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ABSTRACT: Massive accumulation of heavy metals in agricultural land as a
result of enhanced levels of toxicity in the soil is an emerging global concern.
Among various metals, zinc contamination has severe effects on plant and
human health through the food chain. To remove such toxicity, a
nanotechnological neutralizer, cobalt oxide nanoballs (Co3O4 Nbs) were
synthesized by using the extract of Cordia myxa. The Co3O4 Nbs were well
characterized via UV-vis spectrophotometry, scanning electron microscopy,
and X-ray diffraction techniques. Green-synthesized Co3O4 Nbs were
exposed over Acacia jacquemontii and Acacia nilotica at different
concentrations (25, 50, 75, and 100 ppm). Highly significant results were
observed for plant growth by the application of Co3O4 Nbs at 100 ppm,
thereby increasing the root length (35%), shoot length (48%), fresh weight
(44%), and dry weight (40%) of the Acacia species with respect to the
control. Furthermore, physiological parameters including chlorophyll contents, relative water contents, and osmolyte contents like
proline and sugar showed a prominent increase. The antioxidant activity and atomic absorption supported and justified the positive
response to using Co3O4 Nbs that mitigated the heavy-metal zinc stress by improving the plant growth. Hence, the biocompatible
Co3O4 Nbs counteract the zinc toxicity for governing and maintaining plant growth. Such nanotechnological tools can therefore step
up the cropping system and overcome toxicity to meet the productivity demand along with the development of agricultural
management strategies.

1. INTRODUCTION
The global agricultural food security is seriously affected by
human activities and the growing human population.1,2Acacia
plants belonging to Angiospermae of family Mimosaceae have
a wide range of biomedical applications including breast cancer
treatment,3 anti-dengue activity,4 damping off and root rot
diseases,5 and antiviral and antibacterial effects.6−8 Moreover,
its wood has a very high demand and is used as timber, lumber,
as well as for fuel purposes in many countries throughout the
world.6,9 But, currently, Acacia is considered to be very
susceptible and heavily loaded with heavy metals that leads to
poisoning in comparison to other plants.10,11 Soil contami-
nated with heavy metals is not considered safe for Acacia plant
species as they uptake the available heavy-metal contents from
the soil and cause serious health complications.12 For the last
few eras, the prevalence of heavy metals in soil has become a
serious issue throughout the world which disturbs the physical,
chemical, and biological features of soil with reduction in
fertility and plant growth.13,14 It has also been observed that a
major cause of retarded plant growth is the industrial waste
that chiefly contains lead, zinc, chromium, and cadmium which

serve as the key elements behind elevated land pollution.15,16

Among these metals, zinc as a loaded nutrient in the soil causes
decline in the plant biomass, gaseous exchange, chlorophyll
contents, and nutrient absorptive capacity, causing alteration in
cellular structures. In the previous reports, it has been observed
that heavy-metal stress has shown negative impacts on plants’
vital cellular components and functions such as DNA damage,
deformation of plant cells, and difference in cellular redox
homeostasis, phytohormone contents, biomass, and yield.17−19

In another report, zinc has shown negative effects including
phototoxicity, modulation in abiotic response and physio-
logical parameters, reducing photosynthetic pigment concen-
tration, and reduction in root activity of wheat and other
plants.20−23 Although plants have their own defense system
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against heavy-metal stress to resist the change by cellular
exudates, membrane integrity, activating heat shock proteins,
metallothioneins, and organic acid within certain limits.24,25

But, in the case of accumulation of heavy metals beyond a
threshold and traditional strategies such as fertilizers,
fungicides, insecticides, pesticides, use of dietaryfibers, and
chelating agents are considered inadequate for coping with
heavy-metal stress. Therefore, an exciting nanotechnological
method of introducing nanomaterials has revolutionized the
process of reducing metal stress to a great extent by absorbed
heavy metals, reducing stress and enhancing the plant growth
without any lethal effects.26−28 Nanotechnology is an emerging
technique that is recounting its role in the agricultural field.29

Nanoparticles, when applied to crop plants, significantly
increase the growth of plants under unfavorable environmental
circumstances by triggering numerous physiological and
biochemical mechanisms occurring in plants.30−32 The small
size, active movement, condensed surface area, slow-release,
and higher rate of uptake make nanomaterials a good applicant
as compared to outdated chemical processes.33,34 It was
detected that less mediation of NPs is mandatory that gives
marked results when applied on plants as related to common
salts. The application of numerous NPs makes the plants
tough/lenient to abiotic stresses like scarcity, salinity, and
heavy metals.35,36 Being a step ahead, the evolution of green
synthesis of nanomaterials has also widened the landscape of
agricultural application.37,38 The ecofriendly, cost effective, and
surface-modified nanoparticles boosted up the compatibility
and intrinsic potentials over the particles and within the biotic
system.39−41 Thereby, various biologically designed nano-

particles have shown condensed oxidative stress for reduced
the uptake of heavy metals in different crops. Interestingly
Cordia myxa, member of the family Boraginaceae, found in the
east of the Mediterranean region, has shown outstanding
intrinsic properties for the synthesis of efficient nanomateri-
als42,43 that are diversely applied in different industrial and
agricultural fields in the form of Zn NPs, Fe NPs, Co3O4 NPs,
and so forth. However, cobalt as nanoparticles is very effective
in nitrate reduction by converting it into ammonia44,45 and also
very useful for wastewater treatment.46−48 Until now, there has
not been any documented report where cobalt oxide nanoballs
(Co3O4 Nbs) were used as treatment for metal stress such as
monitoring growth in zinc-stressed Acacia family member
plants. In this work, it was aimed to synthesize Co3O4 Nbs
using C. myxa extract and characterize the particles using high-
performance techniques. The synthesized nanoparticles were
used as treatment for Zn-stressed Acacia species including
Acacia jacquemontii and Acacia nilotica. Self-prepared nanoballs
were treated at 25, 50, 75, and 100 ppm concentrations to
monitor the growth effect, phenolic contents, antioxidant
potential, and atomic absorption within two different Acacia
plant species.

2. RESULTS AND DISCUSSION
The Co3O4 Nbs were synthesized using C. myxa as a
bioreducing agent. The cobalt Nbs were well characterized
with the help of UV−vis spectrometry, scanning electron
microscopy (SEM), and X-ray diffraction (XRD). Overall, the
biological synthesis, characterization, and application of Co3O4

Figure 1. Characterization of Co3O4 Nbs from C. myxa leaf extract. (a) UV−vis spectra of Co3O4 Nbs. (b) XRD pattern of of Co3O4 Nbs. (c,d)
Scanning electron micrographs of Co3O4 Nbs.
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Nbs for the mitigation of Zn-stressed Acacia species have
shown good performance in the current research work. It
primarily overcomes the metal stress, such as zinc, and
promotes growth over different treatments with elevated
antioxidant potentials.

2.1. Characterization of Co3O4 Nbs. UV−vis spectros-
copy was used for the initial confirmation of cobalt Nbs
synthesis by a biological method. The control group showed
no peak (green line) as precursors of cobalt nanoparticles due
to the lack of a reducing agent and reaction mixture started.
The initial color of the extract was light yellow, which turned
to dark brown as it mixed with the precursors of cobalt oxide,
representing the formation of cobalt nanoballs. The reaction
mixture primarily showed a weak absorbance in UV−vis
spectra. With the passage of time, from 1 to 5 h, the peaks
became sharper and clearer and showed an absorption band at
508 to 510 nm (Figure 1a. The synthesis of cobalt Nbs
occurred when extract of the plant (C. myxa) was added to a
cobalt chloride (CoCl2) solution;

49 the color of the solution
transformed from yellow to brown because of the reduction of
CoCl2 solution to cobalt ions (Co+).

26 The absorption band in
the range 300−700 nm is attributed to the superficial plasmon
band of the cobalt nanostructure. The current results support
and confirm the previous absorption spectral profile.50−52 The
crystal structures of cobalt Nbs were determined by XRD. The
diffraction peaks at 2θ degrees of 31.5, 45.1, and 56.1° were
indexed as the (220), (400), and (422) planes of Co3 O4 Nbs,
respectively. The (220) plane showed a stronger peak than the
other peaks, indicating that Co3 O4 Nbs had better growth
along the Z-axis direction. As the C. myxa-based green

synthesis had revealed bit larger peaks, thus gives a small
sized particle at a glance. Mathematically, the lattice constants
a and c prove the hexagonal wurtzite structure of the
biologically synthesized Co3 O4 Nbs in relation.

39,41,53 The
average ball size obtained for Co3 O4 Nbs was 25 nm in the
green synthesis method. On the basis of the diffraction peaks, it
is clear that the formed Co3 O4 Nbs were in a hexagonal phase
with lattice coefficients of a = 4.36 Å and c = 4.95 Å, which
were recorded with the standard hexagonal Wurtzite crystalline
Co3 O4 Nbs with the reported JCPDS card no. 00-089-7102.
Furthermore, the XRD pattern does not demonstrate the
additional peaks of any mineral and no distinguishing peaks of
C. myxa.54 The absorption peak of the green synthesized
Co3O4 Nbs was broad, which can be ascribed to the poly-
isolated nature of the Co3O4 Nbs.

55 By means of the diffraction
peaks, no impurities were noticed in the synthesized Co3 O4
Nbs sample, and the sharpness of the diffraction peak shows
that the product was well crystallized (Figure 1b).
Furthermore, the asymmetrical absorption spectrum of
Co3O4 Nbs designates the size variation and anisotropy of
nanoparticles. The absorption band at 2924 cm−1 is assigned to
the vibrations of secondary amines. The broad band at 3432
cm−1 is due to the stretching of O−H groups. Moreover, the
peak at 824 cm−1 is characteristic of the aromatic ring. SEM
examination was done to measure the surface morphology of
synthesized cobalt nanoparticles at 500 nm resolution (Figure
1c). The SEM image of cobalt nanoparticles is shown at 1 μm
resolution in Figure 1d. As is plain from the figure, the green
nanoballs varied in shape and size, representing the nonuni-
form size and distribution.

Figure 2. (a) Size-distribution histograms of Co3O4 Nbs obtained from SEM nanographs. (b) Zeta potential of Co3O4 Nbs. (c) EDS
chromatographic pattern of Co3O4 Nbs.
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Nanoball size-distribution histogram obtained from the SEM
images showed a large variation in the particle size. Figure 2a
shows the dispersion of nanoballs. The nanoball sizes ranged
from 10 to 80 nm with an average diameter size of 34.5 nm.
Zeta potential (ZP) measurement, an analytical technique used
to determine the surface charge in the colloidal solution of Nbs
with values >+25 and <−25 mV, generally has a high degree of
stability. If the value of ZP fluctuates from normal, then it will
lead to aggregation, coagulation, or flocculation due to van der
Waals interparticle attraction.56,57 Our green synthesized
Co3O4 Nbs retained the ZP value of −29 mV that resides in
the stable range (Figure 2b). This represents that the high
stability of Co3O4 Nbs matched with the previous work
reported.58−60 Energy-dispersive X-ray spectroscopy (EDS) is
a powerful technique that was used to conduct elemental
analysis of the green synthesized nanoballs. Figure 2c shows
the presence of cobalt, chloride, oxygen, and carbon that
confirmed the presence of cobalt in the synthesized nano-
balls.61−63

2.2. Zinc Stress with Morphological and Physiolog-
ical Analyses of Acacia. 2.2.1. Fresh Weight. A statistically

significant (p < 0.05) decline was observed in the fresh weight
of plants (g) in A. jacquemontii treated only with zinc (Zn)
metal applied at different treatment levels as T3 < T2 < T4 <
T1 (15.6, 17.1, 29.6, and 31.2%), respectively, in different
concentrations as compared to the control T0. The results
showed that maximum decline was observed at the T1 level of
treatment (31.2%) in the fresh weight of plants when treated
with 25 ppm of Zn metal. Furthermore, the maximum and
significant increase in the fresh weight of plants was also
noticed with the T4 (19.3%) treatment which was 100 ppm of
Co3O4 Nbs along with the same concentration of metal as
compared to the control plants (Figure 3ai. However, the fresh
weight of plants showed a significant decline (p < 0.05) at T3
< T2 < T1 (1.6, 4.8, and 20.9%), respectively, as compared to
that of the control plants. A significant (p < 0.05) decrease was
observed in the fresh weight of plants (g) in A. nilotica treated
only with Zn metal applied in different treatment levels of T1 <
T4 (11.9 and 21.4%) when compared to that in control plants.
At treatment level T3, there was no change in the fresh weight
of plants applied with Zn metal only as compared to that of
control T0. However, the treatment level at T2 showed an

Figure 3. Impact of Zn stress with and without cobalt nanoparticle treatment on morphological and physiological parameters in (a) A. jacquemontii,
(b) A. nilotica, and (c) HSD values.
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increase in the fresh weight of plants (11.9%) as compared to
the control. The maximum and significant increase in the fresh
weight of plants was noticed as the level of Nbs increased in
the medium level in the order of T1 > T3 > T2 > T4 (54.5,
31.7, 11.3, and 6.8%), respectively, as compared to that of the
control plants (Figure 3bi). In the present work, the obtained
results show that the increase in the treatment level of heavy
metal caused a huge decline in the fresh weight of selected
plants that was estimated as (29.6%) in A. jacquemontii and
(21.4%) in A. nilotica. To reduce the effect of heavy metal on
the fresh weight of plants, cobalt Nbs were applied to the
medium, as the results showed a huge increase in fresh weight
in A. jacquemontii (19.3%) and Acacia nilotica (31.7%). The
maximum increase in fresh weight (34−74%) and dry weight
(22−36%) of Acacia species was also observed by the
combined application of cobalt Nbs and Zn metal. Heavy-
metal pollution decreases the root length, shoot length, fresh
weight, and dry weight of plants, which might be due to the
destructive effects of heavy metals on the photosynthetic
pigments of plants.10 It was also reported earlier that Zn stress
inhibits plant growth by suppressing the activity of the
antioxidative enzyme.64 Mean squares obtained after the
analysis of variance (ANOVA) of fresh weight (56.87) are
presented in Table 1.
2.2.2. Dry Weight. Similarly, a statistically significant (p <

0.05) reduction was detected in the dry weight of plants (g) in
A. jacquemontii treated only with Zn applied at various
treatment levels as T2 < T1 and T3 < T4 (20.5, 23 and 23,
35.9%, respectively) in different concentrations as compared to
that in the control T0. Maximum decline was seen at the T4
level of treatment (35.9%) in the dry weight of plants when
treated with 100 ppm of Zn metal. The maximum and
significant increase in the dry weight of plants was noticed at
T4 (28.8%) treatment level, which was 100 ppm of Co3O4
Nbs, along with same concentration of metal compared with
the control plants (Figure 2aii). However, the dry weight of
plants showed a significant decline (p < 0.05) in the order T3
< T2 < T1 (5.2, 7.8, and 26.3%, respectively) as compared to
that of the control plants. A significant (p < 0.05) decline was
calculated in the dry weight of plants (g) in A. nilotica treated
only with Zn applied in changed treatment levels that were in
the order T3 < T1< T4 (12.5, 25, and 37.5%, respectively)
when compared to that of control plants. At treatment level
T2, there was an increase (12.5%) in the dry weight of the

plants applied with zinc metal only as compared to that in the
control T0. The maximum and significant increase in the dry
weight of plants was noticed as the level of Nbs reduced in the
medium that was in the order T4 < T2 < T3 < T1 (4, 16, 36,
and 68%, respectively), as that of control plants (Figure 3bii).
An important variation in the properties of different
concentrations (25, 50, 75, and 100 mg/L) of Co3 O4 Nbs
synthesized from C. myxa on biomass on Acacia nilotica and A.
jacquemontii under controlled and metal-stressed conditions
has also been observed. From our results, it is recognized that
under Zn stress, the biomass of the control and untreated
normal plants was reduced which may be due to protoplasm
dehydration and absolute turgidity reduction, leading to the
decline in photosynthesis, cell division, and growth mean
squares obtained after the ANOVA of dry weight (38.20),
which are given in Table 1.
2.2.3. Plant Height. A statistically significant decline (p <

0.05) was observed in the plant height (cm) of A. jacquemontii
treated only with zinc (Zn) applied in the order T1 < T2 < T3
< T4 (7.1, 13.5, 14.7, and 24.2%, respectively) in different
concentrations as compared to that in control T0. When
comparing T4 plants with control plants, the maximum
reduction in plant height (24%) was noticed in plants which
were treated with 100 ppm of Zn. Maximum and significant
increases in plant height were observed in T3 (6%) that were
treated with 75 ppm of Co3O4 Nbs along with the same
concentration of metal compared with the control plants
(Figure 3aiii). However, the plant height showed a decline at
the T1 and T4 treatment levels (10.8 and 12.6%), respectively.
At 75 ppm of Nb treatment, a 6% increase was observed in the
plant height than that of control plants. The higher
concentration of Zn caused an adverse effect by getting
absorbed by the roots of Acacia species and also translocating
into the shoot system that ultimately decreased the efficiency
of the leaf and plant height; besides these, it also inhibited the
plant growth. These observed findings were confirmed with the
results obtained by ref 65.
A significant (p < 0.05) decrease was observed in the plant

height (cm) of A. nilotica treated only with Zn metal applied in
different concentrations that were T1 < T2 < T3 < T4 (2, 12.2,
12.2, and 30.6%, respectively), as compared to the control T0.
At the T4 level, the maximum reduction (30.6%) in height was
observed when compared to the height of the control plants.
Maximum and significant increase in plant height was noted as

Table 1. Mean Squares of Studied Parameters Obtained after Two-Way Factorial ANOVA for Two Species of Acaciaa

two-way factorial ANOVA

Acacia jecquemontii SOV Df PH NL NB SL RL FWP DWP
NPs 1 0.3 ns 598.53*** 0.03 ns 32.03* 177.63* 19.20 ns 6.53 ns
level 4 78.25 ns 146.97*** 0.71 ns 90.47 ns 26.13 ns 17.36 ns 6.53 ns
NPs*level 4 240.05** 82.70* 4.78 ns 1195.53*** 144.80* 56.87** 38.20***
error 20 35.4 20 3.97 115.23 44.6 8.46 4.77
SOV Df PH NL NB SL RL FWP DWP

Acacia nilotica NPs 1 653.33* 885.63* 3.1E33 ns 3564.3*** 1044.3* 140.83 ns 86.70 ns
level 4 213.03 ns 13.2 ns 3.45 ns 131.42 ns 29.08 ns 17.5 ns 9.11 ns
NPs*level 4 69.67 ns 13.47 ns 0.25 ns 543.38* 17.72 ns 24.00 ns 14.61 ns
error 20 110.67 153.63 2.23 155.03 133.53 54.33 31.83

aSOV: source of variation; NPs: nanoparticles; Df: degree of freedom; PH: plant height; NL: number of leaves; NB: number of branches; SL: shoot
length; RL: root length; FWP: fresh weight; DWP: dry weight. Scatter plots of root, stem, and leaf (Figure 3a,b,c) were generated to observe the
linearity of changes in the amount of Zn in the root, stem, and leaf. With 1 unit increase in the amount of Zn in the root, 0.12 times increase of Zn
in the stem was observed.68 1 unit increase of Zn amount in the leaf may be due to 1.67 times increase of Zn in stem. 1 unit increase of Zn amount
in the root can cause 0.019 times increase in the Zn amount in the leaf.
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the level of NPs increased in the medium that was up to the T3
level, that was T3 > T2 > T1 (25.4, 11.3, and 10%,
respectively). The maximum increase in plant height was
observed at the T3 level 75 ppm of Co3O4 Nbs along with the
same concentration of metal compared with the control plants.
However, with further increase in the Nb level at T4, 16.1%
decline in the plant height was observed as compared to that in
the control plants (Figure 3biii). The present results revealed
that as the treatment levels of heavy metal increased, the plant
height showed a decline up to 24.2% in A. jacquemontii and
30.6% in A. nilotica. To remove the metal stress in plants, foliar
spray of cobalt Nbs was applied that showed a significant
increase in plant height as 6 and 25.4% increase were
calculated in A. jacquemontii and A. nilotica, respectively.
Mean squares obtained after the ANOVA of plant height
(240.05) are presented in Table 1. It was observed that the
treatment levels of Nbs to plants enhanced plant growth in
heavy-metal-contaminated soil.
2.2.4. Shoot Length. A statistically significant (p < 0.05)

reduction was observed in the shoot length (cm) of A.
jacquemontii treated only with Zn applied at treatment levels in
the order T1 < T2 < T3 < T4 (10.4, 16.1, 25, and 32.2%,
respectively) in different concentrations as compared to that in
the control T0. The maximum and significant increase in shoot
length was observed at T3 > T1 (3.8 and 3.4%), respectively,
that were treated with different levels of Co3O4 Nbs along with
the same concentration of metal compared with the control
plants (Figure 3aiv). However, the shoot length showed a
significant decline (p < 0.05) at T1 > T2 (19.5 and 6.1%,
respectively), than that in the control plants. A significant (p <
0.05) decline was detected in the shoot length (cm) of A.
nilotica treated only with zinc metal applied in different
treatment levels that were in the order T2 < T3 < T4 (9.8,
13.4, and 26.9%, respectively) as compared to that in the
control T0. However, the treatment level at T1 showed a
minute increase in shoot length (0.5%) as compared to that in
the control. The maximum and significant increase in shoot
length was observed as the level of Nbs increased in the

medium that was in the order T3 > T4 > T2 > T1 (55.4, 50.8,
46.2, and 30.8%, respectively), compared to the control plants
(Figure 3biv). The present results showed a significant
difference in shoot lengths between the two selected plants
when applied only with zinc and cobalt NPs. A maximum
decline in shoot length (32.2%) of A. jacquemontii and 26.9%
decline in A. nilotica were estimated. To alleviate the metal
stress in both selected plants, foliar spray of cobalt Nbs was
applied, and an increase in shoot length of A. jacquemontii
(3.8%) and a maximum increase in A. nilotica (55.4%) were
noticed. We also found an obvious variation in the
effectiveness of 25, 50, 75, and 100 mg/L concentrations of
Co3 O4 Nbs. However, no lethal effects were observed even at
higher concentrations.66 It was also found that Co3 O4 Nbs
synthesized by green methods did not show noxiousness at
higher concentrations and gave a positive response to plant
growth and metal-stress alleviation. Mean squares obtained
after the ANOVA of shoot length (1195.53) are presented in
Table 1.
2.2.5. Root Length. A statistically significant (p < 0.05)

decline was observed in the root length (cm) of A. jacquemontii
treated only with Zn metal applied at treatment levels T1 < T4
< T2 < T3 (7.7, 10, 12.3, and 24%, respectively) in different
concentrations as compared to the control T0. The maximum
decline was noticed at the T3 level of treatment (24%) in the
root length when treated with 75 ppm of Zn metal. The
maximum and significant increase in root length was detected
at T3, T4 > T2 (20.4, 20.4, and 11.4%, respectively) that were
treated with different levels of Co3O4 Nbs along with the same
concentration of metal compared with the control plants
(Figure 3av). However, the root length showed a significant
decline (p < 0.05) at T1 (6.5%) than that of control plants. A
non-significant (p < 0.05) decline was calculated in the root
length (cm) of A. nilotica treated only with Zn metal applied in
different treatment levels, that is, T1 and T3 showed no
difference in root growth applied with Zn metal only as
compared to the control T0. However, the treatment level at
T2 showed an increase in the root length (10.7%) as compared

Figure 4. Paired scatter plots showing the correlations along with simple linear regression equations for the amount of Zn in (a) root, (b) stem, and
(c) leaf. (d) Pearson’s correlation and absolute critical value r = ±0.361 beyond which the calculated correlation is found significant (p value
<0.05).
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to the control. While the root length was noticed to be reduced
at the treatment level of T4 (10.7%) when compared to that in
the control. The maximum and significant increase in root
length was noticed as the level of Nbs increased in the medium
that was in the order of T3 > T1 > T2 > T4 (53.8, 49.4, 38.4,
and 29.6%, respectively), as compared to that of the control
plants (Figure 4bv. In the present work, the results showed that
the increase in metal concentration in the medium caused
adverse effect in the growth of root in both selected plant
species; maximum decline was in the root length of A.
jacquemontii (24%) and (10.7%) in A. nilotica. To reduce the
hazardous effect of zinc, spray of cobalt Nbs was applied in the
medium, and the obtained results showed a maximum increase
in the root length of A. jacquemontii (20.4%) and (53.8%),
respectively. Mean squares obtained after the ANOVA of root
lengths (144.80) are presented in Table 1. The application of
Co3 O4 Nbs on plants preserved and increased the root growth
under both irrigated and metal-stressed conditions, demon-
strating that nanoparticles can supply essential nutrients to the
plants and benefit their growth and development.67

2.2.6. Number of Leaves. A statistically significant decline
(p < 0.05) was observed in the number of leaves of A.
jacquemontii treated only with Zn metal in the order T1 < T2 <
T3 < T4 (7.4, 12.7, 12.7, and 18.7%, respectively) in different
concentrations as compared to the control T0. When T4 plants
were compared with control plants, the maximum reduction in
the number of leaves (18.7%) was noticed in plants which were
treated with 100 ppm of Zn. The maximum and significant
increase in the number of leaves was observed in T3 > T2 > T1
(59.2, 48, and 37%, respectively) that were treated with
different treatment levels of Co3O4 Nbs along with the same
concentration of metal compared with the control plants
(Figure 3avi). However, the number of leaves showed a decline
at the T4 treatment level (13.5%) compared to the control
plants. A significant (p < 0.05) decrease was observed in the
number of leaves of A. nilotica treated only with zinc metal
applied in different concentrations that were in the order of T2
< T1 < T3 <T4 (22.3, 26.5, 29.7, and 38.3%, respectively), as
compared to that of the control T0. Maximum and significant
decline in the number of leaves was noted as the level of Nbs
increased in the medium that was T4 > T2 > T1(9, 6.9, and
3%, respectively), compared to the control plants. However,
the number of leaves were increased due to Nbs level at T3
(6%), as compared to that in the control plants (Figure 3bvi).
The present research showed that the increase in zinc
concentration caused a huge decline in the number of leaves
in A. jacquemontii (18.7%), and A. nilotica showed the
maximum reduction (38.3%) in leaves as compared to A.
jacquemontii. For the alleviation of metal stress in both selected
plant species, foliar spray of cobalt Nbs was applied, and the
results showed an enormous difference between the plants
species. In A. jacquemontii, at the T3 treatment level of cobalt
Nbs (59.2%), the increase in number of leaves was calculated
as compared to A. nilotica. The highest level of Nbs increased
the number of leaves in the presence of heavy-metal
contamination by 5−14 and 9−22%. Mean squares obtained
after the analysis of number of leaves (82.70) are shown in
Table 1.
2.2.7. Number of Branches. A significant decline (p < 0.05)

was observed in the number of branches of A. jacquemontii
treated only with zinc metal applied with T2 > T1, T3 > T4
(31.1, 24.9, 24.9, and 6.1%, respectively) in different
concentrations as compared to the control T0. Maximum

and significant increase in the number of branches were
observed at T3 > T1 (22.4 and 2%, respectively) that were
treated with different treatment levels of Co3O4 Nbs along
with the same concentration of metal compared with that for
the control plants (Figure 3avii). However, the number of
branches showed a significant decline (p < 0.05) at T2 < T4
(4.6 and 32%, respectively) than that of the control plants. A
significant (p < 0.05) increase was observed in the number of
branches in A. nilotica treated only with zinc metal applied in
different treatment levels that were in the order T1 > T3 > T2
(36.2, 27.2, and 8.9%, respectively), as compared to that of the
control T0. However, for the treatment level at T4, a reduction
(9.2%) in the number of branches was observed as compared
to that in the control. Maximum and significant increase in the
number of branches was noticed as the level of Nbs increased
in the medium that was in the order T1, T3 > T2 > T4 (66.6,
66.6, 33.3, and 22.3%, respectively) compared to the control
plants (Figure 3bvii). In our present work, results of the effect
of heavy-metal treatment on the number of branches showed
that increase in metal concentration caused a decrease in the
number of branches by up to 31.1% in A. jacquemontii, while
there was no difference in A. nilotica. While A. nilotica showed
an increase in the number of branches when cobalt NPs were
applied to cope with the metal stress; maximum increase in the
number of branches was 66.6% when compared to A.
jacquemontii. While the maximum increase by inoculation of
cobalt Nbs was 20% (shoot length) and 35% (root length) in
the refined plants in the contaminated soil. The co-application
of zinc metal and cobalt Nbs enhanced the number of branches
by 13−27 and 36−45%, respectively, in comparison to the
untreated stress-exposed plants. Mean squares obtained after
the ANOVA of the number of branches (4.78)are shown in
Table 1.

2.3. Correlation. Plant height (cm) in A. jacquemontii was
observed to be positively significantly (<0.05) correlated with
the number of leaves (0.49), number of branches (0.18), shoot
length (0.78), root length (0.39), fresh weight (0.42), and dry
weight (0.50) (Figure 4a−c). With the increase in the number
of leaves, there was a significant increase in the number of
branches, shoot length, root length, fresh weight, and dry
weight of the plants, showing positive correlation among them,
while there was no significant difference observed with increase
in the number of branches on plant development. A positively
significant difference was detected where with shoot length
increase, there was increase in root length (0.58), fresh weight
(0.51), and dry weight (0.62) (Figure 4d). An increase in fresh
weight of the plants exhibited a positive correlation with dry
weight (0.90); as fresh weight increased, dry weight also
increased. The present results showed that there was significant
correlation among various growth parameters between A.
jacquemontii and A. nilotica when treated with zinc metal along
with cobalt NPs. While there was no significant correlation as
the number of branches increased in both the studied plant
species. Plant height (cm) in A. nilotica was observed to be
positively significantly (<0.05) correlated with number of
leaves (0.70), number of branches (0.43), shoot length (0.72),
root length (0.74), fresh weight (0.72), and dry weight (0.72).
As the number of leaves increased, there was significant
increase in the number of branches, shoot length, root length,
fresh weight, and dry weight of the plants, showing positive
correlation among them.69 However, there was no significant
difference noticed with an increase in the number of branches
on plant growth. A positively significant difference was
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observed as the shoot length increases, there was increase in
root length (0.69), fresh weight (0.62), and dry weight (0.63).
An increase in the fresh weight of plants (0.99) showed a
positive correlation with dry weight (0.99); as the fresh weight
increased, the dry weight also increased.

2.4. Antioxidant Potentials. 2.4.1. Total Phenol
Content. Total phenol content (TPC) of the control group
in A. jacquemontii was 36.53 μg/mg (17%), and the results
showed that the TPC content of plants that were exposed to
T1 > T2 > T3 > T4 (22, 22, 21, and 18%) was increased,
respectively. While TPC content of the control in A. nilotica
was 36.29 μg/mg (21%), and results showed that TPC content
of plants that were exposed to T1 > T2 > T3 > T4 (21, 21, 20,
and 17%) increased, respectively (Figure 5.

2.4.2. Total Flavonoid Content. Total flavonoid content
(TFC) of the control group in A. jacquemontii was 10.71 μg/
mg (16%), and the results showed that the TFC content of
plants that were exposed to T1 > T2 > T4 > T3 (28, 21, 18,
and 17%) increased, respectively. While TFC content of the
control in A. nilotica was 23.89 μg/mg (21%), and the results
showed that TFC content of plants that were exposed to T1 >
T2 > T3 (20, 20, and 16%) decreased, respectively, while TFC
content of T4 (23%) increased (Figure 5).
2.4.3. 2,2-Diphenyl-1-picryl hydrazyl Content. The 2,2-

diphenyl-1-picryl hydrazyl (DPPH) content of the control
group in A. jacquemontii was 86.19 μg/mg (20%), and the
results showed that DPPH content of plants showed no
significant decrease or increase compared with that of the
control plant. While DPPH content of the control in A. nilotica

Figure 5. Pie plots of antioxidants [TPC, TFC, DPPH radical scavenging activity, TAC, and TRP] under five treatments in two Acacia species.

Figure 6. Variation in chlorophyll contents due to different treatments in (a−d) A. jacquemontii �and (e−h) A. nilotica�.
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was 8269 μg/mg (20%), and the results showed that plants
exposed to T1 > T2 > T3 > T4 (21, 20, 20, and 19%,
respectively), exhibited increased DPPH content as compared
to that in the control (Figure 5).
2.4.4. Total Alkaloid Content. The total alkaloid content

(TAC) of the control group in A. jacquemontii was 131.63 μg/
mg (18%), and the results presented that the TAC of the
plants were significantly decreased by increase in the treatment
level of NPs in the order T1 < T2 < T3 <T4 (19, 20, 21, and
22%), respectively (Figure 5). While the TAC of the control in
A. nilotica was 174.25 μg/mg (22%), and the results exhibited a
decrease in the TAC concentration up to the T3 level of
applied NPs in the order T1 < T2 < T3 < T4 for plants that
were exposed to 19, 20, 20, and 19%, respectively.
2.4.5. Total Reducing Potential. The total reducing

potential (TRP) content of the control group in A.
jacquemontii was 79.88 μg/mg (12%), and the results showed
that the TRP contents were significantly increased from NP
treatment levels of T1 > T2 > T3 > T4 (24, 23, 20, and 21%),
respectively (Figure 5). While the TRP content of the control
in A. nilotica was 87.80 μg/mg (14%), and the results revealed
that TRP contents were increased in the order T1 < T2 < T3 <
T4 (19, 25, 23, and 19%, respectively).

2.5. Chlorophyll Content. Chlorophyll a content of the
control plant leaves in A. jacquemontii was calculated as 0.23
mg/L, and plants treated by different concentrations of cobalt
nanoparticles as T1 > T2 > T3 > T4 (0.20, 0.26, 0.81, and
0.90) mg/L showed increased chlorophyll a content with
respect to that in the control plant leaves (Figure 6a.
Chlorophyll b content of the control plant leaves in A.
jacquemontii was observed as 2.22 mg/L, and plants treated by
different concentrations of Co3O4 Nbs as T1 > T2 > T3 > T4
(2.07, 2.17, 2.69, and 2.84), respectively, showed an increase in
chlorophyll b contents with respect to that in the control plant
leaves; the maximum increase (2.84 mg/L) in chlorophyll b

was observed in plants that were treated with 100 ppm of
Co3O4 Nbs as compared to the control plants (Figure 6b). The
total chlorophyll contents of the control plant leaves in A.
jacquemontii were estimated as 2.18 mg/L, and plants treated
by different concentrations of Co3O4 Nbs as T1 > T2 > T3 >
T4 (2.02, 2.1, 3.3, and 3.8 mg/L), respectively, showed an
increase in total chlorophyll contents with respect to that in the
control plant leaves; the maximum increase in total chlorophyll
contents was estimated in plants that were treated by 100 ppm
of Co3O4 Nbs as compared to that in the control plants
(Figure 6c).
Chlorophyll a contents in the control plants of A. nilotica

(T0) were 0.51 mg/L, and the plants treated by different
concentrations of Co3O4 Nbs showed an increase in the order
T1 > T2 > T3 > T4 (2.67, 2.89, 3.10, and 3.23 mg/L),
respectively, in chlorophyll a contents as compared to that in
the control plants (Figure 6e). The plants treated by 100 ppm
of Co3O4 Nbs showed the maximum increase, 3.23 mg/L, in
chlorophyll a contents as compared to that in the control
plants. Chlorophyll b contents of the control plant leaves in A.
nilotica were estimated as 2.62 mg/L, and plants treated by
different treatment levels of Co3O4 Nbs as T1 > T2 > T3 > T4
(2.67, 2.66, 2.43, and 2.1 mg/L, respectively) showed an
increase in chlorophyll b contents with respect to that in the
control plant leaves; a maximum increase in chlorophyll b was
observed in plants that were treated with 25 ppm of Co3O4
Nbs as compared to that in the control (Figure 6f). The total
chlorophyll contents of the control plant leaves in A. nilotica
were estimated as 2.86 mg/L, and plants treated by different
levels of Co3O4 Nbs as T1 > T2 > T3 > T4 (3.09, 3.18, 2.89,
and 2.23 mg/L, respectively), presented an increase in total
chlorophyll contents with respect to that in the control plant
leaves. An extreme increase in total chlorophyll contents was
detected in plants that were treated by 50 ppm of Co3O4 Nbs
as compared to that in the control plants (Figure 6g).

Figure 7. Illustration of Co3O4 Nbs influence under Zn (μg kg−1) stress in root, stem, and leaf by atomic absorption spectroscopic analysis in (a−c)
A. nilotica and (d−f) A. jacquemontii.
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2.6. Atomic Absorption Spectroscopic Analysis.
Maximum absorption of zinc metal was observed in plant
roots that were treated with 100 ppm (T4) of metal as
compared to the control plants in A. nilotica. While maximum
absorption of Nbs was observed in plants that were treated by
50 ppm of cobalt Nbs along with zinc when compared with the
control. 65% (μg kg−1) increase in absorption of zinc was
calculated in plants that were treated with Nbs (Figure 7a.
Maximum absorption of zinc was calculated in stems that were
treated with 75 ppm (T3) of metal when compared with the
control plant, while maximum translocation of zinc was
calculated in stems that were treated with 50 ppm (T2) of
cobalt Nbs along with the same concentration of metal (Figure
7b). The translocation of zinc from root to stem was 55% (μg
kg−1) reduced in plants treated with 50 ppm of zinc metal.
Maximum increase in absorption of zinc metal was observed in
the leaf of A. nilotica when compared to the control plants
(Figure 7c). Plants treated with 50 and 100 ppm showed
maximum translocation of zinc in the leaves, while maximum
translocation of Nbs was calculated in plants treated with 100
ppm of cobalt Nbs along with zinc. The results showed that
there was about 45% (μg kg−1) decrease in the translocation of
zinc from root toward leaf due to the application of cobalt Nbs
as a foliar spray. Zn concentrations accumulated in Acacia
shoots were lower than those reported, ranging from 131 to
425 mg/kg under the effect of various absorbing agents and
different treatment levels of zinc. Cultivating Acacia plants to
clean the contaminated soil of heavy metals, especially Zn, was
confirmed by the results obtained. The maximum translocation
of zinc was estimated in plants that were treated with 50 ppm
(T2) when compared to the control plants in A. jacquemontii
roots, while maximum translocation of Zn was estimated in
plant roots that were treated with 100 ppm (T4) along with
cobalt Nbs applied to plants as compared to the control plants
(Figure 7d). There was 37% (μg kg−1) increase in the
translocation of zinc metal in the roots of A. jacquemontii. The
maximum increase in the absorption of zinc in stems was
observed in plants that were treated with 75 and 100 ppm (T3
and T4) when compared to the control plants (Figure 7e).
While there was maximum translocation of zinc observed in
plants treated with 100 ppm of cobalt Nbs when compared to
the control plants. Maximum translocation of zinc was
observed in leaves of A. jacquemontii when treated with 50
ppm of cobalt Nbs as a foliar spray. The estimated
translocation in leaves was 42% (μg kg−1) increased as
compared to that in roots and stems of plants (Figure 7f).

3. MATERIALS AND METHODS
3.1. Reagents and Chemicals. All chemicals and reagents

for the biological synthesis of Co3O4 Nbs such as CoCl2
hexahydrate (CoCl2·6H2O), C. myxa, ethanol (CH3CH2OH),
methanol (CH3OH), sodium hydroxide (NaOH), and DPPH
were purchased from Sigma Company.

3.2. Preparation of Plant Extract. The leaves of C. myxa
were collected from the trees found in Lal Suhanra National
Park, Bahawalpur, Pakistan. The leaves were washed with water
to remove debris and air dried for 7 days. Then, the dried
leaves were ground with an electric grinder to make a refined
powder. The aqueous extract of leaves was prepared by mixing
20 g of crushed leaves with 100 mL of distilled water in a 250
mL conical flask and boiling it on a hot plate at 80 °C for 4 h
with constant stirring. The extract of leaves was filtered by
using Whatman filter paper for eliminating particulate material

and to get a clear solution and stored at 4 °C for synthesis of
nanoparticles by the biological method.

3.3. Green Synthesis of Co3O4 Nbs. The synthesis of
Co3O4 Nbs was carried out by adding 10 mL of aqueous
extract of C. myxa in a 5 mM solution of (90 mL) CoCl2 with
pH 5. Later, 400 mL distilled water and 20 mL ethanolic plant
extract were added to 47.36 g of CoCl2 in a reagent bottle and
heated at 70 °C for 4 h on a hot plate with constant stirring
(model, MSH-20A). After 4 h, the solution turned dark brown
which confirmed the Co3O4 Nbs formation. The well-
developed Co3O4 Nbs were gained by centrifugation (6000
rpm) for at least 20 min, and the thus-obtained Co3O4 Nbs
pellet were separated and dried in a hot air oven for 24 h at 80
°C. Black colored powder of Co3O4 Nbs was formed as a final
product.

3.4. Characterization Studies of Co3O4 Nbs. 3.4.1. UV−
Visible Spectrometry. UV−visible spectrometry was carried
out for the confirmed synthesis of Co3O4 Nbs by the green
synthesis method, and reduction of cobalt ions and their
validation were monitored by constant sampling of aliquots
from time to time for the measurement. The spectra were
recorded after 30 min difference of all aliquots as a function of
time retortion on a UV spectrophotometer (Epoch-BioTek
Instruments USA) having the range of 300−700 nm.
3.4.2. XRD Studies. To govern the size and structural

properties of the Co3O4 Nbs crystals, diffracted intensities of
the dried powder of Co3O4 Nbs were recorded at 40 kV and 30
mA current at 0.3 s per count with a 20−80 scanning range by
using an X-ray diffractometer (D8, Advance, Germany).
3.4.3. Scanning Electron Microscopy. The morphological

and microstructure of the prepared nanoballs were detected by
SEM (Quanta 250, 30 kV, FEI, Czech Republic, magnification
up to 2000 times).

3.5. Experimental Design. Seeds of two selected plant
species A. nilotica and A. jacquemontii were collected from
Cholistan Institute of Desert Studies (CIDS), The Islamia
University of Bahawalpur, Pakistan. The seeds were treated
with a solution of 1% sodium hypochlorite and then washed
several times with distilled water. Plastic pots possessing a
diameter of 15 cm and a length of 24 cm were filled with
homogenized soil. There were 10 seeds in each pot during the
sowing season from January to March 2022. The heavy metal
zinc was applied to the soil having the same concentration as
Co3O4 Nbs. When seedlings emerged, application of the
treatment in different groups with intervals of zinc along with
Co3O4 Nbs as a foliar spray was done after 10 days; the
untreated plants were given distilled water only, and these
plants served as controls. Samples were collected for analysis
after 30 days of germination. The overall design was as follows.
As the control T0 odd mean of positive and negative control
without Nbs treatment, treatment T1 having 25 ppm Co3O4
Nbs + Zn, treatment T2 with 50 ppm Co3O4 Nbs + Zn,
treatment T3 with 75 ppm Co3O4 Nbs + Zn, and treatment T4
having 100 ppm Co3O4 Nbs + Zn.

3.6. Determination of Morphological Parameters.
After the completion of treatments, plants were harvested
and washed with distilled water, and their morphological
parameters such as plant height (cm), root length (cm), and
shoot length (cm) were measured by using a scale; number of
leaves and number of branches of the plants were counted
visually. The fresh weight of plants was noted by using a digital
weight balance, and then plant samples were placed in the oven
at 70 °C for 3 days to obtain the dry weight.
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3.7. Estimation of Photosynthetic Pigments. Chlor-
ophyll a and chlorophyll b contents in the leaves of Co3O4
Nbs-treated plants were measured. The leaves were extracted
in acetone (80%) and after filtration of prepared samples, the
absorbance was measured at 663 and 645 nm by a
spectrophotometer. The observations were noted by using
the following formula

= [ ]
× ·

a A A

V W

Chl 12.7 ( at 663) 2.69 ( at 645)

/1000 (mg g )1

= [ ] ×
·

b A A V

W

Chl 22.9 ( at 645) 4.68 ( at 663) / 1000

(mg g )1

where V is the volume of supernatant (25 mL),W is the weight
of leaves used for extraction of pigment (0.25 g), and A is the
absorbance.
The chlorophyll contents of the leaf sample were expressed

as mg/g of fresh leaf. Chlorophyll a and b ratio = chlorophyll
a/chlorophyll b.

3.8. Estimation of Antioxidants. The DPPH method was
used to test the radical scavenging potential of green
synthesized cobalt nanoparticles as well as of the plant extract
by the spectrophotometric technique. DPPH solution was
prepared by adding 6.7 mg of DPPH to 20 mL of methanol.
Briefly, to 70 mL of DPPH solution in a 96-well plate, 10 mL
of the green synthesized Co3O4 Nbs (25, 50, 75, and 100 mg/
mL) and plant extract were added separately. After incubation
for 1 h, the absorbance was checked at 517 nm. A decreasing
amplitude of the signal at the selected wavelength confirmed a
high radical scavenging activity. Ascorbic acid was taken as the
positive standard, while DPPH solution without samples was
the negative control. The percent scavenging of DPPH was
precalculated by using the following formula

= [ }] ×% scavenging ABc ABs/ABc 100

where ABs and ABc denote absorbance of the sample and
absorbance of the control, respectively. Extracts of samples
were prepared to estimate the TFC and TPC. Leaf samples
(0.2 g each) were ground in methanol (16 mL) having 1% HCl
at 24 °C for 24 h. The procedure was repeated twice, and
methanol extract was collected after centrifugation at 4000
rpm. The diluted extract (0.5 mL) was moved to
polypropylene tubes consisting of 5% NaNO3 (0.15 mL) and
2 mL of distilled water. After 5 min, 10% AlCl3·6H2O (0.5 mL)
was added extra, followed by the addition of 1 mL of (1 M)
NaOH. After 15 min, the absorbance was taken at 415 nm.
Measurements were made by comparison with the standard
curve of gallic acid. Fresh plant leaf samples were taken and
ground with liquid nitrogen and standardized with phosphate
buffer (0.5 M, pH 7.8) and filtered. The mixture was
centrifuged at 4 °C at 12,000g for 10 min and then the
supernatant was collected. This supernatant was used for
additional analyses.

3.9. Determination of Heavy Metals. Plant samples (0.5
g) were dried, crushed, and digested with acids, including
sulfuric acid and hydrogen peroxide (3:1), in digestion tubes.
The overnight digested samples were placed on an electrical
hot plate for 1 h at 80 °C. After that, the temperature was
increased to 120 ± 10 °C. The same process was repeated two
to three times until the samples turned to a transparent
solution. The transparent solution was filtered and collected in

an acid-washed volumetric flask, and distilled water was added
to it to make up the volume to 50 mL. The solution was
subjected to atomic absorption spectrophotometry (AAS,
Germany) as previously described. The bioaccumulation factor
was calculated by using the following formula: bioaccumula-
tion factor = metal in root dry weight DW/metal in soil dry
weight DW.

3.10. Statistical Analysis. Statistical analysis of data was
performed by using two-way ANOVA suited for CRD and
correlation coefficient. Mean values were compared using
Statistic 8.1 (Analytical Software, Cary, NC, USA). A
significant difference at P ≤ 0.05 among treatments was
evaluated by using Tukey’s honest significant difference
(HSD).

4. CONCLUSIONS
Pollution by heavy metals has been an excessive fear in the last
few decades because of their health hazards to man and other
organisms when tranquil within a biological system. It is
evident that phytoremediation assists in restoring a stressed
environment, but it is important to continue with caution. This
study demonstrated the potential of two selected Acacia
species to remediate Zn-polluted soil. These plant species
generally have the highest accumulation of Zn in their roots,
meaning that the efficiency of this plant in cleaning the
polluted soils is at the root stages of its growth. We successfully
synthesized cobalt nanoparticles with an average size of 25 nm
by using C. myxa. The synthesized Nbs show a remarkable
response against Zn stress imposed on plant growth by
alleviating the stress. Therefore, this equivalent assessment
determined that the green synthesized cobalt Nbs were cost-
effective, inexpensive, energy efficient, and biologically more
useful. Therefore, the present work is convenient and helpful
for the applications for enhancing the plant growth and
removal of heavy-metal effects in plants. The present findings
suggest that Ajacquemontii and A nilotica can naturally tolerate
and absorb higher levels of the studied metal in their various
parts and can be used for phytoremediation in contaminated
soil. Further study is recommended to screen these plants for
other heavy metals.
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