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ABSTRACT

Phosphate sludge (PS) is an industrial by-product produced in huge quantities by the
phosphate beneficiation plants in Morocco. In order to valorize this by-product, it was
examined for its potential use as a soil fertilizer. The physicochemical properties,
elemental and mineral content, morphological structure, and component stability of
raw PS were investigated. In addition, pathogenicity, phytotoxicity, and the capacity
of PS to promote plant growth in deficient sandy soil have been studied. The ob-
tained results showed that PS was characterized by low values of moisture (2.10%),
electrical conductivity (EC) (0.77 mS/cm), and organic matter (OM) (0.61%), with a
slightly alkaline pH (8.20). Nevertheless, this material carried interesting content of
fertilizing elements such as phosphorus (P205) of 20.01%, calcium (CaO) of 39.72%,
and magnesium (MgO0) of 2.33%. Thus, PS did not present any pathogenic or phyto-
toxic risk with a high increase in tomato plant growth than the control of only soil. In
conclusion, the results of this study could provide the primary practical guidance for

1. INTRODUCTION

In Africa, the agricultural sector faces environmental
challenges that limit its development. Approximately 20%
of arable land is currently not cultivable, and a further sharp
decline is expected by 2080 (Fao, 2009). In addition, repre-
sentative soils in Africa are sandy soils characterized by a
deficient state of nutrients and low water-holding capacity
resulting in low yields (Kihara et al., 2020). Fertilizing sandy
soil is a promising solution that has been widely adopt-
ed to improve smallholder-farming systems, particularly
in developing countries. However, due to the simultane-
ous increase in demand for phosphate fertilizers and the
continuous depletion of phosphate reserves, the focus is
today on the opportunities of recovering phosphate ores
from secondary sources (i.e., low-grade ore and residues)
(Karunanithi et al., 2015).

Morocco, represented by Office Chérifien du Phos-
phate (OCP), is a worldwide leader in the phosphate-based
products industry. Moroccan phosphate ore is processed

the PS application in deficient soils characterized by sandy texture.

through a combination of successive enrichment steps
involving crushing, screening, washing and flotation (Kha-
sawneh and Doll, 1979; Boujlel et al., 2019). The washing
and flotation steps generate large quantities of PS, reach-
ing 28 million metric tons in 2010 (Haouas et al., 2021a).
PS represents major economic and environmental prob-
lems, which by its accumulating induced a loss of recycla-
ble materials, forms dikes, disfigures the landscape and
reduces arable lands (Haouas et al., 2020). Until this time,
few studies aimed to find appropriate ways for PS valoriza-
tion, including the production of light aggregates (Loutou
et al., 2013), geopolymers (Moukannaa et al., 2018) and
composting (Haouas et al., 2021b).

PS as a phosphate rock by-product has the potential
to be a sustainable, low cost and permanently available
substrate for improving deficient soils, which will open up
ways to its integration into the circular economy. Further-
more, the reuse of PS for land application can significantly
reduce disposal costs and provide a source of mineral nu-
trients for many crops (Hakkou et al., 2018; Haouas et al.,
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2021a). A standardized characterization of PS is required,
as is the tracing of the guidelines for its possible use as an
amendment (FAQ, 2009). Until now, there are no guidelines
for the safe use of PS in agriculture. For this reason, the
present study had as objectives, (i) the characterization of
physicochemical, mineralogical and structural properties
of the PS, (ii) the evaluation of its safety in terms of phy-
totoxic and pathogenic factors, and (iii) the assessment
of the fertilizing capacity using agronomic essay in sandy
soil.

2. MATERIALS AND METHODS
2.1 Sampling

PS was collected from a deposit area around the phos-
phate laundry plant managed by OCP, SA in Khouribga City
(center of Morocco) (32°44'16.2"N; 6°50'48.2"W), which
was produced between 1990 and 2000 (Figure 1a). The total
quantity of 10000 Kg of PS samples was taken from differ-
ent points, and homogeneous subsamples (Figure 1b) were
prepared using the quartering method (Atif et al., 2020).

As illustrated in Figure 2, the production chain of PS
starts with the arrival of raw phosphate from the exploita-
tion unit to the ore enrichment plants. The phosphate-rich
fraction was separated from the gangue minerals by a se-
ries of enrichment treatment steps, started by screening
through 3.15 mm sieves. The fraction greater than 3.15
mm is considered as sterile, while the particles less than
3.15 mm are divided into three parts of >160 pm, 160 pm-
40 pm, and <40 pm during the washing process. The part
of <40 pym constitutes the first part of the PS. The part
between 3.15 mm and 160 pm is recovered as a concen-
trated phosphate, and the last part between 160 pm and
40 pym has been further treated by flotation. At this stage,
the phosphate particles between 125 pm and 160 pym are
separated from the other gangue minerals that make up
the second part of the PS. The PS is then deposited on the
surrounding lands of the enrichment factories (Haouas et
al. 2021b).

(a)

2.2 Physicochemical and elemental analysis

The moisture content was determined immediately af-
ter samplinginanoven at 105°C for 48 hours. Measurement
of pH and the EC was performed on PS fresh sample of 10
g stirred in 100 ml of distilled water using pH meter (PHSJ-
3F) and conductivity meter (DDS-12DW) (AFNOR, 2000).

The ash content was calculated after calcination in a
muffle furnace at 550°C for 6 hours using the following for-
mula (Amir et al., 2005):

wd-Wc

Ash (%) = 100 — (100 x =) M

Wd: dry weight and Wc: calcined weight.

Total organic carbon (TOC) was determined by Anne's
method (Tallou et al., 2020). This method combined the ox-
idation of OM with potassium dichromate (K,Cr,0,) (0.4 N)
in an acidic medium and the back-titration of excess potas-
sium dichromate by Mohr salt (Fe(NH,),(SO,),*6H,0) (0.2
N). The OM content was determined by dividing the COT by
1.72 (Amir et al., 2005). The total Kjeldahl nitrogen (TKN)
was measured by mineralization in the presence of sulfuric
acid (98%) and the Kjeldahl catalyst. The steam distillation
transformed the ammonium ions (NH,*) into ammonia
(NH,) through the alkaline medium of NaOH (40%). The
NH, molecules are recovered in boric acid and then dosed
by a volumetric acid/base assay (Chen et al., 2010).

Inductively coupled plasma - optical emission spec-
trometry (ICP-OES, THERMO ICAP 6500 DUO) was used to
determine the total and water-soluble fraction of the ele-
ments. The anions were analyzed using ion chromatogra-
phy with a liquid chromatograph (Metrohm, Switzerland).
Analysis of the major elements of a finely ground dry sam-
ple was performed using an EPSILON 4 energy dispersive
X-ray fluorescence spectrometer (EDXRF).

The phosphorus (P) fractionation procedure was per-
formed based on sequential extraction, with a sample:
solution ratio of 1:50. Indeed, for soluble P, the sample
was treated with a solution of NH,CI (1M), NH,F (5 M at
pH 7) for the P bound to aluminum (Al), NaOH (0.1 M) for P

(b)

i
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FIGURE 1: a) PS sampling site, b) PS subsample.

A. Haouas et al. / DETRITUS / Volume 16 - 2021 / pages 82-93

83



Raw phosphate

Screening ze1omm Sterile

160 mm-3.15 mm _ <40 ym

<3.15mm

Grinding / flotation
40 ym -160 pm rejects 40pm- v
125um -
|—> Decantation
. Flotation |
Washing
concentrate

125 pm -160 pm
PS
v l
v
Phosphate Flotation Spreading
concentrate concentrate lands

FIGURE 2: PS generation chain during phosphate treatment.

bound to iron (Fe), and finally by H,SO, (0.5 M) for P bound
to calcium (Ca), in this order. After each extraction, the
supernatant was filtered through 0.2 pm filter paper, and
the concentration of P extracted was determined using the
molybdenum blue method (Chang and Jackson, 1957). In
contrast, organic P was measured according to the Bray
and Kurtz method (1945).

2.3 PS characterization
2.3.1 Thermal stability

Thermal stability is an important criterion to consider
when studying the stability of organic substrates targeted
for agricultural use. Thermogravimetric and differential
thermal (TGA/DTA) analyses were performed to inves-
tigate the OM stability of PS using a TA instrument (SDT
Q600) equipped with platinum crucibles and a heating rate
of 10°C/min from 25 to 1000°C in an oxidizing atmosphere.

2.3.2 Fourier Transform Infrared- FTIR

FTIR spectroscopy (PerkinEImer 1600) was used to
determine the functional groups of raw PS and monitor
their relative changes during the heating process. For this
purpose, a mixture of 1 mg (dry weight) of each sample
and 400 mg of potassium bromide (KBr) was prepared as
pellets by vacuum compression. Spectra of raw and heated
PS samples were obtained after analysis over a range of
400-4000 cm™ at 16 nm/sec.

2.3.3 Mineralogy and structure

Mineral phases of PS were characterized by X-ray dif-
fraction (XRD, Philips X'Pert MPD diffractometer) equipped

with a copper anticathode (Ka % 1.5418 A°) operating at
40 kV and 40 mA. The analysis was carried out in the in-
terval of angles 2 theta (28) between 5° and 70°. The pro-
cessing of the diffractogram data obtained was carried out
using the X’Pert High Score software. The phase indexing
is based on comparing 26 values with the ICSD database
(Inorganic Crystal Structure Database). The surface mor-
phology of the PS was observed by scanning electron mi-
croscopy (SEM) using Vega 3 Tescan microscope with an
acceleration voltage of 20 kV.

2.4 Phytotoxicity evaluation

The germination test was conducted to monitor the
phytotoxicity of PS. The PS extract at a concentration of
10% (w/v) was used to moisten 20 seeds of each species
of tomato (Solanum Lycopersicum) and maize (Zea mays).
Moistened seeds with PS extract and distilled water (con-
trol) have been germinated in Petri dishes in the dark at
room temperature (28°C) for 72 hours. The germination in-
dex (GI) was calculated using the following equation (Luo
etal., 2018):

NGS extract X RL extract )

(%)= x1
GI (%) NGS water X RL water 00

NGS: Number of Germinated Seeds.
RL: Root Length.

2.5 Enumeration of pathogens

PS sample of 10 g transported from the sampling site
in sterile bags at +4°C was stirred in 90 ml of a buffer solu-
tion (0.06 M Na,HPO,/NaH_PO,) (1/9 v/v) at pH 7.6. A se-
ries of dilutions (107 to 107%) of the sample was made and
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aseptically inoculated into the following selective growth
media as described by Atif et al. (2020):

Tergitol lactose agar for counting fecal coliforms.

+  Bile-aesculin agar for fecal streptococci.
Soybean Casein Digest agar for Escherichia coli.

+  Baird Parker agar for Staphylococcus aureus.

+ Macconkey agar + Crystal violet was used to count the
colorless colonies of Salmonella.

All microbial counts have been calculated on the basis
of fresh weight. The concentration of cells in the sample
was determined by counting on a known dilution in Petri
dishes using the following equation:

CFU/g fresh weight = number of colonies X dilution x 100 (3)

CFU: Colony-forming unit.

2.6 Agronomic essay

The soil was taken from the Beni Mellal region of Mo-
rocco (32°23'58.8"N; 6°21'46.1"W). According to the FAO
soil classification system, the soil has a sandy loam texture
(FAO, 1999). The soil was slightly alkaline (pH 7.97 and EC
=0.28 mS/cm) with a low P and OM content of 7.4 mg.kg"
and 0.2%, respectively. The experiment was conducted in
pots containing 2 kg of soil that had been amended with
PS concentrations of 0, 1, 5, 10, 20, 30, 40, 50, and 60%.
One tomato seedling (Campbell 33 Techni) was placed
in each pot; each treatment was replicated five times un-
der greenhouse conditions (16 hours of the daily lighting
period at temperatures ranged between 20°C and 30°C).
During the experiment, the pots were regularly watered to
maintain the moisture at 60% of the field capacity. Plants
grown in amended soils (treatments) and control without

PS (0%) were harvested 80 days after sowing. After that,
plant growth parameters were measured, including root
lengths, shoot heights, fresh and dry weight of roots and
shoots, and the number of lived leaves.

2.7 Statistical analysis

Each analysis was replicated three times, and the re-
sults were reported as means with standard deviations.
ANOVA one-way with post-hoc Tukey HSD test were used
to compare the means of plant growth parameters. Signifi-
cant differences within (p <0.05) are represented by differ-
ent lowercase letters (a—e) above the bars.

3. RESULTS AND DISCUSSION
3.1 Physicochemical and elemental properties

The results obtained from the physicochemical charac-
terization of PS are shown in Table 1. The pH (8.20) was
slightly alkaline, probably due to the high content of wa-
ter-soluble Ca (Romanos et al., 2019). The EC was low in
the range of 0.77 mS/cm, mainly due to the low concentra-
tions of soluble salts such as K*, Na*, PO,* and SO,* (Table
1). This material was relatively dry with an average mois-
ture content of 2.1%, 97.2% as ash and 0.61% as OM. The
elemental composition of the PS sample was dominated
by Ca (Ca0 =39.72%), P (P,0, =20.01%), and silicon (SiO,
=12.21%), with slight concentrations of TOC (0.38%) and
TKN (0.07%). In addition, the total content of heavy met-
als in PS such as copper (Cu), cadmium (Cd), chromium
(Cr), zinc (Zn), and lead (Pb), is below the limits accepted in
European countries for biosolids used in agricultural soils
(Collivignarelli et al. 2019). Therefore, many PS elements
were present in the water-soluble form at low or undetect-

TABLE 1: The physicochemical characteristics and elemental composition of PS.

oH EC (mS/cm) Moisture TOC TKN oM Ash

%
8.20 £0.31 : 0.77 £0.03 2.100.10 0.38 £0.05 0.07 £0.01 0.61 £0.22 97.20 +2.81
Total major elements (wt%)
sio, TiO, AlLO, Fe,0, . MgO Ca0 Na,0 K,0 P,0,
12.21 0.23 2.98 1.18 2.33 39.72 0.66 0.41 20.01
Total trace elements (ppm)
As Cd Co Mn Ni Pb Cr Zn Cu
10.34 1.01 1.50 29.59 7.06 0.21 15.95 30.78 4.54
Anions (mg/L)
F cr NO, NO, S0,* PO
2.61 4.09 <0.10 1.72 8.34 <0.10
Water-soluble elements (mg/L)
Mn B Ca K Mg Na Si Fe Zn
0.03 0.11 20.62 3.55 5.12 9.96 1.80 0.04 0.01
P fractions (mg/g)
Al-P Ca-P Fe-P Olsen P Organic P
0.75+0.03 82.60 +2.10 1.50 +0.3 0.07 £0.001 0.98 +0.21

wt%: weight percent; ppm: parts per million
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able concentrations (Table 1). Indeed, the most soluble
elements of PS were Ca, sodium (Na), magnesium (Mg),
chloride (Cl), and potassium (K), with concentrations of
20.62, 9.96, 5.12, 4.09, and 3.55 mg/L, respectively. The
low dissolution of PS minerals in water can be attributed
to the high cation exchange capacity (CEC) of sedimenta-
ry phosphate-derived materials (Zhang and Sun, 2017). PS
contained a high amount of inorganic P in the form of Al-P,
Fe-P, and Ca-P, with values of 0.75, 1.5, and 82.60 mg/g,
respectively, when compared to soluble P (Olsen P =0.07
mg/g) and organic P (0.98 mg/g).

SEM HV: 10.0 kV
View field: 138 pm
SEM MAG: 2.00 kx

WD: 11.89 mm
Det: SE
SM: RESOLUTION

|

3.2 Mineralogical and structural characteristics

The SEM image (Figure 3) shows good porosity of the
PS structure, which is 7.01% in the average pore area and
8.98 +3.43 pm in the pore size. In addition, the SEM image
reveals the presence of several mineral phases charac-
terized by XRD as carbonate fluorapatite (50%), dolomite
(24%), calcite (11%), quartz (8.5%), and smectite (6.5%)
(Figure 4). A large part of these minerals is small particles
(less than 2m), giving the PS a clayey appearance. The
identified minerals in PS are inert microcrystals poorly wa-

VEGA3 TESCAN
20 pm
CAC-Cadi Ayyad University

FIGURE 3: PS picture by SEM.
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FIGURE 4: X-ray diffraction pattern of PS [F: Carbonate fluorapatite (PDF#01-073-9695); D: Dolomite (PDF # 01-073-2361); Q: Quartz (PDF
#01-074-3485); C: Calcite (PDF #0 1-085-1108) ; and S: Smectite (PDF # 29-1498)).

86

A. Haouas et al. / DETRITUS / Volume 16 - 2021 / pages 82-93



ter-soluble and could be sources of macro- and micronutri-
ents (Dixon, 1992).

3.3 Thermal stability

The thermal stability of PS components is evaluated by
DTA, TGA and FTIR analysis. The resultant thermal events
of PS (Figure 5) were presented by the weight loss (WL)
curve (TGA) and heat flow curve (DTA). FTIR spectra reveal
the chemical composition of PS at the end of each thermal
event, particularly at 412, 677, 832, 1000°C (Figure 6). Sig-
nificant changes appeared in the intensity from the original
positions of raw PS absorbance bands (Table 2).

The DTA and TGA curves show an endothermic peak (T°
=105°C, WL =3.95%) associated with the disappearance of
absorbance at 3614 cm™ and a relative decrease at 3248,
3440, and 3475 cm™ in FTIR spectrum of raw PS. This could
be attributed to the bending vibration of -OH groups in the
water molecules, which indicates the loss of water (Loutou
et al,, 2013). In the temperature range between 171.5 and
413.6°C, the DTA and TGA curves represent a weak endo-
thermic peak (T° =346°C, WL =0.61%), which is associated
with the OM degradation. Accordingly, the FTIR data of the
PS sample at 412°C confirm the disappearance of the cor-
responding bands (2985 and 2862 cm™) of the symmetri-
cal and asymmetrical vibration of the CH aliphatic groups
(-CH, and -CH,) (Amir et al.,, 2008). The large endothermic
peak (T° =492°C, WL =3.16%) refers to the dehydroxylation
of smectite (Hajjaji et al., 2001). This event is linked to a
decrease in the intensity of the band located between 3100
and 3700 cm”, which corresponds to hydroxyl stretching
and deformation of AI-Al-OH of smectite. From 712°C to
1000°C, a strongly endothermic decomposition reaction of

carbonate compounds occurred at 836°C recorded in the
DTA curve and accompanied by a significant WL of 13.14%
due to the release of CO,. This phenomenon was charac-
terized by a decrease in the intensity of structures absorb-
ing at 1416, 1043, and 877 cm™ and the disappearance of
absorbance bands at 2515 and 720 cm™ in FTIR spectrum
of PS treated at 832°C. These frequencies are assigned to
the CO,* groups of dolomite, calcite, and carbonate fluora-
patite. After that, no significant changes occurred in the PS
sample, and the same absorbance peaks were recorded in
the FTIR spectrum at 1000°C.

These results confirm the XRD characterization of the
mineralogical composition of PS (dolomite, calcite, quartz,
smectite, and carbonate fluorapatite) and reveal the ali-
phatic structure of OM contained in PS. The aliphatic struc-
ture of OM is considered a readily available energy source
for soil microorganisms (Amir et al., 2004).

3.4 Pathogenicity and phytotoxicity

In order to reduce the potential health risks associat-
ed with pathogens, potentially pathogenic organisms have
been counted in PS, and the results were presented in Ta-
ble 3. Fecal coliforms, Escherichia coli, fecal streptococci,
Staphylococcus aureus, Salmonella have been classified
as pathogenicity indicators of substrates intended for ag-
ricultural use. As there are no limit values or requirements
for pathogens in phosphate materials for agricultural ap-
plication, a comparison with organic fertilizers legislation
is valid. The results confirm that the levels of pathogens in
the PS are under the detection limit, or far below the limits
set by most European countries for biosolids used for agri-
culture (Collivignarelli et al., 2019).

6
100 — : . - ]
: T: 30 - 120°C {Z;nl.zg 6411:/4 C ,
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3 5
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L0 —
= 90 — <
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- -2
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FIGURE 5: TGA and TDA curves.
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FIGURE 6: FTIR analysis of PS.

The results of the germination test carried out using
tomato and maize seeds germinated in PS extract were
presented in Figure 7. Several authors reported that a Gl
greater than 50% was a good indicator for non-phytotoxic
samples (Levy and Taylor, 2003; Haouas et al., 2021b). The
main factors leading to the inhibition of seed germination

are high concentrations of salts, certain heavy metals (e.g.,
arsenic (As), Pb, Cd, and Cr), and toxic organic compounds
(e.g., polyphenols and organic acids) (Martinez-Ballesta
et al., 2020). The PS extract exhibited no phytotoxic effect
on maize and tomato seeds as their Gl values exceeded
50% (Figure 7). This ability of PS to germinate maize and

TABLE 2: The main absorbance bands of PS in FTIR spectra and their assignments.

Bands and peaks (cm™") Assignments

922 and 570 cm™’

Symmetric stretching of PO,* of Carbonate fluorapatite

1416, 1043, 2515,877 and 720 cm™’

CO0,* groups of dolomite, calcite and carbonate fluorapatite

2985 and 2862 cm™ -CH, and —CH, of aliphatic groups

3475, 3440, 3248, and 3614 cm™’

-OH groups in the water molecules and hydroxyl stretching and deformation of Al-Al-OH of smectite

800 cm”’

Si-0-Si symmetrical stretching vibration of quartz

The assignments are based on numerous studies (Regnier et al., 1994; Ojima et al., 2003; Amir et al., 2010; Loutou et al., 2013).

TABLE 3: Enumeration of pathogens in PS.

Types of Pathogens Fecal Coliforms(x10%)  Escherichia Coli (x10%)  Fecal Streptococci (x10?)  Staphylococcus aureus Salmonella
Average concentration
(CFU /g fresh weight) 0.12 £0.003 0.02 +0.001 0.03 £0.001 absent absent
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tomato seeds is due to the absence of phytotoxic factors
and the presence of available nutrients (Martinez-Ballesta
et al,, 2020). It was reported that many nutrients found in
PS improved seeds germination of many crops, including P
and nitrogen (N) as macronutrients and molybdenum (Mo),
boron (B), manganese (Mn), Zn as micronutrients (Imran et
al., 2017; Rehman et al., 2018).

3.5 Plant growth promotion capacity

Plants grown in treatments and control have survived,
and no plant death has been observed. Figure 8 indicates
the appearance of randomly selected plants (one plant
from each treatment and control). The effect of PS on plant
growth was assessed by comparing the data obtained
after the measurement of the growth parameters (root
length, root dry and fresh weight, shoot height, shoot dry

and fresh weight and the number of lived leaves), and the
results were presented in Figure 9 and 10.

The results related to the root part (Figure 9) show that
the plants cultivated in the soil amended with 20% of PS
had higher root length (29 cm) than other PS treatments
and control. However, there was no significant difference
in root length values (from 26.7 to 29 cm) between plants
developed in 1, 10, 20, 40, and 50% of PS treatments. The
concentration of 60% of PS in deficient soil recorded the
lowest value of 15.7 cm. The application of PS to the soil
could enhance the fresh weight of roots. In fact, Figure 9
shows a slight increase of root fresh weight ranged from
5.14 to 5.68 g in treatments prepared with 1, 5, 10, and 20%
of PS, compared to control (0% of PS). For root dry weight,
the control plants showed a maximum value of 1.54 g with
a significant difference (p <0.05) in PS treatments. While,

160

140 T

120 oo

100 =

8O o

Gl (%)

L —

40 o

20

Maize

Tomato

FIGURE 7: The Gl of the tomato seeds in the PS extract.

20%

30% 40%

FIGURE 8: Appearance of tomato plants after 80 days of growth in soil amended with different concentrations of PS.
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leaves of the shoot part after 80 days of tomato plants grown in

high PS concentrations of 40, 50, and 60% recorded the
lowest weight of root biomass (fresh and dry weight) of
tomato plants.

The results related to the shoot part (Figure 10) show
that the addition of PS to sandy soil increased the fresh
weight, dry weight, and height of the plant shoots. Plants
at concentrations of 1, 5, 10, 20, and 30% of PS had the
highest shoot fresh weight of between 17.32 and 22.06
g. The application of PS at 20% significantly increased (p
<0.05) the shoot biomass compared to other concentra-
tions of PS. While control plants showed the lowest values
of 12.28 g and 2.13 g in fresh and dry weight, respectively.
In addition, a significant effect of the PS amendment was
observed on plant height and the number of lived leaves. In
treatments of 1, 5, 10, 30, 40, and 50% of PS, recorded the
highest values of shoot height fluctuated between 83 and
70 cm. In control with only soil, the value of shoot height
was 55.3 cm. Concentrations from 5 to 40% of PS added

to the deficient soil increased the number of leaves of to-
mato plants (ranged from 13 to 16) compared to control
(12 leaves). In contrast, the lowest number of leaves was
registered in plants grown in the amended soil at 50 and
60% of PS.

PS at a concentration of 20% significantly improved
root elongation, shoot fresh weight, and shoot dry weight
and a concentration of 5% induced higher shoot height
and number of lived leaves compared to control. In con-
trast, concentrations of up to 40% of PS (40, 50, and 60%)
showed poor plant development and reduced root biomass
compared to control. The enhancement of plant growth in
the presence of PS amendments could be due to improved
soil agronomic properties, leading to increased water and
nutrient availability (Belay et al., 2020). The PS clay miner-
als may increase sandy soil's chemical and physical prop-
erties, making the water readily available for plant roots,
leading to strong roots and tall and healthy shoots (Kay-
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ama et al., 2016). It has been shown that clay addition to
the sandy soil increased significantly 2.5 times the yield
of maize (Gold dent KD 777) and cucumber (Shin toki wa)
and also by 12.8% of squash (Cucurbita Pepo) compared
to control (Ismail and Ozawa, 2007; Al-Omran et al., 2005).

The growth parameters (Figure 9, 10) reveal that the
control plants were less developed than PS treatments,
especially at 20% and 5%. This phenomenon could be at-
tributed to the water shortage of the sandy soil used. The
water deficit for plant uptake has been found to have a
large impact on many cultivars, including tomato plants
(Ximénez-Embun et al., 2018). In fact, it has been reported
that clay-rich materials application in sandy soils increased
the cropping yield due to improved water holding capacity
(Ismail and Ozawa, 2007). However, incorporating a large
quantity of clay-rich materials may negatively affect plant
growth, as stated in this study, when the PS concentration
exceeded 40% and mainly at 60%. Excess of clay fraction
into the soil may cause several adverse effects when ir-
rigated, such as waterlogging, which has led to roots as-
phyxiation and the reduction respiration activity of soil mi-
croorganisms (Gil et al., 2011). As reported in this study,
smectite is the major fraction of PS clay minerals, which,
due to its physical properties such as fine particle size, high
surface area, and variable interlayer spacing, it could be the
main responsible for clay effect on plant growth at 60% of
PS (Dixon, 1991). On the other hand, the lack of nutrients
and water states in the soil induces plants to develop deep
and strong roots in search of water pockets and nutrients
along with short and weak shoots, as stated in this study
for plants cultivated in only sandy soil (control) (Hermans
et al.,, 2006).

4. CONCLUSIONS

The characterization of PS is crucial to determine their
benefit and potential risk criteria for farming soil. PS is a
stable material with a high nutrient content such as P, Ca,
and Mg. In addition, PS mineral clays had beneficial prop-
erties for improving the performance of deficient sandy
soils, such as high water holding capacity and a slow re-
lease of nutrients compared to chemical fertilizers. PS was
therefore shown to be free of pathogens and phytotoxic
substances, indicating a low risk of contamination of the
harvested products. Consequently, the use of a PS concen-
tration of 20% is highly recommended. Thus, it should be
combined with organic-rich material such as compost to
replenish the low OM content in PS.
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