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Abstract: Inductively coupled plasma optical emission spectrometry (ICP-OES) analytical method
was optimized to determine the micronutrient concentrations from the fertilizers used as inputs
in organic farming. The calibration curves showed good linearity for all elements (R?> > 0.999).
Recoveries were in the range of 94.9-97.9%. The values of extended uncertainty with a probability of
95% (k = 2) for the liquid organic fertilizer samples were between 0.004% for Mo and 0.12% for Fe.
The results have shown good accuracy and reproducibility, and the optimized method was validated.

Keywords: method linearity; detection and quantification limits; repeatability; measurement uncertainty

1. Introduction

Consumers’ growing interest in products obtained from organic agriculture is the
major driver for the increased adoption of organic farming. In Europe, the European Green
Deal policy and the Farm2Fork strategy create a framework for the sustainable development
of organic farming [1,2]. It is considered that organic farming can ensure sustainability
and the transition to a green economy, with a positive impact on the environment and
food security, as it prohibits the use of synthetic chemicals in agriculture and in the food
industry [3].

Organic agriculture relies on crop rotation, animal and green manures, and green
plant protection products to maintain soil health and crop productivity without adversely
affecting the environment [4]. Decreasing the use of synthetic fertilizers and plant protection
products involves an increased need for organic certified inputs, that the European Union
has to comply with Regulation (EU) 2018/848, EU 2021/1165 and EU 2019/1009 [5].

Small amounts of nutrients such as boron, cobalt, copper, iron, manganese, molybde-
num, and zinc are essential for plant growth-micro/oligonutrient [6]. Micro/oligonutrients
functions in plants are complex: (i) most micronutrients are part of the enzyme systems
of plants; (ii) play significant roles in photosynthesis, maintaining reactive oxygen species
at the physiological level and mitigation of the abiotic stress effects; (iii) are important in
reactions such as N fixation or protein synthesis [7,8].

Considering the increased interest in fertilizing products certified for organic farming
and the need to control their quality, the development and validation of analysis meth-
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ods are necessary, including for micro(oligo)elements. The advantage of simultaneous
determination of various elements in fertilizers by ICP-AES/ICP-OES has already been
emphasized [9].

The complex matrix of organic fertilizers represents the main challenge in developing
analytic methods for fertilizers. Therefore, two extraction methods were used to optimize
the sample preparation methods, and the performance parameters for the subsequent
determination of Fe, Mn, Zn, Cu, and Mo by ICP-OES were evaluated. The method we
developed has been validated, meeting the performance parameters reported here. In
this study, the concentrations of micronutrients from an organic fertilizing product were
determined by the ICP-OES validated method.

2. Materials and Methods
2.1. Reagents and Samples

The reagents used for micronutrients (Fe, Zn, Mn, Cu, Mo) determination were analyt-
ical grade. Three multielement standard solutions were used: CertiPur XVI 100 mg L™},
Supelco CertiPur VIII 100 mg L~" and Supelco CertiPur IV 1000 mg L' concentration,
from Merck Group (Darmstadt, Germany), HNO3 > 69.0% Trace SELECT™, Sigma-Aldrich,
HC1 37% from Scharlau (Barcelona, Spain) and H,O, 30% from Merck Group (Darmstad).
For the preparation of working solutions and samples, ultrapure water was used by Milli-Q
Plus (Merck-Millipore, Bedford, MA, USA). For ICP-OES, argon 5.0 was used, >99.999%
purity (Siad Gas, Calarasi, Romania).

Two fertilizer samples were used in this study, as follows: a sample of liquid organic
fertilizer with micronutrients chelated in complexing agent allowed in organic agriculture
(lignosulphonate), totally water-soluble, and a sample liquid fertilizer, reference material
(M.R.) from an interlaboratory comparison scheme.

2.2. Extraction of Micronutrients from Samples

The extraction of water-soluble micronutrients from liquid organic fertilizer was
performed by shaking the fertilizer sample in ultrapure water at (20 & 2) °C for 60 min,
using an incubated shaker (Binder, Tuttlingen, Germany). The extracts are acidified after
extraction to avoid hydrolysis. The organic matter is removed by boiling with the addition
of hydrogen peroxide. In parallel, a blank sample of reagents is prepared.

2.3. Micronutrient Analysis by ICP-OES

For the determination of micronutrient (Fe, Zn, Mn, Cu, Mo) content, the Optima 2100
DV ICP-OES System (Perkin Elmer, Waltham, MA, USA) was used, with the character-
istics described in the previous work [10]. ICP-OES experimental operating conditions
and method parameters are presented in other work of our group [11]. The plasma view-
ing mode was axial or radial, and the selected wavelengths (A), nm, are the following:
(Fe =238.204, Mn = 257.610, Cu = 327.393, Zn = 213.857, Mo = 202.031).

Preparation of standard calibration solutions and standard concentration verification
solutions in the domains: 10 < 50 ug L1, 0.1 + 1 mg L™}, and 1 + 10 mg L~! were
obtained by diluting the standard ICP, Certipur solutions of 1000 mg L' and 100 mg L.
The analytical procedure was: the blank solution, the standard solution for tracing the
calibration curve, the standard solution for independent verification of the calibration
curve, and the sample solution.

2.4. Validation of the Method for Micronutrient Determination from Liquid Organic Fertilizer

The performance parameters of the developed method were linearity, limits of de-
tection (LOD) and quantification (LOQ), precision (repeatability), accuracy (degree of
recovery), and measurement uncertainty. The validation parameters, acceptance criteria,
and acceptance criteria, as well as the reference works, are presented in Table 1.
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Table 1. Validation parameters and general acceptance criteria of the method.

No. Crt. Parameters Acceptance Criteria Reference Documents
Linear regression coefficient
1. Linearity value (correlation), [12]
R > 0.997
2. Detection limit LOD < 10 mg kg~! [12]
3. Quantification limit LOQ < 35mg kg_1 [12]

Srre < 0.130% (W/w)
Sr-vn < 0.075% (w/w)

Repeatability
+ (Precision) Sr-zn < 0.023% (wW/w) [13]
Sr-cu < 0.007% (w/w)
Sr-Mo < 0.006% (w/w)
Accuracy
> (Recovery degree) 0 <R <110 [14]
Unmax_re < 0.26% (w/w)
Measurement Umax Mn < 0.15% (w/w)
6. uncertainty, U < 0.045% (w/w -
(k =2, P =95%) max.Zn = (w/w)
Umax_cu < 0.014% (w/w)

UmaxﬁMo <0.012% (w/w)

The Evaluation Criteria
e  Linearity;

The statistical verification of the linear calibration function is performed by evaluating
the calibration linearity given by the equation y = a + bx from which the coefficients are
obtained: b—slope of the calibration line b (represents a measure of the sensitivity of the
method), a—ordered at origin (calculated control sample of reagents) and the value of the
linear regression coefficient (correlation), r > 0.997.

e  Limit of detection and limit of quantification;

Given the level of fertilizer concentrations on the market and the level of performance
of analytical methods (Horwitz [13]), for the detection and quantification limits, we propose
that LOD be < with the concentration corresponding to the lower working range limit for
liquid organic fertilizer:

LOD < 10 mg kg !

LOQ <35mg kg*1

The limits of detection (LOD) and quantification (LOQ) were calculated using the
formula (Equations (1) and (2)) [13].

LOD =3 xs, 1)
LOQ =3 x LOD )
where s; is the standard deviation.

e  Repeatability and reproducibility;

The evaluation criteria for repeatability by different concentration ranges are estab-
lished based on Horwitz’s report as follows [13]:

RSD < 0.6 x 2(1-0518C) )

The accepted values of the standard deviation depend on the analyte concentration
expressed as % (w/w) mass fraction (C).
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e  The acceptance criterion for measurement uncertainty;

U is defined according to [10]:
U <2xsg 4)

where sy is standard deviation and is calculated with Formula [13]:

_ RSDxC

SR 100 5)

where RSD is calculated using Horwitz Equation (3).
For concentration at the limit of detection, the acceptance criterion is 20% of
the concentration.

3. Results and Discussions
3.1. Linear Calibration Function

For the statistical evaluation of the linear calibration function, the working areas were
chosen according to the concentration level present in the analyzed samples. The data
regarding the equations of the calibration curves and the coefficients of the linear calibration
function are presented in Table 2.

Table 2. Summary of method characteristics and linear calibration function.

Calibration Line

Analyte/ Equation Correlation Working Range,
Sample Type 9 Coefficient, r (mg L-1)
(y =bx + a)

Cu/ I;S;Jtliﬁzfrgamc y = 6344.6x + 476.73 0.9999 1-10
Fe/ hfqezltliclli;’;famc y = 7841.8x — 35.1 1 1-10
Mn/ lflgr‘:ilﬁzzrrgamc y = 6891583.4x — 29969.5 0.9999 1-10
Zn/ lﬁftliﬁzc’;gamc y =7139.1x + 4.67 0.9999 1-10
Mo/ lflgr‘;‘ﬁ;:rgamc y = 15.36x + 10.54 0.9999 0.01-0.3

The calibration was performed from six standard concentrations distributed equidis-
tantly throughout the work area. Also, it can be observed that the value of the linear
regression coefficient (correlation) criterion (r > 0.997) is fulfilling for all tested parameters,
according to the requirements for the method validation.

3.2. Detection and Quantification Limits

To establish the limit of detection and quantification, from eight to ten determinations
of the samples from the analysed liquid fertilizer with plant micronutrients were performed.
The samples were diluted to arrive at the lowest point of the calibration curve. The
obtained results were used for the calculation of the limit of detection (LOD) and limit
of quantification (LOQ) using the already presented formula (Equations (1) and (2)). The
results are presented in Table 3.
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Table 3. LOD and LOQ of liquid organic fertilizer sample elements.

LOD, mg kg1 LOQ, mg kg1
Analyte Average Samples, Standard
mg kg71 Deviation, Sr Determined Acceptance Determined Acceptance
Criteria Criteria
Fe 14.1 0.695 2.09 10 6.95 35
Zn 14.8 0.084 4.14 10 13.8 35
Mn 119 0.995 3.10 10 10.3 35
Cu 11.7 1.25 4.06 10 13.5 35
Mo 14.8 0.825 2.48 10 8.25 35
The criteria for detection and quantification limits of the used method were met for all
micronutrients tested.
3.3. Repeatability
Eight and ten determinations were performed on the following samples at different
concentrations to determine the repeatability. The samples were liquid organic fertilizer
extracted in pure water according to the described method. The average of the results
obtained, analyzed in triplicate, are presented in Table 4.
Table 4. Repeatability data for the liquid organic fertilizer sample.
Average Liquid Standard Deviation, s; RSDr, %
Analyte Organic Fertilizer, . Horwitz . Horwitz
% (wiw) Determined Criteria Determined Criteria
Fe 4.02 0.044 0.13 1.10 1.95
Mn 2.10 0.045 0.075 2.14 2.15
Zn 0.497 0.006 0.022 1.11 2.67
Cu 0.125 0.002 0.007 1.68 3.28
Mo 0.105 0.001 0.006 1.34 3.38

The method acceptance criterion for repeatability was met for all metals tested.

3.4. Accuracy (Recovery)
The obtained results are presented in Table 5.

Table 5. Evaluation of external reproducibility data for the liquid fertilizer sample.

Recovery, % (w/w)

Analyte MR Concentration, Measured
% (wiw) Value, % (w/w) Value Evaluation Criteria
Fe 0.0444 0.0435 97.9 90 <R <107
Mn 0.0423 0.0432 97.9 90 <R <107
Zn 0.0349 0.0367 95.2 90 <R <107
Cu 0.0103 0.0109 94.9 90 <R <107
Mo 0.00399 0.00412 96.8 90 <R <110

The experimental data for the recovery method were obtained by performing six
to ten determinations on the following reference material: liquid mineral fertilizer with
micronutrients. The acceptance criterion for recovery of the used method was met for all
metals tested.
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3.5. Measurement Uncertainty

The significant sources of uncertainty that affect the measured concentration are the
calibration curve, repeatability, accuracy of the method, and purity of the standards.

The acceptance criterion for uncertainty is met for all metals tested, and the obtained
results are presented in Table 6.

Table 6. Measurement uncertainties for the liquid organic fertilizer sample.

Sample Composed The Extended Uncertainty, Evaluation Criteria
Analyte Concentration, Uncertainty, Uu<2xu, (Horwitz) U<2Xxsg
% (wlw) ue, % (w/w) (k =2, P =95%), % (w/w) % (Wlw)
Fe 4.02 0.06 0.12 0.26
Mn 2.10 0.057 0.11 0.15
Zn 0.497 0.009 0.018 0.044
Cu 0.125 0.004 0.008 0.014
Mo 0.105 0.002 0.004 0.012

The optimized analytical method for the determination of Fe, Mn, Zn, Cu, and Mo by
ICP-OES was applied to two fertilizer samples. The concentrations of micronutrients are
shown in Tables 4 and 5. The concentration for the liquid organic fertilizer sample found
for the micronutrients ranged from 0.105 % 0.004% (w/w) for Mo, 0.125 % 0.008% (w/w)
for Cu, 0.497 £ 0.018% (w/w) for Zn, 2.10 & 0.11% (w/w) for Mn to 4.02 & 0.12% (w/w)
for Fe.

The repeatability data calculated as RSD (%) was less than 4%, so the liquid organic fer-
tilizer sample ranged from 1.10% to 2.14%, which meets the acceptance criterion established
based on Horvitz’s equation [13].

The detection and quantification limits are given in Table 3. The sensitivity of the
method proposed in this study is comparable to that of the methods reported in the
literature [15]. According to the results obtained, the performance criteria imposed in this
“in-house” validation study were met.

4. Conclusions

In this article, an analytical method for the micro(oligo)nutrient determination from
inputs used in organic farming was developed. The correlation coefficients of the calibration
curves obtained for the determined elements demonstrated a good linearity (r > 0.999).
The precision, expressed as RSD, was lower than 4.0% for micronutrients (Fe, Mn, Zn, Cu,
and Mo).

LOQ for liquid fertilizer ranged from 6.95 mg Kg_1 for Fe to 13.8 mg Kg_1 for Zn.
Reference materials were used to determine the accuracy of the method developed in this
study. Recoveries liquid fertilizer samples were in the range of 94.9-97.9%. Extended
uncertainties with a probability of 95% (k = 2) for the liquid organic fertilizer sample were
between 0.004% for Mo and 0.12% for Fe. The results obtained from this study have shown
good accuracy and reproducibility.

The presented method meets the validation criteria for micro/oligoelements (Fe, Mn,
Zn, Cu, and Mo) in liquid organic fertilizers and is suitable for their determination from
inputs used in organic farming—(bi)fertilizers and biostimulants.

Author Contributions: Conceptualization, L.C.; methodology, L.C., G.-R.I. and I.-R.S.-B.; validation:
L.C. and R.S; formal analysis, L.C. and R.S.; investigation, L.C., G.-R.I. and .-R.S.-B.; resources, R.S.
and FO,; data curation, L.C.; writing—original draft preparation, L.C.; writing—review and editing,
R.S. and F.O; visualization, R.S.; supervision, F.O.; project administration F.O.; funding acquisition,
F.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by project POC-A1-A1.2.3-G-2015-P_40_352-SECVENT, Sequential
processes to close bioeconomy side stream and innovative bioproducts resulted from these, con-



Chem. Proc. 2023, 13,10 70f7

tract 81/2016, SMIS 105684, funded by cohesion funds of the European Union, subsidiary projects
1397/2019 ArkStim and 385/2021 LignoStim.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Boix-Fayos, C.; de Vente, ]. Challenges and potential pathways towards sustainable agriculture within the European Green Deal.
Agric. Syst. 2023, 207, 103634. [CrossRef]

2. Runge, T,; Latacz-Lohmann, U.; Schaller, L.; Todorova, K.; Daugbjerg, C.; Termansen, M.; Liira, J.; Le Gloux, E; Dupraz, P.;
Leppanen, J. Implementation of Eco-schemes in Fifteen European Union Member States. EuroChoices 2022, 21, 19-27. [CrossRef]

3. Bazzan, G.; Daugbjerg, C.; Tosun, J. Attaining policy integration through the integration of new policy instruments: The case of
the Farm to Fork Strategy. Appl. Econ. Perspect. Policy 2023, 45, 803-818. [CrossRef]

4. Reganold, ].P.; Wachter, ]. M. Organic agriculture in the twenty-first century. Nat. Plants 2016, 2, 15221. [CrossRef] [PubMed]

5. Costantini, E.; La Torre, A. Regulatory framework in the European Union governing the use of basic substances in conventional
and organic production. . Plant Prot. 2022, 129, 715-743. [CrossRef]

6. Brown, PH.; Zhao, F.-].; Dobermann, A. What is a plant nutrient? Changing definitions to advance science and innovation in
plant nutrition. Plant Soil 2022, 476, 11-23. [CrossRef]

7. Hansch, R.; Mendel, R.R. Physiological functions of mineral micronutrients (Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Curr. Opin. Plant Biol.
2009, 12, 259-266. [CrossRef]

8. Tavanti, T.R.; Melo, A.; Moreira, L.D.K.; Sanchez, D.E.J.; Silva, R.D.; Silva, RM.D.; Reis, A.R.D. Micronutrient fertilization
enhances ROS scavenging system for alleviation of abiotic stresses in plants. Plant Physiol. Biochem. 2021, 160, 386-396. [CrossRef]
[PubMed]

9. Bartos, ].M.; Boggs, B.L.; Falls, ].H.; Siegel, S.A. Determination of phosphorus and potassium in commercial inorganic fertilizers
by inductively coupled plasma-optical emission spectrometry: Single-laboratory validation. ] AOAC Int. 2014, 97, 687-699.
[CrossRef]

10. Capra, L.; Manolache, M.; Ion, L; Stoica, R.; Ion, A.C. Validation and Optimization of a Method for Sb Determination from Bottled
Natural Mineral Waters by ICP-OES. Rev. Chim. 2018, 69, 2102-2106. [CrossRef]

11.  Capra, L.; Manolache, M.; Ion, I; Ion, A.C. Validation of a method for determination of antimony in drinking water by ICP-OES.
U.PB. Sci. Bull. Ser. B 2016, 78, 103-112.

12.  Senila, M.; Drolc, A.; Pintar, A.; Senila, L.; Levei, E. Validation and measurement uncertainty evaluation of the ICP-OES method
for the multi-elemental determination of essential and nonessential elements from medicinal plants and their aqueous extracts. J.
Anal. Sci. Technol. 2014, 5, 37. [CrossRef]

13.  Horwitz, W.; Albert, R. The Horwitz ratio (HorRat): A useful index of method performance with respect to precision. J. AOAC Int.
2006, 89, 1095-1109. [CrossRef] [PubMed]

14. Tanase, I.G.; Pana, A.; Radu, G.L.; Buleandra, M. Validarea Metodelor Analitice; Printech Publishing House: Bucharest, Roma-
nia, 2007.

15. de Oliveira Souza, S.; da Costa, S.S.L.; Santos, D.M.; dos Santos Pinto, J.; Garcia, C.A.B.; Alves, ].d.PH.; Araujo, R.G.O.

Simultaneous determination of macronutrients, micronutrients and trace elements in mineral fertilizers by inductively coupled
plasma optical emission spectrometry. Spectrochim. Acta Part B At. Spectrosc. 2014, 96, 1-7. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.agsy.2023.103634
https://doi.org/10.1111/1746-692X.12352
https://doi.org/10.1002/aepp.13235
https://doi.org/10.1038/nplants.2015.221
https://www.ncbi.nlm.nih.gov/pubmed/27249193
https://doi.org/10.1007/s41348-022-00569-9
https://doi.org/10.1007/s11104-021-05171-w
https://doi.org/10.1016/j.pbi.2009.05.006
https://doi.org/10.1016/j.plaphy.2021.01.040
https://www.ncbi.nlm.nih.gov/pubmed/33556754
https://doi.org/10.5740/jaoacint.12-399
https://doi.org/10.37358/RC.18.8.6482
https://doi.org/10.1186/s40543-014-0037-y
https://doi.org/10.1093/jaoac/89.4.1095
https://www.ncbi.nlm.nih.gov/pubmed/16915851
https://doi.org/10.1016/j.sab.2014.03.008

	Introduction 
	Materials and Methods 
	Reagents and Samples 
	Extraction of Micronutrients from Samples 
	Micronutrient Analysis by ICP-OES 
	Validation of the Method for Micronutrient Determination from Liquid Organic Fertilizer 

	Results and Discussions 
	Linear Calibration Function 
	Detection and Quantification Limits 
	Repeatability 
	Accuracy (Recovery) 
	Measurement Uncertainty 

	Conclusions 
	References

