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Experiments under laboratory and greenhouse conditions were conducted to study the response of
maize (Zea mays L.) to Zn fertilizer applications (Zn—phenolate, Zn—EDDHA, Zn—EDTA, Zn-—
lignosulfonate, Zn—polyflavonoid, and Zn—heptagluconate) in an Aquic Haploxeralf soil. The application
of Zn complexes significantly increased Zn uptake by the plant compared with that in the control soil.
The highest enhancements were obtained in soil treated with Zn—EDTA, Zn—lignosulfonate, and
Zn—EDDHA. The highest percentages of Zn taken up by the plants occurred when 20 mg kg=t Zn
was applied as Zn—EDTA fertilizer and 10 mg kg~! as Zn—lignosulfonate fertilizer. In the greenhouse
experiment, Zn speciation in soil after harvesting showed that almost all Zn was found in the residual
fraction followed by metal in the water-soluble plus exchangeable fraction and metal bound to organic
matter. The most effective fertilizers maintaining Zn in the most labile fractions were Zn—phenolate,
Zn—EDTA, and Zn—lignosulfonate. Conversely, in the incubation experiment, only a small percentage
of Zn was found in the water-soluble plus exchangeable fraction and no differences in the Zn
distribution were observed between the different fertilizer treatments. The micronutrient content in
maize was positively correlated with the water-soluble plus exchangeable Zn as well as with the
available Zn determined by the diethylenetriaminepentaacetic acid and Mehlich-3 methods, in the
greenhouse experiment. Results of this study showed that the incubation experiment in acidic soil is
not a suitable tool to establish the different effectiveness of Zn chelates in plants.
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INTRODUCTION However, only a very few attempts have been made to determine
the relative importance of different Zn fractions in soil to plant
uptake (23). The chemical forms in which metals occur are the
following: the soluble plus exchangeable fraction, organically
complexed fraction, iron or manganese oxide bound fraction,
and residual fraction. Soluble and exchangeable forms are
considered really available by plants, and metal forms bound
to oxide or in residual forms would be at the opposite end.
Sequential extraction, through the use of an extractant of
increasing strength, has been widely used in determining metal
distribution in soils. However, the selectivity of the chemical

The interest in the micronutrient zinc (Zn) stems from
problems in soil fertility and plant nutrition. Numerous Zn
fertilizers are being used to correct Zn deficiencies in crdps (
2), mainly in maize, which is a very sensitive crop to this
microelement). These fertilizers vary considerably in physical
state, chemical reactivity, cost, and availability to plarms (
The relative efficiency of different Zn carriers with the growth
of maize has been studied by several authérs1@3). These
studies give conflicting data regarding the effectiveness of the

different Zn sources in crop yield and Zn uptake of maize.

Several authors have indicated complexed forms to be the major€29€nts has been criticized, and back-adsorption phenomena
source of Zn in soil available to maize (14—16), and their of trace metal during the extraction step have been mentioned

effectiveness depends on the rate of their disappearance fronf24)- Despite some of these limitations, sequential extraction is
the soil solution, which is related to their stability7, 18). still considered to be a valuable tool to investigate the various

The availability to the plants of Zn applied, in general, forms of metals in soil. Another approach to determine Zn
decreases owing to processes that have not been defined wittRvailability to plants is using extractants, such as diethylenetri-
precision, presumably due to transformations of Zn chemical @Minepentaacetic acid (DTPA) and Mehlich-3. Besides, these
forms added to soil9, 20). Several attempts have been made extractants have been commonly used to determine the critical
to fractionate soil Zn into different chemical forms to have a 4" Ievels_m ?0” es, 2_6)- _ _
better understanding of their distribution in soil21( 22). The objectives of this study were (a) to characterize the main

chemical forms of Zn in an acidic soil treated with six-Zn

* To whom correspondence should be addressed. E-mail: jmalvarez@ organ_lc complexes by means of a_n acidic soil ”?CUbat'On
gaa.etsia.upm.es. experiment, (b) to compare the effectiveness of the six selected
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Zn—organic complexes in a crop of maize growing in this soil,
(c) to determine the Zn status in the soil after the maize is

Lopez-Valdivia et al.

total) and 1.16 mg kg (2.91% of the total), respectively. These levels
of available Zn can lead to a deficiency of the micronutrient for growing

harvested and to study the possible relationship between thesdnaize in this soil (35).

metal fractions and the metal content in plants, and (d) to
evaluate the applicability of the incubation experiment to assay
the effectiveness of the different fertilizers as a source of Zn to
maize.

MATERIALS AND METHODS

Soil Characterization. Representative soil was collected from
Valdepiélagos in the Region of Madrid (Spain). Surface material was
taken from the A horizon; samples were air-dried and sieved, and the
<2 mm fraction was used for the experiments. Some of the soil
properties are the following: texture (USDA), sandy clay loam;
concentration of clay, 24%; predominant clays were montmorillonite
and illite; pHy, 6.3 (1:2.5 w/v); concentration of oxidizable organic
matter, 1.10%; total N concentration, 0.11%; concentration of extract-
able P, 12.92 mg kg (Bray-1); cation exchange capacity, 10.4 cmol
kg%; base saturation, 56%. The permeability in theh®rizon was
slow to moderate. The soil profile presented redoximorphic features
associated with wetness resulting from the reduction and oxidation of

iron and manganese compounds after saturation with water and

desaturation, respectively. The soil classification is Aquic Haploxeralf.
All of the analysis procedures are described in@fécial Methods of
Analysismanual (27).

Applied Fertilizers. The six Zn complexes used in this study were
Zn—phenolate (CE—Zn), Zn—EDDHA (FL—2Zn), Zn—EDTA (LU—
Zn), Zn—lignosulfonate (MA—2Zn), Zn—polyflavonoid (QU—2n), and
Zn—heptagluconate (WE—2Zn), the Zn content being 7.0, 7.0, 8.8, 7.5,
5.0, and 6.0% (w/w), respectively. These liquid commercial formula-

tions are commonly added to several crops, and their characteristics

are described by Cén (28).

Extraction Procedures. Zinc fractionation in the soil samples was
performed by a modified version of the techniques described by
different authors. The Zn soil content was sequentially extracted by 1
M Mg(NOs3),, pH 7.0, far 2 h (29) (water-soluble plus exchangeable
Zn, WS+ EX), two extractions, 30 min in a boiling water bath with
0.7 M NaOCI, pH 8.5 29) (organically complexed Zn, OC), 0.1 M
NH,OH-HCI, pH 2.0, for 30 min (30) (manganese oxide bound Zn,
MnOX), 0.2 M (NHs)2C;0O4 + 0.2 M H,C;04, pH 3.0, fa 4 h in the
dark (29) (amorphous iron oxide bound Zn, AFeOX), two extractions,
30 min in a boiling water bath with solution as for previous step plus
0.1 M ascorbic acid29) (crystalline iron oxide bound Zn, CFeOX),
and acid digestion in a microwave oven in four steps (maximum
pressure of 120 psi) of the soil residue with a mixture of HGHNO;

+ HF (2:12 w/v) (residual Zn, RES). The soil (g):extractant solution
(mL) ratio was 5:50 §1). After each extraction, the soil suspension
was centrifuged (4000 rpm for 15 min) and the supernatant solution
was decanted and filtered. The amount of Zn extracted by a given
extracting reagent was calculated according to the following equation:

@)

wherec is the concentration (mgé) of Zn in the extracted solution,

c' is the concentration (mg¢) of Zn in the solution extracted in the
preceding step of the sequence, ands the mass of the solution (g)
carried over to the present from the preceding extractg#). (The
equation contains a correction for the amount of Zn in the solution
entrained in the soil sample after centrifugation that follows each
extraction. The speciation of the original soil used for the experiments
provided the following Zn fractions (average of three replications) (mg
kg™): WS + EX, 0.23 (0.58%); OC, 0.72 (1.80%); MnOX, 0.25

mg extracted= c(5g)— c'm

The Zn concentration in the different extracts was determined by
flame atomic absorption spectrophotometry involving direct aspiration
of the aqueous solution by an aiacetylene flame. Standard solutions
for Zn were prepared for each extraction in a background solution of
the extracting agents. The EMPA and BAM standard checks were used
for quality control.

Incubation Experiment. Different samples of soil were spiked with
aqueous suspensions of the six commercial formulations to give Zn
soil concentrations of 0, 10, and 20 mg RgTriplicate samples were
incubated for 15, 30, and 60 days at221 °C and field capacity. The
soil moisture was adjusted every 3 days by weighing. Weighed samples
were incubated in appropriate containers for direct analysis: 5 g in
100 mL screw-top glass centrifuge tubes for the sequential extraction
and 10 g in 125 mL glass conical flasks for DTPA-extractable Zn.
The distribution percentage of applied Zn in different chemical forms
was determined according to the following equation:

% distribution= (TZn — UZn) x 100/(TSUM— USUM) (2)

where TZn and UZn are the concentrations of an individual chemical
Zn form in treated and untreated soil, respectively, and TSUM and
USUM are the sums of Zn concentrations in all fractions (total Zn) in
treated and untreated soil, respectively.

Greenhouse Experiment.The plant used in this study was short-
cycle maize (Zea mayls) of a variety extensively used as fodder (A-
33 variety, a double hybrid, ASGROW). Samples of 8 kg of air-dried
soil were placed in polyethylene pots with washed gravel at the bottom
to facilitate aeration and drainage. N, P, and K were applied uniformly
to all pots at rates of 75 mg kg as urea, super-phosphate, and K
SQ, respectively. Additional doses of 37.5 mg®d\ were added 7
and 30 days after the seeds were sowed. The soil was spiked with 0,
10, and 20 mg kg* Zn applied as Zrorganic chelates. There were
three replicates of each treatment. Three seeds of maize were sown in
each pot, and the pots were taken to a greenhouse where the temperature
varied between 16 and 4Z. Appropriate amounts of water were added
to reach and maintain field capacity moisture conditions with limited
drainage. At the end of the maximum plant growth period (45 days
after the seeding) the part above ground was cut, washed with tap water,
then rinsed with deionized water, and dried in an oven at@&intil
a constant weight was obtained. Then, they were ground and kept in
sealed recipients for later analysis. Plant samples were subjected to
wet digestion in a microwave oven (maximum pressure of 170 psi)
using an acid mixture (HC# HNOs + HF), 1:14 plant (g):solution
(mL). Soil Zn concentrations after the maize crop was cut were studied
by means of the sequential, DTPA, and Mehlich-3 extraction proce-
dures.

RESULTS AND DISCUSSION

Incubation Experiment. The chemical forms of Zn in the
control soil (untreated Zn) practically did not change during
the incubation experiment. The greatest Zn amounts were
present in the residual fraction (RES, Zn associated with
aluminosilicate minerals), and only minimal Zn amounts were
found in the more labile forms (e.g., WSEX, OC, and DTPA-
extractable Zn). Thus, after 60 days of incubation the percentage
of the total Zn value in RES was 81.66%.

In treated soils, an initial increase of the Zn concentration in
all fractions, particularly in WS+ EX and OC, was observed.
During the incubation period, concentrations of WEX and

(0.63%); AFeOX, 0.67 (1.68%); CFeOX, 2.40 (6.01%); RES, 35.62 prg "giminished, whereas concentrations of OC, MnOX,

(89.30%). The total Zn expressed as the sum of the fractions was 39.89

mg kgt

The Zn available to the plant was assessed by two different
extractions: DTPA-extractable Zn as described by Lindsay and Norwell
(33) and Mehlich-3-extractable Zn as described by Mehl&#H).(The
concentrations of DTPA- and Mehlich-3-extractable Zn in the original
soil (average of three replications) were 0.38 mgk.95% of the

AFeOX, and CFeOX increased. At the end of the incubation
period, in general, the Zn distribution order among fractions
was RES> OC > CFeOX> AFeOX > WS+ EX > MnOX.

The multifactor variance analysis showed significant differences
between the dosage applied and incubation tife<(0.001)

in all fractions but not between fertilizer treatments.
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Table 1. Concentration of DTPA-Extractable Zn (mg kg~?)? in Acidic Table 2. Distribution (%) of Applied Zn into Chemical Forms in Soil at
Soil with Different Fertilizer Treatments and Incubation Times the End of the Incubation Period As Affected by the Different Fertilizer
Treatments?
concn of Zn added?

treatment (mg kg™ 15 days 30 days 60 days concn of

control 0@ 0.28 0.28 0.21 Zn added
CE-Zn 100t 5.64 4.12 3.73 treatment (mgkg™!) WS+EX OC MnOX AFeOX CFeOX RES DTPA
20°© 13.69 1161 8.83 CE-Zn 10 2787 3687 1372 1565 204 385 37.73
FL=Zn 10° 5.26 4.16 3.46 20 1363 4940 966 11.87 1212 3.32 43.36
209 12.53 10.94 8.40 FL-Zn 10 2443 3428 1307 1534 739 549 30.78
LU=Zn 10° 5.07 3.72 3.75 20 1521 4921 989 926 11.05 538 43.11
20 ¢ 11.03 9.03 8.75 LU-Zn 10 2836 3820 994 1598 265 497 37.46
MA=Zn 10° 6.41 4.95 3.83 20 1461 5143 838 868 11.80 510 43.62
20¢7¢ 11.89 10.80 8.56 MA-Zn 10 2660 3330 1246 1696 272 796 3791
QU-Zn 10° 6.21 4.12 3.75 20 1417 4771 858 969 1164 821 4397
207 12.43 10.10 8.24 QU-2Zn 10 2468 3344 970 1287 1023 9.08 37.34
WE-Zn 10° 5.90 441 3.45 20 1344 5207 684 1048 1230 4.87 3952
20° 10.23 9.60 8.03 WE-Zn 10 2440 3597 1032 1418  6.67 846 33.79

20 1498 50.010 7.57 1058 11.87 4.99 42.00

a Average of three replications. Standard error ranged from 0.78 to 3.53. © Values
with the same letter are not significantly different according to the LSD test (P < 2 Values shown were calculated according to eq 2.
0.05).

Table 3. Dry Matter Yield and Zn Concentration in Maize As Affected
The data of DTPA-extractable Zn for the different fertilizer by Different Fertilizers?
treatments during the 60 days of incubation are presented in

Table 1. The Zn concentrations available in the control soll reatment Conc(r:n(;szgj;j ded dry(gnggre;)g't(;ldb (Zr:;igc,?;
would be clearly insufficient for the majority of crop34, 37),
and the application of Zn fertilizers would be necessary. conrol 0 6472£356°  21.50+045
. ; : . X CE-Zn 10 67.77 £7.942 53.79 + 7.240¢
Available Zn in soil treated with organic Zn complexes 20 74.46 + 2 642 6254 + 3.02¢d
depended on the experimental time and Zn dosage. With regard fL-7n 10 69.09 + 1502 51.67 + 2.13b¢
to fertilizer treatments, significant differences were obtained only 20 70.61 +2.372 70.98 + 3.764¢
when the formulations were applied at a 20 mgkglose. LU-Zn 10 6650+ 135° 52-33i1-67:"°
Although the maximum amount of DTPA-extractable Zn was MA—Zn ig gi:;gig:gga gg:gﬁ:ggb,c
reached with CEZn, in all cases, the available Zn concentration 20 70.91 + 1.942 79.42 + 7.1784
was higher than the concentrations required for plant growth. QU-zn 10 69.34 + 5,142 4216 +3.27°
Zinc extracted with DTPA decreased during the incubation 20 6592+ 4.81° 60-6215-53E’d
period, in accordance with Armour et all9). These authors WE=zn %8 siggigfga ggggigggcd

found that after incubation the availability of Zn for plants

d_ecr_eas_es, presumably du_e to transfor_matlons 'r_] Zn soil 2 Data are the mean value for three replications (three plants each) with standard
distribution. In the same period, also the differences in DTPA- ¢ oy the same column, values with the same letter are not significantly different
extractable Zn among different fertilizer treatments disminished. according to the LSD test (P < 0.05)
These data indicate that the effectiveness of all fertilizers in

maintaining Zn in this available form is similar on a long-term Greenhouse Experiment.The dry matter yield and Zn
basis. concentrations of 45 day old maize are indicated able 3.

On the other hand, the distribution percentage of applied Zn The application of fertilizers did not affect the overall growth
in different chemical forms at the end of the incubation period performance of the maize, since there were no significant dry
was also studied. The percentages were calculated accordingnatter differences (P< 0.05) between plants grown in the
to eq 2, and the results are shown Table 2. Significant control and those grown in the treated soils. However, beneficial
differences were found between the doses applied, but noteffects of organie-Zn fertilizers were observed with significant

between the different Zn fertilizers. increases of Zn concentration in the plant in comparison to that
The percentage of Zn applied reached the highest values inin the control Table 3). Differences in the Zn concentration in

the most labile fractions, WS EX and especially OC, in all  plant samples were observed between both application rates (P

fertilizer treatments. In OC, the distribution values were higher < 0.001) and between different fertilizer treatmers< 0.01).

at 20 mg kgt (47.71-52.07%) than at 10 mg k}(33.30— The highest Zn concentrations in maize were observed at the

38.20%), whereas in WS EX they were higher at a dose of  high Zn dose (20 mg kd) of the LU—Zn fertilizer followed
10 mg kg Zn (24.40-28.36%) than at 20 mg kg Zn (13.44- by MA—Zn and FL-Zn. When the fertilizers were applied with
15.21%) in all cases. These facts indicate that, in general, organica dose of 10 mg kg, the Zn concentration values in the plants
acids are good chelating ligands. An enhancement of the were more than double the values obtained in the control soil.
percentage values with a decrease of the dose was observed irlowever, in the case of the GtZn and WE-Zn, these values
MnOX and AFeOX. The opposite occurred in OC and CFeOX. did not reach 50 mg of Zn kg of dry matter. This concentration
The distribution in RES did not always follow the same trend. is given by some authors (389) as the minimum Zn
High values of applied Zn in the available form (DTPA- concentration necessary to use this plant as feeding fodder for
extractable Zn) were obtained corresponding to the high valuesruminant animals.
found in OC and WSt EX. In this case, the highest values The use by the plant of applied Zn (Zn utilization) was
occurred with fertilizers at the 20 mg kydose (e.g., MA- maximum when the Zn sources were £dn (3.03%) with a
Zn, 43.97%) although high percentages were also observed withdose value of 20 mg kg and MA—Zn (3.00%) with a dose
the application of 10 mg kg Zn (e.g., MA—Zn, 37.91%). value of 10 mg kg? (Figure 1). Except LU—2Zn, all fertilizers
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3.50 - "B Dose 10 mgkg | of fertilizers (Figure 2). The micronutrient addition provided a
500 . @Dose 20 mgkg \ remarkable increase of Zn concentration in the most labile

fractions (WS+ EX and OC), which are very important for
the uptake of Zn in the plants. This effect was especially notable
in the treatments at high doses with M&n (WS + EX, 9.00
mg kg% OC, 9.17 mg kg%), LU—Zn (WS + EX, 8.72 mg
kg%, OC 8.16 mg kg?), and CE—Zn (WS+ EX, 7.18 mg
kg™%; OC, 7.94 mg kgh). However, in general the Zn distribu-
tion order among fractions was similar in all fertilizer treat-
ments: RES> OC =~ WS + EX > CFeOX > AFeOX >
MnOX. A noticeable increase of Zn concentration in WS
oco | B K : : : EX was observed in the soils cultivated with maize (mean value
CE-Zn  FLZn LU-Zn MAZn QU-Zn  WE-Zn 4.33 at a 10 mg kg' dose and 6.98 at a 20 mg Kgdose)
Fertilizer compared to the soil in the incubation experiment (mean value
2.66 at a 10 mg kgt dose and 2.93 at a 20 mg Kgdose).
Differences had previously been reported between cultivated
and not cultivated soils, even between soils cultivated with
showed a progressive decrease in the use percentage (Zwlifferent plants 41). These differences would be due to the
utilization) with an increase of the Zn dosage. In the literature, physicochemical changes produced in the soil as a consequence
Zn—EDTA was found to be a more effective source for maize of the crop.

2.50 4

2.00 | B8

1.00 - B

% Utilization of applied Zn

0.50 | B8

Figure 1. Effect of organic—Zn complexes on the percent utilization of
applied Zn in soil by maize plants.

than Zn—lignosulfonate in acidic soitQ). However, the data After the maize was cut, Zn availability in the soil was
described above suggest that the relative effectiveness of thesestimated by DTPA and Mehlich-3 extractions. For all of the
chelates depends on the doses applied. fertilizers in this study, even at very low dosages, sufficient

After harvesting, the availability and distribution of Zn in  quantities of available Zn in the soil were left for a new crop,
the soil were studied. In the control soil, no differences in the taking into account the critical Zn levels in soils determined by
Zn distribution were observed during the greenhouse experiment.the DTPA and the Mehlich-3 extraction methods. Thus, the
Thus, the order among Zn soil fractions was RESCFeOX worst case in this study showed a concentration more than 4-fold
> OC > AFeOX > WS + EX > MnOX. In the treated soils, the average critical concentratiorisiqure 2) for two extrac-
differences were observed between different doses and typegions: 0.5—1.0 mg of Zn kgt by the DTPA methodZ5, 33)

70
60 - -
50 E _ z 2 EDTPA
€ E Fs
R g g : o
S = = b = BF3
8 = = = =
E 20 - H ] = WF2
N & = BAF1
10- B =
o LEd E]
10 20 10 20 10 20 Treatment
CE-Zn FL-Zn LU-Zn
70
60 - =
g€ H i SDTPA
5 40+ :-.: E BF6
3 = & BF5
§ 30 4 = OF4
g = & @F3
5 2 H = BF2
= = BF1
10\ =
e H N 7
10 20 10 20 10 20 Treatment

MA-Zn QU-Zn WE-Zn
Figure 2. Distribution of Zn fractions and DTPA- and Mehlich-3-extractable Zn in soil at different fertilizer doses after maize cutting.



Effectiveness of Zn Complexes in Acidic Soil

and 1.2—1.8 mg of Zn kgt by the Mehlich-3 method (35).

The highest Zn concentration in the available form occurred at

the high Zn dose of MA—Zn (DTPA—Zn, 13.85 mg kg
Mehlich-3—2Zn, 15.53 mg kgt), LU—-Zn (DTPA—Zn, 12.78
mg kg% Mehlich-3—2Zn, 14.73 mg kg'), and CE-Zn (DTPA—-
Zn, 11.45 mg kg*; Mehlich-3—2n, 13.47 mg kgl). These

results agree with the highest concentration in the most labile

forms, WS+ EX and OC, observed with these fertilizers.

Besides, values of DTPA-extractable Zn were higher than those
obtained in the incubation experiment, similar to the concentra-

tion increase observed in W8 EX.

In this study, stability constants of Zn complexes do not
explain the effectiveness of fertilizers to maintain Zn in the most
labile soil forms since fertilizers with similar stability constants,
such as ZREDTA (log K = 17.4 with ionic strength 0.01 M)
and Zn—EDDHA (logK = 17.8 with ionic strength 0.01 M)
(42), showed important differences in the Zn concentration in
the WS+ EX and OC fractions, and in the DTPA- and Mehlich-
3-extractable Zn (seEigure 2).

The relationships between the Zn plant content and the metal

soil fractions and available Zn were analyzed by correlation

analysis. A positive correlation (simple linear regression analy-

sis) with high levels of significancd®(< 0.001) existed between
the Zn concentration in the plant and WSEX (r = 0.92),
DTPA (r = 0.89), and Mehlich-3r(= 0.89). These results

indicated that the degree of Zn uptake by the plants is controlled

by their chemical forms in soils, and consequently, the ef-

fectiveness of organic—Zn complexes in plant uptake depends

on their capacity of maintaining the Zn soil content in these
labile forms.

An exception to this general behavior is the fertilizer-+L
Zn. This fertilizer produced a noticeable increase in metal

content in the plant. However, this increase was not ac-

companied by a similar increase in DTPZn. By contrast,
CE—Zn produced an increase in WSEX and in DTPA—Zn,
which was not confirmed by a similar increase in the Zn content

in the plant. These results suggest that although DTPA is a good
method to determine Zn available to plants, there are other
factors that influence the Zn uptake by the plant, such as, for

example, the mobility of Zn chelates (43).
On the other hand, in the incubation experiment, soil Zn

speciation did not show any differences between fertilizers, and
the differences observed in DTPA-extractable Zn correlated
poorly with the Zn content in plants obtained in the greenhouse
experiment. Besides, as described above, in this acidic soil the

maize grown in the soil remarkably affected the Zn distribution
in the soil. Consequently, the incubation experiment in acidic

soil is not a suitable tool to establish the different effectiveness

of Zn chelates in plants.
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