantly, compared to the control treatment (P < 0.05). Sb concen-
tration in roots of S. bicolor declined to 27.01 and 16.56 mg kg�1 in soils
treated only with, respectively, 2.5% and 5% biochar. Co-application of
BC and TiO2 NPs increased Sb immobilization in soil and reduced Sb
uptake by the plant compared with the corresponding treatments
amended only with TiO2 NPs. However, Sb uptake by S. bicolor increased
in TiO2 NPs þ BC treatments compared to the contaminated soils
received only BC. In other words, immobilization of Sb in soil was more
promoted in BC-amended treatments, while the applied range of TiO2
NPs enhanced phytoextraction of Sb. The influence of BC on stabilization
of Sb in soil was more highlighted with increase in BC content of soil. For
instance, Sb concentration in the roots of S. bicolor declined significantly
from 49.78 mg kg�1 in “500 mg kg�1 TiO2 NPsþ 2.5% BC” treatment to
35.98 mg kg�1 in “500 mg kg�1 TiO2 NPsþ 5% BC” treatment (27.72%
reduction; P< 0.05). Sorption of metals onto biochar particles is believed
to occur mainly on surface functional groups, particularly oxygen con-
taining functional groups (Silvani et al., 2019). However, higher metal
absorption by plants due to addition of BC to soil was also reported in the
literature (Simiele et al., 2020) that could be attributed to an increase of
root surface, thus a higher exchange surface between soil and plant, and
Table 2. Distribution of Sb in roots and shoots of S. bicolor cultivated in Sb-contaminate
BC and TiO2 NPs þ BC treatments after 80 days. Standard deviations for three replicat
0.05 (mean � SD; n ¼ 3).

BC (%) TiO2 NPs (mg/kg) Sb concentration (mg/kg)

Root

0 0 38.03 � 8.51cdef

100 45.75 � 9.33abcd

250 51.89 � 8.58ab

500 56.8 � 6.14a

2.5 0 27.01 � 7.31fgh

100 41.08 � 7.68bcde

250 47.56 � 11.22abcd

500 49.78 � 5.18abc

5 0 16.56 � 6.78h

100 20.92 � 4.58gh

250 31.19 � 5.06efg

500 35.98 � 7.86def
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hence promoted metal uptake. Indeed, biochar can have contradictory
impacts on plant metal uptake by reducing metal availability, on one
hand, and through increasing root biomass and proliferation, on the
other hand as also suggested by Rees et al. (2016) (Rees et al., 2016).

Concentrations of Sb in roots and shoots of S. bicolor grown in pres-
ence of 500 mg kg�1 TiO2 NPs were 56.80 mg kg�1 and 138.21 mg kg�1

with a significant increase of 49.36% and 83.98%, respectively,
compared to the control. The concentrations of Sb in roots and shoot of
S. bicolor cultivated in treated soil with 5% BC were 16.56 mg kg�1 and
29.45 mg kg�1, showing a significant decrease of 56.45% and 60.79%,
respectively, compared with the control treatment. Application of 2.5%
biochar together with 250 mg kg�1 TiO2 NPs significantly increased Sb
concentration in the roots and shoots by 25.06% and 58.76%, respec-
tively, compared with the control (P < 0.05). Reduction in concentra-
tions of Sb in roots of S. bicolor under the effect of BC could be related to
the large specific surface area of BC and their high adsorption capacity,
whichmight reduce availability of Sb for being uptaken by the plant roots
(Gong et al., 2019). In this research, the applied range of TiO2 NPs did not
exhibit adverse effects on plant growth and phytoextraction potential;
however, inhibitory effects of high doses of TiO2 NPs due to their toxicity
on contaminant uptake by plants has been reported in the literature (Cao
et al., 2017).

Accumulation of metal(loid)s such as Sb in plants may induce
oxidative stress due to the production and accumulation of reactive ox-
ygen species (ROS). Low concentrations of TiO2 NPs were found to be
able to slightly relieve the oxidative stress in plants cultivated on heavy
metal-contaminated soils, while elevated oxidative stress due to addition
of high concentrations of nanomaterials has been reported in the litera-
ture (Huang et al., 2018). Therefore, the high accumulation of both TiO2
NPs and Sb is likely to induce oxidative stress and damage to antioxidant
enzymes of plants. For this reason low to medium concentrations of TiO2
NPs was applied in this research to promote phytoremediation potential
of S. bicolor in Sb-contaminated soil, while avoiding extra toxicity which
might be caused by high TiO2 NPs levels. Higher application rates of TiO2
NPs may occupy adsorption sites on biochar surface and compete with Sb
for adsorption onto biochar, which could limit biochar effectiveness in
immobilization of Sb in the rhizosphere zone. High retention capacity of
biochar for titanium particles was reported in the literature (Zhuravlev,
2019). Moreover, co-application of biochar with TiO2 NPs could reduce
availability of metal(loid)s in soil followed by alleviated metal uptake by
plant, which may result in reduced toxicity of metal(loid)s to plants and
their promoted growth as observed in this study. Our results indicated
that the impacts of TiO2 NPs, combined with BC, on growth and metal
uptake of S. bicolor could vary with the concentration at which amend-
ments are incorporated to soil.
d soil, bioconcentration factors (BCF) and translocation factors (TF) for TiO2 NPs,
es are presented. Means that do not share a letter are significantly different at p ¼

Absorption and translocation factors

Shoot BCF TF

75.12 � 10.85cd 1.33 � 0.10cd 2.05 � 0.52a

95.63 � 14.15bc 1.41 � 0.07c 2.11 � 0.15a

128.64 � 9.61a 1.78 � 0.07ab 2.54 � 0.53a

138.21 � 29.41a 1.91 � 0.11a 2.42 � 0.29a

53.87 � 13.61de 1.01 � 0.09e 2.02 � 0.27a

84.02 � 23.62c 1.31 � 0.17cd 2.16 � 0.97a

119.26 � 21.02ab 1.67 � 0.16b 2.54 � 0.23a

122.83 � 19.41ab 1.8 � 0.08ab 2.50 � 0.61a

29.45 � 8.43e 0.59 � 0.06f 1.83 � 0.21a

44.26 � 5.33e 0.74 � 0.09f 2.15 � 0.22a

75.83 � 16.43cd 1.07 � 0.08e 2.51 � 0.78a

88.07 � 11.24c 1.16 � 0.07de 2.53 � 0.60a
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The bio concentration factors (BCF) and translocation factors (TF)
were calculated and presented in Table 2, to gain better understanding on
the effects of different amendments on absorption and translocation of Sb
in S. bicolor. Increase in BCF values was observed in S. bicolor grown in
100–500 mg kg�1 TiO2 NPs treated soil, compared with the control soil.
BCF values were also enhanced compared to the control by adding
250–500 mg kg�1 TiO2 NPs in combination with 2.5% BC, though
application of 5% BC reduced BCF values considerably, regardless of the
TiO2 NPs presence in soil. In the present study, BCF values were
enhanced by addition of 100–500 mg kg�1 TiO2 NPs to the soil,
compared to the control indicating the enhanced capability of S. bicolor to
extract Sb from the soil in presence of TiO2 NPs. The greatest value of BCF
(1.91) was achieved by addition of 500 mg kg�1 TiO2 NPs. BCF values
increased in all treatments receiving TiO2 NPs, with or without BC, with
the rising TiO2 NPs concentrations. However, application of BC, with or
without TiO2 NPs, reduced BCF values significantly, such that the BCF
value in soil treated only with 5% BC declined by 55.63% compared to
the control (P < 0.05). Reduction in BCF values in BC amended soils
compared to other treatments indicates enhanced immobilization of Sb in
soil through adsorption onto biochar particles, which is consistent with
the findings of Gong et al. (2019), where availability of Cd in sediments
amended with tea waste derived biochar decreased during a phytor-
emediation experiment (Gong et al., 2019). In the present study, BCF
values in most treatments were greater than one, indicating the high
capability of S. bicolor to extract Sb from the soil. Sb uptake from soil was
promoted by using TiO2 NPs, while the uptake of Sb from soil was alle-
viated by application of biochar.

Translocation of metal(loid)s from the roots to shoots and their
accumulation in shoots is another important index to evaluate the phy-
toextraction potential in plants. High TF values of Sb for S. bicolor indi-
cate great movement and translocation ability of Sb in the plant.
However, translocation of Sb from the roots to the shoots was somewhat
limited by application of biochar. On the other hand, TF values were
considerably increased in presence of TiO2 NPs. TF values in TiO2 NPs
treatments ranged from 2.11 to 2.54 for Sb, with the highest TF values
obtained for 250 mg kg�1 TiO2 NPs. Promoted uptake of Sb in S. bicolor
due to the addition of low levels of TiO2 NPs might be due to the fact that
applying TiO2 NPs to soil may reduce the pH of root exudates (Ghoto
et al., 2020), which in turn alter availability of Sb in the rhizosphere to be
uptaken by plans. In another study, TF values of Cd for soybean were
found to be less than one for all treatments including contaminated soils
received TiO2 NPs (Singh and Lee, 2016), which indicates higher trans-
location potential for Sb than Cd. The limited ability of plants to transfer
heavy metals to the aerial parts of plants has also been reported in the
literature as a result of blocking the root apex in plants due to the
exposure to heavy metals (Wang et al., 2014). Apoplastic barriers might
develop near the root apex in plants grown under the stress of heavy
metals, which reduce the translocation of sorbed metals from root to
aerial parts (Vatehov�a et al., 2012).

Applying 500 mg kg�1 TiO2 NPs slightly reduced obtained TF value.
No adverse effect of TiO2 NPs on translocation of Sb in plant, compared to
the control, was observed in this study; however, application of higher
doses of TiO2 NPs may cause inhibitory effects on translocation of
metal(loid)s in plants. Oxygen deficiency in soil is a possible phenome-
non due to the oxidation of TiO2 NPs, particularly in presence of high
concentrations of TiO2 NPs (El-Temsah et al., 2016). In addition, high
levels of nanomaterials could also adversely affect transfer of nutrients
from roots to aerial parts and disturb plant growth (Huang et al., 2020),
which was not observed in this study mainly because of using low to
moderate concentrations of TiO2 NPs. However, co-application of TiO2
NPs and BCmight alleviate inhibitory effects of high doses of TiO2 NPs on
heavy metal translocation in plants due to the promoted adsorption of
TiO2 NPs on biochar surfaces. Application of high doses of TiO2 NPs in
presence of BC to look at the effect on translocation of metal(loid)s in
plants has not been reported in the literature and could be an interesting
subject to further study in the future. Overally, results showed that TiO2
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NPs addition to soil increased the uptake and translocation of Sb by
S. bicolor in comparison with non-TiO2 NPs treatments. Applying TiO2
NPs to soil may increase soil organic matter through root exudates of
plants, which in turn promotes absorption and translocation of S. bicolor.
On the other hand, TiO2 NPs may also move along the plant pipeline
upon internalization of TiO2 NPs by plants and the plant metabolismmay
be disturbed by TiO2 NPs (Huang et al., 2020). However, stomatal
opening of plant leaves could be enhanced by nanomaterials, leading to
increased CO2 uptake and photosynthesis (Kim et al., 2015). Our results
also indicated that the impacts of TiO2 NPs, combined with BC, on
growth and metal uptake of S. bicolor depend on the concentration at
which amendments are incorporated to soil. Studying the Sb speciations
in different treatments could better justify the effect of biochar, TiO2 NPs,
and their coupled use on phytoremediation performance of plants. More
complicated reactions are anticipated in phytoremediation involving the
co-application of biochar and TiO2 NPs, compared to their individual
application.

3.4. Accumulation capacity of Sb

Sb accumulation capacity of S. bicolor does not only depend on Sb
concentration in plant organs, but also depends on plant dry biomass,
which was calculated and illustrated in Figure 3. The greatest total Sb
accumulation capacity in S. bicolorwas reached 1624.1 μg per pot, which
was achieved in “2.5% BCþ250 mg kg�1 TiO2 NPs” treatment followed
by the “2.5% BCþ500 mg kg�1 TiO2 NPs” treatment (1622.7 μg per pot).
This might be posed by the slight reduction in root biomass in presence of
500 mg kg�1 TiO2 NPs compared to 250 mg kg�1 TiO2 NPs and positive
effect of BC on gained plant biomass. One the other hand, the least Sb
accumulation capacity was obtained in the soil amended only with 5%
biochar (541.6 μg per pot), followed by 2.5% BC treatment (697.4 μg per
pot), indicating enhanced immobilization of Sb in BC amended soil and
non-positive effect of biochar addition to soil on Sb accumulation ca-
pacity of S. bicolor. In fact, the increase of root biomass and surface
induced by biochar could enhance Sb transfer to the plant and therefore
counter-balance the reduction of Sb availability in biochar-treated soil.
The BC in such combined systems can provide adsorption sites for
metal(loid)s, therefore more effective contact between TiO2 NPs with
sorbed metal(loid)s on BC is likely to take place. Sb accumulation ca-
pacity in control treatment was found to be 821.6 μg per pot. Overally,
results indicated that TiO2 NPs addition to soil increased Sb accumula-
tion capacity of S. bicolor, whereas biochar application reduced Sb
accumulation capacity of the plant in this study. Combined application of
TiO2 NPs and BC had positive effect on Sb accumulation capacity of
S. bicolor only when 2.5% biochar was used. Increased As accumulation
capacity of wheat in sediments amended with graphene oxide has also
been reported (Hu et al., 2014).

It can be inferred from the results that co-application of TiO2 NPs and
BC could reduce the required amounts of TiO2 NPs to promote plant
growth and metal accumulation capacity of plants. Apart from econom-
ical benefits, this could reduce risks associated with elevated levels of
nanomaterials used for remediation purposes. Based on the plant growth
and accumulation capacity of Sb in S. bicolor, it is suggested that using of
low levels of BC in accompany with low concentrations of TiO2 NPs to
assist phytoremediation of Sb in soil could be promising.

3.5. Ti accumulation and translocation in presence of TiO2 NPs, BC and
their combination

Concentrations of Ti in all harvested plants were determined in this
research to assess the effect of different treatments on absorption of Ti.
Titanium is the second most abundant transition metal, after iron, and its
elemental abundance is about 100 times more than copper. Based on the
literature, Ti contents of plants typically range from 1 to 578 mg kg�1, in
non-hyper accumulator plant species (Lyu et al., 2017). Titanium is a
beneficial nutrient for plants and its application via roots or leaves could



Figure 3. The Sb accumulation capacity in roots and shoots of S. bicolor grown under the effect of TiO2 NPs, BC and BC þ TiO2 NPs treatments after 80 days. Error bars
represent standard deviation of three replicates. Means that do not share a letter are significantly different at p ¼ 0.05 (mean � SD; n ¼ 3).
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improve nutritional status of plant species, promote enzymatic activity
and photosynthesis, and facilitate uptake of other nutrients; however,
low mobility of titanium in soil may limit its uptake by plants (Bacilieri
et al., 2017). Like most transition elements, root-absorbed titanium is
mainly accumulated in plant roots with a small fraction transferred to the
aerial parts via xylem stream (Kelemen et al., 1993). Table 3 indicates
that the total Ti levels in roots were significantly higher than those in
shoots in all treatments (P < 0.05), indicating that S. bicolor roots were
the preferential Ti storage organ. Application of TiO2 NPs increased Ti
uptake by roots significantly (P < 0.05), which may be attributed to the
direct exposure of the S. bicolor roots to the TiO2 NPs in soil. Concen-
trations of Ti in roots increased with TiO2 NPs concentration to hit a
plateau of 1539.78 mg kg�1 in treated soil with 500 mg kg�1 TiO2 NPs,
which was 1.9 times greater than the corresponding value in control
treatment. In 100–500 mg kg�1 TiO2 NPs treatments, the concentrations
of Ti in shoots as well as TF values increased with the rising of TiO2 NPs;
which suggested that low to moderate contents of TiO2 NPs could pro-
mote translocation of Ti in S. bicolor.

Despite the increase in concentrations of Ti in S. bicolor organs in TiO2
NPs treatments, Ti concentration in the plant decreased significantly in
Table 3. Distribution of Ti in roots and shoots of S. bicolor grown in Sb-contaminated s
and TiO2 NPsþ BC treatments after 80 days. Standard deviations for three replicates ar
(mean � SD; n ¼ 3).

BC (%) TiO2 NPs (mg/kg) Ti concentration (mg/kg)

Root

0 0 830.93 � 27.61d

100 1154.45 � 59.80c

250 1387.89 � 87.19b

500 1539.78 � 83.07a

2.5 0 482.03 � 53.38f

100 713.11 � 83.46e

250 814.64 � 40.21d

500 856.90 � 71.618

5 0 140.71 � 12.13h

100 358.46 � 24.05g

250 375.59 � 47.33g

500 307.27 � 26.92g
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BC amended soils (P< 0.05). Co-application of 5% BCwith TiO2 NPs also
reduced Ti concentration in S. bicolor organs compared to the control
treatment. Application of BC could reduce availability of Ti in soil
through adsorption onto biochar particles as observed in this study, but
biochar addition to soil did not exhibit inhibitory effects on translocation
of Ti within the plant. Inhibitory effects of high TiO2 NPs content in soil
on Ti translocation in plant was reported in the literature, whichmight be
due to the plugging of the pathway of Ti from the root to the shoot by
TiO2 NPs as also suggested by Wang et al. (2018)). In addition, high
concentrations of Ti in plant tissues pose competition between Ti and Fe
for ligands and proteins, which may result in Ti phytotoxicity (Lyu et al.,
2017). Co-application of BC and TiO2 NPs could help reducing the
required amounts of TiO2 NPs for successful phytoremediation of heavy
metal polluted soils. In other words, this signifies beneficial outcome of
co-application of appropriate levels of BC and low concentrations of TiO2
NPs to successfully assist phytoremediation of heavy metals in soil
because when the pathway of metals from the roots to the shoots are
blocked by excessive amounts of TiO2 NPs, target metal(loid)s could not
transfer effectively from the roots to the shoots, therefore accumulation
of metal(loid)s in shoots could be decreased. Table 3 shows that BCF and
oil, bioconcentration factors (BCF) and translocation factors (TF) in TiO2 NPs, BC
e presented. Means that do not share a letter are significantly different at p¼ 0.05

Absorption and translocation factors

Shoot BCF TF

297.34 � 40.61ef 2.41 � 0.28cd 0.36 � 0.04c

440.18 � 35.32c 2.62 � 0.13abcd 0.38 � 0.04abc

608.42 � 29.05b 3.24 � 0.30ab 0.44 � 0.02abc

706.40 � 98.71a 3.42 � 1.32a 0.46 � 0.04a

173.96 � 30.06g 1.83 � 0.41def 0.36 � 0.08bc

263.91 � 36.93f 2.44 � 0.49bcd 0.37 � 0.06bc

338.01 � 30.61de 3.03 � 0.31abc 0.41 � 0.02abc

377.42 � 39.90cd 3.14 � 0.65abc 0.44 � 0.04ab

52.07 � 6.32h 1.08 � 0.09f 0.37 � 0.02bc

134.48 � 20.98g 1.37 � 0.07ef 0.37 � 0.03bc

158.52 � 23.21g 1.92 � 0.17de 0.43 � 0.09abc

134.38 � 18.67g 2.09 � 0.21de 0.44 � 0.04abc



Table 4. The Ti accumulation capacity in roots and shoots of S. bicolor grown under the effect of TiO2 NPs, BC and TiO2 NPsþ BC treatments after 80 days. Means that do
not share a letter are significantly different at p ¼ 0.05 (mean � SD; n ¼ 3).

BC (%) TiO2 NPs (mg/kg) Ti accumulation capacity (μg per pot)

Root Shoot

0 0 5002.1 � 403.2c 2345.8 � 182.8de

100 6657.7 � 507.1ab 3765.1 � 278.7c

250 7346.1 � 1115.8a 5559.3 � 228.1b

500 7444.5 � 386.0a 6545.7 � 1015.6a

2.5 0 3366.3 � 542.8d 1643.1 � 262.3e

100 4877.7 � 866.1c 2586.5 � 489.7d

250 5531.4 � 978.5bc 3687.7 � 554.9c

500 4653.2 � 1092.4c 4155.1 � 852.9c

5 0 1411.3 � 203.4e 663.9 � 52.6f

100 3307.6 � 327.1d 1745.3 � 215.5e

250 3098.6 � 525.9d 2128.9 � 295.5de

500 2316.8 � 425.3de 1853.1 � 287.1de
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TF values of Ti in TiO2 NPs treatments ranged from 2.62 to 3.42 and 0.38
to 0.46, respectively, with the highest values obtained in 500 mg kg�1

TiO2 NPs treatment. Based on Table 4, the highest total Ti accumulation
capacity in S. bicolor was found to be 13990.3 μg per pot, which was
achieved in 500 mg kg�1 TiO2 NPs treatment. Table 4 illustrates that
accumulation capacity of Ti in S. bicolor enhanced in TiO2 NPs treatments
compared to the control. In contrast, application of BC significantly
reduced total Ti accumulation capacity in S. bicolor (P < 0.05), such that
Ti accumulation capacity in the roots and shoots of S. bicolor dropped to
1411.3 and 663.9 μg per pot, respectively, in presence of 5% biochar in
soil.

3.6. Chlorophyll content

Figure 4 shows that the accumulation of TiO2 NPs and Sb in S. bicolor
caused physiological changes. Chl a and Chl b were used as the bio-
markers of photosynthesis ability of S. bicolor in different treatments.
Addition of TiO2 NPs (100–500 mg kg�1) to the Sb-contaminated soil
slightly altered Chl a and Chl b contents in this study. Application of TiO2

NPs may increase the level and activity of RuBisCO activase, which is an
enzyme involved in the Calvin cycle, by which plants fix carbon dioxide.
Increased level and activity of RuBisCO activase could enhance the
photosynthesis rate (Gao et al., 2013). On the other hand, rreduction in
the chlorophyll content at higher levels of TiO2 NPs due to their adverse
Figure 4. Changes of the chlorophyll content of S. bicolor grown in TiO2 NPs, BC and
of three replicates. Means that do not share a letter are significantly different at p ¼
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impacts on the biochemical factors i.e. lipid peroxidation in photosyn-
thesis membranes has been reported (Singh and Lee, 2016; Zhao et al.,
2015).

Application of biochar increased Chl a and Chl b significantly with the
greater positive effect in 5% BC treatment (P < 0.05). All the Sb-
contaminated soils received 2.5% or 5% BC exhibited enhanced chloro-
phyll content compared to the control, regardless of the presence of TiO2
NPs in soil which is in agreement with the reported literature where
addition of 4% biochar increased the chlorophyll content of M. arvensis
by 15% in a Pb-spiked soil (Nigam et al., 2019). Photosynthesis of
B. chinensis in cadmium contaminated soil treated with biochar was also
found to be enhanced (Kamran et al., 2019). Application of BC along with
TiO2 NPs may reduce the required amounts of TiO2 NPs for remediation
works, which could in turn avoid the probable adverse effects of high
TiO2 NPs concentrations on plant photosynthesis and chlorophyll con-
tent. Reduction in the chlorophyll content at higher levels of TiO2 NPs
due to the adverse impact of high doses of TiO2 NPs on the biochemical
factors i.e. lipid peroxidation in photosynthesis membranes has been
reported (Zhao et al., 2015). The ratio of Chl a/Chl b was also used as a
useful indicator for environmental stress. Chl a/Chl b ratio was somewhat
increased by addition of TiO2 NPs to soil, compared to the control;
however, application of biochar reduced the ratio of Chl a/Chl b in this
study (Figure 4). Applying 5% BC posed the greatest increase for the total
chlorophyll content, compared to the control (66.04%). It was concluded
BC þ TiO2 NPs treatments after 80 days. Error bars represent standard deviation
0.05 (mean � SD; n ¼ 3).
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that co-application of BC and TiO2 NPs could induce positive effect on
plant photosynthesis, compared with individual use of TiO2 NPs.

4. Conclusions

The main aim of this research was to assess the feasibility of phy-
toremediation of Sb-contaminated soil assisted by co-application of TiO2

NPs and BC. Results indicated that TiO2 NPs at low to moderate con-
centrations can be successfully coupled with BC to promote remediation
of Sb in soil. Application of 100–500 mg kg�1 TiO2 NPs barely exhibited
adverse effects on S. bicolor establishment and growth; however, co-
application of BC and TiO2 NPs enhanced plant biomass and length in
Sb-contaminated soil, which may be attributed to the alleviated toxicity
of Sb in presence of biochar. Using TiO2 NPs significantly increased the
accumulation capacity of S. bicolor for Sb, while individual application of
BC reduced the accumulation capacity of S. bicolor in this study, which
may be caused by reduced availability of Sb in soil due to adsorption on
biochar particles. However, using low to moderate concentrations of
TiO2 NPs in combination with lower doses of BC is suggested to promote
remediation of Sb by S. bicolor as a practicable approach. Inhibitory ef-
fects of TiO2 NPs, BC and TiO2 NPs þ BC at applied levels were not
observed on plant growth and performance in this study. Accumulation
and translocation of Ti by S. bicolor in the TiO2 NPs, BC and TiO2 NPs þ
BC treated soils showed similar behavior as Sb; though higher transfer
ability of Sb than Ti in plants was observed. Leaf physiological structure
was slightly affected by addition of TiO2 NPs to soil, but addition of BC to
soil improved physiological structure of the plant significantly. The Chl a
and Chl b contents of S. bicolor increased significantly by using BC,
regardless of the presence of TiO2 NPs in soil. Significantly higher
accumulation of Sb in shoots of S. bicolor compared to the roots in all
amended and unamended treatments suggested S. bicolor shoots were the
preferential Sb storage organ. Based on the obtained results, the best
phytoremediation performance of S. bicolor was achieved by co-
application of the 250 mg kg�1 TiO2 NPs and 2.5% biochar. Further
studies are needed to assess the mechanisms of interactions involved in
plant-TiO2 NPs-biochar association in soils contaminated by Sb. In
addition, biochar particle size may affect its performance in immobili-
zation of metal(loid)s in soil during a phytoremediation process, which is
suggested to be further investigated. In summary, co-application of TiO2
NPs and BC, which was studied for the first time in this study to support
phytoremediation of Sb contaminated soil, could promisingly support
S. bicolor growth and performance. Engineering use of nanomaterials
coupled with biological methods require significant cautions to be taken
into account to avoid spreading excess amounts of nanomaterials in the
environment. Co-application of TiO2 NPs and BC could help reducing the
required amounts of TiO2 NPs for successful phytoremediation of heavy
metal polluted soils, and could be a promising approach to remediate Sb-
contaminated soils.
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