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Abstract: The objective of this study was to evaluate the effect of mixtures of the phosphate industry’s
by-products and sewage sludge on some heavy metals (Pb, Zn and Cd) in the soil–plant system and
the microbial load (bacteria, fungi and actinobacteria) in the soil. The experimental layout was a
completely randomized design with ten treatments and four replications. The treatments consist of a
combination of five substrates: phosphogypsum (PG), phosphate sludge (PS), sewage sludge (SS),
phosphate waste rocks (PWR) and original mine topsoil (TS). Heavy metals analysis, phytoextraction
efficiency (PEE) and bioconcentration factor (BCF) were carried out for three Ryegrass cuts. The
microbial load of each treatment was determined at the end of the experiment. The results showed
that the Pb, Zn and Cd contents of the treatments were well below the permissible limits given in
the literature. The highest BCF and PEE were with treatment T4. Furthermore, bacteria, fungi and
actinobacteria were significantly influenced by the different proportions of by-products used in the
treatments, with the highest richness observed for the T4 treatment. For a successful reclamation
of mine sites, it would be useful to determine the speciation of metals in the soil solution and the
microbial genetic diversity.

Keywords: heavy metals; phosphogypsum; phosphate sludge; sewage sludge; phytoimmobilization;
phytoextraction; reclamation; mining sites; ryegrass

1. Introduction

Morocco has a very long mining tradition which constitutes an important vector of
economic and social development [1,2]. Mining activity is dominated by the extraction
and beneficiation of rock phosphates. This country remains the largest producer of rock
phosphate and has around two-thirds of the world’s total reserves [3–5]. The Cherifien
Phosphates Office (abbreviated: OCP) is the phosphate industry responsible for phosphate-
based fertilizer and the extraction of the raw phosphates from the Moroccan undergrounds
thanks to open-pit sites whose production reaches approximately 26.6 million tons per
year [6–8]. The intense mining activity related to phosphate beneficiation and fertilizer pro-
duction generates large amounts of by-products such as phosphogypsum (PG), phosphate
sludge (PS) and phosphate waste rock (PWR) [9–11].

Furthermore, the storage and handling of phosphogypsum and phosphate sludge are
at the same time costly and a loss since they can be valorized in agriculture and other fields.
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In addition, sewage sludge is a by-product of sewage treatment plants [12]. While numerous
studies have shown that sewage sludge was an effective mine soil amendment [13], it is
nevertheless a problem in various countries due to its increasing volume and the impacts
associated with its disposal. In 2015, Morocco produced more than 240,000 tons of sewage
sludge, and it is estimated that more than 320,000 tons of sewage sludge will be produced
from wastewater treatment plants in 2025 [14,15].

Engaged in mining soil rehabilitation and their difficult management in harsh pedo-
climatic conditions, and concerned with the environmental footprint limitation, OCP, in
collaboration with its partners, is looking for effective and efficient techniques for the
valorization of these by-products through the revegetation of mining sites and other uses,
including degraded soils. Indeed, phosphate industry by-products and sewage sludge con-
tain various amounts of nitrogen, sulfur, calcium, phosphorous, micronutrients and large
amounts of organic matter that can contribute to the success of revegetation [13,14,16–18].
Furthermore, the studies performed by [1] showed that a proportion of 65% of phosphogyp-
sum enriched the substrate in phosphorus by improving the crop yield. The addition of 5%
of sewage sludge contributed to a significant improvement of ryegrass aerial biomass. Top-
soil can also be mixed with phosphate sludge and sewage sludge and used as an alternative
substrate for the reclamation of the mined soils. According to several authors [5,19–25],
these by-products may contain pollutants that must be evaluated and monitored to avoid
any potential threat to the environment and ensure their safe use on a large scale. Contrary
to organic molecules, which can be metabolized or destroyed, heavy metals are persistent
and not biodegradable and could constitute a source of contamination to plants as well
as other organisms in the trophic chain [13,14]. A study carried out by [26] revealed that
cadmium (Cd), Zinc (Zn) and lead (Pb) were the heavy metals most likely to be found in
phosphate mining by-products. Moreover, according to [14], several environmental issues
are related to sewage sludge, depending on its composition, especially soil contaminants.
Sewage sludges may contain a high level of heavy metals such as Cd, Zn and Pb, which
at high levels become toxic and restricts their use as an amendment and fertilizer in agri-
culture, revegetation or reclamation of mining sites and degraded soils in general. Thus,
these heavy metals, even at low concentrations, may constitute serious threats to living
organisms through their ability to stimulate, aggregate properties and mutagenesis [27].

The soil microbial population plays a significant role in organic matter transformation
and soil nutrient management [28]. According to [29], soil microbial biomass and microbial
activity are indicators of soil maturity and health. Indeed, by-product nutrients stimu-
late microbial activity and microbial biomass by increasing populations of actinobacteria,
bacteria and fungi. However, variations in environmental conditions may exert a specific
population pressure, shifting to population and affecting the composition of microbial
species [30]. In addition, heavy metals present in the by-products may affect a variety
of microbial processes in soil, thereby affecting the nutrient cycling and the capacity to
perform key ecological functions, such as the mineralization of organic compounds and
synthesis of organic matter [31]. Thus, these by-products may not be effective in increasing
the mobility and bioavailability of heavy metals. For these reasons, the use of by-products
for the successful reclamation of large-scale mining sites requires adequate monitoring of
heavy metal behavior in soil–plant systems along with the evaluation of microbial species
and their diversity. Although the heavy metals and microbial species related to by-product
use have been investigated [21,28–39], little information is available in the literature about
the fate of heavy metals resulting from the mixing of by-products of the phosphate industry
and sewage sludge. Furthermore, very few microbial studies have specifically investigated
how these by-products mixing affect microbial species. This study is a continuation of stud-
ies carried out by [1] on the new approach for mining site reclamation by using phosphate
industry by-products and sludge mixtures.

The objective of this study was to evaluate the effects of the mixture of the phosphate
industry by-products and sewage sludge on some heavy metals (Pb, Zn and Cd) and the
microbial load (bacteria, fungi and actinobacteria) in the soil–plant system.
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2. Materials and Methods
2.1. Substrates Used

The by-products used for this study were phosphogypsum (PG), phosphate waste rock
(PWR), sewage sludge (SS) and phosphate sludge (PS). The physicochemical characteristics
of different substrates were already known (Table 1).

Table 1. Physical-chemical properties of the substrates used.

Properties PG SS PWR PS TS

pH 3.00 ± 0.5 7.00 ± 0.50 8.6 ± 0.53 8.4 ± 0.53 7.80 ± 0.13
EC (dS/m) 4.24 ± 0.68 5.53 ± 0.50 0.31 ± 0.09 0.71 ± 0.05 0.19 ± 0.02
Total lime (%) 0.00 8.20 ± 0.44 29.30 ± 0.61 30.00 ± 1 2.40 ± 0.10
Active lime (%) 0.00 0.00 5.30 ± 0.26 5.90 ± 0.36 0.00
Total N (%) 0.78 ± 0.06 2.05 ± 0.13 1.20 ± 0.17 2.28 ± 0.25 1.67 ± 0.29
Organic matter (%) 0.00 37.00 ± 2 0.01 ± 0.09 0.00 1.70 ± 0.17
Olsen P (mg P/kg) 375.18 ± 2.04 1252.65 ± 2.54 2.11 ± 0.19 7.49 ± 0.31 116.34 ± 1.16
CEC (Cmol (+)/kg) 228.88 ± 3.80 49.22 ± 0.70 30.90 ± 0.85 28.74 ± 1.41 47.70 ± 1.47
Texture Sandy silt clay - Sandy silt Sandy silt clay Clay
Total Cd (mg Cd/kg) 1.16 ± 0.07 0.04 ± 0.01 0.27 ± 0.02 0.22 ± 0.03 0.42 ± 0.02
Total Pb (mg Pb/kg) 0.49 ± 0.02 0.03 ± 0.02 0.72 ± 0.02 0.52 ± 0.11 0.69 ± 0.16
Total Zn (mg Zn/kg) 36.61 ± 1.51 40.00 ± 2 58.75 ± 0.66 44.61 ± 1.45 22.63 ± 0.55

PG was collected from the Jorf Lasfar phosphate industry complex of OCP, located at
Jorf Lasfa, close to El Jadida, on the Morocco Atlantic coast.

PWR was sampled in the dumps located near the phosphate mine of the “Mining Op-
erations of Gantour, OCP group”. Samples were obtained from a mixture of three random
samples taken from the upper 20 to 30 cm on the site after rock phosphate extraction.

SS (completely dried) came from the Youssoufia wastewater treatment plant, and PS
originate from the Youssoufia phosphate beneficiation complex.

All samples were sieved through a 2 mm mesh sieve before physicochemical analysis.
Topsoil (TS) used corresponds to topsoil gathered and put aside prior to mining. It

was air dried before being stored in a cool place for reuse during the reclamation phase.
The samples from each by-product used in the present study were analyzed at the

soil, plant and water laboratory of the Agriculture Innovation Transfer Technology Center
(AITTC) of the University Mohammed 6 polytechnic (UM6P) at Ben Guérir, Morocco, in
order to determine their main characteristics.

2.2. Experimental Layout

The pot experiment was conducted in a greenhouse at AITTC for 4 months using Italian
ryegrass (Lolium multiflorum). The average temperatures under greenhouse conditions
were 12 ◦C in the morning, 18 ◦C in the afternoon and 25 ◦C in the evening; 10 kg of
each treatment, consisting of different by-product mixtures, were placed in pots. The
experimental layout is a randomized block with five substrates of defined proportions,
10 treatments (T) and 4 replications (R) (Figure 1 and Table 2). Fertilizers were applied
in treatments not receiving sludge as described by [1]. The plants in all treatments were
irrigated with water from AITTC, whose physicochemical characteristics were already
known (Table 3). Ryegrass was harvested and used to calculate bioconcentration factors
(BCF) during the three cuts (1st cut at 36 days, then 2nd cut at 38 days after 1st cut and 3rd
cut at 60 days after 2nd cut).
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Table 2. Treatments used in the experiment [1].

Treatments PG PWR TS SS PS

T1 - 100% - - -
T2 100%
T3 65% 30% - 5%
T4 65% - 5% 30%
T5 65% 35% - -
T6 65% 35% - - -
T7 65% * 35% * - - -
T8 - 95% - 5% -
T9 - 65% 35% - -

T10 - - - 5% 95%
* Addition of phosphorus and nitrogen in DAP form at a rate of 1.08 g/pot (50 ppm) and potassium in the form of
potassium sulfate at a rate of 8.3 g/pot (400 ppm). PG: phosphogypsum; PWR: phosphate waste rock; TS: Topsoil;
SS: Sewage sludge; PS: phosphate sludge.

Table 3. Physicochemical parameters of irrigation water [1].

Parameters Values

EC (dS/m) 2.58
pH 7.35

NH4+ (ppm) 0
NO3− (ppm) 1.11

K+ (ppm) 0.19
Na+ (mg/L) 13.05
Ca2+ (mg/L) 6.16
Mg2+ (mg/L) 6.78

2.3. Soil and Plant Tissue Analysis

The physicochemical properties of the 10 treatments were determined using different
methods. pH was determined in a 1:2.5 soil to distilled water ratio (NF ISO 10390). Organic
carbon was determined using the Walkley–Black titration method (NF ISO 10694) [40].
Cation exchange capacity (CEC) was determined by cobalt-hexamine saturation (spectrom-
etry) (NFX 31–130). Particle-size distribution was determined by means of the pipette
Robinson (NF ISO 11377) [41]. The total Cd, Pb and Zn contents were measured by ICP-
MS (Inductively Coupled Plasma-Mass Spectrometry) after digestion of the samples in
HNO3-HCl. All these physicochemical properties were determined for the three cuts of
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Italian Ryegrass (1st cut at 36 days after seeding, then 2nd cut after 1st cut and 3rd cut at
60 days after 2nd cut).

The ability of the plant to absorb metals from the soil and transfer them from the roots
was estimated by the bioconcentration factor (BCF), as described by [42,43]. Thus, the BCF
index determined in this study is as follows:

BCF = [M]soil/[M]aerial parts, (1)

where [M] is the total metal concentration (mg/kg).
According to [42,44], plants with BCF > 1 are suitable for phytoextraction and are

qualified as a hyperaccumulator, while plants with BCF < 1 are suitable for the phytoimmo-
bilization process.

The phytoextraction efficiency (PEE) by ryegrass under different treatments was
calculated as suggested by [45]:

PEE (%) = ([M]in plant tissue × Plant Dry Weight per Pot/[M]soil × Soil Weight in Pot) × 100 (2)

where [M] is the total metal concentration (mg/kg).
For microbial assessment, the dilution plate count technique was performed using

nutrient agar and potato dextrose agar for bacterial and fungal counts, respectively [34].
Furthermore, for actinobacteria, the dilution plate count technique was used as described
by [46]. This microbial assessment was performed at the end of the experimentation.

2.4. Statistical Analysis

Statistical analysis of heavy metal contents and microbial load were based on the
ANOVA test. The calculated means and standard deviations were also reported. A sig-
nificant ANOVA at p ≤ 0.05 indicates the treatments are significantly different. Tukey’s
post-hoc multiple mean comparison test was used to test significant differences between
treatments at p ≤ 0.05. A Pearson’s correlation matrix among different parameters (physical,
chemical and microbiological) was constructed. Principal component analysis (PCA) was
performed using the FactoMineR package in R software. It was used to establish the correla-
tion matrix between heavy metals from the soil, the abundance of soil microorganisms and
the physico-chemical parameters. All computations were performed using the statistical
software R, version 4.0.5 and Excel 2016.

3. Results and Discussion
3.1. Physicochemical Properties and Heavy Metals of Treatments

Physicochemical properties and heavy metals of the ten treatments showed that the
textures were sandy silt for T1, T3, T4, T5 and T7 treatments and sandy silt clay for T6, T8,
T9 and T10 treatments (Table 4). The texture was different from the T2, which was clay. The
pH of the mixture related to different treatments varied from slightly alkaline (T2, T3, T4,
T5, T6, T7, T8, T9 and T10) to alkaline (T1). According to [47,48], alkaline soils with pH
between 7.1 and 8.1 have a lower risk of heavy metal leaching and bioavailability to plants.
The organic matter concentrations were between 0.32% and 3.83%. The lowest values were
recorded for treatment T6. The highest value was observed for treatment T10. CEC varied
between 30.90 and 49.26 cmol(+)/kg. These values were high compared to those obtained
by [49] (9.8–22.60 cmol(+)/kg) during their study in Tunisia on the transfer of lead, zinc
and cadmium from mine tailings to wheat. According to [50], high CEC values have the
potential for immobilizing heavy metals.
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Table 4. Physicochemical properties of the different treatments.

Treatments pH Clay (%) Silt (%) Sand (%) Organic
Matter (%)

CEC
(Cmol(+)/kg)

T1 8.2 ± 0.16 13.5 ± 1.63 24 ± 2.94 62.5 ± 5.89 0.45 ± 0.37 30.90 ± 0.57
T2 7.77 ± 0.08 60.75 ± 2.16 20.25 ± 0.82 19 ± 2.94 1.66 ± 0.22 42.02 ± 3.03
T3 7.46 ± 0.06 11.5 ± 0.82 20 ± 1.41 68.5 ± 1.63 1.32 ± 0.16 37.39 ± 3.83
T4 7.46 ± 0.06 10.5 ± 1.41 27.5 ± 0.82 62.33 ± 1.53 1.70 ± 0.41 36.06 ± 3.71
T5 7.46 ± 0.02 10.75 ± 1.74 31.25 ± 1.41 58 ± 2.16 0.65 ± 0.08 42.29 ± 4.33
T6 7.06 ± 0.02 11 ± 0.82 38.75 ± 1.41 50.25 ± 2.13 0.32 ± 0.22 46.25 ± 4.72
T7 7.37 ± 0.02 17 ± 1.41 30 ± 1.41 53 ± 2.45 0.38 ± 0.14 49.26 ± 5.01
T8 7.47 ± 0.12 17.25 ± 1.41 22.25 ± 0.54 60.5 ± 1.08 1.74 ± 0.16 41.72 ± 4.26
T9 7.88 ± 0.02 27.75 ± 0.2 24 ± 1.41 48.25 ± 0.74 0.93 ± 0.08 43.02 ± 4.41

T10 7.94 ± 0.03 28.25 ± 0.93 20 ± 2.48 51.75 ± 1.41 3.83 ± 0.63 40.49 ± 4.15

Pb, Zn and Cd contents during three ryegrass cuts showed that Pb, Zn and Cd contents
were highest in all treatment substrates and lowest in the aerial parts (Tables 5 and 6). Our
results are in agreement with those obtained by [49], who found higher contents of Pb, Zn
and Cd in the tailings when compared to those of wheat grown on the same tailing. Zn is
an essential micronutrient for plants. The Zn contents of the different by-product mixtures
of the present study varied between 22 and 80 mg/kg. According to [51], the maximum
allowable concentration (MAC) of Zn in agricultural soils proposed by the European Union
is 150–300 mg/kg. Cadmium (Cd) and lead (Pb) are two toxic heavy metals to humans
and other living organisms when their level is high in the soil, but their contents in soil
are generally low [43–52]. The Cd and Pb soil contents determined in the present study
ranged from 0.2 to 1.79 mg/kg and 0.2 to 1.7 mg/kg, respectively. These values are lower
than the MAC proposed by European Union for Cd (1–3 mg/kg) and Pb (50–300 mg/kg)
in agricultural soils. Furthermore, Zn (0.238–2.136 mg/kg), Pb (0.001–0.026 mg/kg) and
Cd (0.001–0.069 mg/kg) contents in plant aerial parts are lower than the Plant Leaf Toxicity
Limits (PLTL) (5–30; 30–300 and 100–400 mg/kg for Cd, Pb and Zn, respectively). Thus, the
by-products of the phosphate industry and the sewage sludge used in this study neither
generate pollution nor constitute a hazard to the environment and human health. These
findings are in agreement with a previous study carried out by [53] demonstrated that
there is no significant contaminant generation from the phosphate limestone by-products.
These by-products can therefore be used for the reclamation of mining sites as well as
for agriculture.

Table 5. Pb, Zn, Cd contents of the ryegrass aerial parts during the three cuts compared to Plant Leaf
Toxicity Limits (PLTL).

Heavy Metals Cd (mg/kg) Pb (mg/kg) Zn (mg/kg)

CUT 1 2 3 1 2 3 1 2 3

T1 0.002 0.004 0.004 0.006 0.006 0.001 0.359 0.468 0.077
T2 0.002 0.009 0.018 0.005 0.008 0.005 0.254 0.804 0.368
T3 0.009 0.031 0.021 0.018 0.02 0.01 0.791 2.136 0.558
T4 0.011 0.031 0.012 0.014 0.026 0.008 0.869 1.565 0.513
T5 0.004 0.016 0.005 0.006 0.011 0.007 0.36 0.566 0.529
T6 0.002 0.014 0.002 0.004 0.01 0.006 0.238 0.391 0.532
T7 0.004 0.024 0.001 0.005 0.013 0.006 0.494 0.554 0.621
T8 0.011 0.069 0.008 0.022 0.024 0.007 1.855 1.48 0.907
T9 0.003 0.014 0.002 0.004 0.003 0.001 0.367 0.277 0.135

T10 0.017 0.066 0.006 0.021 0.014 0.002 2.091 1.212 0.429

* PLTL 5–30 30–300 100–400

* PLTL: Plant Leaf Toxicity Limits [49].
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Table 6. Soil Pb, Zn, Cd contents at three cuts compared to allowable limits in agricultural soils.

Heavy
Metals Cd (mg/kg) Pb (mg/kg) Zn (mg/kg)

CUT 1 2 3 1 2 3 1 2 3

T1 0.27 ± 0.03 0.56 ± 0.25 0.81 ± 0.06 0.72 ± 0.37 0.69 ± 0.32 1.70 ± 0.13 40 ± 6.73 61.50 ± 5.67 79.71 ± 6.07
T2 0.42 ± 0.06 0.38 ± 0.04 1.06± 0.13 0.68 ± 0.29 0.41 ± 0.29 0.20 ± 0.22 34.50 ± 8.35 22.00 ± 3.80 36.50 ± 3.42
T3 0.41 ± 0.16 0.43 ± 0.26 0.72 ± 0.40 0.69 ± 0.38 0.51 ± 0.27 0.25 ± 0.23 56.33 ± 3.51 43.10 ± 3.22 61.44 ± 5.30
T4 0.75 ± 0.24 0.81 ± 0.11 0.97 ± 0.39 0.48 ± 0.28 0.29 ± 0.38 0.39 ± 0.39 50.75 ± 5.82 57.25 ± 7.45 79.50 ± 8.57
T5 1.42 ± 0.70 1.28 ± 0.23 1.67 ± 0.07 0.79 ± 0.31 0.85 ± 0.65 0.37 ± 0.37 33.25 ± 8.02 23.50 ± 1.73 33.25 ± 5.63
T6 1.78 ± 0.20 1.47 ± 0.41 1.22 ± 0.95 0.46 ± 0.38 0.60± 0.75 0.72 ± 0.34 35.25 ± 8.54 35.75 ± 8.38 80.00 ± 6.99
T7 0.52 ± 0.56 1.22 ± 0.15 1.79 ± 0.39 0.72 ± 0.31 0.53 ± 0.20 0.72 ± 0.60 52.50 ± 7.54 30.75 ± 4.71 43.50 ± 9.11
T8 0.53 ± 0.57 0.24 ± 0.05 0.30 ± 0.08 0.24 ± 0.28 0.38 ± 0.48 0.65 ± 0.26 43.25 ± 5.95 71.25 ± 6.84 59.00 ± 9.19
T9 0.36 ± 0.04 0.61 ± 0.09 1.13 ± 0.16 0.55 ± 0.37 0.75 ± 0.48 1.32 ± 0.48 70.50 ± 7.10 49.25 ± 7.36 38.25 ± 8.25

T10 0.28 ± 0.01 0.20 ± 0.02 1.10 ± 1.04 0.46 ± 0.30 0.36 ± 0.32 0.60 ± 0.52 84.00 ± 9.31 70.50 ± 9.75 65.75 ± 6.86

* MAC 1–3 50–300 150–300

* MAC: Maximum Allowable Concentrations (MAC) of heavy metals in agricultural soils, proposed by European
Commission [51].

3.2. Bioconcentration Factors (BCF) and Phytoextraction Efficiency (PEE) under Different Treatments

Generally, bioconcentration factor (BCF) values depend on the degree of soil contam-
ination, crop species and soil condition. Thus, it is difficult to accurately measure BCF
values that correspond to each condition [54]. However, when the BCF value exceeds 1,
plant species are considered to exhibit potential removal for the concerned element [32].
The average BCF of Cd, Pb and Zn varied between 0.0036 and 0.2335, 0.0058 and 0.204 and
0.0059 and 0.0557, respectively. Bioconcentration factors (BCF) of heavy metals showed
the relatively highest BCF values (0.2335, 0.204 and 0.0557 for Cd, Pb and Zn, respectively)
with T4 (65% PG, 30% PS and 5% SS) (Table 7). This observation corroborated results
from [55] that showed that the addition of PG (40 and 80%) caused an accumulation of
Cd and Zn in the roots of tomato seedlings. Furthermore, the estimated BCF values for
the heavy metals Cd, Pb and Zn for the ten treatments were lower than 1, with values
between <0.001 mg/kg and 0.2335 mg/kg. Thus, BCF < 1 indicated that ryegrass was
suitable for phytoimmobilization with T4 as the best treatment. This is corroborated by
reports [42,44], according to which plants with BCF < 1 are suitable for phytoimmobiliza-
tion. The Phytoimmobilization capacity of ryegrass has been demonstrated by [55] during
their study on two lead and zinc smelters in northern France (Metaleurop Nord, Noyelles-
Godault and Nyrstar, Auby). This phytoimmobilization is possible due to the symbiosis
between the rhizosphere of the plant and the microbial population. Indeed, plants can
alter rhizosphere microbial populations and increase the immobilization of contaminants.
This could minimize exposure to contaminants and toxicity to the plant [56]. In addition,
the BCF values of Zn (<0.001–0.329 mg/kg) and Cd (<0.001–0.329 mg/kg) were lower or
within the range of US-EPA standards. BCF values for Pb (<0.001–0.329 mg/kg) have not
yet been regulated by US-EPA.

On the other hand, the average phytoextraction efficiency (PEE) of Cd, Pb and Zn from
ryegrass ranged from 0.31 to 2.11%, 0.20 to 1.83% and 0.43 to 2.01%, respectively (Table 8).
PEE of heavy metals showed the highest values with T4 (2.11, 1.83 and 2.01 for Cd, Pb and
Zn, respectively). This finding indicated that the mixing of by-products could increase both
the uptake and transport of Cd, Pb and Zn from the soil environment to ryegrass biomass,
particularly in its roots tissue and its phytoextraction efficiency (PEE).

The optimal treatment (T4) composed of 65%PG, 30% PS and 5% SS could favor
the successful phytoimmobilization and phytoextraction of heavy metals during the
reclamation process.

Furthermore, the variations of heavy metals observed between the different treatments
could be explained by the nature of the metals. According to [42], this variation would be
due to the nature of the metal, which could be attributed to the form of the metal in the
rhizosphere of the substrate. Thus, it appeared that, depending on the nature of the heavy
metal in the contaminated soil, ryegrass could have different phytoremediation processes
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(phytoimmobilization and phytoextraction) regardless of the treatment. However, these
different processes seem to depend on the nature and mobile form of the metal in the rhizo-
sphere. In fact, several studies showed the phytoremediation capacity of ryegrass [56–60].
However, this study suggested that ryegrass may have a different phytoremediation pro-
cess which is probably related to the function of the rhizosphere in the substrate and the
form in which the metal can be taken up. Metal speciation will help us better understand
the different processes.

Table 7. Bioconcentration factor (BCF) of Zn, Cd and Pb for each aerial part of ryegrass under
different treatments.

Heavy Metals Cd
Average

Pb
Average

Zn
Average

CUT Cut 1 Cut 2 Cut 3 Cut 1 Cut 2 Cut 3 Cut 1 Cut 2 Cut 3

T1 0.009 0.007 0.0001 0.0036 0.009 0.008 0.0005 0.0058 0.009 0.008 0.0007 0.0059
T2 0.005 0.022 0.017 0.0195 0.007 0.021 0.023 0.017 0.007 0.021 0.01 0.0127
T3 0.022 0.073 0.012 0.0425 0.026 0.04 0.039 0.035 0.014 0.04 0.009 0.021
T4 0.151 0.34 0.127 0.2335 0.3 0.19 0.122 0.204 0.071 0.09 0.006 0.0557
T5 0.003 0.012 0.003 0.0075 0.008 0.012 0.02 0.0133 0.011 0.012 0.016 0.013
T6 0.001 0.01 0.002 0.0060 0.008 0.016 0.008 0.0107 0.007 0.016 0.007 0.01
T7 0.008 0.019 0.0003 0.0097 0.007 0.025 0.0002 0.0107 0.009 0.025 0.014 0.016
T8 0.02 0.289 0.025 0.1570 0.091 0.062 0.01 0.0543 0.043 0.062 0.015 0.04
T9 0.007 0.023 0.001 0.0120 0.008 0.004 0.0001 0.004 0.005 0.004 0.004 0.0043

T10 0.006 0.329 0.006 0.1675 0.045 0.039 0.003 0.029 0.025 0.039 0.007 0.0237

USEPA 0.002–0.346 - 0.016–0.368

Table 8. Phytoextraction Efficiency (PEE) of Zn, Cd and Pb for different treatments.

Heavy Metals Cd
Average

Pb
Average

Zn
Average

CUT 1 2 3 1 2 3 1 2 3

T1 0.29 0.51 0.20 0.33 0.31 0.46 0.38 0.38 0.56 0.56 0.71 0.61
T2 0.58 0.35 0.10 0.34 0.12 0.35 0.13 0.20 0.71 0.54 0.18 0.48
T3 1.54 2.34 0.42 1.43 0.99 2.86 0.96 1.60 1.57 1.82 1.37 1.59
T4 2.97 2.52 0.85 2.11 2.12 1.63 1.75 1.83 2.30 2.74 1.00 2.01
T5 0.29 1.01 0.49 0.60 0.49 0.59 0.84 0.64 0.69 1.25 1.00 0.98
T6 0.22 0.81 0.49 0.51 0.15 0.42 0.63 0.40 0.47 1.11 0.99 0.86
T7 0.64 0.42 0.44 0.50 0.42 1.10 0.37 0.63 0.84 1.15 0.89 0.96
T8 2.85 1.79 0.81 1.82 2.41 1.44 1.37 1.74 2.75 1.70 1.34 1.93
T9 0.29 0.53 0.10 0.31 0.18 0.59 0.25 0.34 0.35 0.68 0.26 0.43

T10 2.15 2.01 0.77 1.64 0.90 1.28 0.63 0.94 2.43 2.65 0.93 2.00

3.3. Effects of the Different Treatments on the Microbial Load

The total microflora counts showed that bacteria, fungi and actinobacteria were signif-
icantly (p < 0.05) influenced by the variation of the different proportions of substrates used
in the treatments T1, T2, T3, T4, T8, T9 and T10 (Figure 2). A high actinobacteria population
was observed for most of the treatments (T1, T3, T4, T5, T8, T9 and T10), with the maximum
value obtained for treatment T4 (65% PG, 5% SS and 30 % PS) with 281 CFU g−1 of soil. In
addition, the highest values of bacteria and fungi were obtained for treatment T4. However,
the lowest values of bacteria and fungi were obtained for treatment T6, which is a treatment
without SS and PS. Thus, the percentages of PG, PS and SS used in the T4 treatment stimu-
lated microbial activity, as evidenced by increased populations of actinobacteria, bacteria
and fungi. These findings corroborate those of [30], who pointed out that by-products ap-
plication stimulates microbial activity. Furthermore, the abundance of actinobacteria can be
explained by their ability to evolve and thrive in soils under both optimal and less optimal
conditions [60,61]. According to [62], factors that probably contribute to the evolutionary
success of actinobacteria in diverse soil habitats are the ability to utilize a wide variety of
carbon sources and to generally subsist on low amounts of resources, their capacity to form
spores and thereby survive inhospitable conditions in the soil and the ability to produce
secondary metabolites with antibiotic properties. In addition, the effect of the substrates
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through their physico-chemical composition has strongly affected the microbial diversity
either by contribution, stimulation or inhibition. According to [1], treatment T4 was rich
in N, P and K with high biomass. Thus, the high BCF and PEE values observed in the
T4 treatment could be explained by the microbial activity that improved the conditions
for environmental adaptability. The mixing of by-products has led to the development of
microbial populations, which cause many physico-chemical changes in the mixture. These
changes could influence the distribution of metals through the release of heavy metals
during the mineralization of organic matter or the solubilization of metals through the
decrease of pH, the biosorption of metals by the microbial biomass or the complexation
of metals with newly formed humic substances (HS) or other factors [63]. However, a
metagenomic study would help to understand these mechanisms.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 14 
 

3.3. Effects of the Different Treatments on the Microbial Load 
The total microflora counts showed that bacteria, fungi and actinobacteria were sig-

nificantly (p < 0.05) influenced by the variation of the different proportions of substrates 
used in the treatments T1, T2, T3, T4, T8, T9 and T10 (Figure 2). A high actinobacteria 
population was observed for most of the treatments (T1, T3, T4, T5, T8, T9 and T10), with 
the maximum value obtained for treatment T4 (65% PG, 5% SS and 30 % PS) with 281 CFU 
g−1 of soil. In addition, the highest values of bacteria and fungi were obtained for treatment 
T4. However, the lowest values of bacteria and fungi were obtained for treatment T6, 
which is a treatment without SS and PS. Thus, the percentages of PG, PS and SS used in 
the T4 treatment stimulated microbial activity, as evidenced by increased populations of 
actinobacteria, bacteria and fungi. These findings corroborate those of [30], who pointed 
out that by-products application stimulates microbial activity. Furthermore, the abun-
dance of actinobacteria can be explained by their ability to evolve and thrive in soils under 
both optimal and less optimal conditions [60,61]. According to [62], factors that probably 
contribute to the evolutionary success of actinobacteria in diverse soil habitats are the abil-
ity to utilize a wide variety of carbon sources and to generally subsist on low amounts of 
resources, their capacity to form spores and thereby survive inhospitable conditions in the 
soil and the ability to produce secondary metabolites with antibiotic properties. In addi-
tion, the effect of the substrates through their physico-chemical composition has strongly 
affected the microbial diversity either by contribution, stimulation or inhibition. Accord-
ing to [1], treatment T4 was rich in N, P and K with high biomass. Thus, the high BCF and 
PEE values observed in the T4 treatment could be explained by the microbial activity that 
improved the conditions for environmental adaptability. The mixing of by-products has 
led to the development of microbial populations, which cause many physico-chemical 
changes in the mixture. These changes could influence the distribution of metals through 
the release of heavy metals during the mineralization of organic matter or the solubiliza-
tion of metals through the decrease of pH, the biosorption of metals by the microbial bio-
mass or the complexation of metals with newly formed humic substances (HS) or other 
factors [63]. However, a metagenomic study would help to understand these mechanisms. 

 

Figure 2. Impact of the treatments on the total microflora after final harvest. (Error bar represents 
standard deviation of three replicates; bars with same letters are not significant at p < 0.05). 

  

Figure 2. Impact of the treatments on the total microflora after final harvest. (Error bar represents
standard deviation of three replicates; bars with same letters are not significant at p < 0.05).

3.4. Relationship between Soil Microbial Load and Physico-Chemical Properties

In order to verify whether the relative abundance of the soil microbial load is influ-
enced by the different physico-chemical properties (heavy metals in the soil, P, N, K, etc.),
a principal component analysis (PCA) and Pearson correlation were performed on these
data (Figure 3 and Table 9). The inertia of the first dimensions showed if there were strong
relationships between variables and suggests the number of dimensions that should be
studied (Figure 4). The first two dimensions of analysis expressed 47.55% of the variance.
These two dimensions were sufficient to explain the interactions between the different
variables. Each variable is represented by a dimension (Dim). The experience showed
that most of the PCA information is usually provided by these two-dimension axes, Dim1
and Dim 2. They define the Dim1 × Dim2 principal plane that we have chosen for our
analysis. The correlation between the variables showed a significant correlation between
pH × P (−0.90) and Bacteria × Fungi (0.77). There is also a lower degree of correlation be-
tween variables such as: P × Pb (−0.58); Fungi × Actinobacteria (−0.49); Cd × Zn (−0.45);
Bacteria × Actinobacteria (−0.42); K × Zn (−0.42); pH × Pb (0.60); N × K (0.46);
N × Pb (0.41); OM × N (0.39); Zn × Fungi (0.34); Zn × Bacteria (0.31). These differ-
ent correlations reflected the influence of each physico-chemical property on the other ones
and on the soil microbial load. A similar result was obtained by [64,65], where the effects
of microbial communities varied significantly between them and on the physicochemical
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properties of mining soils. However, this influence could contribute to the successful
rehabilitation of mine sites. This supports the understanding of different mechanisms to
appreciate the relationship between soil, plant and microorganisms.

Sustainability 2022, 14, x FOR PEER REVIEW 10 of 14 
 

3.4. Relationship between Soil Microbial Load and Physico-Chemical Properties 
In order to verify whether the relative abundance of the soil microbial load is influ-

enced by the different physico-chemical properties (heavy metals in the soil, P, N, K, etc.), 
a principal component analysis (PCA) and Pearson correlation were performed on these 
data (Figure 3  and Table 9). The inertia of the first dimensions showed if there were strong 
relationships between variables and suggests the number of dimensions that should be 
studied (Figure 4). The first two dimensions of analysis expressed 47.55% of the variance. 
These two dimensions were sufficient to explain the interactions between the different 
variables. Each variable is represented by a dimension (Dim). The experience showed that 
most of the PCA information is usually provided by these two-dimension axes, Dim1 and 
Dim 2. They define the Dim1 × Dim2 principal plane that we have chosen for our analysis. 
The correlation between the variables showed a significant correlation between pH × P 
(−0.90) and Bacteria × Fungi (0.77). There is also a lower degree of correlation between 
variables such as: P × Pb (−0.58); Fungi × Actinobacteria (−0.49); Cd × Zn (−0.45); Bacteria 
× Actinobacteria (−0.42); K × Zn (−0.42); pH × Pb (0.60); N × K (0.46); N × Pb (0.41); OM × 
N (0.39); Zn × Fungi (0.34); Zn × Bacteria (0.31). These different correlations reflected the 
influence of each physico-chemical property on the other ones and on the soil microbial 
load. A similar result was obtained by [64,65], where the effects of microbial communities 
varied significantly between them and on the physicochemical properties of mining soils. 
However, this influence could contribute to the successful rehabilitation of mine sites. This 
supports the understanding of different mechanisms to appreciate the relationship be-
tween soil, plant and microorganisms. 

 

 
Figure 3. Principle component analysis (PCA) showing the correlation between heavy metals from 
soil and plant and microorganisms. The labeled variables are those the best shown on the plane. 

 

Figure 3. Principle component analysis (PCA) showing the correlation between heavy metals from
soil and plant and microorganisms. The labeled variables are those the best shown on the plane.

Sustainability 2022, 14, x FOR PEER REVIEW 11 of 14 
 

 
Figure 4. Decomposition of the total inertia. 

Table 9. Pearson correlation coefficient between soil microbial load and the different physico-chem-
ical properties. 

 pH OM N P K Cd Pb Zn Bacteria Fungi Actinobacteria 
pH 1           
OM 0.31 1          
N 0.14 0.39 1         
P −0.90 −0.26 −0.08 1        
K 0.09 −0.00 0.46 −0.25 1       
Cd −0.29 −0.16 −0.31 0.18 0.08 1      
Pb 0.60 −0.11 −0.41 −0.58 −0.14 0.02 1     
Zn 0.03 −0.09 −0.19 0.13 −0.42 −0.45 0.02 1    
Bacteria −0.19 −0.04 −0.28 0.24 −0.09 0.02 −0.05 0.31 1   
Fungi  −0.15 −0.05 −0.29 0.22 −0.30 −0.09 0.05 0.34 0.77 1  
Actinobacteria 0.21 −0.11 0.28 −0.00 0.17 −0.07 0.07 0.10 −0.42 −0.49 1 

4. Conclusions 
The use of by-products for the successful reclamation of large-scale mining sites pro-

poses adequate monitoring of heavy metal behavior in soil–plant systems and knowledge 
of microbial diversity. In this case, the results of this study confirmed that the Pb, Zn and 
Cd contents of the ten treatments were well below the permissible limits given in the lit-
erature. Thus, the by-products of the phosphate industry and the sewage sludge used in 
this study do not generate pollution nor constitute a hazard to the environment and hu-
man health. These by-products could therefore be used for the reclamation of mining sites 
as well as for agriculture. 

Furthermore, the averages BCF and PEE revealed that ryegrass was suitable for phy-
toimmobilization and phytoextraction. This phytoimmobilization capacity of ryegrass 
was possible due to the symbiosis between the rhizosphere and the microbial population. 
In addition, BCF and PEE showed that the highest values were obtained under treatment 
T4. Thus, the optimal treatment (T4) composed of 65%PG, 30% PS and 5% SS could pro-
mote the successful phytoimmobilization and phytoextraction of heavy metals during the 
reclamation process. Similarly, the evaluation of the microbial population showed a 

Figure 4. Decomposition of the total inertia.



Sustainability 2022, 14, 11359 11 of 14

Table 9. Pearson correlation coefficient between soil microbial load and the different physico-
chemical properties.

pH OM N P K Cd Pb Zn Bacteria Fungi Actinobacteria

pH 1
OM 0.31 1
N 0.14 0.39 1
P −0.90 −0.26 −0.08 1
K 0.09 −0.00 0.46 −0.25 1
Cd −0.29 −0.16 −0.31 0.18 0.08 1
Pb 0.60 −0.11 −0.41 −0.58 −0.14 0.02 1
Zn 0.03 −0.09 −0.19 0.13 −0.42 −0.45 0.02 1
Bacteria −0.19 −0.04 −0.28 0.24 −0.09 0.02 −0.05 0.31 1
Fungi −0.15 −0.05 −0.29 0.22 −0.30 −0.09 0.05 0.34 0.77 1
Actinobacteria 0.21 −0.11 0.28 −0.00 0.17 −0.07 0.07 0.10 −0.42 −0.49 1

4. Conclusions

The use of by-products for the successful reclamation of large-scale mining sites pro-
poses adequate monitoring of heavy metal behavior in soil–plant systems and knowledge
of microbial diversity. In this case, the results of this study confirmed that the Pb, Zn
and Cd contents of the ten treatments were well below the permissible limits given in the
literature. Thus, the by-products of the phosphate industry and the sewage sludge used in
this study do not generate pollution nor constitute a hazard to the environment and human
health. These by-products could therefore be used for the reclamation of mining sites as
well as for agriculture.

Furthermore, the averages BCF and PEE revealed that ryegrass was suitable for phy-
toimmobilization and phytoextraction. This phytoimmobilization capacity of ryegrass was
possible due to the symbiosis between the rhizosphere and the microbial population. In
addition, BCF and PEE showed that the highest values were obtained under treatment T4.
Thus, the optimal treatment (T4) composed of 65%PG, 30% PS and 5% SS could promote
the successful phytoimmobilization and phytoextraction of heavy metals during the recla-
mation process. Similarly, the evaluation of the microbial population showed a higher
richness in actinobacteria with the T4 treatment. Thus, mixing by-products could stimulate
microbial activity.

It would be useful to determine the speciation of metals in the soil solution and micro-
bial genetic diversity in order to successfully reclaim mine sites through the valorization of
phosphate industry by-products and sewage sludge.
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