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Abstract

Iron is one of the essential micronutrients for plants, but it can’t absorb in calcareous soils due to its low solubility.
This condition requires the treatment by iron based chelates or complexes. In this work, it has been evaluated the
efficacy to applicate iron ore Jerissa as an iron fertilizer in alkaline soils for alleviating iron chlorosis and to improve
the ferric state of the plant. Three product EDTA/Fe (S), HBED/Fe (S) and Digestat/Fe (S) were prepared with
natural iron and applied in soil to study their potentiality on the correction of iron deficiency in Tomato plants. The
trial was setup in randomized block design with three replications for each treatment and three plants per pot in order
to supply sufficient dry matter. Different physical and chemical analyses were used for characterized iron ore Jerissa.
The SPAD chlorophyll index, iron content in plants and iron in soils were determined at the end of the trial. The three
treatments have increased the iron content in the plants and correct iron deficiency. Iron ore Jerissa with different
complexing agents could be useful to prevent iron chlorosis and reducing soil pH.
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1. Introduction

Tunisia is a small country with a total land area of
163,610 Km?, from which 50 % is arable land. Tunisia
is a country dependent on agriculture in their economy
(11, 6% of the GDP). Then, Due to the aridity of the
climate and the calcareous nature of the geological
substratum that characterize almost area in Tunisia, the
soils are in most limestone with 45% (Mtimet, 2016).
Approximately half of the cultivated area (5 M hectare)
has be planted in calcareous soil or irrigated by water
rich in calcium carbonate (pH superior to 7.5).
Therefore, limestone soils cover more than 30% of the
earth's surface (Marschner, 1995).

In this work, we treated one of a major nutritional
problem limiting agricultural production in Tunisia and
in many other countries in the world as Spain, Italy and
turkey, the problem of iron (Fe) deficiency in
calcareous or alkaline soils. Iron chlorosis is a
nutritional disorder limiting agricultural production and
causes severe economic losses. It is not caused by an
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absence of iron in the soil but by a very low iron
availability in calcareous soils (Alvarez-Fernandez et
al., 2006a; Rombola et al., 2006). Their fertilization
with the iron chelates or complex thus became essential
to have a satisfactory rate of return. In this study, we
have proposed as a solution to treat this problem the
use of iron ore Jerissa with some chelate ligands
(EDTA, EDDHA and HBED).

Iron ore Jerissa (Siderite) in Tunisia could be an
important and profitable practice in agriculture field
such as a mineral amendment or fertilizer for plants in
alkaline soils. This iron ore is encountered as a deposit
of iron carbonate and Hematite/Goethite in
northwestern of Tunisia (Kef) where it is generally
used as a raw material in the industrial field such as
manufacturing steel (Mahjoubi., 1978; Aissaouia et al.,
1988; Mlayah et al., 2011).

Given the importance of iron as micronutrient for
achieving high productivity of calcareous agricultural
land, efforts are made to improve it by the application
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of iron fertilizers. Fertilization with iron chelate is the
most effective agriculture practice to correct iron
deficiency in alkaline conditions. Studies over the last
twenty years have shown the usefulness of some iron
fertilizers to prevent ferric chlorosis in plants. Iron
deficiency can be corrected by application of iron
chelates (Hernandez Apaolaza et al., 1997; Alvarez-
Fernandez et al., 2004; Lucena, 2006).

Iron chelates are synthetic organic compounds that
contain Fe in a complex form, protect against the
reaction in soil and maintain iron in the soil solution
(being available to the plants). Additional, plants can
absorb soluble chelate as complete molecules and then
metabolize the metal (Hagin and Tucker., 1982). The
effectiveness of iron chelates varies greatly, depending
on soil pH (Lucena, 2006).

EDTA (iron ethylene diamine tetraacetate) has six
electron donor groups in its structure: two amines and
four carboxylic acids. The chelates formed by EDTA,
despite having the same number of bonds with the
metal, as the 0, 0-EDDHA and the absence of phenolic
groups give it less stability. EDDHA (ethylendiamine
diohydroxyphenylacetic) acid) is prepared by a
Mannich-like reaction between phenol,
ethylenediamine and glyoxylic acid (Petree et
al.,1978). The 0,0EDDHA positional isomer is found to
form the most stable complexes with Fe (Hernandez-
Apaolaza et al., 1997; Yunta et al., 2003a) and presents
two regioisomers with different agronomic efficacy
(Cerddn et al., 2006). Fe/ EDDHA products are
employed to treat Fe chlorosis in crops grown on
calcareous soils (Ahrland et al., 1990; Gomez-Gallego
et al.,2005, 2006; Yunta et al., 2003a).

Then, N, N"-bis (2-hydroxybenzyl) ethylenediamine-N,
N’"-diacetic acid (HBED) is a great iron chelating agent
(Brittenham, 1992; Bergeron et al., 2002). Its structure
is identical to that of 0,oEDDHA and forms a very
stable Fe chelate (Chaney, 1988) . Nawrocki et al.
(2009) suggest a process for the synthesis of HBED
that yields a treatment with high chelated Fe content of
about 9%. This propriety makes the chelate more
effective and environment friendly for use as iron
fertilizer when compared to other treatments.

Some environmentally friendly ligands have been used
to prepared iron complexes as organic acids
lignosulfonates, humic and fulvic acids, gluconic acids
and flavonoids (Villen et al., 2007). Those natural and
organic agents present lower stability in soil than
chelates (Lucena, 2009). Many authors were explaining
the beneficial effects of humic substances by their
capacity of complexing iron in the soil. Stevenson
(1994) noted that humic material is the most stable part
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of the organic matter in the soil. Humic acid is an
essential role in agricultural processes; it increases the
ability of cation exchange and increases fertility
(Rodriguez, 2010). Therefore, it has many benefits;
improves the soil structure by the formation of
organometallic complex, improves the development of
roots and the life microorganisms in the soil, regulates
soil pH, retain the mineral elements incorporated in the
soil and reduce their loss by leaching.

The aim of this study was to valorize the natural iron
ore of Jerissa (FeCO3) in agronomy as iron fertilizer.
Specifically, the study of the efficacy of synthetic
products prepared with natural iron ore and complexing
agents by their application in calcareous soil cultivate
with Tomato to correct iron deficiency was realized.
The efficiency of the three products (HBED/Fe (S),
EDTA/Fe (S) and Digestat/Fe (S) compared with
commercial chelates (EDDHA/Fe (C) and HBED/Fe
(C)) as Fe fertilizers have been assessed by soils and
foliar analysis of Tomato grown on calcareous soil (El
Manar).

2. Material and methods

2.1. Treatments and experimental design

The experiment was consisted of three iron treatments
prepared by natural siderite (S) of Jerissa (EDTA/Fe
(S), HBED/Fe (S) and Digestat/Fe (S)), two
commercial (C) chelates (EDDHA/Fe(C) and
HBED/Fe(C)) and one control without iron (Control -)
in order to apply it in alkaline soil to correct iron
deficiency in Tomato plants (Table 1).

Table 1. Different iron treatments used in the Fe chlorosis correction

experiment.

Agents
Treatment chelating/ Iron Molarity pH  Volume

complexing
HBED/Fe (S) HBED Siderite 0.001M 4.92  100ml
EDTA/Fe (S) EDTA Siderite 0.001M 5.1 100ml
D/Fe (S) Digestat Siderite  0.001M 8.1  100ml
Without iron
(Control -)
EDDHA/Fe (C) EDDHA Fe 0.001M 7.5 100ml
HBED/Fe (C) HBED Fe 0.001M 8 100ml

Chelates and complexes solutions were prepared with
equal molarity 0.001M and 60 pmol Fe/pot (3.35 mg
Fe per pot). During the preparation of treatments
solution, EDTA/Fe (S) and HBED/Fe (S) the pH was
maintained between 5.0 and 7.0 to facilitate the
preparation of the complex, and finally it was adjusted
to 5.0. The pH of Digestat/Fe (S) was regulated to
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eight. A randomized complete block design using three
replicate pots per treatment were employed with a three
plants per pot. Treatments were applied when plants
showed chlorosis symptoms and were daily irrigated up
to 80 % saturation (Nadal et al., 2009) with nutritive
solution. Two measurements by Regular Soil and Plant
Analyzer Development (SPAD) every week were
effected.

Tomato plants were used in this experiment since they
are considered susceptible to chlorosis and are
considered as a model for crops treated with iron
chelates.

2.2. Chemical and physical characteristics of the soil
The soil was taken from land located in north of
Tunisia (EI Manar City). The chemical properties of
soil EI Manar were analyzed as follows: pH water =
8.02, EC =16.7uS/Cm, CaCOs = 43.63 % and a
soltanpour extractable iron content = 0.1mg/Kg. The
particle size analysis and X-ray diffractometric were
showed that the soil is a sandy loam (Figure 1).
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Fig. 1. X-ray diffractometric analysis of soil El Manar.

2.3. Localization and characteristics of the iron ore
Jerissa

The iron ore was from Jerissa located in northwest
Tunisia, 220 km SW of the city of Tunis. Geochemical
analysis was performed at ICP for minor elements
(ppm) and by atomic absorption for major elements
(%) (Table 2). They were supplemented by a
mineralogical study based on X-ray diffractometric
analysis using the powder method (Figure 2A) and the
analysis of FTIR spectra on a Bruker IFS66vd
spectrometer (Germany) using KBr pellet method in
the 4000-500 cm™ region at a resolution of 4 cm™ in
the transmittance mode (Figure 2B). Iron ore Jerissa is
composed by siderite as major elements (52 %) and
calcite (CaCOs), Quartz (SiOy), Clay, Zn, Cu and
Organic Matter. The FTIR spectra of siderite sample
was showed, a broad band at 3407 cm™ due to the
vibration of hydroxyl groups, bands in 1805 and 1623
cm assigned to carboxylate anion were observed. In
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addition, bands at 2923-2856 and 2513 cm™ were
associated with C-H stretching vibration (Tonkovié,
1983) and the vibrations of Fe-O were presented in the
region 1000-600 cm. The main chemical properties of
these ore are pH water; 8.09, EC: 451uS/Cm and
CaCOs: 20.3 %.

Table 2. Chemical composition of iron ore Jerissa by inductively
coupled plasma atomic emission spectrometry (ICP-AES).

Major elements (%) Trace’s elements (ppm)

Fe,0; 53.06 Cu 13
Si0, 251 Mn 5470
AlLO; 0.09 Zn 93
MgO 2.37 Ni 3
Ca0 9.02 Pb 9
K,0 0.30 Co 29
Na,O 0.08 Ti 8
Siderite Siderite

SQ
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Figure 2: A: X-ray diffractometric analysis of iron ore Jerissa with
S: Siderite; G: Goethite; H: Hematite; Q: Quartz; C: Calcite; A:
Ankerite and B: Infrared spectra between 500 and 4000 cm ?, the
sample composed of siderite, calcite, Hematite, and goethite.

2.4. Origin and characteristics of Digestat (Humus
substance)

Digestat (D) was provided by the national waste
management agency (ANGED) from Thibar farm. The
wastes are of agricultural origin and consist mainly of
excrement Animals. The Digestat is a solid or pasty
liquid residue composed of organic elements and of
minerals. This product is derived from the
methanisation, which is an anaerobic digestion process.
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The chemical characteristic of Digestat were
summarized in Table 3.

Table 3: The chemical characteristics of Digestat.

pH ECpuslcm OC (%) OM (%) ON level (%o)

Digestat 9.1 3940 28.29 48.8 0.82

2.5. Plants and Soil analysis

2.5.1. Plant analysis

SPAD readings with a chlorophyll meter (Minolta
SPAD) were taken two times per week during the
experiments in three leaves. After 8 weeks of
treatment, plants were harvested. The leaves, stem and
roots were separated, washed with 0.1 M HCI and
distilled water (Alvarez-Fernandez et al., 2001),
subsequently weighed (fresh weight) and dried in an
oven at 80 ° C for 3 days, followed by grinding and
weighing. 0.25 g of the plant material underwent acid
digestion (4 ml H;0, 1.5 ml HNO and 1 ml H,0,) by
autoclaving at 480 °C for 2 h (Jones, 2001) followed by
filtration of the solutions. Fe concentration was
determined in leaves, stems, and roots by atomic
absorption spectrometry (AAS) (Perkin-Elmer Analyst
800).

2.5.2. Soil analysis

The soils were recovered for the measurement of the
following parameters: pH, soluble and available iron.
The complete pot contents were immersed in 1 litre-
distilled water and shaken until total disaggregation of
the substrate. 40 milliliters of the soil-water mix was
centrifuged and the supernatant filtrated. Soluble iron
was determined in these solutions by AAS. The solid in
the centrifuge tube was extracted with 25 ml of
Soltanpour and Schwab, (1977) extractant and filtered
with 0.45 pm Millipore membranes. The extraction
was repeated three times in total, the extracts joined,
and volume made up to 100 ml. HNO3 was added to
remove excess bicarbonate and analysis of iron content
by AAS.

2.6. Statistical analysis

All statistical analyses were conducted with SPSS 24.0
statistical software. All the data were analysed from
each treatment with three replicates.
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3. Results and discussion

3.1. Response of Tomato plants to different treatments
of iron chelates EDTA/Fe(S), HBED/Fe(S)) and
iron complex D/Fe (S)

It is well known that, firstly Fe plays a major role in the
growth and development of plants and second, Tomato
responds relatively well to ferric fertilization. As
shown in Figure 3, it was observed that iron treatments
applied in calcareous soil had significantly impact on
shoot dry matter weight (DW) after 8 weeks of
treatment. The adding of iron chelate (EDTA/Fe (S),
HBED/Fe (S)) and iron complex D/Fe (S) were
contributed to increase the shoot dry weight than
negative control plants. The great yield in dry weight
of aerial biomass was obtained by the HBED/Fe (S)
treatment (3.97g DW). Further, EDTA/Fe (S) showed a
medium result on the yield of Tomato plants grown in
limestone soil compared to control (-) by 1.97 g DW.
D/Fe (S) showed a lower vyield than the two iron
chelate (EDTA/Fe (S) and HBED/Fe (S) but remained
well compared to the negative control (without iron).

Yield DW, g/pot

HBED/Fe(S) EDTA/Fe(S) D/Fe(S) EDDHA/Fe(C) HBED/Fe(C ) Control(-)

Treatments

Fig. 3. Dry weight (DW) yield in g per pot of the aerial biomass of
Tomato according to the different treatments (HBED/Fe (S),
EDTA/Fe (S), D/Fe (S), EDDHA/Fe (C) and HBED/Fe (C)).

Moreover, the results in the Figure 4 presented the
length of plants treated with iron treatments that could
explain the growth rate of plants and confirm the
results obtained by shoot dry matter. Noting that plants
untreated were showed a small length with yellow
leaves that is meaning the bad growth of plants with
iron chlorosis. Then, the best length was recorded in
the plants treated with HBED/Fe (S) (41.33 c¢cm) in
comparison with EDTA/Fe (S) and D/Fe (S) treatment.
In addition, visual differences between treated and
untreated (Control (-)) plants were very clear and
providing the same information indicated by the SPAD
chlorophyll index. Control (-) plants showed slight
chlorosis symptoms and low SPAD values (Figure 5).
The chlorophyll value, which is related to the efficacy
of the iron chelate/Complex applied in the soil, was
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higher when plants were treated with HBED/Fe (C),
EDDHA/Fe(C), HBED/Fe (S) EDTA/Fe(S) and
D/Fe(S) than control (-). HBED/Fe (S) was work as
commercial chelates (HBED/Fe (C), EDDHA/Fe(C)),
almost the same curve from the second reading SPAD
to eighth SPAD measurement.

45 LENGHT (CM)

40

HBED/Fe(S) EDTA/Fe(S) DIFe(S) EDDHA/Fe(C)  HBED/Fe(C) Control(-)

Treatment

Fig. 4. Effect of the different iron treatments (HBED/Fe (S),
EDTA/Fe (S), D/Fe (S), EDDHA/Fe (C) and HBED/Fe (C)) on the
length of plants.

-+-Control (-) HBED/Fe (C) »- HBED/Fe(S)

o ——EDDHA/Fe(C) —=—D/Fe (S) EDTA/Fe (S)

SPAD

DAT

Fig. 5. SPAD index for the leaves of Tomato plants grown in
calcareous soils treated with different treatments of iron
chelate/Complex carriers at different times.

Results in Table 4 were demonstrated that the three
iron products imposed a good effect on iron
concentration in shoot of Tomato plants. However, the
uptake of iron by the roots after their interaction in soil
and the iron content in the shoots were studied by
comparison between the three iron treatments with the
two commercial iron chelates (see Figure 6 a, b, and c).
Based on foliar analysis the three treatments prepared
by iron Jerissa showed positive results in Fe amount
compared to the negative control. Fe amount in dry
aerial biomass of plants grown on untreated soil (0.013
mg Fe) was very lower than those plants treated by iron
products HBED/Fe (S), EDTA/Fe (S) and D/Fe (S).

The plants treated with commercial iron chelate
EDDHA/Fe (C) used as a positive control presented the
most important iron nutrition than plants treated with
HBED/Fe (C) and the other three treatments with
siderite. Almost all the amount of iron added to the soil
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goes up to stem and leaves; this latter is explained by
the great dry matter yield value recorded in the plants
treated with EDDHA/Fe (C) (Figure 4) and the high
stability, durability of EDDHA agent. The efficacy of
commercial iron chelates containing EDDHA has been
widely demonstrated since the 1950s (Wallace et al.,
1955; Hill-Cottingham and Lloyd-Jones, 1958; Barak
and Chen., 1987; Lucena et al., 2006; Schenkeveld et
al., 2010).
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©
Fig. 6. (a): Iron amount (mg) on the shoot after treatment application.
Error bars denote standard error (SE); (b): Iron concentration
(mg/Kg™ DW) in leaf and stem after treatment application in
calcareous soil; (c) Effect of the different iron treatments on the Fe
concentration (mg/Kg™* DW) in roots stems and leaves in the
calcareous soil.

As expected, the three iron treatments assayed were
able to alleviate the Fe chlorosis in the plants in high
pH conditions, with significant differences were found
among the treatments. The study of iron concentration
results in different parts of Tomato plant (leaf, stem,
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and root) was showed that plants treated with
HBED/Fe (S) contains more Fe than those treated with
EDTA/Fe (S) and D/Fe (S).

HBED/Fe (S) was increased the Fe content in the shoot
and improved iron nutrition in plants. Leaves and stem
of plants treated with HBED/F (S) were recorded
230.45 mg/Kg? and 207 mg/Kg? Fe respectively.
However, a small Fe amount in the roots was observed.
In this context, the product HBED/Fe (S) provides
similar amount of iron in plants than HBED/Fe (C)
commercial product, which confirmed the efficacy of
siderite Jerissa with HBED to provide Fe to chlorotic
Tomato plants in alkaline conditions (Figure 7). This
result is consistent with the results of Nwrocki et al.,
(2009) who found that HBED-based iron chelates
increased the content of this element in leaves, stems,
and roots.

Fe (mg)

HBED/Fe(S) HBED/Fe(C)

Fig. 7. Comparison between iron content (mg) in shoot of plants
treated with (HBED/Fe (S) and shoot of plants treated by commercial
iron chelate (HBED/Fe (C).

Then, this finding agrees with Chaney (1988) and
Nadal et al., (2009) concluded that HBED/Fe supplied
sufficient iron for the growth of soybean plants in
hydroponic cultures at pH 7.5. However, Lépez-Rayo
et al., (2009) demonstrates that HBED/Fe could be a
good fertilizer for correcting Fe chlorosis in a single
application in soils with high lime content, because of
its high stability and low reactivity with the soil
mineral phases.

Regarding EDTA/Fe (S), we observed a medium iron
content in plants treated with EDTA/Fe (S), when it
was compared to the commercial chelate EDDHA/Fe
(C) and HBED/Fe (C). EDTA/Fe (S) showed a better
Fe concentration in stem and leaves than control
negative plants. These results are consistent with the
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work of Schenkeveld, (2010) based on the stability of
Fe chelates in solution. He concluded that EDDHA
stabilities with Fe were greater than EDTA/Fe. In
addition, the latter is confirmed by the study of Sandra
Lopez et al., (2012); EDTA is a non-phenolic chelating
agent able of protecting Fe from dissolution or
precipitation in the soil despite its low stability
compared with other more stable agents as EDDHA
and HBED. Consequently, EDTA can formed chelate
with iron of Jerissa but with a low stability then it able
to solve the Fe deficiency in plants.

The iron complex used in the soil experiment D/Fe (S)
improve the ferric status of plants very slowly than the
two iron chelates (EDTA/Fe (S) and HBED/Fe (S)).
The leaves were recorded 142.67 mg/Kg™* Fe and the
largest Fe amount remains in the roots level.
According to Rodriguez et al (2010), organic materials
can improve the physical nature of the rooting medium
and provide plant nutrients in a slow-release form,
facilitating vegetation establishment. Nevertheless,
when D/Fe (S) treatment was compared with control (-)
considered as a good iron complex; Digestat
complexing agent was facilitated the mobilization of
siderite in soil (at pH 7) and to supply iron to plants but
this latter needs a lot of time for transferring the iron
from the roots to the leaves. Rodriguez et al. (2009,
2010) have studied in several works the effectiveness
of wvarious iron complexes on plants grown in
hydroponic culture or in soil. If we compare the three
treatments between them, we find this order: HBED/Fe
(S)> EDTA/Fe (S) > D/Fe (S). The positive response
of Tomato plants to the contribution of iron ore
treatment would be due to the beneficial effects of Fe
element with the other metallic and organic elements
on the growth rate of plants. Thus, the results obtained
by Fe foliar analysis demonstrates the possibility of use
natural siderite of Jerissa in agriculture as an iron
fertilizer (HBED/Fe (S), EDTA/Fe (S) and D/Fe (S) to
correct ferric chlorosis in plants grown on calcareous
soils.

3.2. Soluble and available iron in the soil

The soil has a sandy texture rich in calcium carbonate
(43.6%) and having an initial pH of 8.06. These
physicochemical properties are favorable to the
appearance of ferric chlorosis (Mengel et al., 2001).
Each pot in our experiment was amended by the same
amount of iron (60 pmol/pot) with one of the 5
treatments prepared (EDDHA/Fe (C), HBED/Fe (C),
HBED/Fe (S), D/Fe (S), and EDTA/Fe (S)) except for
the negative control pots (Without iron) and these were
carried out for 8 weeks. The soluble and the available
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fraction of iron in different pots were studied for
understand the interaction between treatments and soil.
Concentration of Fe in the soluble fractions of the soils
are presented in Figure 8. Pots treated with EDTA/Fe
(S) showed a less concentration of soluble iron than the
other pots treated. Then, no significant differences
could be observed among the iron treatments
EDDHA/Fe(C), HBED/Fe(C) and HBED/Fe (S)
regarding the Fe soluble in soil. Iron in the available
fraction, significant differences could be recorded in
pots treated and control (-Fe) pots. The results
illustrated in Figure 8 were shown iron concentration
of available fraction between 0.66 and 2.73 mg/Kg™ Fe.

» soluble fraction available fraction

Fe (mg/Kg-1)

iy N I‘[ :I

HBED/Fe(S)  EDTA/Fe(S) D/Fe(S)  EDDHA/Fe(C) HBED/Fe(C)  Control()

Ireatment

Fig. 8. Fe concentration in the soluble and available fractions of the
soils after the harvest of plant experiment.

4. Conclusion

The effectiveness of the application of iron ore with
HBED, EDTA, and Digestat has been proven in this
work to alleviate iron chlorosis in Tomato plants and to
maintain iron soluble in soil conditions. Indeed,
efficient use of the fertilizer involving the optimization
of the benefits in terms of crop yield and absorption of
Fe by plants. The difference in content of Fe in the
plant depends partially or completely on the chelating
agent in interaction with the soil. All results indicate
that iron fertilizers (chelate or complex) prepared with
iron ore Jerissa can be a good agricultural practice to
correct Fe deficiency in corps. Further HBED/Fe (S),
EDTA/Fe (S) were improved Fe nutrition in plants
faster than D/Fe (S) due to its high stability in soil and
its long lasting effect providing Fe to plants. Digestat
with iron ore Jerissa is apparently less efficient than
iron chelates in soil. But it is capable to correct iron
deficiency in long time and it provide iron available in
the soil roots interface that allows a slow uptake of iron
by the plants.

This work about raw iron proves to be an interesting
topic in the agriculture field from the study of
valorization on the one hand of local and natural iron
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ores and on the other hand to diversify agricultural
inputs to improve the economy of countries.

Acknowledgement

The author wishes to thank Dr. Walid Oueslati,
Department of geology, University of Tunis EI Manar,
for his help during the analysis with AAS. | am also
grateful to Mr. Walid Rezgui, technician in the
INRGREF, for his help.

References

Ahrland S., Dahlgren A., Persson |. (1990). Stabilities and hydrolysis
of some iron (I11) and manganese (I11) complexes with chelating
ligands. Acta Agriculturae Scandinavica. 40:101-111.

Aissaoui-Adjali S., Mahjoubi H., Tlig S. (1988). Common epigenetic
origin of the iron mineralization (Siderite) of two types of
associated deposits: stratiform and Kkarstic. The case of jbel
Jérissa (Tunisia). C. R. Acad. Sci. Paris, Série I1. 306: 357-360.

Alvarez-Fernandez A., Perez-Sanz A., Lucena J.J. (2001). Evaluation
of effect of washing procedures on mineral analysis of orange
and peach leaves sprayed with seaweed extracts enriched with
iron. Communications in Soil Science and Plant Analysis. 32:
157-170. https://doi.org/10.1081/CSS-100103000.

Alvarez-Fernandez A., Garcia-Lavina P., Fidalgo C., Abadia J.
Abadia A. (2004). Foliar fertilization to control iron chlorosis in
pear (Pyrus communis L.) trees. Plant and Soil. 263: 5-15.
https://doi.org/10.1023/B:PLS0.0000047717.97167.d4.

Bergeron R.J., Wiegand J., Brittenham G.M. (2002). HBED ligand
preclinical studies of a potential alternative to deferoxamine for
treatment of chronic iron overload and acute iron poison. Blood.
99: 3019-3026. DOI : 10.1182/blood. v99.8.3019.

Brittenham G.M. (1992). Development of iron-chelating agents for
clinical use. Blood. 80: 569 - 574.

Cerdan M., Alcafiiz S., Juarez M., Jorda J.D., Bermudez D. (2006).
Fe uptake from meso and d,l-racemic Fe(0,0-EDDHA) isomers
by strategy | and Il plants. Journal of Agricultural and Food
Chemistry. 54: 1387-1391. DOI: 10.1021/jf051838e.

Chaney R.L. (1988). Plants can utilize iron from Fe-N,N"-di- (2-
hydroxybenzoyl)- ethylene-N,N"-diacetic acid, a ferric chelate
with greater formation constant than Fe-EDDHA. Journal of
Plant Nutrition. 11: 1033-1050. DOI:
10.1080/01904168809363867.

Gomez-Gallego M., Sierra M.A., Alcazar R., Ramirez P., Pinar C.,
Mancheno M.J., Garcia-Marco S., Yunta F., Lucena J.J. (2002).
Synthesis of o,p-EDDHA and its detection as the main impurity
in 0,0-EDDHA commercial iron chelates. Journal of Agricultural
and Food Chemistry. 50: 6395-6399.
https://doi.org/10.1021/jf025727g.

Gomez-Gallego M., Pellico D., Ramirez-Lopez P., Manchefio M.J.,
Romano S., Sierra M.A. (2005). Understanding of the mode of
action of Fe Il EDDHA as iron chlorosis corrector based on its
photochemical and redox behavior. Chemistry: A European
Journal. 11:1-10. DOI: 10.1002/chem.200500286.

Hagin J, Tucker B. (1982). Fertilization of Dry land and Irrigated
Soils. Springer-Verlag. New York.

Hernandez-Apaolaza L., Barak P., Lucena JJ. (1997).
Chromatographic determination of commercial Fe (II1) chelates
of ethylenediaminetetraacetic  acid, ethylenediaminedi(o
hydroxyphenylacetic) acid and ethylenediaminedi(ohydroxyp-
methylphenylacetic) acid. Journal of Chromatography. 789: 453-
460.

Hill-Cottingham D.G. (1955). Photosensitivity of iron chelates.
Nature. 175: 347-348.


https://www.tandfonline.com/lcss20
https://doi.org/10.1081/CSS-100103000
https://doi.org/10.1023/B:PLSO.0000047717.97167.d4
https://doi.org/10.1021/jf025727g

Grioui etal.,

Jones J.B. (2001). Laboratory Guide for Conducting Soil Tests and
Plant Analysis. CRC Press, Florida, USA. P. 384.

Lépez-Rayo S., Correas C., Lucena J.J. (2012). Novel chelating
agents for its use as manganese and zinc fertilizers:
characterization, theoretical speciation and stability in solution.
Chemical Speciation and Bioavailability. 24 : 147-158.
DOI:10.3184/095422912X13409631969915

Lucena J.J, Chaney R. (2006). Synthetic iron chelates as substrates of
root ferric chelate reductase (FCR) in green stressed cucumber
plants. Journal of Plant Nutrition. 29: 423-439.

Lucena JJ. (2009). The use of complexers and chelates in
micronutrient fertilization. Ceres. 56: 527-535.

Mahjoubi H. (1978). An example of a reef iron ore deposit : the jbel
Jerissa mine (Tunisia). Thesis in geology, Tunis.

Marschner H., Romheld V. (1995). Strategies of plants for
acquisition of iron. In : Abadia J. (eds) Iron Nutrition in Soils
and Plants. Developments in Plant and Soil Sciences, vol 59.
Springer, Dordrecht. 375- 378. https://doi.org/10.1007/978-94-
011-0503-3-52.

Mengel K., Kirby E.A., Kosegarten H., Appel T. (2001). Principles
of Plant Nutrition. Kluwer Academic Publisher, Dordrecht, the
Netherlands. DOI: 10.1093/aob/mch063.

Mlayah A. (2011). Basin of Oued Sarrath: heaps and domestic
discharges, recognition of heavy metals and pollutants, impact
on groundwater (northwestern Tunisia). Journal of Water
Sciences. 24: 159-175.

Mtimet A. (2016). Tunisian soils with the test of sustainability: from
management to governance. ISBN 9938147305,
9789938147308.

Nadal P., Hernandez-Apaolaza L., Lucena J.J. (2009). Effectiveness
of N,N'-Bis (2- hydroxy-5-methylbenzyl) ethylenediamine-N,N'-
diacetic acid (HJB) to supply iron to dicot plants. Plant and Soil.
325: 65-77. DOI: 10.1007/s11104-009-0115-X.

Nawrocki A., Stefaniak F., Mrozek-Niecko A., Olszewski R., (2009).
Preparation of N,N'-bis (2-hydroxybenzyl) ethylenediamine -
N,N'-diacetic acid and its derivatives. PCT Int. Appl, PPC
ADOB, Poland.

Petree H.E., Myatt H.L., Jelenvsky A.M. (1978). Preparation of
phenolic ethylene diamine poly carboxylic acids. In U.S.
Patent.4: 130,582.

Rodriguez-Lucena P., Hernadndez-Apaolaza L., Lucena J.J. (2010).
Comparison of iron chelates and complexes supplied as foliar
sprays and in nutrient solution to correct iron chlorosis of
soybean. Journal of Plant Nutrition and Soil Science. 173: 120-
126. DOI: 10.1002/jpIn.200800256.

Rodriguez-Lucena P., Tomasi N., Pinton R., Hernandez-Apaolaza L.,
Lucena J.J., Cesco S. (2009). Evaluation of 59Fe-lignosulfonates
complexes as Fe-sources for plants. Plant and Soil; 325: 53-63.
DOI: 10.1007/s11104-009-0091-1.

Rombola A.D, Tagliavini M. (2006). Iron Nutrition of Fruit Tree
Crops. In: Barton L.L., Abadia J. (eds) Iron Nutrition in Plants
and Rhizospheric Microorganisms. Springer, Dordrecht. 61- 83.
doi.org/10.1007/1-4020-4743-6_3.

Schenkeveld W.D.C., Temminghoff E.J.M., Reichwein A.M.,
Riemsdijk W.H.V. (2010). FeEDDHA-facilitated Fe uptake in
relation to the behavior of FeEEDDHA components in the soil-
plant system as a function of time and dosage. Plant and Soil.
332: 69-87. DOI: 10.1007/5s11104-009-0274-9.

Soltanpour P.N., Schwab AP. (1977). A new soil test for
simultaneous extraction of macro- and micronutrients in alkaline
soils. Communications in Soil Science and Plant Analysis. 8:
195-207. DOI: 10.1080/00103627709366714.

Stevenson F.J. (1994). Humus chemistry: Genesis, composition,
reactions. 2nd edition. Journal Willey and sons. New York,
USA.

308

Tonkovi¢ M., HadZija O., Nagy-Czako . (1983). Preparation and
properties of Fe (l11)- sugar complexes. Inorganica Chim Acta
.80 :251-254.

Villen M., Cartagena M.C., Bravo R., Garcia-Mina J.M., Martin de la
Hinojosa M.1., Lucena J.J. (2007). Comparison of two analytical
methods for the evaluation of the complexed metal in fertilizers
and the complexing capacity of complexing agents. Journal of
Agricultural and Food Chemistry, 55: 5746—5753.
DOI:10.1021/jf070422t.

Wallace A., Muerller R., Lunt O.R., Ashcroft R.T., Shannon L.M.
(1955). Comparisons of five chelating agents in soils, in nutrient
solutions, and in plant responses. Soil Science. 80: 101-108.

Yunta F., Garcia-Marco S., Lucena JJ., (2003). Theoretical
speciation of ethylenediamine-N-(o-hydroxyphenylacetic) -N’-
(p-hydroxyphenylacetic) acid (o,p-EDDHA) in agronomic
conditions. Journal of Agricultural and Food Chemistry. 51:
5391-5399. DOI: 10.1021/jf034304r.


https://doi.org/10.1007/978-94-011-0503-3-52
https://doi.org/10.1007/978-94-011-0503-3-52
https://doi.org/10.1007/s11104-009-0274-9

