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Abstract: In this study, the potential use of sewage sludge (SS) as a fertilizer source for cultivated
Dhaincha (Sesbania bispinosa (Jacq.) W.Wight) crops was investigated. Field experiments were
conducted using different doses of SS such as 0% (T0), 5% (T1), 10% (T2), and 15% (T3) to amend
the soil (w/w). The findings showed that soil amended with SS significantly (p < 0.05) improved the
response parameters of S. bispinosa with an increase in the dose of SS from 0% to 15%. In particular,
the T3 treatment gave the best results (mean values) for plant growth and yield parameters such as
plant height (380.59 cm), fresh weight (1.47 kg/plant), dry weight (0.27 kg/plant), base diameter
(3.19 cm), seed yield (44.71 g/plant), total chlorophyll (3.15 mg/g fwt), carotenoids (0.88 mg/g fwt),
carbohydrates (9.40 mg/g), and phenol (0.13 mg/g) contents. Moreover, the selected proximate
and fiber characteristics of the S. bispinosa crop were significantly (p < 0.05) improved by the same
treatment (T3); such as ash (7.25%), crude fiber (32.70%), crude protein (15.94%), lignin (24.60%),
cellulose (37.25%), fiber weight (3.06 g/plant), stick weight (32.08 g/plant), fiber: stick ratio (0.10),
fiber diameter (26.97 µm), ultimate tensile strength (855.98 MPa), strength (58.92 g/tex), density
(1.54 g/cm3), and luster (45.65%) compared with the control treatment (T0). The bioaccumulation
factor (BAF) studies showed that the S. bispinosa plant was capable of accumulating selected heavy
metals from the soil following the order: Fe > Mn > Zn > Cu > Cd > Cr. The study suggested a
sustainable approach for efficient soil fertilization and high-quality S. bispinosa fiber production that
could minimize the environmental pollution caused by the unsafe disposal of SS.

Keywords: agricultural pollution; biosolid management; heavy metals; soil fertilization; sustainable
development
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1. Introduction

Sewage sludge (SS), being a by-product of the urban wastewater treatment process,
contains a variety of organic and inorganic elements, including carbon (C), nitrogen (N),
phosphorus (P), potassium (K), and heavy metals [1,2]. Nowadays, SS management is
a major environmental and economic problem, as its unsafe disposal can cause serious
environmental and health risks, including contamination of the soil and water sources [3].
However, the most common approach to SS management is to treat it before disposal,
which can be accomplished through several methods, including physical, chemical, and
biological treatments [4]. In particular, research communities have reported that physical
(filtration, settling, and dewatering), chemical (addition of chemicals to reduce pollutants
and pathogens), and biological (use of bacteria and other microorganisms to degrade
pollutants and pathogens) are among the top methods for efficient SS management [5].
Moreover, SS can also be reutilized in a variety of ways, including composting, application
to land, resource recovery, and energy recovery [6–10].

Reusing SS for crop cultivation is a viable way to recycle the nutrients and organic
matter (OM) contained in SS back into the soil [11]. Recent studies have reported that SS can
provide major plant nutrients, such as N, P, and K, as well as other essential trace elements
including copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) [12,13]. When applied to
agricultural land, SS can improve the soil’s fertility, reduce the need for chemical fertilizers,
and improve crop yields. Efficacious results were obtained by other researchers when
cultivating tomatoes (Lycopersicon esculentum Mill.) [14], pea (Pisum sativum L.) [15], mung
bean (Vigna radiata L.) [16], and okra (Abelmoschus esculentus (L.) Moench) [17] crops using
varying doses of SS in both pot-type and open-field experiments. However, the SS must be
carefully managed to ensure that heavy metals and other contaminants do not accumulate
in the soil or crop plants. Several authors have developed mathematical models for efficient
monitoring and optimization of the SS dose for sustainable crop cultivation [18,19] without
causing health risks to consumers.

Sesbania bispinosa [(Jacq.) W.Wight], commonly known as “dhaincha” in India and
Bangladesh, is a deciduous shrub or small tree native to tropical and subtropical parts
of Asia, Africa, and the Americas [20]. S. bispinosa is a fast-growing plant with nitrogen-
fixing root nodules widely grown in the northern regions of India. S. bispinosa plants
can be used for numerous industrial and commercial purposes, such as the production
of paper pulp, textile manufacturing, and animal feed [21]. It is also used for medical
applications, including wound dressings, surgical sutures, and biodegradable drug delivery
systems [22,23]. The plant’s bark is used in traditional medicine to treat a variety of ailments.
Pigeonpea (Cajanus cajan (L.) Millsp.) is a legume crop that is often grown in combination
with S. bispinosa due to its complementary growth habits [24]. When used as green manure,
the plant’s roots and leaves are incorporated into the soil, releasing N, P, and other minerals
beneficial to the soil. S. bispinosa can also be used as a cover crop to reduce the growth of
weeds and help to retain moisture in the soil [25].

Plant fibers offer natural advantages such as durability, strength, breathability, comfort,
and versatility [26]. These characteristics can make plant fibers an ideal choice for many
products and applications. S. bispinosa fiber production is a traditional practice in India.
The fiber obtained from S. bispinosa can be used to make rope, cordage, and other materials.
The fibers are extracted from the plant’s stem, which is harvested in late winter or early
spring [21]. The fibers are extracted by retting or boiling after the stem has been dried. The
fibers are then spun into yarn, which is used to make items such as bags, mats, and other
fabrics. S. bispinosa fibers are strong and long-lasting, making them an excellent material
for a wide range of applications [27].

Previously, no study has reported the use of SS for the cultivation of S. bispinosa.
Keeping in view the aforementioned points, applying SS to a S. bispinosa crop could improve
the soil’s fertility and provide a sustainable source of nutrients for the crop. Thus, the
objective of this study was to evaluate the potential of using SS as a fertilizer for S. bispinosa
crop production. The research also assessed the impact of applying SS on plant growth,
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yield, biochemical traits, and heavy metal accumulation through the proximate and quality
characterization of the obtained S. bispinosa fibers. According to the findings of this study,
a sustainable method for producing high-quality S. bispinosa fiber and fertilizing the soil
effectively could reduce the environmental pollution brought on by improper disposal of
SS. Therefore, the study may provide valuable information on the sustainable management
of SS, the potential use of fiber plants as phytoremediation tools, and the characterization
of the properties of the fibers of a lesser-known plant. The combination of these factors
makes this research innovative and relevant to sustainable waste management.

2. Materials and Methods
2.1. Collection of Experimental Materials

For the present study, SS samples were collected from the drying area of the sewage
treatment plant (STP) located in Saliyar, Roorkee, India (29◦54′05.8′ ′ N, 77◦51′53.8′ ′ E). The
plant is designed to treat up to 33 million liters per day (MLD) or 33,000 m3/day of urban
sewage water, and it is equipped with advanced technology for purification, disinfection,
and recycling. Specifically, the SS samples were collected in high-density polyethylene
(HDPE) bags with a 20 kg capacity and carefully transported to the experimental site. The
collected SS was air-dried and mixed thoroughly to achieve uniform physicochemical and
nutrient properties. High-quality S. bispinosa seeds (variety: Punjab Dhaincha 1) were
procured from the local market of Nakur, Saharanpur, India (29◦54′51.1′ ′ N, 77◦18′02.0′ ′ E).
This bold-seeded variety matures in just 150 days and has more root nodules; thus, it is
commonly grown by local farmers for different purposes, including green manure, fiber,
cattle fodder, and firewood.

2.2. Experimental Design and Conditions

The S. bispinosa cultivation experiments were conducted on the agricultural land of
Kulheri village, Saharanpur District, India (29◦52′51.8′ ′ N, 77◦16′17.2′ ′ E). The experimental
site is located in an average sunny condition, has well-drained soil, and has good air
circulation. The selected land had no previous history of SS being applied. Figure 1 depicts
the experimental design of the current study. In this study, a 5 × 5 m sized field bed was
initially plowed and left for 10 days. Thereafter, 10 sowing points were marked in 8 lines
i.e., 2 lines for each of 4 physically separated treatments (T0: control with no SS application;
T1: 5% SS; T2: 10% SS; T3: 15% SS), thus 20 sowing points per treatment. For this, small
pits (circumference of 25 cm) were made by digging the soil at each marked point, and
proportional doses of SS (w/w of net soil volume and area) were mixed for the separate
treatment groups. For propagation, one healthy S. bispinosa seed was placed in each pit
at a depth of 4 cm and a spacing of 20 × 15 cm on 15 June 2021. The soil was kept moist
until the seedlings fully emerged and then watered evenly using a borewell water supply.
Regular pruning was carried out to eliminate any dead and diseased branches and leaves
to encourage healthy growth. The crop was harvested on 2 December 2021 when the seeds
had matured and subsequently used for characterization. During the S. bispinosa cultivation
period, the average environmental parameters such as temperature, humidity, and light
intensity of the experimental site were recorded as 27 ◦C, 68%, and 6800 lx, respectively.
The best five replicates in each treatment were used for data collection and analysis.
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Figure 1. Experimental layout for the cultivation and characterization of dhaincha (S. bispinosa).

2.3. Analytical Methods
2.3.1. Physicochemical and Heavy Metal Analyses

Prior to their use in experiments, the soil and SS samples (5 replicates) were analyzed
for selected physicochemical and heavy metal parameters following standard methods [28].
Briefly, the pH and electrical conductivity of the soil and SS samples were analyzed using
an ESICO 1611 (Parwanoo, India) digital meter. Similarly, the contents of organic matter
(OM; Walkley and Black method [29]), nitrogen (N; Kjeldahl’s method [30]), phosphorus
(P; spectrophotometer method), and potassium (K; flame photometer method) were de-
termined by following standard protocols [24–26]. For analyses of the heavy metal, 1 g
of soil, SS, and plant tissue samples were separately acid-digested in 10 mL of a di-acid
mixture (1:3; HClO4 and HNO3) using a hot plate (180 ◦C) for 2 h until 5 mL of the contents
remained. Afterward, the samples were cooled to room temperature, followed by the
addition of a 3% HNO3 solution and filtered through 0.45 µm filter paper. The filtrate
was further used for determining the concentrations of heavy metals using an atomic
absorption spectrophotometer (AAS, Analyst 800, Agilent Technologies, Santa Clara, CA,
USA) following the standard methods. The calibration and analytical conditions of the
AAS were adjusted as per previously described by AL-Huqail et al. [31].

2.3.2. Growth, Biochemical, Proximate, and Fiber Analyses of S. bispinosa

S. bispinosa plants cultivated in different SS treatments were assessed for selected
growth parameters such as plant height, fresh weight, dry weight, base diameter, and
seed yield. Moreover, the biochemical constituents of S. bispinosa leaves, including total
chlorophyll, carotenoids, carbohydrates, and total phenols, were also estimated by standard
methods as previously described by Al-Huqail et al. [31] and Krishnan et al. [32]. Similarly,
S. bispinosa plant stems were stacked for 3 days to sun-dry and then retted for 15 days by
steeping in a water tank for extraction of the fiber. The fiber was characterized for selected
proximate parameters such as total ash, crude fiber, crude protein, Klason lignin, and
cellulose, as previously described by Sharma et al. [33]. Moreover, fiber and stick weight,
fiber-to-stick ratio, fiber diameter, ultimate tensile strength, density, luster, and strength
were measured [20,34,35]. A tensile test was adopted for measuring the ultimate tensile
strength of S. bispinosa fibers [36]. For this, the fiber sample was placed in an automatic
tensile testing machine (Texcare Instruments, Gautam Budh Nagar, India) for measuring the
strength in megapascals and the amount of force applied. The relative luster of S. bispinosa
fiber was measured using a gloss meter (ETB-0686, M&A Instruments, Arcadia, CA, USA).
Finally, the fiber’s diameter was measured using a digital light microscope (Optika, B-
383PLi, Ponteranica, Italy) equipped with size measurement software.
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2.4. Data Analysis

Microsoft Excel (Version 2019, Microsoft Corp., Redmond, WA, USA) was used for
the data analysis and visualization. The data obtained (mean ± standard deviation of five
replicates) in this study were analyzed using one-way analysis of variance (ANOVA) and
post hoc tests based on Tukey’s multiple comparisons. The level of statistical significance
was based on a confidence interval of 95% (p < 0.05). Moreover, the heavy metal bioaccu-
mulation capacity of the S. bispinosa plant was calculated using the bioaccumulation factor
(BAF) [37] as given in Equations (1)–(4)

BAFL = HML/HMS (1)

BAFFS = HMFS/HMS (2)

BAFR = HMR/HMS (3)

BAFSD = HMSD/HMS (4)

where HM refers to the heavy metal concentration (mg/kg dwt) in the corresponding soil
(S) and S. bispinosa plant tissues (L, leaves; FS, fiber stem; R, roots; SD, seeds).

3. Results and Discussion
3.1. Properties of Soil and Sewage Sludge Used in This Study

The properties of arable soil (AS), sewage sludge (SS), and experimental treatments
used for S. bispinosa cultivation are reported in Table 1. The analysis of variance (ANOVA)
revealed that there were significant differences (p < 0.05) between treatments. Moreover,
the pH values ranged between 7.40 ± 0.04 and 7.89 ± 0.06 in the experimental treatments
and were thus considered to be approximately neutral. Moreover, the SS had a pH of
8.13 ± 0.09, which can be considered suitable for use in agricultural practices, as indicated
by Iticescu et al. [38]. These authors stated that SS with a pH of >6 has less potential to
transfer heavy metals to agricultural soils. On the other hand, S. bispinosa can be grown
on soils with high alkalinity (up to pH 10) [39], with optimum growth at a pH range of
4.5–7.2 [40]. The promising performance of Sesbania spp. was observed at pH 8.6, even
under moderate salt stress [41]. A previous study by Prasad et al. [42]. on S. bispinosa also
mentioned that a reduction in the soil pH from 9.3 to 8.1 resulted in a beneficial increase
in total organic nitrogen of around 0.48%. The incorporation of 5%, 10%, and 15% SS to
AS significantly increased (p < 0.05) the electrical conductivity (EC) of the experimental
treatments (2.50 ± 0.02, 2.82 ± 0.05, and 3.13 ± 0.11 dS/m) compared with the control
(AS). When assessing the potential impact of heavy metals, pH is an important factor to
consider. Acidic conditions can increase the solubility and mobility of certain heavy metals,
resulting in higher concentrations of these contaminants in the environment. Furthermore,
a very low pH can also have adverse effects on plants, including reduced growth and
reproduction [15].

Furthermore, all the experimental treatments belonged to the slightly saline soil
classification (2.0–4.0 dS/m); therefore, no salt stress condition could be found. In all cases,
S. bispinosa, like other Sesbania species, shows a moderate tolerance to salinity [40]. This has
been recently confirmed by Zhu et al. [41], who successfully cultivated S. cannabina on soil
with an EC value of 10.9 dS/m. The incorporation of 5%, 10%, and 15% SS to AS resulted in
a significant increase in the organic matter (OM) in the experimental treatments (3.42 ± 007,
4.63 ± 0.09, and 5.38 ± 0.17%, respectively) in comparison with the control. Although the
SS used in the present study had a relatively low OM compared with previous reports
(51.6–63.5%) [43], it could help maintain good water infiltration and reduce the soil’s bulk
density [44] when applied to agricultural soils. Moreover, the percentage of OM in the SS
in the present study can be considered safe according to Solt [45]. It was reported that SS
with an OM range of 20–45% is harmless and suitable for agriculture. The application of
SS (5%, 10%, and 15%) to AS resulted in a significant increase (p < 0.05) in the nitrogen
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(N) content of the experimental treatments (2.97 ± 0.10, 4.20 ± 0.03, and 5.46 ± 0.09 g/kg,
respectively). Although N is the most limiting factor of plant growth and development,
high N rates can decrease the availability of K and P in the soil [46]. K deficiencies in
agricultural soils can lead to reductions in the chlorophyll biosynthesis of the cultivated
crops [47], whereas P deficiencies can inhibit plant growth [48]. However, the increased
N content of the soil in the experimental treatments did not indicate the negative effects
of any of these contents, which can therefore be considered safe. The P and K contents in
the soil of the experimental treatments (5%, 10%, and 15% SS) were significantly increased
(p < 0.05) in comparison with AS (2.07 ± 0.04, 2.65 ± 0.08, and 3.23 ± 0.16 g/kg for P;
0.39 ± 0.12, 0.62 ± 0.02, and 0.81 ± 0.02 g/kg for K, respectively). P plays a crucial role
in inducing root development and improving the nutrient uptake of cultivated crops [49],
whereas K regulates the nitrogen metabolism and C/N ratio, and improves enzymatic
activities [50]. Heavy metals are potentially toxic elements [31] that can harm crops’ growth
via agricultural soil pollution. This results in decreased productivity and quality, thus
threatening the number and diversity of microbial populations [51,52].

Table 1. Properties of the experimental arable soil and sewage sludge used for the dhaincha
(S. bispinosa) cultivation experiments.

Properties Sewage
Sludge (SS)

Arable Soil
(T0: AS)

Experimental Treatments

T1: 5% SS T2: 10% SS T3: 15% SS

pH 8.13 ± 0.09 d 7.31 ± 0.05 a 7.40 ± 0.04 a 7.57 ± 0.03 b 7.89 ± 0.06 c
Electrical conductivity (EC: dS/m) 6.26 ± 0.19 e 2.19 ± 0.13 a 2.50 ± 0.02 b 2.82 ± 0.05 c 3.13 ± 0.11 d

Organic matter (OM: %) 18.95 ± 3.30 e 2.55 ± 0.15 a 3.42 ± 0.07 b 4.63 ± 0.09 c 5.38 ± 0.17 d
Nitrogen (N: g/kg) 25.03 ± 4.75 e 1.72 ± 0.09 a 2.97 ± 0.10 b 4.20 ± 0.03 c 5.46 ± 0.09 d

Phosphorus (P: g/kg) 11.57 ± 0.23 e 1.49 ± 0.10 a 2.07 ± 0.04 b 2.65 ± 0.08 c 3.23 ± 0.16 d
Potassium (K: g/kg) 1.58 ± 0.03 d 0.21 ± 0.02 a 0.39 ± 0.12 a 0.62 ± 0.02 b 0.81 ± 0.02 c

Cadmium (Cd: mg/kg) 1.94 ± 0.04 d 0.17 ± 0.01 a 0.27 ± 0.04 b 0.36 ± 0.05 b 0.46 ± 0.05 c
Chromium (Cr: mg/kg) 9.40 ± 0.10 e 3.80 ± 0.08 a 4.25 ± 0.12 b 4.72 ± 0.08 c 5.13 ± 0.10 d

Copper (Cu: mg/kg) 32.16 ± 1.29 c 5.73 ± 0.13 a 7.36 ± 0.18 b 8.95 ± 0.26 b 10.21 ± 1.88 b
Iron (Fe: mg/kg) 54.33 ± 4.72 d 15.04 ± 1.46 a 17.10 ± 0.52 a 20.40 ± 0.95 b 23.26 ±0.61 c

Manganese (Mn: mg/kg) 17.81 ± 0.53 d 9.17 ± 0.06 a 10.22 ± 0.10 b 11.12 ± 0.43 c 11.94 ± 0.16 c
Zinc (Zn: mg/kg) 48.33 ± 3.90 e 3.98 ± 0.17 a 6.40 ± 0.35 b 8.81 ± 0.51 c 11.23 ± 1.05 d

Values are means followed by the standard deviation of five analyses (n = 5). Matching letters (a–e) indicate no
significant differences in the properties of AS, SS, and selected treatments at p < 0.05. AS: arable soil; SS: sewage sludge.

In this study, cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn),
and zinc (Zn) were significantly increased (p < 0.05) in the experimental treatments in
comparison with AS. More precisely, these contents varied across the following ranges:
0.27 ± 0.04–0.46 ± 0.05, 4.25 ± 0.12–5.13 ± 0.10, 7.36 ± 0.18–10.21 ± 1.88, 17.10 ± 0.52–
23.26 ± 0.61, 10.22 ± 0.10–11.94 ± 0.16, and 6.40 ± 0.35–11.23 ± 1.05 mg/kg, respectively.
They followed the order Fe > Mn > Cu > Zn > Cr > Cd. Among the experimental treat-
ments, T1 (5% SS) and T3 (15% SS) had the lowest and highest heavy metal contents,
respectively. Moreover, the control, including all experimental treatments, showed heavy
metal contents far below the maximum values allowed by the Indian and European Union
standards [53,54], which made these soils suitable for cultivating S. bispinosa.

3.2. Effects of Sewage Sludge on the Growth and Biochemical Traits of S. bispinosa

The effects of different loading rates of SS on the growth and biochemical characteris-
tics of cultivated S. bispinosa are reported in Table 2. All the productive and compositional
traits were improved in T1 (5% SS), T2 (10% SS), and T3 (15% SS) compared with the
control (T0) following the order T3 > T2 > T1 > T0; thus, the improvement can be at-
tributed to the incorporation of SS in the AS. Specifically, plant height, fresh weight, base
diameter, seed yield, chlorophyll, carbohydrates, and total phenol contents increased signif-
icantly (p < 0.05) in T2 and T3 in comparison with T0 (control) (8.73–11.00%, 5.30–11.36%,
4.87–11.14%, 4.90–10.99%, 4.18–9.75%, 1.21–4.09%, and 20.00–30.00%, respectively). This
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increase in S. bispinosa plants’ height contradictrf previous claims that SS inhibited shrubs’
growth [55]. Prasad [42] reported a plant height of 200.0 ± 4.0 cm for S. bispinosa after
60 days of seeding. This value was 1.7-fold lower than the results observed in the current
study when compared with the control.

Table 2. Effects of different loading rates of sewage sludge on growth and biochemical characteristics
of cultivated dhaincha (S. bispinosa).

Characteristics
Experimental Treatments

T0 (Control) T1 (5% SS) T2 (10% SS) T3 (15% SS)

Plant height (cm) 342.87 ± 6.06 a 350.01 ± 10.50 ab 376.87 ± 15.07 bc 380.59 ± 12.29 c
Fresh weight (kg/plant) 1.32 ± 0.03 a 1.39 ± 0.04 ab 1.42 ± 0.06 bc 1.47 ± 0.05 c
Dry weight (kg/plant) 0.24 ± 0.01 a 0.25 ± 0.01 a 0.26 ± 0.01 ab 0.27 ± 0.01 b

Base diameter (cm) 2.87 ± 0.06 a 3.01 ± 0.09 ab 3.07 ± 0.12 bc 3.19 ± 0.10 c
Seed yield (g/plant) 40.28 ± 0.81 a 42.29 ± 1.27 ab 43.10 ± 1.50 bc 44.71 ± 1.44 c

Chlorophyll (mg/g fwt) 2.87 ± 0.05 a 2.99 ± 0.04 ab 3.06 ± 0.11 b 3.15 ± 0.07 b
Carotenoids (mg/g) 0.34 ± 0.03 a 0.42 ± 0.02 b 0.57 ± 0.06 c 0.88 ± 0.09 d

Carbohydrates (mg/g) 9.03 ± 0.08 a 9.14 ± 0.12 ab 9.25 ± 0.07 b 9.40 ± 0.14 c
Total phenol (mg/g) 0.10 ± 0.01 a 0.12 ± 0.01 ab 0.14 ± 0.02 b 0.13 ± 0.02 b

Values are means followed by the standard deviation of five replicates (n = 5); matching letters (a–d) indicate no
significant difference in the parameters of dhaincha (S. bispinosa) among the experimental treatments at p < 0.05.
SS: sewage sludge.

This can be possibly attributed to the difference in soil properties; herein, the soil was
approximately neutral, while it was alkaline in the aforementioned study. In addition, S.
bispinosa was reported to reach a height of 209 ± 8.85 cm after 60 days of seeding, being
lower by 1.6-fold than results obtained for the control in the present study. Moreover, the
incorporation of SS in AS revealed similar plant heights to those observed for other Sesbania
species supplemented with N and P fertilizers after 163 days of seeding (357.2 cm) [41].
Prasad [42] mentioned a fresh weight of 12 t/ha for S. bispinosa after 60 days of seeding.
Chandra et al. [35] described a base diameter of 1.24 ± 0.05 cm after 60 days of seeding
that was lower by 2.3-fold than the one observed in the control of the present study. These
researchers also stated that S. bispinosa had a seed yield of 31.19 ± 1.67 g/plant after
60 days of seeding, which was lower than the value observed for control in the current
study by 1.3-fold. Zhu et al. [35] reported a chlorophyll content of 1.5–2.4 mg/g fwt for
Sesbania spp. after 141 days of seeding, which was 1.2–1.9-fold lower than that detected in
T0. The carbohydrate content in several Sesbania species was reported to be in the range
of 7.8–11.67 mg/g [56], which corroborates our findings. Rathod et al. [57] presented a
total phenol content of 14.4 mg/g for Sesbania grandiflora L., which was far higher than
our findings. The reason for the large difference could be species-dependent. Only T3
had a significantly higher (p < 0.05) dry weight in comparison with T0 (0.27 ± 0.01 and
0.24 ± 0.01 kg/plant, respectively). In this regard, Zhu et al. [41] found that S. cannabina,
supplemented with N and P fertilizers, had a dry weight of 9.3–16.4 t/ha after 163 days
of seeding. The incorporation of SS in AS in different proportions (5%, 10%, and 15%) led
to a significant increase (p < 0.05) in the carotenoid content (0.42 ± 0.02, 0.57 ± 0.06, and
0.88 ± 0.09 mg/g, respectively). The carotenoid content of S. cannabina was previously
reported to be in the range of 0.25–0.80 mg/g fwt after 141 days of seeding [41], which
corroborates our findings.

3.3. Effects of Sewage Sludge on Heavy Metal Uptake by S. bispinosa

Table 3 shows the heavy metal concentration (mg/kg dwt) in different parts of the
cultivated S. bispinosa plants as influenced by the application of different loading rates of SS.
In this study, it was observed that the impact of SS on heavy metal accumulation in the roots,
leaves, stems, and seeds of the S. bispinosa plant depended on the available concentration of
metals present in the SS, as well as the amount of SS applied to the soil. In general, the more
sludge was applied to the soil, the higher the accumulation of metal observed in S. bispinosa
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plants. The results showed that the heavy metal concentration in S. bispinosa plant parts
was significantly (p < 0.05) increased in SS-based treatments. However, the SS amendment
rate (0–15%) had a relatively low (non-significant; p > 0.05) influence on the accumulation
of Cd and Cr. The highest contents of Cd (0.24 ± 0.01 mg/kg), Cr (1.07 ± 0.06 mg/kg),
Cu (34.30 ± 2.28 mg/kg), Fe (367.26 ± 45.70 mg/kg), Mn (82.30 ± 4.11 mg/kg), and Zn
(32.19 ± 1.27 mg/kg) were found in the roots of the T3 treatment, whereas the minimum
values were observed in the seeds of the control treatment (Cd, 0.03 ± 0.01; Cr, 0.12 ± 0.01;
Cu, 1.93 ± 0.04; Fe, 12.60 ± 0.44; Mn, 1.37 ± 0.05; Zn, 1.10 ± 0.02 mg/kg). However, no
significant (p > 0.05) difference was observed for the heavy metal concentrations in T2
and T3 treatments, which suggests that the SS mixing rate of 10% was more appropriate
than 15%. On the other hand, bioaccumulation occurs when heavy metals are released
into the soil and are further absorbed by plant roots, causing a gradual increase in the
accumulation of those metals in their vegetative tissues. The bioaccumulation factor BAF is
used to measure the concentration of heavy metals in the tissues of the plant and is often
used to determine the level of metal contamination in the environment. The BAF studies
showed that the incorporation of SS contributed to an increase in the BAF values for Cr, Fe,
and Mn, while a decrease in the BAF values was observed for Cd, Cu, and Zn (Figure 2).
Specifically, the highest BAF values were reported for Fe, followed by Mn, Zn, Cu, Cd,
and Cr. Moreover, significant variation was observed in the BAF values of the same heavy
metal among different S. bispinosa plant parts, where the roots showed maximum BAF
levels followed by the fiber stems, leaves, and seeds.

Table 3. Effects of different loading rates of sewage sludge on heavy metal concentrations (mg/kg) in
different parts of cultivated dhaincha (S. bispinosa).

Characteristics Plant Parts
Experimental Treatments

T0 (Control) T1 (5% SS) T2 (10% SS) T3 (15% SS)

Cd

Leaves 0.06 ± 0.02 a 0.07 ± 0.01 a 0.07 ± 0.02 a 0.08 ± 0.02 a
Fiber stems 0.11 ± 0.01 a 0.12 ± 0.02 ab 0.14 ± 0.01 b 0.15 ± 0.02 b

Roots 0.18 ± 0.03 a 0.21 ± 0.01 a 0.23 ± 0.02 ab 0.24 ± 0.01 b
Seeds 0.03 ± 0.01 a 0.04 ± 0.01 a 0.05 ± 0.01 ab 0.05 ± 0.02 b

Cr

Leaves 0.28 ± 0.04 a 0.34 ± 0.03 ab 0.36 ± 0.02 b 0.37 ± 0.03 b
Fiber stems 0.38 ± 0.02 a 0.43 ± 0.02 b 0.45 ± 0.03 b 0.46 ± 0.02 bc

Roots 0.42 ± 0.05 a 0.74 ± 0.07 b 0.96 ± 0.09 bc 1.07 ± 0.06 c
Seeds 0.12 ± 0.01 a 0.15 ± 0.01 b 0.17 ± 0.02 b 0.18 ± 0.02 b

Cu

Leaves 10.81 ± 0.17 a 12.51 ± 0.20 b 14.09 ± 0.41 c 15.48 ± 0.36 c
Fiber stems 11.28 ± 0.44 a 14.07 ± 0.15 b 15.71 ± 0.83 bc 16.14 ± 0.39 c

Roots 21.50 ± 0.70 a 25.18 ± 1.26 b 29.65 ± 1.09 c 34.30 ± 2.28 d
Seeds 1.93 ± 0.04 a 2.04 ± 0.05 b 2.12 ± 0.03 bc 2.18 ± 0.04 c

Fe

Leaves 69.33 ± 2.93 a 74.25 ± 5.72 ab 88.06 ± 3.86 c 100.94 ± 6.21 d
Fiber stems 110.71 ± 9.10 a 126.80 ± 12.06 ab 141.78 ± 8.61 b 145.10 ± 10.04 b

Roots 148.02 ± 7.12 a 201.10 ± 23.50 b 262.82 ± 14.19 c 367.26 ± 45.70 d
Seeds 12.60 ± 0.44 a 16.29 ± 1.93 b 19.53 ± 1.60 bc 21.24 ± 1.02 c

Mn

Leaves 35.17 ± 2.37 a 41.65 ± 0.54 b 49.69 ± 2.21 c 53.04 ± 3.09 c
Fiber stems 44.09 ± 1.16 a 53.06 ± 2.49 b 59.50 ± 1.82 c 64.12 ± 0.92 d

Roots 60.20 ± 4.90 a 74.47 ± 3.08 b 78.29 ± 2.37 bc 82.30 ± 4.11 c
Seeds 1.37 ± 0.05 a 1.50 ± 0.03 b 1.62 ± 0.07 c 1.66 ± 0.03 c

Zn

Leaves 14.02 ± 0.29 a 17.01 ± 0.30 b 19.82 ± 0.65 c 21.36 ± 1.05 c
Fiber stems 19.44 ± 1.04 a 22.67 ± 0.86 b 24.58 ± 1.40 c 25.21 ± 0.59 c

Roots 20.95 ± 0.36 a 25.32 ± 0.43 b 29.45 ± 0.91 c 32.19 ± 1.27 d
Seeds 1.10 ± 0.02 a 1.15 ± 0.02 b 1.21 ± 0.06 bc 1.24 ± 0.03 c

Values are means followed by the standard deviation of five replicates (n = 5); matching letters (a–d) indicate no
significant difference in the parameters of Dhaincha (S. bispinosa) among the experimental treatments at p < 0.05.
SS: sewage sludge.
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Figure 2. Bioaccumulation factor (BAF) of selected heavy metals in dhaincha (S. bispinosa) plant parts
grown with different loading rates of sewage sludge (T0, 0% as the control; T1, 5%; T2, 10%; T3, 15%).

Heavy metal accumulation in plants might be influenced by several physicochemical
and nutrient properties of the soil, such as pH and OM. Previous studies have confirmed
that heavy metal accumulation in plants is greatest when SS is applied to soils with an
appropriate OM and a low pH [18], which is in accordance with the findings reported in
the present work. In their study, Ahmad et al. [58] found that Sesbania spp. was able to
accumulate eight heavy metals from soils contaminated with industrial wastes in New
Delhi, India. The BAF values of the heavy metals were >1 (Fe, 6.25; Zn, 26.27; Cu, 80.67; Cr,
88.97; Pb, 7.98; Cd, 57.56; Hg, 12.50; As, 35.00), indicating that Sesbania species are a strong
bioaccumulators and could be utilized for the decontamination of polluted soils. A report
by Eid et al. [14] studied heavy metal bioaccumulation in tomato (L. esculentum) cultivated
using different loading rates (0, 10, 20, 30, and 40 g/kg) of SS. The authors found that
the BAF values (>1) of eight heavy metals (Al, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) increased
with an increase in the SS loading rate. Moreover, the level of heavy metal accumulation
was found to be strongly influenced by the pH, OM, and bioavailable heavy metal load in
soils mixed with SS. This study focused on the uptake of heavy metals by S. bispinosa from
SS-amended soils. However, we did not investigate the potential health risks associated
with the use of the plant’s fibers in industrial applications. The bioaccumulation of heavy
metals by plants depends on several factors, including the concentration and duration of
the exposure, the plant species, and the environmental conditions [15]. Thus, it is possible
that S. bispinosa grown in SS may contain elevated levels of heavy metals that may pose a
risk in some industrial applications.

3.4. Effects of Sewage Sludge on Proximate and Fiber Properties of S. bispinosa

The results showing the effects of applying SS on selected the proximate and fiber
properties of the S. bispinosa plant are presented in Table 4. It was found that the application
of SS significantly (p < 0.05) altered the proximate composition of fibers obtained from
S. bispinosa plants, including the contents of proteins, carbohydrates, and lipids. In partic-
ular, an increasing order of proximate contents in different experimental treatments was
observed as follows: T0 (control) < T1 < T2 < T3. Herein, the highest ash (7.25 ± 0.03%),
crude fiber (32.70 ± 0.12%), crude protein (15.94 ± 0.25%), lignin (24.60 ± 0.56), and cellu-
lose (37.25 ± 0.90%) contents were observed in T3 compared with the control treatment.
However, no significant difference (p > 0.05) in the values of the proximate parameters
was observed between the T2 and T3 treatments, thus showing that an SS mixing rate of
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>10% was not feasible. These increases in the proximate parameters might be associated
with the nutrients added by the application of SS, which aided in the efficient growth of
S. bispinosa plants. By supplying vital nutrients for growth, such as N, P, and K, SS might
have improved the plants’ proximate parameters. The OM present in SS also contributes to
improvements in the soil’s fertility, which can support the growth of plants. On the other
hand, the characteristics of S. bispinosa fibers were also found to increase with an increase
in the SS mixing rate (0 to 15%). In this study, the highest weight of fibers and sticks was
obtained in the T3 treatment, i.e., 3.06 ± 0.10 and 32.08 ± 1.04 g/plant, respectively, with a
fiber-to-stick ratio of 0.10 ± 0.02. In contrast, no significant (p > 0.05) improvement in the
fibers’ diameter was observed after the application of SS. The best ultimate tensile strength
and strength were recorded as 855.98 ± 27.65 MPa and 58.92 ± 1.90 g/tex, respectively,
in the same treatment (T3). The tensile strength is strongly associated with proximate
constituents of plant fibers. However, the tensile strength of plant-based fibers is lower
than that of commercial fibers such as Kevlar aramid and carbon fiber (>1000 MPa) [59].
Similarly, the density of S. bispinosa fibers was improved after the application of SS (from
1.39 ± 0.03 in the control to 1.54 ± 0.05 g/cm3 in the T3 treatment).

Table 4. Effects of different loading rates of sewage sludge on the proximate and fiber characteristics
of cultivated dhaincha (S. bispinosa).

Parameters
Experimental Treatments

T0 (Control) T1 (5% SS) T2 (10% SS) T3 (15% SS)

Ash (%) 7.20 ± 0.01 a 7.21 ± 0.03 a 7.24 ± 0.02 ab 7.25 ± 0.03 ab
Crude fiber (%) 26.03 ± 0.25 a 28.14 ± 0.67 b 31.67 ± 1.09 bc 32.70 ± 0.12 c

Crude protein (%) 13.97 ± 0.09 a 14.10 ± 0.05 a 15.28 ± 0.48 b 15.94 ± 0.25 bc
Lignin (%) 21.09 ± 0.10 a 22.83 ± 0.40 b 24.01 ± 1.37 bc 24.60 ± 0.56 c

Cellulose (%) 33.07 ± 0.51 a 35.09 ± 1.77 ab 36.82 ± 0.42 bc 37.25 ± 0.90 c
Fiber weight (g/plant) 2.76 ± 0.06 a 2.90 ± 0.09 ab 2.95 ± 0.12 ab 3.06 ± 0.10 bc
Stick weight (g/plant) 28.90 ± 0.58 a 30.35 ± 0.91 a 30.92 ± 1.24 ab 32.08 ± 1.04 b

Fiber: stick ratio 0.10 ± 0.02 a 0.10 ± 0.01 a 0.10 ± 0.02 a 0.10 ± 0.02 a
Fiber diameter (µm) 24.30 ± 0.49 a 25.52 ± 0.77 a 26.03 ± 1.04 ab 26.97 ± 0.87 ab

Ultimate tensile (MPa) 780.16 ± 15.60 a 819.10 ± 24.57 ab 834.74 ± 33.39 bc 855.98 ± 27.65 bc
Strength (g/tex) 53.98 ± 1.08 a 55.54 ± 1.67 ab 57.70 ± 2.31 bc 58.92 ± 1.90 bc
Density (g/cm3) 1.39 ± 0.03 a 1.46 ± 0.04 ab 1.49 ± 0.06 bc 1.54 ± 0.05 c

Luster (%) 41.08 ± 0.82 a 43.13 ± 1.29 ab 43.93 ± 1.76 ab 45.65 ± 1.47 bc

Values are means followed by the standard deviation of five replicates (n= 5); matching letters (a–d) indicate no
significant differences in the parameters of dhaincha (S. bispinosa) among the experimental treatments at p < 0.05.
SS: sewage sludge.

It was reported that plants with a high cellulose and lignin content typically have a
better fiber quality than those with less cellulose and lignin [60,61]. Cellulose, as a main
component of plant fiber, is responsible for its strength. Since cellulose is a long chain of
glucose molecules that are linked together to form a rigid structure, this rigid structure
gives plant fibers their strength and durability [62]. Previously, Chanda et al. [20] studied
the proximate and fiber characteristics of three Sesbania species (S. bispinosa, S. cannabina,
and S. sesban) collected from Bangladesh. They observed that S. cannabina and S. bispinosa
had higher yield, growth, and proximate parameters, which contributed to better fiber
quality compared with S. sesban. Similarly, Kabir et al. [63] also reported the proximate
composition of selected 40 S. bispinosa accessions collected from four regions of Bangladesh.
They found significant variation in the proximate constituents of selected accessions. Thus,
it was observed that the S. bispinosa plant’s higher proximate parameters in SS-based
treatments contributed to increasing the quality of the fiber obtained.

4. Conclusions

This study concluded that the dhaincha (Sesbania bispinosa (Jacq.) W.Wight) crop
grown on soils amended with varying doses of SS yielded promising results. The addition
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of SS improved the physicochemical and nutrient composition of the soil. Overall, the
application of SS significantly (p < 0.05) increased the yield, biochemical, proximate, heavy
metal, and fiber characteristics of S. bispinosa in the following order T0 < T1 < T2 < T3.
In this regard, the best S. bispinosa crop performance was observed in the T3 treatment.
S. bispinosa has demonstrated its ability to absorb heavy metals from the soil, thus reducing
their bioavailability and potentially toxic effects, as indicated by the bioaccumulation factor
(BAF > 1) values. This study indicated that S. bispinosa has the potential to be a viable option
for the sustainable and productive use of SS, as well as to improve soil fertility and reduce
the environmental impact of SS disposal. Since this is a preliminary study carried out in
a single season, evaluating the effect of SS on S. bispinosa in multiple seasons is desirable.
Further studies on biomonitoring the uptake of other potentially toxic heavy metals as well
as a characterization of cultivated crops using other instrumental measurement techniques
are highly recommended. Additional studies should be conducted to assess the effects of
S. bispinosa on soil fertility and its potential as a green manure crop.
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