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Abstract
In recent years, researchers have extensively investigated the remediation of heavy metal–contaminated soil using plants, 
microorganisms, and iron nanoparticles. The objective of this study was to investigate and compare the individual and 
simultaneous effects of Paulownia elongata S. Y. Hu, cyanobacteria (Oscillatoria sp.), arbuscular mycorrhizal fungi (AMF) 
including Glomus mosseae and Glomus intraradices, and zero-valent iron nanoparticles (nZVI) on the remediation of heavy 
metal–contaminated soil containing chromium (Cr VI and Cr III) and nickel (Ni). The study found significant variations in 
parameters such as pH (acidity), electrical conductivity (EC), nitrogen (N), phosphorus (P), potassium (K), and organic car-
bon (OC) among different treatments. The addition of cyanobacteria, AMF, and nZVI influenced these properties, resulting 
in both increases and decreases compared to the control treatment. The treatment involving a combination of cyanobacteria, 
AMF, and nZVI (CCAN25) exhibited the highest increase in growth parameters, such as total dry mass, root length, stem 
diameter, and leaf area, while other treatments showed varied effects on plant growth. Moreover, the CCAN25 treatment 
demonstrated the highest increase in chlorophyll a, chlorophyll b, and carotenoid levels, whereas other treatments displayed 
reductions in these pigments compared to the control. Moderate phytoaccumulation of Cr and Ni in P. elongata samples across 
all treatments was observed, as indicated by the bioconcentration factor and bioaccumulation coefficient values being less 
than 1.0 for both metals. The findings provide insights into the potential application of these treatments for soil remediation 
and plant growth enhancement in contaminated environments.
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Introduction

Industrial growth has led to the widespread consumption of 
various chemicals, resulting in harmful residues that pose 
a threat to the environment. One significant consequence 
is the contamination of soil with heavy metals, a concern 
highlighted by Han et al. (2019). Heavy metals are hazard-
ous pollutants that pose a serious threat to the food chain due 
to their toxicity, high stability, accumulation, and biomag-
nification. Not only do they devastate ecosystems, but they 
are also transmitted to humans through the consumption of 
aquatic animals or plants grown in contaminated habitats 
(Li et al. 2019).

Fortunately, diverse remediation techniques, including 
physical, chemical, and biological remediation techniques, 
are available for the cleanup of heavy metal–contaminated 
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soil (Shah and Daverey 2020; Tian et al. 2019). Phytore-
mediation is a plant-mediated decontamination process that 
involves the use of shrubs and trees in conjunction with 
microorganisms (Cameselle et al. 2019; Gomes 2012). This 
method is often referred to as green technology, as it har-
nesses nature’s ability to clean up pollution (Buzan et al. 
2018; Shah and Daverey 2020). Phytoremediation is widely 
promoted as an effective, low-cost, easy-to-use, practical, 
economically viable, aesthetically pleasing, and widely 
accepted technology (Parmar and Singh 2015; Shah and 
Daverey 2020).

Plants play a crucial role in phytoremediation by absorb-
ing essential heavy metals like Cu, Fe, and Ni for their 
growth and accumulating highly toxic heavy metals such as 
As, Hg, Pb, and Cr (Forte and Mutiti 2017; Han et al. 2017; 
Marrugo-Negrete et al. 2015). Notably, tree species from 
the genus Paulownia, particularly P. elongata, have shown 
success in phytoremediation due to their rapid growth, high 
biomass, tolerance to heavy metals, and minimal entry into 
the food chain (Azzarello et al. 2012; Buzan et al. 2018; 
Doumett et al. 2008, 2010; Zhang et al. 2010). Paulownia, a 
genus of Paulownians from the Lamiaceae family, is known 
for its digitalis-like flowers and large heart-shaped leaves. 
During the initial year of growth, the stem diameter of Pau-
lownia can reach 2 cm. This species has an average fiber 
length of 1.11 mm, with an average cell cavity width of 
24.47 µm and a wall thickness of 4.4 µm. Several studies 
have reported the successful phytoremediation of specific 
heavy metals using P. elongata species. P. tomentosa Steud. 
has been utilized for the remediation of Pb and Cd (Liu 
et al. 2007); P. fortunei Seem. for Mn (Zhang et al. 2020); 
P. tomentosa for Zn (Azzarello et al. 2012); P. tomentosa 
for Zn (Bahri et al. 2014); P. tomentosa for Cu, Pb, and Zn 
(Doumett et al. 2010); and P. fortunei for Pb, Zn, Cu, and 
Cd (Zhang et al. 2010).

The coexistence of different mycorrhizal fungi species 
in plants growing in heavy metal–contaminated soils has 
proven effective in protecting plant roots, promoting growth, 
and enhancing biomass accumulation (Ma et  al. 2019). 
Mycorrhizal fungi, including Glomus mosseae and Glomus 
intraradices, offer a cost-efficient strategy for remediat-
ing contaminated soils (Mokarram-Kashtiban et al. 2019). 
Positive impacts on phytoremediation, such as the reduc-
tion of chemical toxicity caused by heavy metals, have been 
reported by Riaz et al. (2021) and Krishnamoorthy et al. 
(2019). Furthermore, Leung et al. (2013) demonstrated that 
mycorrhizal fungi enhance detoxification, nutrient absorp-
tion, and protection against metal toxicity, thereby improv-
ing plant efficiency in phytoremediation.

Introducing nanotechnology into phytoremediation, 
nano-phytoremediation combines nanotechnology and 
phytotechnology to address environmental pollution (Jesi-
tha and Harikumar 2018). This approach utilizes engineered 

nanomaterials, particularly iron-based nanoparticles like 
nano-zero-valent iron (nZVI), for enhanced pollutant trans-
formation and detoxification efficiency (Jesitha and Hariku-
mar 2018; Ma et al. 2013). nZVI, with its non-toxic nature, 
cost-effectiveness, abundance, and large specific surface 
area, has gained recognition for soil remediation (Jiang et al. 
2018; Li et al. 2021; Xu et al. 2012a, 2012b). Studies have 
demonstrated its efficacy in immobilizing heavy metals in 
soil, reducing their mobility and bioavailability ( Zhang et al. 
(2010), Gil-Díaz et al. (2016), Mar Gil-Díaz et al. (2014), 
Dorjee et al. (2014), Su et al. (2016), Huang et al. (2018). 
Moreover, the presence of nZVI and microorganisms con-
currently can influence the availability of heavy metals 
(Fajardo et al. 2012; Hansel et al. 2011). Furthermore, nZVI 
has a significant impact on soil microorganisms, nutrients, 
and contaminants (Liu et al. 2022).

This study endeavors to explore integrated approaches for 
the remediation of heavy metal–contaminated soil, focusing 
on the combined utilization of P elongata S. Y. Hu, Oscil-
latoria sp., arbuscular mycorrhizal fungi (G. mosseae and 
G. intraradices), and iron nanoparticles. By combining these 
separate but complementary techniques, we aim to harness 
their synergistic potential in addressing the specific heavy 
metals, namely, Cr(VI), Cr(III), and Ni, in the contaminated 
soil. While previous studies (Mokarram-Kashtiban et al. 
2019; Sang et al. 2021) have investigated the individual 
use of components like nZVI and AMF, our research rep-
resents a pioneering effort in exploring the simultaneous 
and synergistic effects of these elements in the context of 
phytoremediation.

Materials and methods

Chemicals

Merck supplied sodium hexametaphosphate ((NaPO3)6), 
acetone  (C3H6O), ethanol  (C2H6O), hydrochloric acid (HCl), 
hydrogen peroxide  (H2O2) 35%, diphenyl carbazide, nitric 
acid  (HNO3) 65% and ammonium acetate  (C2H4O2·H3N), 
and acetic acid  (C2H4O2). Sigma Aldrich provided magne-
sium carbonate  (MgCO3), hydroxylamine hydrochloride, 
and nickel nitrate (Ni(NO3)2·6H2O). Potassium dichromate 
 (K2Cr2O7) was purchased from Biopharm Inc. NZI was 
acquired from US Research Nanomaterials, Inc. All chemi-
cals and reagents utilized in this study were of analytical 
grade.

Soil

The soil used in this study was collected from a loca-
tion 15 km northeast of Mashhad, Iran, at a latitude of 
36°22′25.8″ and a longitude of 59°32′2.02″. After air-drying, 
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the soil was passed through a 2-mm sieve. Its texture was 
determined to be sandy clay loam. Table 1 provides details 
of soil characteristics, including pH, EC, nitrogen, phos-
phorus, potassium contents, and organic carbon. The delib-
erate objective was to intentionally introduce Cr and Ni 
contamination to the soil, specifically to tackle the distinct 
challenges associated with these metals in Mashhad, Iran 
(Baratzadeh Poustchi et al. 2020; Mohammadpouran et al. 
2009). Besides, Cr(VI) is a toxic heavy metal known to 
inhibit plant growth, with many plants unable to tolerate 
even low concentrations of this metal (Zulfiqar et al. 2023). 
In alignment with previous studies (Aydinalp and Marinova 
2009; Saravanan et al. 2019; Ullah et al. 2019), a conserva-
tive concentration of 5 ppm was chosen for the phytore-
mediation experiment to ensure a tolerable environment for 
plant growth. Initially, the soil samples were free of Cr(VI) 
and contained 4 ppm Ni. To achieve the desired contamina-
tion levels of 5 ppm Cr(VI) and 25 ppm Ni, the soil was 
spiked. This was done by applying 5 mL of a stock solution 
of Cr(VI) (prepared by dissolving 2.835 g of  K2Cr2O7 in 1 
L of deionized water) and 25 mL of a stock solution of Ni 
(prepared by dissolving 4.97 g of Ni  (NO3)2·6H2O in 1 L of 
deionized water) per kilogram of soil.

Nano‑zero‑valent iron addition

Based on previous research conducted by Mokarram-Kashti-
ban et al. (2019), two doses of nZVI, namely, 25 mg/kg 
and 75 mg/kg, were selected to be applied to the soil. To 
prepare the nZVI solutions, different concentrations of nZVI 
(25 mg/kg and 75 mg/kg) were mixed with 50 mL of deion-
ized water and shaken for 10 min. Subsequently, the result-
ing mixture was evenly distributed over the soil surface, with 
a total quantity of 1 kg, and thoroughly mixed. the mixture 
was then poured (1 kg) onto the soil surface and mixed.

Experimental pot preparation

The soil was placed in plastic pots with a diameter of 22 cm 
and a height of 25 cm. Before planting, the pots were irri-
gated with 75% of the field capacity. The plant species 
(Paulownia elongata S. Y. Hu, family: Paulowniaceae) were 
identified and authenticated by at Ferdowsi University of 
Mashhad Herbarium (FUMH), Mashhad, Iran. A voucher 
specimen (FUMH, no. 45510) has been deposited in the 
herbarium. Seedlings of P. elongata, with a height ranging 
from 80 to 90 cm, were obtained from the greenhouse at 
the Ferdowsi University of Mashhad, located in Mashhad. 
On February 4th, 2020, the seedlings were transplanted into 
pots containing 3 kg of soil. The pots were then placed in a 
greenhouse with a temperature range of 21 to 31 °C, provid-
ing 16 h of light and 8 h of darkness (with an intensity of 
1600 lx). Daily irrigation of the pots was carried out using 
tap water at 75% of the field capacity. The experiments were 
conducted using a completely randomized design, with the 
following treatments. The experimental setup comprised 
four replicates for each treatment.

AMF inoculation

The AMF was provided by Turan Biotech Co. in Iran. A 
quantity of 10 g of AMF was placed in each pot. To facilitate 
its coexistence with the plant roots, the fungus was added 
to the soil in layers.

Cyanobacteria inoculation

Before inoculation, the soil was sterilized at 121 °C for 
30 min. In a sterile Erlenmeyer flask, 0.8 g of purified cyano-
bacteria was stirred for 16 h.

Table 1  Treatments and their 
abbreviations

Treatment Abbreviations

Non-contaminated soil NC
Contaminated soil C
Contaminated soil + AM CA
Contaminated soil + cyanobacteria CC
Contaminated soil + nano-sized zero-valent iron 25 CN25
Contaminated soil + nano-sized zero-valent iron 75 CN75
Contaminated soil + cyanobacteria + AM CCA 
Contaminated soil + cyanobacteria + nano-sized zero-valent iron 25 CCN25
Contaminated soil + cyanobacteria + nano-sized zero-valent iron 75 CCN75
Contaminated soil + cyanobacteria + AM + nano-sized zero-valent iron 25 CCAN25
Contaminated soil + cyanobacteria + AM + nano-sized zero-valent iron 75 CCAN75
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Harvesting

After washing the plants with distilled water, the growth 
parameters such as stem length, root length, and leaf area 
were measured using a leaf area meter (Licow) calibrated 
to 0.001  cm2. The leaf area was calculated using the 
Bioleaf software. The plants were classified based on their 
root, stem, and leaf characteristics. The mycorrhizal roots 
were collected and analyzed to determine the percentage 
of colonization. Furthermore, the roots, stems, and leaves 
were dried at 70 °C for 72 h before being weighed.

Mycorrhizal colonization

Root staining was performed according to the method-
ology outlined by Phillips and Hayman (1970) to assess 
the extent of root colonization in treatments containing 
AMF. Delicate, filamentous roots were excised and posi-
tioned in a Petri dish. A 10% KOH solution, approximately 
10 drops, was applied to ensure adequate coverage, fol-
lowed by exposure to a warm water bath at 90 °C for 1 h. 
After this treatment, roots were extracted and subjected 
to a triple wash with distilled water to eliminate residual 
discoloration.

Following the washing steps, a few drops of a 1% HCl 
solution were introduced to the roots. After 5 min, with-
out additional rinsing (solely the removal of excess acid), 
approximately 1 to 2 drops of a Trypan blue solution were 
administered. Following an additional 10 min, a color-fixing 
solution (lactic acid) was introduced to the sample, remov-
ing any surplus coloration and adding 1 to 2 drops of color 
fixative. After a subsequent 5-min period, roots were care-
fully transferred from the Petri dish to a microscope slide 
for microscopic analysis. The discerned blue circles in the 
images correspond to fungal structures within the root tis-
sues. Microscopic images were captured and processed 
using JMV (J Micro Vision) software to quantify the per-
centage of root colonization.

Soil analysis

The pH and EC values of the soil were determined following 
the method described by Mylavarapu et al. (2020). The pH 
was measured using a pH meter (model + 20; Crison, Spain) 
in a 1:25 soil-to-deionized water mixture, which was shaken 
for 1 h at 25 °C. Soil EC was measured using an EC meter 
(model 4510; Jenway, England) in a 1:25 soil-to-deionized 
water ratio. Organic carbon content was determined using 
the method outlined by Park et al. (2017), while nitrogen 
content was analyzed using the Kjeldahl method (Bremner 
1960). Phosphorus content was determined using the Olsen 

method (Olsen 1954), and potassium content was analyzed 
according to the procedure described by Rowell (1994).

Measurement of heavy metal concentrations in soil

Measurement of heavy metal concentrations in soil was 
performed using the sequential extraction method (BCR), 
as reported by Wuana et al. (2010). This method consists 
of four consecutive stages. Initially, 1 g of soil was dried 
in an oven at 105 °C for 2 h. In the first stage, 1 g of soil 
was placed in an Erlenmeyer flask, and 11.0 mM lactic acid 
(40 mL) was added. The mixture was incubated at room 
temperature for 16  h. Subsequently, it was centrifuged 
at 1500  rpm for 15 min. The resulting supernatant was 
extracted and kept at 4 °C until spectrophotometric analysis. 
The remaining soil residue was centrifuged with approxi-
mately 20 mL of distilled water, following the previous 
method, and the resulting supernatant was discarded. In the 
second stage, the remaining soil residue from the previous 
step was treated with 5.0 mM hydrochloric acid hydroxy-
lamine solution (40 mL), and the resulting supernatant was 
extracted and kept at 4 °C. In the third stage, the soil residue 
from stage 2 was treated with 8.8 mM hydrogen peroxide 
solution (10 mL) and shaken at room temperature for 1 h. 
The solution was then placed in a water bath at 85 °C for 1 h. 
After cooling, 1.0 M ammonium acetate (50 mL) was added 
to the solution, which was incubated at room temperature 
for 16 h. The resulting supernatant was kept at 4 °C, similar 
to the previous stages. In the final stage, the remaining soil 
residue was treated with 17.0 M nitric acid (12.5 mL) and 
12.0 M hydrochloric acid (5.37 mL) and incubated at room 
temperature for 24 h. Then, the samples were subjected to at 
130 °C for 15 min, passed through Whatman filter paper no. 
42, and the clear liquid was kept at 4 °C. The absorbance of 
Cr(VI) capacity in the digestion solutions was measured at 
540-nm wavelength using a UV–visible spectrophotometer 
(DR5000UV-Visible; Hach, USA) after adding 2.0 mL of 
diphencylcarbazide solution. For the measurement of total 
chromium and nickel, an ICP instrument (76004555 Spectro; 
Arcos, Germany) was used.

Plant analysis

Measurement of heavy metal concentrations in P. elongata

According to the method described by Ashrafi et al. (2015), 
the roots, stems, and leaves of the plant were initially dried 
in an oven at 70 °C for 24 h. Following this, 25 mL of nitric 
acid was added, and the mixture was heated at 110 °C for 
2 h. Subsequently, 5 mL of hydrogen peroxide was added, 
and the mixture was boiled in a digestion unit for 1 h. After 
cooling, the solution was filtered through a Whatman No. 42 
filter paper. Then, 0.2 mL of a diphenylcarbazide solution 
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(0.25 g of diphenylcarbazide in 50 mL of acetone) was added 
to the filtered solution. After 2 min, the absorption of Cr(VI) 
was measured at a wavelength of 540 nm using a UV–visible 
spectrophotometer, and its concentration was calculated. To 
determine the total concentration of chromium and nickel, 
the samples were analyzed using ICP (inductively coupled 
plasma) analysis. The concentration of Cr(III) was deter-
mined by subtracting the concentrations of total chromium 
and Cr(VI).

Photosynthetic pigments in soil and plants

To measure chlorophyll in soil, a mixture of 1 g of soil, 
5 mL of 99.9% ethanol, and 0.05 g of magnesium carbonate 
was prepared and stored at 80 °C for 5 min. Subsequently, 
the solution was centrifuged at 3000 rpm for 10 min. The 
amount of chlorophyll in the solution was determined using 
a UV–visible spectrophotometer (DR5000; Hach) at wave-
lengths of 649, 665, and 750 nm. The concentration of chlo-
rophyll a, chlorophyll b, and carotenoids were calculated 
using the following formulas:

Results and discussion

Cyanobacteria and AMF

Figure 1 depicts images of cyanobacteria and AMF cap-
tured using a light microscope after incubation. Based on 
morphological analysis and comparison with Ahemad and 

(1)
Chlorophyll a

[

mg
]

= (19.3 ∗ A663 − 0.86 ∗ A645)V∕100 W

(2)
Chlorophyll b

[

mg
]

= (19.3 ∗ A645 − 3.6 ∗ A663)V∕100 W

(3)
Carotenoid s

[

mg
]

= 10 (A470) − 3.27(mgChl.a)

− 104(mg Chl.b)∕227

Khan (2012), it can be concluded that the purified spe-
cies bears a resemblance to Oscillatoria sp. This species 
lacks heterocysts, branching, exhibits slight curvature at 
the ends, and is straight, filamentous, and sometimes pos-
sesses a thin mucilaginous sheath. The morphological 
examination of cyanobacterial cells in the image reveals 
that the size and diameter of cyanobacterial cells range 
from 1 to 40 µm. The cell wall resembles the cell wall of 
gram-negative bacteria. Regarding AMF, through morpho-
logical examination and comparison with Wu et al. (2015), 
it has been established that the observed blue circles rep-
resent fungal structures known as vesicular mycorrhiza 
located inside the root.

Cyanobacteria on the soil surface

Figure 2 shows SEM images of cyanobacterial growth on 
the surface of contaminated soil under different treatments. 
As observed in the figures, the growth of cyanobacteria is 
more extensive in the CN75 treatment compared to when 
cyanobacteria were inoculated alone (CC treatment). It also 
appears that in the treatment with AMF (CCA), the growth 
of cyanobacteria on the contaminated soil surface is limited, 
whereas the growth of cyanobacteria on the soil surface in 
the CCAN25 and CCAN75 treatments is somewhat more 
extensive than in the CCA treatment. It is good to mention 
that, before treatment application, the experimental soils 
were subjected to sterilization, resulting in the elimination 
of all microorganisms, including filamentous fungi. As a 
consequence, the discernible hyphae observed in the SEM 
images depicted in Fig. 2 are attributable to the AMF.

Physical and chemical properties of soil

Table 2 provides information on the acidity, electrical 
conductivity (EC), nitrogen, phosphorus, potassium, and 
organic carbon levels of soil samples in various treatments 
as part of the study.

Fig. 1  The images of cyano-
bacteria (a) and AMF (b) 
inoculated to soil

(a) (b) 
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Fig. 2  SEM images of cyano-
bacterial growth on the surface 
of contaminated soil: a CC; 
b CN25; c CN75; d CCA; e 
CCAN25; f CCAN75

(a) (b) 

(c) (d) 

(e) (f) 

Table 2  Mean comparison 
of physical and chemical 
properties of soil

Different letters indicate statistical significance

Treatment pH EC (dS/m) N (mg/kg) P (mg/kg) K (mg/kg) OC (mg/kg)

C 8.74 ± 0.02A 668 ± 0.91C 280 ± 0.005H 60.39 ± 0.01B 98.86 ± 0.04D 6.65 ± 0.01C

CA 8.61 ± 0.01A 567 ± 0.09D 252 ± 0.025I 24.30 ± 0.02E 93.17 ± 0.01E 7.61 ± 0.01AB

CC 8.48 ± 0.08A 345 ± 1.12G 351 ± 0.023D 21.01 ± 0.02G 79.21 ± 0.01G 7.79 ± 0.05AB

CN25 8.58 ± 0.04A 798 ± 0.09B 238 ± 0.014 J 21.97 ± 0.01F 80.13 ± 0.01G 6.15 ± 0.01D

CN75 8.66 ± 0.02A 875 ± 1.19A 212 ± 0.012 K 44.25 ± 0.05D 140.31 ± 0.01A 6.24 ± 0.01D

CCA 8.44 ± 0.03A 479 ± 1.75E 422 ± 0.012A 22.64 ± 0.01F 104.61 ± 0.01C 7.75 ± 0.02AB

CCN25 8.55 ± 0.07A 612 ± 1.15CD 345 ± 0.013E 18.14 ± 0.03G 85.68 ± 0.01F 7.95 ± 0.01A

CCN75 8.51 ± 0.04A 589 ± 1.25D 338 ± 0.001F 66.73 ± 0.02A 133.64 ± 0.02B 6.08 ± 0.01D

CCAN25 8.41 ± 0.06A 347 ± 1.96FG 411 ± 0.010B 23.13 ± 0.01F 92.23 ± 0.08E 7.54 ± 0.01B

CCAN75 8.49 ± 0.01A 375 ± 0.85F 379 ± 0.010C 23.33 ± 0.01EF 80.12 ± 0.01G 7.68 ± 0.01AB
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Electrical conductivity

The control sample (C) had an electrical conductivity of 
668 μS/m. All treatments, except CCN25, showed signifi-
cant differences from the control (Table 2). The highest EC 
values were associated with the CN75 (+ 31%) and CN25 
(19%) treatments. However, the lowest EC was related to CC 
treatment (− 48%) and other treatments with cyanobacteria. 
Inoculation of cyanobacteria in the soil, either alone or in 
combination with NZI and AM, reduces EC significantly.

Nutrients (nitrogen, phosphorus, potassium)

According to Table 2, the amount of N in the control treat-
ment (C) was 280 mg/kg. A significant change was observed 
between all treatments compared to the control. The CCA 
(+ 50%) and CN75 (− 25%) treatments showed the highest 
significant rise in nitrogen compared to the control. This sug-
gests that using high amounts of iron nanoparticles (75 mg/
kg) separately results in the highest substantial reduction in 
soil nitrogen content. The most significant increase in nitro-
gen content is produced when cyanobacteria and arbuscular 
mycorrhizal are applied together.

The phosphorus content of the control treatment (C) was 
60.39 mg/kg. When compared to the control, all treatments 
showed a significant difference. The CCN75 treatment 
(+ 10%) exhibited the highest significant increase in phos-
phorus while the CCN25 (− 70%) and CC (− 65%) had the 
highest substantial decreases compared to the control. This 
indicates that the most substantial rise in phosphorus con-
tent is obtained when cyanobacteria are used simultaneously 
with a high amount of iron nanoparticles (75 mg/kg), and a 
significant decrease is acquired when the cyanobacteria are 
used with a low amount of iron nanoparticles (25 mg/kg).

The potassium concentration in the control treatment 
(C) was 98.86 mg/kg. A substantial difference was seen 
between all treatment and control samples. The CN75 

treatment (+ 42%) had the highest significant increase in 
potassium while the CC (− 19%), CCAN75 (− 18%), and 
CN25 (− 18%) treatments showed the maximum significant 
reductions, relative to the control sample. This suggests that 
when 75 mg/kg of iron nanoparticles are utilized separately, 
the most substantial increase in potassium content is pro-
duced. The most substantial reduction was related to using 
25 mg/kg of iron nanoparticles simultaneously with AMF 
and cyanobacteria compared to the control.

Organic carbon

Soil organic carbon in the control sample was 6.65 mg/kg. A 
significant change was observed between all treatments com-
pared to the control treatment. The CCN25 (+ 20%) treat-
ment had the most significant increase in organic carbon. In 
addition, the CCN75 (− 8.5%), CN25 (− 7.5%), and CN75 
(− 6%) treatments showed the most substantial reductions in 
comparison to the control treatment. This suggests that the 
highest substantial rise was attained when cyanobacteria and 
25 mg/kg of iron nanoparticles were used simultaneously. 
Besides, the presence of 75 mg/kg of iron nanoparticles in 
treatments reduced the amount of organic carbon signifi-
cantly compared to the control.

Plant growth

Table 3 shows the influence of various treatments (e.g., 
nZVI, cyanobacteria, and AM) on P. elongata growth met-
rics and root colonization by the AM fungus in contaminated 
soil. As demonstrated in Table 3, the CCAN25 had the high-
est increase in total dry weight (+ 7%), root length (+ 5%), 
stem length (+ 4%), and leaf area (+ 45%). CA showed the 
maximum reduction in total dry weight (− 47%), root length 
(− 30%), and leaf area (− 43%).

Table 3  The mean comparison of the effect of inoculation of nZVI, cyanobacteria, and AMF individually and repeatedly on the growth param-
eters of P. elongata in contaminated soil

Different letters indicate statistical significance

Treatment Total dry mass Leaf dry mass 
(g)

Stem dry mass (g) Root dry mass 
(g)

Root length (cm) Stem diameter 
(cm)

Leaf area  (cm2) Colonization (%)

C 251.53 ± 0.76B 31.17 ± 0.95B 208.6 ± 1.37B 11.77 ± 1.59B 57.33 ± 2.15B 276.33 ± 1.53B 11.7 ± 0.5CD 8.44 ± 0.70F

CA 133.77 ± 3.52I 15.47 ± 0.86H 113.17 ± 2.36 J 5.13 ± 0.85 J 40.13 ± 3.1 K 237.64 ± 2.06 K 6.66 ± 1.15EF 21.1 ± 0.1A

CC 158.43 ± 0.81H 8.5 ± 0.9 J 142.66 ± 0.45H 7.27 ± 0.47H 44.71 ± 4.47G 251.46 ± 1.01I 11.79 ± 1.76ABCD 6.82 ± 0.1 J

CN25 168 ± 0.83G 8.13 ± 1.22 J 152.67 ± 1.96F 8.03 ± 0.51G 44.14 ± 3.28H 262.51 ± 3.21F 8.77 ± 1.1DEF 7.36 ± 0.4I

CN75 135.9 ± 1.41I 11.5 ± 1.7I 120.83 ± 0.31I 3.57 ± 0.15 K 40.7 ± 2.56 J 245.93 ± 1.52 J 10.53 ± 0.95CDE 7.88 ± 0.5G

CCA 230.3 ± 2.42C 26.53 ± 2.62C 193.4 ± 1.75C 10.36 ± 0.83D 46.33 ± 4.42E 274.67 ± 2.02C 11.52 ± 2.42ABC 18.17 ± 0.42C

CCN25 217.16 ± 4.93D 24.37 ± 3.21D 182.1 ± 2.23D 10.7 ± 0.87C 50.45 ± 3.05D 265.27 ± 2.05E 11.27 ± 2.87AB 7.45 ± 0.6H

CCN75 120.83 ± 1.98 J 17.93 ± 1.68G 96.8 ± 0.56 K 6.1 ± 0.52I 45.31 ± 7.09F 271.35 ± 2.07D 8.89 ± 0.93F 8.53 ± 0.2E

CCAN25 270.47 ± 2.34A 39.17 ± 3.51A 218.73 ± 1.29A 12.57 ± 0.21A 60.19 ± 2.04A 287.38 ± 2.34A 16.96 ± 0.64A 19.25 ± 0.1B

CCAN75 208.9 ± 3.06E 23.26 ± 2.06E 175.77 ± 0.35E 9.87 ± 0.47E 41.28 ± 6.65I 259.75 ± 1.53G 11.78 ± 1.3ABCD 17.63 ± 0.2D
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Inoculation of microorganisms (AM and cyanobacte-
ria) and nZVI lowered P. elongata growth characteristics 
in contaminated soil. In the case of nZVI, a simultaneous 
dose of 75 mg/kg combined with other treatments inhibited 
plant growth, whereas a dose of 25 mg/kg increased it. As 
a result, the CCAN25 treatment was the only treatment that 
could significantly boost growth parameters compared to the 
control sample. These results are consistent with the findings 
of Zhang et al. (2020). Toxicity is the cause of the decline 
in growth parameters in treatments with a large amount of 
NZI, while its low quantity has been able to limit the nega-
tive effects of its toxicity and has even increased growth 
parameters (Mokarram-Kashtiban et al. 2019).

In the case of root colonization by the AM, this percent-
age is much higher in the mycorrhizal fungus-inoculated 
treatments than in the other treatments. The largest propor-
tions of colonization in the treatment were CA (+ 21.01%), 
CCAN25 (+ 19.25%), CCA (+ 18.17%), and CCAN75 
(+ 17.63%), respectively. The percentage of colonization is 
maximum when mycorrhiza is used separately (CA). If AM 
was inoculated into a treatment containing cyanobacteria 
and a dose of 75 mg/kg of iron nanoparticles (CCAN75), 
the colonization rate was lowered by 16% compared to the 
control.

Photosynthetic pigments

The photosynthetic pigments (chlorophyll a, chlorophyll 
b, and carotenoids) of P. elongata in several treatments are 
shown in Table 4. From this figure, there is a significant 
difference between all treatments except CCN25 compared 
to the control.

The largest amount of chlorophyll (+ 8.5%) was obtained 
in CCAN25 samples (P. elongata), which were subjected 
to 25 mg/kg NZI, AM, and cyanobacteria. CA treatment 
(− 45%) led to a low amount of chlorophyll in P. elongata 

leaves. CCAN25 treatment was linked to the highest level of 
chlorophyll b (+ 13.5%) and carotenoids (+ 12.7%), which 
is identical to chlorophyll a. The lowest amount of chloro-
phyll b (− 39%) and carotenoids (42.6%) in the leaves were 
related to CN75 treatment compared to controls. The trends 
in chlorophyll a and b are relatively consistent.

It can also be concluded that the simultaneous presence 
of AM, cyanobacteria, and NZI resulted in a significant 
increase in photosynthetic pigments in the plant. In other 
words, a synergism effect has been observed in treatments 
with several inoculations while individual application of 
each has resulted in a significant reduction in photosynthetic 
pigments in P. elongata. Mokarram-Kashtiban et al. (2019) 
studied the effect of NZI and AM on the phytoremediation 
of heavy metal–contaminated soil using white willow. They 
found that increasing the dose of NZI significantly reduces 
the pigment photosynthetic properties of the plant while AM 
inoculation had no effect.

Heavy metal concentrations in soil

Chromium(VI)

Figure 3 shows the results of the BCR procedure of Cr(VI) 
in the soil, 150 days after inoculation with cyanobacteria, 
AM, and NZI. In form 1 (soluble in acid, exchange, and 
carbonate), the average concentration of this metal in the 
control treatment was 0.41 mg/kg. The quantity of this form 
in all treatment samples was significantly lower than in the 
control. CCA (− 76.5%), CCAN75 (− 76%), CN25 (− 75%), 
and CN75 (− 73%) treatments showed the highest reductions 
in control. CCN75 showed the least significant reduction 

Table 4  The mean comparison of photosynthetic pigments in the P. 
elongata 

Different letters indicate statistical significance

Treatment Chlorophyll a Chlorophyll b Carotenoids

C 43.91 ± 1.74E 0.74 ± 0.03DE 123.24 ± 0.05E

CA 58.48 ± 0.29B 0.97 ± 0.08AB 185.65 ± 0.13BC

CC 32.12 ± 0.66G 0.70 ± 0.05E 134.10 ± 1.14E

CN25 43.69 ± 1.59E 0.73 ± 0.04DE 172.36 ± 7.76D

CN75 44.68 ± 1.74E 0.88 ± 0.01CD 173.95 ± 4.19CD

CCA 32.32 ± 0.41G 0.59 ± 0.001E 106.54 ± 0.63F

CCN25 53.78 ± 1.42CD 0.90 ± 0.05CD 182.29 ± 3.39BCD

CCN75 56.78 ± 1.41BC 0.95 ± 0.001ABC 209.24 ± 0.04A

CCAN25 34.62 ± 0.79F 0.71 ± 0.06DE 124.75 ± 3.80E

CCAN75 63.42 ± 0.75A 0.74 ± 0.03DE 123.24 ± 0.05E
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Fig. 3  The Cr(VI) concentration during the four stages of the BCR 
soil procedure: form 1 (F1), form 2 (F2), form 3, and form 4 (F4)
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than control (− 28.4%). These suggest that NZI has a con-
siderable effect in lowering the quantity of form 1 of Cr(VI).

In form 2 (iron–manganese bond), the average concen-
tration of this metal in the control treatment was 0.71 mg/
kg. In comparison to the control, all treatments showed a 
considerable reduction. The highest significant decrease was 
associated with CN25 treatments (− 86.9%), while the low-
est considerable reduction was related to CCA treatments 
(− 14.3%). Even if the use of AM and cyanobacteria at the 
same time had the least influence on this form, the percent-
ages of alterations compared to the control reveal that a dose 
of 25 mg/kg of NZI had a significant effect on it.

In form 3 (oxidation), the average concentration of this 
metal in the control treatment was 1.85 mg/kg. All treat-
ments led to a significant decrease compared to the control. 
CA treatment (− 85.2%) showed the highest reduction, while 
CN25 (− 23.8%) treatment resulted in the lowest substan-
tial reduction in comparison to the control treatment. This 
indicates that MA individually had the highest effect on the 
release of this form of Cr(VI) into the soil, whereas the low 
amount of NZI had the least effect on this form.

In form 4 (residual metals), the average concentration of 
this metal in the control treatment was 13.2 mg/kg. All treat-
ments showed a significant rise compared to the control. The 
CN75 (+ 64.6%) had the most significant rise, while the CC 
treatment (+ 9%) had the least substantial increase. These 
data suggest that NZI has a considerable impact on residual 
Cr(VI) in soil, whereas cyanobacteria inoculation separately 
has the least impact on this type.

Chromium(III)

Figure 4 illustrates the results of the BCR for Cr(III) in the 
soil after 150 days of inoculation with cyanobacteria, myc-
orrhiza, and nZVI, both separately and simultaneously.

In form 1 (acid-soluble, exchangeable, carbonate-
bound), the mean concentration of this metal in the con-
trol treatment (C) was 0.26 mg/kg. All treatments showed 
a significant decrease compared to the control at a 0.05 
significance level. The highest decrease relative to the con-
trol was observed in treatments CCA (− 76%), CCAN75 
(− 75.9%), CCAN25 (− 75.4%), and CN75 (− 73.4%). The 
least significant decrease compared to the control was 
observed in the CCN75 treatment (− 26.7%). As observed, 
the trend of changes in this form for trivalent chromium 
was similar to hexavalent chromium. This indicates that 
cyanobacteria can only be effective in reducing the avail-
ability of this metal if used either simultaneously with 
mycorrhiza or simultaneously with iron nanoparticles.

In form 2 (iron–manganese bond), the mean concentra-
tion of this metal in the control treatment (C) was 0.11 mg/
kg. The highest significant decrease was observed in treat-
ments CN25 (− 87.3%) and CN75 (− 71.1%). The least sig-
nificant decrease was associated with the CCA treatment 
(− 16.7%). These numbers indicate that iron nanoparticles 
can effectively reduce Cr(III) in this form (reducing its 
bond with iron–manganese) when used separately. How-
ever, mycorrhiza and cyanobacteria, contrary to their sig-
nificant role in form 1, were not very effective.

In form 3 (oxidizable), the mean concentration of this 
metal in the control treatment (C) was 1.21 mg/kg. All 
treatments showed a significant decrease compared to the 
control. The highest decrease relative to the control was 
associated with the CA treatment (− 90%), and the least 
significant decrease was observed in the CN25 (− 22.1%), 
CCN25 (− 25.1%), CCN75 (− 27.2%), and CCN25 
(− 30%) treatments. These numbers indicate that AMF’s 
effect compared to iron nanoparticles is more significant in 
releasing Cr(III) into the soil under oxidizing conditions.

In form 4 (residual metals), the mean concentration of 
this metal in the control treatment (C) was 13.2 mg/kg. 
All treatments showed a significant increase compared to 
the control. The highest significant increase relative to the 
control was observed in the CN75 treatment (+ 65.3%), 
followed by the CCAN25 (+ 63.2%) and CN25 (+ 57.6%) 
treatments. The lowest increase was associated with the 
CC treatment (+ 23%). These variations indicate that a sig-
nificant portion of trivalent chromium is bound to mineral 
networks and crystalline oxides. In addition, it can be said 
that its accessibility to plants has decreased in treatments 
containing iron nanoparticles, whereas cyanobacteria did 
not have a noticeable effect on this form.
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Nickel

Figure 5 represents the result of the BCR indicating the 
concentration of Ni in the soil after 150 days from the start 
of inoculation with cyanobacteria, mycorrhiza, and nZVI 
separately and simultaneously.

In form 1 (acid-soluble, exchangeable, carbonate), the 
average concentration of this metal in the control treatment 
(C) was 9.8 mg/kg. All treatments showed a significant 
decrease compared to the control at the 0.05 level. The 
highest reduction compared to the control was observed in 
treatments CCAN25 (− 51.4%) and CCAN75 (− 47.6%), 
respectively. The least significant decrease compared to 
the control was observed in treatment CCN75 (− 2.8%). 
These variations indicate that the simultaneous use of all 
amendments had a noticeable effect on reducing this form 
(acid-soluble, exchangeable, carbonate), while the separate 
or simultaneous use of iron nanoparticles did not result 
in a significant reduction when used in conjunction with 
cyanobacteria.

In form 2 (iron–manganese oxide bond), the average 
concentration of this metal in the control treatment (C) was 
5.7 mg/kg. All treatments showed a significant decrease 
compared to the control at the 0.05 level. The highest reduc-
tion compared to the control was observed in treatments 
CC (− 48%) and CCN25 (− 17.9%), respectively. The least 
significant decrease compared to the control was observed 
in treatments CCAN25 (− 28.2%) and CCAN75 (− 23.4%). 
These variations indicate that the highest reduction in this 
form occurred when all amendments were used simultane-
ously. In addition, a significant increase occurred when treat-
ments included cyanobacteria (separately).

In form 3 (oxidizable), the average concentration of this 
metal in the control treatment (C) was 12.9 mg/kg. The 
highest reduction compared to the control was observed in 
treatment CA (− 67.1%), and the least significant decrease 
compared to the control was observed in treatments CCN25 
(− 33.3%) and CN25 (− 32.7%). This indicates that mycor-
rhiza had the most significant impact on reducing the nickel 
bond with organic soil materials. In addition, a small amount 
of iron nanoparticles did not have a significant effect on this 
form.

In form 4 (residual metals), the average concentration of 
this metal in the control treatment (C) was 22.7 mg/kg. All 
treatments showed a significant increase compared to the 
control. The highest significant increase compared to the 
control was observed in treatments CCAN25 (+ 101.4%) 
and CCN25 (+ 96.3%), respectively. The lowest increase 
was observed in treatment CC (+ 22.6%). These variations 
indicate that a major portion of nickel was bound to mineral 
networks and crystalline oxides. It can also be said that a 
small number of iron nanoparticles had a considerable effect 
on increasing this form (reducing further accessibility and 
mobility of nickel), while cyanobacteria (separately) did not 
have a noticeable effect compared to other amendments.

Heavy metal concentrations in plant

Chromium(VI)

Figure 6 illustrates the absorbed amounts of Cr(VI) by P. 
elongata leaves under different treatments. The concentra-
tion of Cr(VI) in P. elongata leaves in treatment C (control) 
was measured at 1.01 mg/kg. The highest significant increase 
in adsorption compared to treatment C was observed in treat-
ments CCN25 with a value of 1.52 mg/kg (+ 50%), CA with 
a value of 1.19 mg/kg (+ 17%), and CN75 with a value of 
1.17 mg/kg (+ 15%). In addition, treatment CCN75 exhibited 
the highest significant decrease compared to treatment C, 
with an adsorption value of 0.92 mg/kg (− 9%).

Figure 6 illustrates the absorbed amounts of Cr(VI) by 
the stem of P. elongata under different treatments. The con-
centration of Cr(VI) in P. elongata stem in treatment C was 
measured at 0.95 mg/kg. The highest significant increase 
in adsorption compared to treatment C was observed in 
treatments CA with a value of 1.73 mg/kg (+ 23%) and CC 
with a value of 1.08 mg/kg (+ 14%). In addition, treatment 
CCAN75 exhibited the highest significant decrease com-
pared to treatment C, with an absorbed value of 0.56 mg/
kg (− 41%).

Figure 6 demonstrates the absorbed amounts of Cr(VI) by 
the roots of P. elongata under different treatments. The con-
centration of Cr(VI) in P. elongata roots in treatment C was 
measured at 1.62 mg/kg. The highest significant increase 
in adsorption compared to treatment C was observed in 
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treatment CA with a value of 1.86 mg/kg (+ 15%) (the only 
treatment that showed an increase compared to the con-
trol). Furthermore, in descending order (as shown in the 
figure below, indicating that these six treatments do not sig-
nificantly differ from each other), the adsorption values for 
treatments CN75 were 0.71 mg/kg (− 56%), CCAN75 was 
0.72 mg/kg (− 5.55%), CCN75 was 0.73 mg/kg (− 9.54%), 
CN25 was 0.75 mg/kg (− 5.53%), CCAN25 was 0.76 mg/
kg (− 1.53%), and CCA was 0.81 mg/kg (− 50%), showing 
the highest significant decrease compared to treatment C.

Chromium(III)

Figure 7 illustrates the absorbed amount of Cr(III) by the 
leaves of the P. elongata under different treatments. The con-
centration of Cr(III) in P. elongata leaves in treatment C was 
measured at 2.03 mg/kg. The highest significant increase in 
adsorption compared to treatment C was observed in treat-
ments CN25 with a value of 0.82 mg/kg (+ 6.36%), CCN75 
with a value of 0.72 mg/kg (+ 7.33%), and CCA with a value 
of 0.62 mg/kg (+ 30%). In addition, treatment CN75 exhib-
ited the highest significant decrease compared to treatment 
C, with an adsorption value of 0.65/1 mg/kg (− 5.18%).

Figure 7 demonstrates the absorbed quantity of Cr(III) 
by the stems of the P. elongata under different treatments. 
The concentration of Cr(III) in P. elongata stems in treat-
ment C was measured at 1.38 mg/kg. The highest signifi-
cant increase in adsorption compared to treatment C was 
observed in treatments CN25 with a value of 1.3 mg/kg 
(+ 7.122%), CCAN75 with a value of 0.42 mg/kg (+ 48%), 
and CCA with a value of 0.92 mg/kg (+ 39%). In addition, 
treatment CCN75 exhibited the lowest significant increase 
compared to treatment C, with an adsorption value of 
0.561 mg/kg (+ 13%).

Figure 7 illustrates the adsorption amount of Cr(III) by 
the roots of P. elongata under different treatments. The con-
centration of Cr(III) in P. elongata roots in treatment C was 
measured at 7.7 mg/kg. The highest significant increase in 
adsorption compared to treatment C was observed in treat-
ments CN25 with a value of 11.7 mg/kg (+ 50%), CCA with 
a value of 11.6 mg/kg (+ 45%), and CN75 with a value of 
11.02 mg/kg (+ 43%). In addition, treatment CCN75 exhib-
ited the highest significant decrease compared to treatment 
C, with an adsorption value of 4.47 mg/kg (− 42%).

Nickel

Figure 8 demonstrates the adsorption capacity of Ni by the 
leaves of P. elongata under different treatments. The con-
centration of Ni in P. elongata leaves in treatment C was 
measured at 8.57 mg/kg. The highest significant increase in 
adsorption compared to treatment C was observed in treat-
ments CC with a value of 15.18 mg/kg (+ 77%), CCN25 
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with a value of 11.99 mg/kg (+ 40%), and CCA with a value 
of 10.09 mg/kg (+ 17%). In addition, treatment CN25 exhib-
ited the highest significant decrease compared to treatment 
C, with an adsorption value of 6.38 mg/kg (− 25%).

Figure 8 illustrates the adsorption amount of Ni by the 
stems of P. elongata under different treatments. The con-
centration of Ni in P. elongata stems in treatment C was 
measured at 2.35 mg/kg. The highest significant increase in 
adsorption compared to treatment C was observed in treat-
ments CCN25 with a value of 3.10 mg/kg (+ 31%), CCA 
with a value of 2.49 mg/kg (+ 6%), and CN25 with a value of 
47.2 mg/kg (+ 5%). In addition, treatment CCN75 exhibited 
the highest significant decrease compared to treatment C, 
with an adsorption value of 1.81 mg/kg (− 23%).

Figure 8 presents the adsorption capacity of Ni by the 
roots of P. elongata under different treatments. The con-
centration of Ni in P. elongata roots in treatment C was 
measured at 11.32 mg/kg. The highest significant increase 
in adsorption compared to treatment C was observed in treat-
ments CN75 with a value of 33.97 mg/kg (+ 200%), CCN25 
with a value of 11.4 mg/kg (+ 124%), and CC with a value of 
24.12 mg/kg (+ 113%). In addition, treatment CCN75 exhib-
ited the highest significant decrease compared to treatment 
C, with an adsorption value of 7.63 mg/kg (− 32%).

Phytoremediation efficiency of P. elongata

To determine the phytoremediation efficiency of P. elongata 
for heavy metal remediation, the concentrations of heavy 
metals in different parts of the plant (roots, stems, and 
leaves) and soil were measured. Then, by calculating indices 
such as TI (tolerance index), TF (transfer factor), BCF (bio-
accumulation factor in roots), and BAC (bioaccumulation 

factor in shoots), the capability and efficiency of the plant 
for phytoremediation can be assessed.

Tolerance index

Figure 9 illustrates the tolerance index of P. elongata for 
Cr and Ni. According to this table, the tolerance index in 
the control treatment is equal to 1. However, this index was 
higher than the control treatment only in the CCAN25 treat-
ment (with a value of 1.07). This indicates that the use of a 
low amount of iron nanoparticles in conjunction with myc-
orrhiza and cyanobacteria can enhance the plant’s tolerance 
to high stresses. It should be noted that the lowest decrease 
in the tolerance index was observed in the CCA treatment 
(with a value of 0.91), while the highest decrease compared 
to the control was related to the CCN75 treatment (with 
a value of 0.48). These numbers indicate that the use of a 
high concentration of iron nanoparticles can be considered a 
stress factor. In addition, the simultaneous use of mycorrhiza 
and cyanobacteria can partially compensate for the negative 
effects of stress on plant tolerance. It is good to mention 
that the tolerance index is approximately 1 when the plant 
is under no stress, and this value decreases toward 0 when 
the plant is exposed to pollutants. This index represents the 
ratio of the plant’s dry weight in treatment to the plant’s dry 
weight in the control (Cao et al. 2008; Mokarram-Kashtiban 
et al. 2019).

Transfer factor

Figure 10 shows the translocation index of P. elongata for 
Cr and Ni. The translocation index for Cr in the control 
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treatment is 0.57, while the CCN75 treatment (1.41) has the 
highest value, and the CN75 treatment (0.42) has the low-
est value. This means that cyanobacteria have significantly 
increased the translocation of Cr from the soil to the aerial 
parts of the plant. In addition, it can be inferred that a high 
concentration of iron nanoparticles (separately) has signifi-
cantly reduced this index for Cr. The translocation index for 
Ni in the control treatment is 0.96, while the CCN75 treat-
ment (1.27) has the highest value, and the CN75 treatment 
(0.35) has the lowest value. Similar to Cr, cyanobacteria 
have significantly increased the translocation of Ni from the 
soil to the aerial parts of the plant, and the separate use of a 
high concentration of iron nanoparticles has resulted in the 
most significant reduction in this index.

This index indicates the ability of heavy metal transloca-
tion from the roots to the aerial parts (stem and leaves) of the 
plant. If the translocation index for a metal is less than 1, its 
absorption and translocation to the shoot (stem and leaves) 
are limited. Generally, a higher value of this index means 
that the metal has been transferred more from the soil to 
the plant. It has been mentioned that when the translocation 
index is less than 1, the plant is considered an accumulator, 
and when it is greater than 1, the plant is a hyperaccumulator 
for that metal. The translocation index is used to determine 
the metal’s mobility because it is derived from the ratio of 
metal concentration in the shoot (stem and leaves) to the 
metal concentration in the soil (Mokarram-Kashtiban et al. 
2019).

Bioconcentration factor

Figure 11 illustrates the phytoaccumulation index of P. elon-
gata for Cr and Ni. The phytoaccumulation index for Cr 

in the control treatment is 1.41. In comparison, the CN75 
treatment has the highest value (1.50), while the CCN75 
treatment has the lowest value (0.64). Similarly, the phytoac-
cumulation index for Ni in the control treatment is 0.39, with 
the CN75 treatment having the highest value (1.17) and the 
CCN75 treatment having the lowest value (0.26). In gen-
eral, the CN75 treatment has achieved the highest phytoac-
cumulation (root) for Cr and Ni. This means that the use of 
a high amount of iron nanoparticles (separately) has led to 
higher phytoaccumulation of these three metals in the roots 
compared to other treatments. Conversely, the CCN75 treat-
ment has resulted in the lowest phytoaccumulation (root) 
for both of them. This implies that the simultaneous use 
of a high amount of iron nanoparticles and cyanobacteria 
imposes the greatest limitation on the phytoaccumulation 
of these four metals.

Bioaccumulation coefficient

Figure 12 displays the phytoaccumulation index of the P. 
elongata for Cr and Ni. The bioaccumulation factor for Cr 
in the control treatment is 0.65, while the CCN25 treatment 
has the highest value (0.94), and the CCAN25 treatment 
has the lowest value (0.34). In addition, the bioaccumula-
tion factor for Ni in the control treatment is 0.37, with the 
CC treatment having the highest value (0.59) and the CN25 
treatment having the lowest value (0.31). In general, only 
the CCN25 treatment (with a value of 0.42) has a phytoac-
cumulation index greater than 1. This means that the simul-
taneous use of cyanobacteria and iron nanoparticles has led 
to a high phytoaccumulation of iron. On the other hand, the 
lowest phytoaccumulation in the shoots for iron is related to 
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the CCA treatment (simultaneous use of cyanobacteria and 
mycorrhiza) with a value of 0.14.

A 4-degree scale is used to assess metal phytoaccumula-
tion. If the bioconcentration factor (BCF) or bioaccumula-
tion coefficient (BAC) is less than 0.01, there will be no 
phytoaccumulation of that metal in the plant. If it is between 
0.01 and 0.1, phytoaccumulation is low. If it is between 0.1 
and 1.0, phytoaccumulation is moderate. If it is greater than 
1.0, phytoaccumulation is high (Sekabira et al. 2011). Based 
on this, in our study, the BCF and BAC values for both met-
als were less than 1.0, indicating moderate phytoaccumula-
tion of Cr and Ni in P. elongata (across all treatments). It can 
also be concluded that the simultaneous use of cyanobacte-
ria and mycorrhiza resulted in the highest phytoaccumula-
tion of Cr in the roots (BCF), while the opposite effect was 
observed when a high amount of iron nanoparticles was used 
in addition to cyanobacteria and AMF (Yoon et al. 2006). By 
comparing BCF and BAC, we can determine in which plant 
tissue the metal has a higher phytoaccumulation. In general, 
the higher the values of these two indices, the greater the 
plant’s ability to accumulate heavy metals.

Synergistic effects of amendments 
on the phytoremediation process

In general, as expected, a synergistic effect was observed 
in the phytoremediation process when remediation amend-
ments (cyanobacteria, AMF, and nZVI) were used simul-
taneously. In the treatment of CCAN25 (ternary), the pho-
tosynthetic pigments (chlorophyll a and b) in leaves and 
growth parameters (total dry weight, stem length, root 
length) exhibited the highest values. On the other hand, the 
concentrations of metals, including Cr(VI) and Ni, were the 
lowest in both the plants and soil in the ternary treatment.

Discussion

Effect of cyanobacteria inoculation 
on the phytoremediation process

Cyanobacteria play a crucial role in tackling environmental 
pollution caused by rapid industrialization and urbaniza-
tion. They are key players in environmental biotechnology, 
leading efforts for ecological restoration. Cyanobacteria’s 
distinct benefits, such as rapid metal removal, microbial 
biomass capacity for extracting metallic ions, and reliance 
on natural biomaterials, make them superior to traditional 
methods. Thriving across soil systems, cyanobacteria dem-
onstrate a remarkable capacity to accumulate significant 
levels of metals (Gupta et al. 2012).

The study observed that cyanobacteria significantly 
reduced the EC of the soil. Kheirfam and Roohi (2020) 

observed that cyanobacteria reduce soil EC by absorbing 
sodium through algal biomass. Algae in the soil, particularly 
during rainy days (in high moisture conditions), use sodium 
instead of calcium, resulting in reduced electrical conduc-
tivity. Besides, Singh and Singh (2015) studied the impact 
of cyanobacteria on saline and alkaline soils, observing a 
reduction in soil EC from 5.6 to 6.5 dS/m after 3 months. Al-
Sherif et al. (2015b) found that cyanobacteria significantly 
reduced the soil EC by up to 80% in the bioremediation 
of heavy metal-contaminated soils. In addition, Nisha et al. 
(2018) demonstrated cyanobacteria’s capacity to lower soil 
EC.

Cyanobacteria, with their ability to fix atmospheric nitro-
gen and carbon, emerge as fitting candidates for bioremedia-
tion (Gupta et al. 2012; Ramakrishnan et al. 2023). In this 
study, the inoculation of cyanobacteria led to a significant 
increase in soil organic carbon and nitrogen levels, while 
also enhancing phosphorus and potassium levels through 
photosynthesis. Cyanobacteria, through photosynthesis, 
can increase the organic carbon and nitrogen content of the 
soil (Kheirfam and Roohi 2020). The fixation of nitrogen 
by cyanobacteria substantially enhances the availability of 
this crucial nutrient in the soil. Furthermore, cyanobacte-
ria play a pivotal role in preserving nitrogen, phosphorus, 
organic carbon, and soil moisture, as elucidated by Chit-
tora et al. (2020). Numerous studies have delved into the 
diverse impacts of cyanobacteria on different soil types. For 
example, Singh and Singh (2015) found that cyanobacteria 
significantly increased organic carbon in saline and alkaline 
soils. Román et al. (2018) studied the interactions between 
algae, bacteria, and the environment, and found that cyano-
bacteria increased both organic carbon and nitrogen in the 
soil. Al-Sherif et al. (2015a) investigated the bioremediation 
of heavy metal–contaminated soils and reported significant 
increases in nitrogen and phosphorus after cyanobacteria 
inoculation. In contrast, Biglari Quchan Atigh et al. (2020) 
studied native cyanobacteria in heavy metal–contaminated 
soils and observed a reduction in soil nitrogen and organic 
carbon following cyanobacteria inoculation.

Cyanobacteria, equipped with the capability to fix 
atmospheric nitrogen and carbon, emerge as ideal candi-
dates for bioremediation within the realm of heavy metals, 
encompassing vital micronutrients and harmful elements 
(Ramakrishnan et al. 2023). In this study, the presence of 
cyanobacteria in soil treated with cyanobacteria resulted 
in a significant decrease in the concentration of metals 
such as Cr(VI) compared to the control. Microorganisms, 
acting as catalysts, can efficiently convert Cr(VI) to less 
toxic Cr(III). This bioremediation process can effectively 
reduce the mobility of Cr(VI) in the soil (Chittora et al. 
2020). Studies by Biglari Quchan Atigh et al. (2020) and 
Al-Sherif et al. (2015b) observed substantial reductions 
in various heavy metals after cyanobacteria inoculation in 
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soils, demonstrating their effectiveness in remediating metal-
contaminated sites. Some cyanobacteria possess special 
polysaccharide sheaths around cell walls, which not only 
protect cells from oxygen but also enhance water absorp-
tion capacity, moisture retention, microbial activity, and the 
accumulation of biologically derived elements (Kheirfam 
and Roohi 2020). Bioflocculants, synthesized extracellular 
macromolecules by cyanobacteria, play a pivotal role in effi-
ciently removing heavy metals from contaminated sites by 
binding and sequestering them, contributing to their multi-
faceted role in bioremediation (Gupta et al. 2012).

Cyanobacteria play a vital role in enhancing plant tol-
erance and protection through a sophisticated mechanistic 
process (Abo-Shady et al. 2023). In this work, when cyano-
bacteria was applied to P. elongata in contaminated soil, 
it led to an increase in both the tolerance index (TI) and 
the translocation index (TF). This elevation in TI and TF is 
associated with the positive effects of cyanobacteria, poten-
tially mitigating stress induced by heavy metals. The mech-
anisms contributing to enhanced plant tolerance include 
biosorption, bioflocculation, and cyanobacteria’s role in soil 
improvement. Moreover, cyanobacteria, in symbiosis with 
plants, effectively mitigate the adverse impacts of abiotic 
stresses and heavy elements, significantly contributing to 
the biogeochemical cycles of nitrogen, carbon, and oxygen 
in the soil (Poveda 2021).

Effect of mycorrhiza on the phytoremediation 
process

AMF exhibits considerable variability in resistance to heavy 
metals. In this study, the introduction of AMF led to a note-
worthy decrease in the concentrations of Cr and Ni in forms 
I, II, and III, in comparison to the control treatment. AMF 
detoxifies metal contamination through surface adsorption 
and soil immobilization by glomalin (Vilela and Barbosa 
2019). AMF releases glomalin-related soil protein (GRSP) 
in the form of low molecular weight organic compounds. 
GRSP, produced by AMF through mycelium and spore 
walls, exhibits water insolubility and temperature resistance, 
serving a crucial role in metal chelation in the rhizosphere 
(Riaz et al. 2021). This is possibly linked to the decline in 
metal concentration in phase III in this study, representing 
the oxidized form (bound with organic sulfides), implying 
low bioavailability and mobility due to association with sul-
fur and high molecular weight organic materials. This form 
releases minimal metals into the environment gradually.

AMF plays a crucial role in enhancing plant biomass and 
metal tolerance, influencing heavy metal (HM) bioavail-
ability, and promoting HM retention in roots. While some 
AMF strains restrict HM translocation to aerial parts, others 
enhance HM uptake. In this study, AMF inoculation into 
the soil significantly reduced the photosynthetic pigments 

(chlorophyll a and b) in the leaves of P. elongata plants, 
as well as the total dry weight, stem length, root length, 
and leaf surface area. On the other hand, a notable decrease 
in the bioconcentration factor (BCF) for Cr was observed, 
accompanied by an increase in BCF for Ni. Furthermore, 
it is noteworthy that the translocation factor (TF) for Ni 
showed a decrease.

Several studies have investigated the effects of AMF 
on plant growth and metal toxicity. Citterio et al. (2005) 
observed a reduction in plant biomass due to metal accumu-
lation in the roots. Mycorrhizal plants consume more energy, 
relying on the plant for carbon supply, and if carbon produc-
tion is insufficient, the plant’s energy consumption by the 
fungus becomes apparent, resulting in decreased biomass. 
Chen et al. (2005) observed a significant increase in lead 
accumulation in the aerial parts and roots of Kummerowia 
striata Thunb., Ixeris denticulate Houtt., Lolium perenne 
L., and Trifolium repens L. plants due to AMF symbiosis. 
Furthermore, Killham and Firestone (1983) noted that sym-
biosis does not consistently boost plant growth and may 
adversely affect certain growth parameters. Their study 
found increased heavy metal concentrations in the roots 
and aerial parts of mycorrhizal herbaceous plants compared 
to non-mycorrhizal ones. Elevated heavy metal levels can 
disrupt crucial metabolic activities like photosynthesis, 
enzyme function, and hormone regulation in plants. AMF 
plays a pivotal role in assisting plants in coping with heavy 
metals. They induce alterations in plant morphology and 
physiology, enhancing the plant’s resilience to HM stress. 
AMF produces chelators that impede the translocation of 
metals to the upper parts of the plant, thereby augmenting 
the plant’s capacity to manage HMs. The extraradical hyphae 
of AMF exhibit robust metal-binding capabilities, contrib-
uting to effective phytoremediation. The cell walls of AMF 
contain compounds such as chitin and chitosan, influencing 
HM binding strength through specific amino acids. In addi-
tion, plants associated with AMF benefit from fungal threads 
in the soil, producing glomalin. In essence, AMF supports 
plants in tolerating metals by capturing and immobilizing 
them effectively (Riaz et al. 2021).

Effect of NZI on the phytoremediation process

The results of this study show that the addition of nZVI 
at both concentrations (25 and 75 mg/kg) did not signifi-
cantly affect the pH, but it significantly increased the EC 
(higher nanoparticle concentration resulted in a greater 
increase). Since nZVI can retain or absorb ions present in 
the soil, the increase in EC with increasing iron nanopar-
ticle concentration can be attributed to this reason (Wong 
et al. 2007). In addition, iron inoculation into the soil itself 
leads to an increase in EC (Hidalgo et al. 2020). The find-
ings of several studies conducted by Mokarram-Kashtiban 
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et  al. (2019), Pavelková et  al. (2021), and Song et  al. 
(2019) confirm our study results.

Our finding showed that the treatment with higher nZVI 
(75 mg/kg) caused a significant decrease in the concentra-
tions of Cr in forms 1, 2, and 4 in the soil, while lower 
nZVI (25 mg/kg) resulted in a significant decrease in 
forms 1, 2, and 3. Regarding Ni, a significant reduction 
was observed in form 3 in the treatment where a low dose 
of nanoparticles was used. nZVI is thoroughly investigated 
for its efficacy in pollutant removal through redox reac-
tions. Functioning as an electron donor, nZVI facilitates 
the reductive degradation or stabilization of pollutants, 
particularly Cr(VI). Beyond its reducing capabilities, 
nZVI can also adsorb inorganic ions and coprecipitate 
with them (Song et al. 2019). The nZVI has a core made 
of zero-valent iron, also known as metallic iron, while 
they have an oxide shell resulting from the oxidation of 
metallic iron. The core can lose electrons. Metals with a 
more positive standard electrode potential (E˚) than iron 
(− 0.89 V), such as Cr (− 0.74 V) and Ni (− 0.25 V), are 
removed both through the process of electron transfer from 
iron to the metal and through surface adsorption (Tafazoli 
et al. 2020).

The photosynthetic pigments (chlorophyll a and b) expe-
rienced a significant reduction compared to the control as a 
result of this inoculation. Growth and biometric indices in 
the P. elongata also showed a significant decrease due to this 
inoculation. It is noteworthy that following this inoculation 
at a dosage of 75 mg/kg, there was a significant reduction 
in Cr(VI) concentrations in the leaves, stem, and roots of P. 
elongata. However, the concentrations of Cr(III) increased in 
the stem and roots. As for Ni, its concentration elevated in the 
leaves and roots of P. elongata. Furthermore, the BCF exhib-
ited an augmentation for Cr and a reduction for Ni at a dos-
age of 75 mg/kg. In addition, the TF demonstrated a decline 
for both Cr and Ni in comparison to the control group at the 
abovementioned dose. Mokarram-Kashtiban et al. (2019) 
noted that the introduction of iron nanoparticles into heavy 
metal–contaminated soil impacts growth parameters, result-
ing in a reduced TF and BCF for cadmium and lead at lower 
nZVI doses. Hidalgo et al. (2020) found that the introduction 
of nZVI facilitated the movement of pollutants to the above-
ground parts of the plant, while plant tolerance remained 
unaffected. The efficacy of nZVI in capturing metal(loid)s is 
contingent on their unique characteristics, and there may be 
a competitive interaction among different metal(loid)s. Cr, 
having a slightly higher E˚ than Ni, can be more effectively 
immobilized by nZVI through sorption and precipitation. 
This could be a contributing factor to why nZVI led to a 
reduction in root accumulation of Cr concentration.

Conclusion

This study investigated the individual and combined 
effects of cyanobacteria, AMF, and nZVI in conjunction 
with P. elongata for remediating soil contaminated with 
Cr and Ni. The results indicated that cyanobacteria, either 
alone or in combination with AMF and nZVI, significantly 
reduced EC. Nitrogen content varied across treatments, 
with the combined application of cyanobacteria and AMF 
showing the most significant increase. Significant varia-
tions in phosphorus content were observed, particularly 
in the treatment involving cyanobacteria, AMF, and a 
high amount of nZVI. The highest increase in potassium 
content was observed in the cyanobacteria and high nZVI 
treatment. The organic carbon content of the soil increased 
significantly in the treatment with cyanobacteria, a low 
amount of nZVI, and AMF, while the presence of 75 mg/
kg of nZVI led to a decrease. Plant growth metrics showed 
significant differences in all treatments, with the treatment 
involving cyanobacteria, nZVI, AMF, and a low amount of 
nZVI resulting in the highest plant growth. In addition, the 
combined application of cyanobacteria, nZVI, AMF, and a 
low amount of nZVI exhibited the highest levels of chlo-
rophyll a, chlorophyll b, and carotenoids. BCF and BAC 
values suggested moderate phytoaccumulation of Cr and 
Ni in P. elongata across all treatments, with the highest 
phytoaccumulation of Cr in roots observed in the CCAN25 
treatment. In conclusion, the simultaneous application of 
cyanobacteria, AMF, and nZVI demonstrated significant 
effects on soil properties, plant growth, and heavy metal 
availability, highlighting their potential for remediating 
Cr- and Ni-contaminated soil.
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