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Degree of complexation of microelement ions by biodegradable IDHA 
chelator in water and simulated fertilization environment 
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The degree of complexation of microelement ions by the biodegradable chelating agent - IDHA was exam-
ined in the work. The tests were carried out in water and in a simulated fertilizer environment. In order 
to compare the obtained results, tests were also carried out for the commonly used EDTA. The performed 
analyzes allow to determine the infl uence of the presence of compounds containing macroelements on the 
degree of binding of microelement ions by the biodegradable IDHA and EDTA chelators. The obtained 
results make it possible to determine the optimal conditions for the chelation of cations by IDHA, which 
in the future may be used in the production of micronutrient fertilizers on a large scale.
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INTRODUCTION

    In industrial-scale production, metal ions can adversely 
affect the course of many chemical processes and the 
fi nal properties of the product. The tick-like structure 
of the chelate prevents undesirable reactions of metal 
ions 1, 2. Complexing substances are produced on a large 
scale and various groups like aminopolycarboxylates, hy-
droxycarboxylates, and phosphonates can be distinguished 
between them. Compounds from the group of derivatives 
of aminopolycarboxylic acids (APCA) are often used in 
many industries, for examle: food, pharmaceutical, co-
smetic, paper, textile, metallurgical, fertiliser and many 
other. They are strong complexing agents, which at low 
pH form more stable chelates with transition-metal ions 
than with calcium and magnesium ions3–8.

Compounds with chelating properties belonging to the 
APCA group have a negative impact on the environment. 
The complexing properties of these substances result in 
the formation of chelates with heavy metal ions. Good 
solubility in water and a low degree of biodegradation 
infl uenced the presence of complexones of anthropogenic 
origin in surface waters and sewages. There are growing 
concerns about the direct or indirect environmental 
impacts of chelators related to:

a) mobilisation of heavy metal ions absorbed in se-
diments9,

b) solubilization of radioactive metal ions and increasing 
their impact on the environment10–13,

c) eutrophication of waters (chelators usually contain 
a nitrogen atom in their structure)10,

d) metal-ligand complexes may increase the bioavaila-
bility of heavy metals (the Cd-EDTA complex is more 
toxic than the free ion of this metal)10–14.

Popular ligands are increasingly being replaced by their 
new biodegradable analogues, but they generally have 
a much lower ability to form stable chelates and are 
characterised by worse physicochemical properties8, 15.

The use of chelates-containing micronutrient fertili-
zer in agriculture has increased signifi cantly in recent 
years. The effectiveness is related to the structure of the 
molecule. Synthetic chelates are resistant to microorga-
nisms, and stabilise the microelement in a wide range 
of pH. Their use, even in the absence of micronutrient 
defi ciencies, results in the growth of plants and crops1. 
Supplying the soil with microelements in the form of 

ions is often associated with the risk of transfer of these 
metals to forms that are not assimilable by plants, resul-
ting in several times higher micronutrients application 
during soil fertilization in comparison with foliar ferti-
lization16, 17. The structure of the chelate prevents the 
reaction of microelement ions with the components of 
the soil solution, protects against nutient depletion, and 
facilitates the uptake of nutrients by the leaves. Chela-
tes are well-soluble in water, but dissociate to a small 
extent. The gradual release of micronutrients increases 
their assimilation by plants and prevents their excessi-
ve uptake. The use of chelates is more effective than 
microelement salts, and their structure facilitates the 
movement of metal ions in the soil solution and later in 
the tissues of the plant. Micronutrients are taken in the 
chelated form. Their movement in the plant is as fast 
as that of ionised molecules. In tissues, microelements 
are gradually released and used in metabolic processes18.

Both chelates and microelement complexes can be 
produced on the basis of synthetic and natural ligands. 
Natural chelators include lignosulfonic acids, which are 
byproducts in the production of cellulose, or sulfonic 
tannins derived from tree bark. Complexes with metal 
ions also form other substances of natural origin, such 
as amino acids, humic acids, citrates, and gluconates19. 
Natural complexes are less stable than synthetic chelates 
and often undergo metal or ligand exchange reactions and 
adsorption into the soil solid phase. The stability of such 
compounds is affected by many factors and substances 
in the soil solution, so it is recommended to use them 
in soilless crops. Synthetic fertiliser chelates belong to 
the group of aminopolycarboxylic compounds. The use 
of APCA ligands prevents secondary reactions of the 
microelement ions20. On alkaline soils, the presence 
of carbonates and bicarbonates causes these anions to 
displace the ligand from the chelate, creating insoluble 
compounds that are not assimilable by plants. On cal-
careous soils, the cation of the trace element can be 
displaced by the calcium ion. The released ions may 
form insoluble hydroxides. Chelators with high values 
of stability constants do not undergo such reactions21.

The EU Fertilisers Regulation includes 11 synthetic 
chelating agents belonging to the group of aminopolycar-
boxylic compounds19. The requirements of the European 
Directive specify the content of water-soluble, assimilable 
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ions of microelements. Micronutrient fertilisers should 
contain at least 80% of the total water-soluble amount 
of metal ions in the form chelated by a specifi c chelating 
agent. 50% of the water-soluble micronutrient must be 
chelated by a chelating agent approved by the European 
Parliament and the Council19.

The aim of this study was to determine the degree of 
complexation of micronutrient ions by the biodegradable 
IDHA chelating agent and to compare the obtained 
results with the commonly used EDTA chelator. The 
experiments were conducted in various media that 
simulated fertilizer environments. The 2021 update of 
European Parliament and Council Regulation 2019/1009, 
also allows the use of other chelating agents for the 
production of micronutrient fertilizers19. The condition 
that must be met by the chelator is complexation of 
the total amount of water-soluble microelement ions to 
a degree of at least 80%. The degree of complexation 
was determined by differential pulse voltammetry. The 
results obtained are based on the preliminary assessment 
of the possibility of using IDHA chelates as a component 
of compound fertilisers.

MATERIALS AND METHODS

Differential pulse voltammetry (DPV) was used in the 
experiments. It is an electroanalytic technique based on 
measuring the dependence of the intensity of the current 
fl owing through a stationary indicator electrode and the 
potential of this electrode. The voltammetric method is 
one of the most sensitive analytical methods allowing 
the concentration of metal ions to be determined in 
trace amounts. This method enables the simultaneous 
measurement of several ions and allows the degree of 
metal oxidation to be distinguished22.

The tests were performed using the AUTOLAB 
PGSTAT 12 apparatus with GPES software. A mercury 
electrode (663 VA Stand) operating in SMDE mode 
(Static Mercury Drop Electrode) was used. The refe-
rence electrode was a silver chloride electrode, and the 
auxiliary electrode was a glass fi bre electrode. The total 
surface area of the mercury drop was approximately 
0.25 mm2. The step potential was 0.00495 V and the 
modulation amplitude was 0.00255 V at 0.05 s. The 
equilibrium time was 5 s. The deposition potential was 
–1.3 V at 60 s. Each measurement was repeated twice. 
The degree of complexation of micronutrient ions with 
IDHA and EDTA was determined on the basis of the 
peak height of the current intensity, which is directly 
proportional to the concentration of metal cations present 
in the solution. Ion concentration was determined on 
the basis of standard curves determined for each type 
of micronutrient ion and at each pH value. Analysis 
were performed, and samples were prepared at room 
temperature, atmospheric pressure, and a constant con-
centration of a solution containing the base electrolyte. 
The degree of complexation was determined on the basis 
of the difference in the concentration of the metal ion 
and the metal ion with the addition of a chelating agent 
according to the formula:

where:

α – degree of ions complexation [%],
ci – ions concentration after adding the chelator ,
c0 – concentration of metal ions before adding the che-
lator .

The degree of complexation of ions, used in the pro-
duction of micronutrient fertilizers (Zn2+, Cu2+, Mn2+, 
Fe3+), by IDHA and EDTA chelators was determined. 
Aqueous solutions containing micronutrient ions were 
prepared from inorganic salts: ZnSO4 · 7H2O ( p.a., 
POCH, Gliwice), CuSO4 · 5H2O (p.a., POCH, Gliwice), 
MnSO4 · H2O (p.a., POCH, Gliwice), Fe(NO3)3 ·9H2O 
(p.a., POCH, Gliwice). IDHA tests were performed in 
the basic electrolyte environment and in the simulated 
fertilization environments. 33 mass% an aqueous solution 
of IDHA sodium salt was used (tech., ADOB). EDTA 
(35 mass% aqueous solution of sodium salt, technical, 
Boruta-Zachem SA), which is a substance commonly 
used in many industries, was also tested. Both APCA 
compounds react with metal ions in a 1:1 molar ratio, 
and this ratio was used in the analysis.

EDTA (acid or salt of ethylenediaminetetraacetic acid) 
is most often used for the production of microfertilizers 
(Fig. 1).

Figure 1. Structural formula of iminodisuccinic acid

Figure 2. Structural formula of ethylenediaminetetraacetic acid

This complexon is characterized by very low biodeg-
radation degree in natural conditions. Even after years, 
high concentrations of this compound are observed in 
groundwater, lakes, rivers, and drinking waters. It is 
one of the compounds of anthropogenic origin with 
the highest concentration in inland European waters. 
Toxic effects on the environment occur as a result of 
the ability of EDTA to increase the bioavailability and 
phytotoxicity of heavy metals and radioactive elements. 
The increased use of EDTA in agriculture was due to 
the increased assimilability of chelated micronutrients by 
plants. The chelator also binds heavy metal ions, which 
potentially facilitates their absorption by plants and the 
remobilization of these cations from sludge, bottom, 
and river sediments. As a consequence, this leads to an 
increase in the assimilability of toxic elements, not only 
by plants, but also by living organisms9, 15, 23–31.

The sodium salt of iminodisuccinic acid, the tetrasodium 
salt of D,L-aspartate-N-(1,2-dicarboxyethyl) acid (IDHA 
or IDS) (Fig. 2) was fi rst produced by Bayer AG (now 
Lanxess) in 1998, under the name Baypure CX 10032–34.
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IDHA belongs to compounds that are easily biodegra-
dable. IDHA under static test conditions, after a period 
of microbial adaptation, is completely biodegradable30. 
The degree of its decomposition after 7 days is 80%35. 
This ligand has a low impact on the environment. As 
a result of the degradation of IDHA, L-aspartic acid 
and D-aspartic acid are formed, which in the fi nal stage 
are decomposed into fumaric acid and ammonia36, 37.

Iminodisuccinic acid has fi ve binding sites. This che-
lator belongs to the pentadent ligands. It is considered 
a medium strong chelator that can replace the commonly 
used EDTA, but the durability of this chelate is lower38.

Iminodisuccinic acid is used in the bleaching of cotton, 
in the production of detergents, as a corrosion inhibitor, 
in the production of pulp and paper, in ceramics, in the 
textile industry, in the process of cleaning membranes 
contaminated with engine oil and in the cosmetics indu-
stry32, 39. IDHA is used in the production of micronutrient 
fertilisers. Since 2005, the Polish company ADOB has 
been producing fertilizers containing IDHA chelates40.

The complexing abilities of ligands depend on the 
reaction of the environment. In each medium used, 
tests were carried out at pH equal to 3, 5, 7, 9, 11 and 
13, which were regulated using 0.1 M HCl and NaOH 
solutions. The determinations were made in the basic 
electrolyte environment and in the simulated fertilization 
environment. The basic electrolyte in the form of 0.1 M 
KCl aqueous solution (p., POCH, Gliwice) was used to 
determine the concentration of Zn2+ and Mn2+ ions. 0.1 
M KClO4 (p.a., POCH, Gliwice) was used to determine 
the content of Fe3+ and Cu2+ ions. In the research, sub-
stances commonly used in the fertiliser industry were used 
as the N, NP, and NPK fertilising medium. The content 
of the ingredients used corresponded to the content of 
macroelements in liquid fertilisers. Three types of so-
lutions containing fertilising macroelements were used:

a) nitrogen environment (N)
The system contained urea (p.a., POCH, Gliwice) and 

ammonium nitrate (p.a., POCH, Gliwice) in a molar ratio 
of 1:1. The solution of the N environment was prepared 
by mixing urea together with ammonium nitrate(V) in 
an equal molar ratio. The 37.5 grams of urea and 50 
grams of ammonium nitrate were weighed and  then 
dissolved in 1 dm3 of demineralized water. The solution 
thus prepared contained 3.5 mass% of total nitrogen, 
including 1.75 mass% of amide nitrogen and the same 
amount of ammonium and nitrate nitrogen.

A 25 cm3 sample containing 2.5 cm3 of a solution 
simulating the fertilization environment was analyzed. 

b) nitrogen-phosphorus environment (NP)
The system contained ammonium nitrate(V), urea, 

and ammonium dihydrogen phosphate(V) (p., POCH, 
Gliwice). In the vessel, 20.6 grams of urea, 27.4 grams of 
ammonium nitrate and 129,9 grams of ammonium phos-
phate were weighed and then dissolved in 1 dm3 of de-
mineralized water. The solution thus prepared contained 
3.5 mass%. total nitrogen, including 0.96 mass% amide 
nitrogen, 2.54 mass% ammonium and nitrate nitrogen, 
and 3.5 mass% phosphorus (8.03 mass% P2O5). A 25 cm3 
sample containing 2.5 cm3 of a solution simulating the 
fertilization environment was analyzed. 

c) nitrogen-phosphorus-potassium environment (NPK)
The system contained ammonium nitrate(V), urea, 

am monium dihydrogen phosphate(V) and potassium 
chloride (p.a., POCH, Gliwice). Here, 20.5 grams of 
urea, 27.4 grams of ammonium nitrate, 129.9 grams 
of ammonium phosphate and 66.9 grams of potassium 
chloride were weighed and then dissolved in 1 dm3 of 
demineralized water. The solution thus prepared con-
tained 3.5 mass% total nitrogen, including 0.96 mass% 
amide nitrogen, 2.54 mass% ammonium and nitrate 
nitrogen, 3.5 mass% phosphorus (8.03 mass% P2O5) 
and 3.5 mass% potassium (4.2 mass% K2O). A 25 cm3 
sample containing 2.5 cm3 of a solution simulating the 
fertilization environment was analyzed. 

Each analyzed sample contained solutions of mi-
croelement cations, chelating compound in a molar 

ratio of 1:1 with a concentration of 0.001 , 0.01% 
gelatine solution (p., POCH, Gliwice), basic electrolyte 

with a concentration of 0.1  or (described above) 
a solution simulating the fertilizing environment. 25 cm2 
of the prepared solutions, with the fi xed pH value, was 
placed in an electrolytic vessel. Nitrogen (4.0, Messer) 
as an inert gas was used for deoxygenation. Then the 
measurement was made.

RESULTS AND DISCUSSION

From the technological point of view, the structure of 
the obtained chelates of microelements is not important. 
In the production of chelated-based fertilizers, the degree 
of complexation of microelements is the most important, 
which should be at least 80% of the declared water-
-soluble content of the microelement. The Fertilizers 
Regulation does not specify an analytical method that 
will allow to determine the concentration of unbound 
ions of microelements, and thus the degree of comple-
xation19. Differential pulse voltammetry was used in the 
research, which allows to determine the concentration 
of metal ions in ppm and even ppb, which allows for 
the determination of the degree of complexation with 
high accuracy. Determining the complexing properties of 
chelators in the water-fertilizer environment is necessary 
to determine the possibility of their use as a component 
of compound fertilizers. The degree of the complexation 
of microelement ions was calculated for different pH 
values. To determine the appropriate pH values, aqueous 
solutions of hydrochloric acid and sodium hydroxide 
were used. The tests for each metal were carried out 
at pH equal to 3, 5, 7, 9 and 11. Determination of the 
content of unbound metal ions depends on the chemical 
properties of the the cations of microelements. Calcu-
lation of the degree of complexation is only possible in 
a specifi c environment and at selected pH values.

At pH 9 and 11, lower peaks of zinc cations and the 
precipitation of a white precipitate of zinc hydroxide 
(Zn(OH)2) were observed. This made it impossible 
to complex the ions of this metal, and thus determine 
the degree of complexation of zinc ions by the tested 
chelators. Zinc ion chelation was determined at pH 3, 
5 and 7. When preparing solutions of copper(II) salts, 
a blue precipitate of copper(II) hydroxide (Cu(OH)2) 
was observed at pH 7, 9 and 11. Voltamperograms of 
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these solutions the height of the peak from copper(II) 
cations was lower. Determination of copper(II) ions 
and determination of the degree of complexation were 
possible only at pH 3 and 5. Analysis of the concen-
tration of manganese(II) ions and determination of 
the degree of complexation were possible at pH values 
close to neutral. Under acidic conditions, the reduction 
peak overlapped with the H3O+ peak. In an alkaline 
environment, manganese ions precipitate in the form of 
Mn(OH)2 hydroxide. The concentration of manganese(II) 
ions and the determination of the degree of complexation 
were determined at pH 5 and 7. Due to the properties 
of Fe3+ ions, measuring the concentration of this metal 
ions and calculating the degree of complexation were 
possible in a narrow pH range.

The degree of complexation of microelement ions in 
the basic electrolyte environment was determined for 
IDHA and, for comparison, for the commonly used 
EDTA (Table 1).

The best results of zinc ion chelation were obtained for 
EDDS, which is an EDTA analogue.

Comparing the obtained results with the analyzes of 
Borowiec et al., it can be concluded that IDHA is one 
of the best chelators among the tested biodegradable 
ligands. IDHA can be used as a replacement for the 
commonly used EDTA. 

The complexation of microelement ions in the nitro-
gen environment in the (NH2)2CO-NH4NO3 system, 
the nitrogen-phosphate environment in the (NH2)2CO-
-NH4NO3-NH4H2PO4 system and the nitrogen-phospho-
rus-potassium environment in the (NH2)2CO-NH4NO3-
-NH4H2PO4-KCl system was carried out with such pH 
values as in the case of the basic electrolyte (Table 2).

Evaluation of the degree of complexation of iron ions 
in the presence of phosphate ions turned out to be 
impossible. Iron ions reacted with phosphate(V) ions 
(in the NP environment), forming a sparingly soluble 
iron(III) phosphate (FePO4) precipitate. The presence of 
chloride ions (NPK environment) resulted in an additional 
intensive peak in the voltammograms of copper(II) ions, 
which made interpretation of the results impossible. The 
determinations for zinc ions were carried out at pH 3 
and 5. Above this value, a precipitate formed.

In a simulated fertilizing nitrogen environment, a hi-
gher degree of complexation was obtained for these che-
lators in comparison to the basic electrolyte environment. 
EDTA better complexed copper(II) and manganese(II) 
ions, and worse complexed zinc and iron(III) ions in 
a nitrogen environment than in water. Zinc, copper(II), 
and iron(III) ions were worse chelated by IDHA in the 
fertilising nitrogen environment than in the basic electro-
lyte environment. IDHA complexed manganese(II) ions 
to a higher degree under these conditions. Both EDTA 
and IDHA complexed iron(III) ions to a degree lower 
than 80%. IDHA bound copper(II) ions to a much lower 
extent than in the aqueous environment. The pH value 
of 7 is the most favorable for the chelating effi ciency 
of zinc and manganese ions by both chelators. For iron 
ions it is 6.5 and for copper ions it is 5. 

The chelation reaction of micronutrient ions in a ni-
trogen-phosphorus environment is less effi cient than that 
in an aqueous or nitrogen environment. It is probably 
caused by competitive reactions of metal ions with 
phosphate(V) ions. Only the zinc ions were completely 
chelated (~100%). Manganese(II) and copper(II) ions 
were bound by both ligands to a small extent. Under 
these conditions, a higher degree of complexation of zinc 

Table 1. The degree of complexation [%] of microelement ions 
by IDHA and EDTA in water

Table 2. The degree of complexation [%] of microelement ions by IDHA and EDTA in simulated nitrogen, nitrogen-phosphorus and 
nitrogen-phosphorus-potassium environments

The degree of complexation of zinc and manganese(II) 
ions reached the value required in the Regulation above 
80% at all pH values. Both ligands chelated the ions to 
a higher degree at pH 7. The degree of complexation of 
iron(III) ions was slightly lower. The best results were 
observed at a pH of 6.5. The lowest degree of chelation 
was obtained for copper(II) ions. At pH 5, a higher de-
gree of chelation was achieved, which was approximately 
50% for both ligands.

Borowiec et al. conducted similar studies that enabled 
the complexation of zinc ions by other chelators22. Bio-
degradable EDDS, MGDA, GLDA and other NTA and 
EDTA amino polycarboxylic compounds were used. The 
article shows that the authors obtained lower degrees of 
complexation of zinc ions by biodegradable substances, 
such as EDDS, MGDA, GLDA, compared to EDTA. 
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and manganese ions by both chelators was also obtained 
at pH 7, and of copper ions at pH 5.

The degree of complexation in the nitrogen-pho-
sphorus-potassium environment showed a lower degree 
of complexation of zinc ions and a higher degree of 
complexation of manganese(II) ions rather than in 
the nitrogen-phosphorus medium. Only in the case of 
chelation of zinc ions with EDTA was the degree of 
complexation required by the Fertiliser Regulation was 
obtained. An increase in the pH value of the environ-
ment had a positive effect on the value of complexation 
of the analyzed microelement ions by both chelators. 

In another article, the degree of complexation of 
zinc ions in an aqueous environment and in a simula-
ted fertilizer medium by EDDHA and EDDHSA was 
determined41. Both ligands chelated zinc cations to 
a greater extent than IDHA in each analyzed medium. 
Both EDDHA and EDDHSA stabilize micronutrient 
ions in a wide pH range and can be used on calcareous 
and alkaline soils. Both chelators are not biodegradable, 
and using them in large amounts can have a negative 
impact on the environment30, 31. It is necessary to search 
for compounds that will decompose in the environment 
to simple compounds.

CONCLUSIONS 

The degree of complexation of micronutrient ions used 
in the fertilizer industry by the biodegradable chelator 
IDHA and EDTA additive in aqueous, and simulated 
fertilizer environments : nitrogen, nitrogen-phosphorus 
and nitrogen-phosphorus-potassium was determined. For 
zinc ions, a high degree of complexation is obtained at 
pH 7 in aqueous, nitrogen, and nitrogen-phosphorus 
environments. For copper(II) ions, the highest degree of 
complexation was obtained at pH 5 in all environments 
analysed. Manganese(II) ions were most effectively chela-
ted at pH 7, and iron(III) at pH 6.5. The highest degree 
of the complexation of microelement ions by IDHA was 
achieved in the environment of basic electrolytes. The 
addition of substances used in the fertilizer industry 
to obtain a simulated fertilizer environment nagatively 
affected the value of the degree of complexation of 
micronutrient ions by EDTA. Tests conducted in water 
environment achieve a degree of complexation compa-
rable to EDTA. 

The IDHA ligand can be used interchangeably with 
non-biodegradable EDTA, but the chelation reaction 
should be carried out in an aqueous environment to 
obtain a higher degree of complexation of metal ions.

ACKNOWLEDGEMENTS

This research was founding by the Ministry of Science 
and Higher Education of Poland within a frame of science 
subsidy for 2023 which was realized in the Department 
of Engineering and Technology of Chemical Processes, 
Wrocław University of Science and Technology (No. 
8211104160-K24W03D05).

LITERATURE CITED

1. Clemens, F.F., Whitehurst, B.M. & Whitehurst, G.B. 
(1990). Chelates in agriculture. Fertiliser Res., 25, 127–131. 
DOI:10.1007/BF01095092.

2. Cieślak-Golonka, M., Starosta, J. & Wasielewski, M. (2010). 
Wstęp do chemii koordynacyjnej (Introduction to Coordination 
Chemistry). Poland: Wyd. PWN. (in Polish)

3. Prete, P., Fiorentino, A., Rizzo, L., Proto, A. & Cucciniello, 
R. (2021). Review of aminopolycarboxylic acids–based metal 
complexes application to water and wastewater treatment by 
(photo-) Fenton process at neutral pH. Curr. Opin. Green 
Sustain. Chem. 28, 100451-. DOI: 10.1016/j.cogsc.2021.100451.

4. Svanedal, I., Boija, S., Almesåker, A., Persson, G., Anders-
son, F., Hedenström, E., Bylund, D., Norgren, M. & Edlund, H. 
(2014). Metal ion coordination, conditional stability constants, 
and solution behavior of chelating surfactant metal complexes. 
Langmuir, 30:16, 4605–4612. DOI: 10.1021/la5002336.

5. Casconea, S., Apicella, P., Caccavo, D., Lamberti, G.& 
Barba, A.A. (2015). Optimization of chelates production process 
for agri-cultural administration of inorganic micronutrients. 
Chem. Eng. Trans. 44, 217–222. DOI: 10.3303/CET1544037.

6. López-Rayo, S., Correas, C. & Lucena, J.J. (2012). Novel 
chelating agents as manganese and zinc fertilisers: Characteri-
sation, theoretical speciation and stability in solution. Chem. 
Speciat. Bioavailab. 24, 147–158. DOI: 10.3184/095422912X1
3409631969915.

7. Wu, S.H. & Li, L.M. (2008). Research on Compound 
of Amino Acid Microelement Chelate and Determination of 
Chelate Ratio. Feed. Ind., 29, 11–12. DOI: 10.3969/j.issn.1001-
-991X.2008.16.003.

8. Knepper, T.P. (2003). Synthetic chelating agents and 
compounds exhibiting complexing properties in the aquatic 
environment. T. Anal. Chem., 22:10, 708–724. DOI: 10.1016/
S0165-9936(03)01008-2.

9. Nowack, B., Xue, H. & Sigg, L. (1997). Infl uence of 
natural and anthropogenic ligands on metal transport during 
infi ltration of river water to groundwater. Environ. Sci. Technol., 
31:3, 866–872. DOI: 10.1021/es960556f.

10. Schmidt, C.K. & Brauch, H. (2004). Impact of amino-
polycarboxylates on aquatic organisms and eutrophication: 
overview of available data. Environ. Toxic., 19:6, 620–637. DOI: 
10.1002/tox.20071.

11. Bucheli-Witschel, M. & Egli, T. (2001). Environmen-
tal fate and microbial degradation of aminopolycarboxylic 
acids. FEMS Microbiol Rev., 25, 69–106. DOI: 10.1111/j.1574-
6976.2001.tb00572.x.

12. Knepper, T.P., Werner, A. & Bogenschultz, G. (2005). 
Degradation of synthetic chelating agents in surface and waste 
water by ion chromatography-mass spectrometry. J. Chromatogr. 
A. 1085, 240–246. DOI: 10.1016/j.chroma.2005.06.045.

13. Nowack, B. & VanBriesen, J.M. (2005). Chelating agents 
in the environment. Biogeochem. of chelating agents ACS 
Symp. (pp. 1-18). American Chemical Society: Washington, DC.

14. Evangelou, M.W.H., Ebel, M. & Scheaffer, A. (2007). 
Chelate assisted phytoextraction of heavy metals form soil. 
Effect, mechanism, tovicity, and fate of chelating agents. Chemo-
sphere. 68, 989–1003. DOI: 10.1016/j.chemosphere.2007.01.062.

15. Nowack, B. (2002). Environmental chemistry of ami-
nopolycarboxylate chelating agents. Envi. Sci. Technol., 36:19, 
4009–4016. DOI: 10.1021/es025683s.

16. Hoffmann, J. & Hoffmann, K. (2006). Nawozy mikro-
elementowe (Micronutrient fertilizers). Przem. Chem., 85(8-9), 
827–830. (in Polish)

17. Finck, A. (1982). Fertilizers and Fertilization. Introduction 
and Practical Guide to Crop Fertilization. USA: Verlag Chemie.

18. Gangloff , W.J., Westfall, D.G., Peterson, G.A., Mortvedt, 
J.J. (2006). Mobility of organic and inorganic zinc fertilizers 
in soils. Commun. Soil Sci. Plant Anal., 37, 199–209. DOI: 
10.1080/00103620500403200.



66 Pol. J. Chem. Tech., Vol. 25, No. 4, 2023

wych w środowisku wodnym w warunkach testu kinetycznego. 
Przem. Chem., 96(11), 2253–2255. DOI: 10.15199/62.2017.11.7.

32. Hartman, J., Woodbury, R. (1994). U.S. Patent No. 
5362412. Washington, D.C.: U.S. Patent and Trademark Offi ce.

33. Groth, T. (1995). U.S. Patent No. 6107518. Washington, 
D.C.: U.S. Patent and Trademark Offi ce.

34. Dean, F. (2007). U.S. Patent No. 7166688. Washington, 
D.C.: U.S. Patent and Trademark Offi ce.

35. Cokesa, Z., Knackmuss, H. & Rieger, P. (2004). Bio-
degradation of all stereoisomers of the EDTA substitute 
iminodisuccinate by Agrobacterium tumefaciens BY6 requires 
an epimerase and a stereoselective C-N lyase. Appl. Environ. 
Microbiol., 70, 7, 3941–3947. DOI: 10.1128/AEM.70.7.3941-
3947.2004.

36. Reinecke, F., Groth, T., Heise, K., Joentgen, W. & Muller, 
N. (2000). A. Steinbuchel, Isolation and characterization of an 
Achromobacter xylosoxidans strain B3 and other bacteria capa-
ble to degrade the synthetic chelating agent iminodisuccinate. 
FEMS Microbiology Letters. 188, 41–46. DOI: 10.1111/j.1574-
6968.2000.tb09166.x.

37. Cokesa, Z., Lakner, S., Knackmuss, H. & Rieger, P. (2004). 
A stereoselective carbon-nitrogen lyase from Ralstonia sp. 
SLRS7 cleaves two of three isomers of iminodisuccinate. Biode-
gradation. 15, 229–239. DOI: 10.1023/b:biod.0000042903.04718.
f6.

38. Villen, M., Garcia-Arsuaga, A. & Lucena, J.J. (2007). 
Potential use of biodegradable chelate N-(1,2-Dicarboxyethyl)-
-D,L-aspartic acid/Fe3+ as an Fe fertilizer. J. Agric. Food Chem., 
55, 402–407. DOI: 10.1021/jf062471w.

39. Kołodyńska, D. (2009). Iminodisuccinic acid as a new 
complexing agent for removal of heavy metal ions from in-
dustrial effl uents. Chem. Eng. J., 152, 277–28. DOI: 10.1016/j.
cej.2009.05.002.

[40] Nawrocki, A., Stefaniak, F., Mrozek-Niecko, A. & 
Olszewski, R. (2013). U.S. Patent No. 8431734. Washington, 
D.C.: U.S. Patent and Trademark Offi ce.

[41] Klem-Marciniak, E., Huculak-Mączka, M., Hoffmann, 
J., & Hoffmann, K. (2020). Badania stopnia skompleksowania 
jonów cynku przez wybrane czynniki chelatujące (Stud-
ies of the degree of complexation of zinc ions by selected 
chelating agents). Przem. Chem., 99(8), 1218–1221. DOI: 
10.15199/62.2020.8.21. (in Polish)

19. Regulation (EU) 2019/1009 of the European Parliament 
and of the Council of 5 June 2019 laying down rules on the 
making available on the market of EU fertilising products.

20. Abadía, J., Vázquez, S., Rellán-Álvarez, R., El-Jendo-
ubi, H.,. Abadía, A., Álvarez-Fernández, A., López-Millán, 
A. (2011). Towards a knowledge-based correction of iron 
chlorosis. Plant Phys. Biochem., 49, 471–482. DOI: 10.1016/j.
plaphy.2011.01.026.

21. Czuba, R. & Szukalski, H. (1973). Mikronawozy i ich 
zastosowanie (Microfertilizers and their use) Poland: Państwowe 
Wydaw. Rolnicze i Leśne. (in Polish)

22. Borowiec, M., Hoffmann, K. & Hoffmann, J. (2009). The 
determination of the degree of zinc complexation by chelating 
agents with differential pulse voltammetr. Intern. J. Environ. 
Anal. Chem., 89(8), 717–725. DOI: 10.1080/03067310802691672.1

23. Nortemann, B. (1991). Biodegradation of EDTA. 
Appl. Microbiol. Biotechnol., 51, 751–759. DOI: 10.1007/
s002530051458.

24. Pinto, I.S.S., Neto, I.F.F. & Soaes, H.M.V. (2014). 
Biodegradable chelating agents for industrial, domestic and 
agriculture application-a review. Environ. Sci. Pollut. Res., 21, 
11893–11906. DOI: 10.1007/s11356-014-2592-6.

25. Sylwester, E. (2001). Effect of EDTA on plutonium 
migration. J. Radioanal. Nuc. Chem., 250, 47–53. DOI: 
10.1023/A:1013260029269.

26. Spearot, R.M. & Peck, J.V. (1984). Recovery process 
of complex copper-bearing rinse waters. Environ. 3, 123–128. 
DOI: 10.1002/ep.670030214.

27. Belly, R.T., Lauff, J.J. & Goodhue, C.T. (1975). Degrada-
tion of ethylenediaminetetraacetic acid by microbial population 
froman aerated lagoon. Appl. Microbiol., 29, 787–794. DOI: 
10.1128/am.29.6.787-794.1975.

28. Nowack, B., Kari, F.G. & Krüger, H.G. (2001). The 
remobilization of metals from iron oxides and sediments by 
metal-EDTA complexes. Water, Air, Soil Poll., 125, 243–257. 
DOI: 10.1023/A:1005296312509.

29. Metsärinne, S., Ronkainen, E., Tuhkanen, T., Aksela, R. 
& Sillanpää, M. (2007). Biodegradation of novel amino acid 
derivatives suitable for complexing agents in pulp bleaching 
applications. Sci. Total Environ., 377, 45–51. DOI: 10.1016/j.
scitotenv.2007.01.097.

30. Klem-Marciniak, E., Hoffmann, K., Hoffmann, J. (2018). 
The aerobic biodegradation of EDDHA and EDDHSA in water 
under the static test conditions, Desal. Water Treat. 134, 1–6. 
DOI: 10.5004/dwt.2018.22280.

31. Klem-Marciniak, E., Hoffmann, K., Hoffmann, J. & 
Porwoł, M. (2017). Badania biodegradacji chelatorów nawozo-


