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Abstract

Zinc deficiency is a widespread problem. To correct these deficiencies, different organic
and inorganic Zn fertilizers have been used. Various sorption-desorption reactions control the Zn
concentration in soil solution and Zn availability from these different sources to crops. The
effectiveness of Zn fertilizers varies with soil type. Very soluble Zn fertilizer sources can
undergo adsorption and precipitation losses upon soil application. Although these
transformations are relatively minor, the chelated Zn source is not cost-efficient and could also
be sensitive to leach in alkaline soils. In contrast, sparingly soluble Zn fertilizers can show
poorer performance in neutral and low pH soils. Considering all these factors, a new granular Zn
mix (mixture containing 60% ZnO, 25% ZnSO4, and EDTA to ZnSO4 1:8 ratio) fertilizer was
recently introduced. The objectives of this thesis work were to compare the efficiency of
different Zn only sources in four different soils, two calcareous, one neutral and one acid, with
varying pH with varying pH; and compare different Zn-coated urea fertilizers for two soils, one
calcareous and one acid soil. Zinc diffusion from the point of application was measured using
incubation, visualization, and greenhouse studies. Zinc plant uptake was measured in the
greenhouse study using a high-Zn responsive wheat line. Along with the wet chemical analysis,
advanced synchrotron-based X-ray absorption near-edge structure technique was also used to
understand the Zn fertilizer reaction products better when added as different sources in soil. We
found that Zn diffusion and Zn plant uptake were greater for ZnSO4.7H>0 and ZnEDTA for
neutral pH soil. Zinc mix performed similarly to the two most effective ZnO and ZnEDTA
treatments in terms of plant biomass and plant Zn uptake in both calcareous soils, which are well

known for Zn fixation. There were no significant differences in the Zn sources concerning plant



uptake for acid soil. Regarding Zn-coated urea treatments, ZnO-U and ZnEDTA-U performed
well in plant Zn uptake in acid soil. However, no significant differences were observed between
any Zn-coated urea sources in calcareous soil and Zn-coated urea sources increased plant
biomass and uptake irrespective of the source. Zinc-coated urea sources seemed to provide more
plant available Zn due to the enhanced solubility facilitated by its urea co-additive. Results from
our studies suggest that the suitable Zn source should be carefully selected for efficient

mitigation of Zn deficiencies in different soils depending upon their physicochemical properties.
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Chapter 1 - Introduction

Zinc plays a vital role in many biological processes and is an essential trace element for
the proper growth and reproduction of plants and the health of animals and humans (Lebourg et
al., 1998; Cakmak et al., 1999; Alloway, 2009). Poor diet quality in humans is correlated with
Zn-deficiency exacerbated by Zn deficient soils (Barber, 1995). Zinc deficiency in humans is an
important malnutrition problem world-wide. Epidermal, gastrointestinal, central nervous,
immune, skeletal, and reproductive systems are the organs most affected clinically by zinc
deficiency (Roohani et al., 2013). Soils susceptible to Zn-deficiency are calcareous, sandy, and
saline soils with high organic matter, nitrogen, and phosphate content (Cakmak et al., 1999).
Alkaline calcareous soils are most susceptible to Zn-deficiency (Thind et al., 1990). The high pH
and presence of active CaCOs cause Zn insolubility because of Zn adsorption in the presence of
carbonates (Khoshgoftarmanesh et al., 2004; Lindsay, 1979; Udo et al., 1970) and then
precipitates as zinc hydroxide or carbonate (Singh and Sekhon, 1977), or forms the insoluble
calcium zincate (Sharpless et al., 1969). The presence of active CaCOs in the soil can also
produce an excess of Ca absorption by the plant preventing the Zn transport and uptake (Kabata-
Pendias and Pendias, 1985).

Zinc concentration ranges from 10 to 300 mg kg in an unfertilized and uncontaminated
soil (overall mean of around 50-55 mg/kg) (Alloway, 1995; Barber, 1995). The relative
distribution of Zn varies with different types of soils and their physiochemical properties (Viets,
1962). It is estimated that nearly half of the world's land is Zn deficient. Zinc deficiency is
prevalent in cereal-growing regions, leading to low yields, poor grain quality, and low Zn
concentrations (Cakmak et al., 1999; Cakmak, 2008). For example, Zn concentrations in cereals

can be reduced by 80% when cereals (rye (Secale cereale, cv. Aslim), bread wheat (Triticum



aestivum, cvs. Dagdas) and durum wheat (Triticum durum, cv. Kunduru-1149) are grown on
soils deficient in Zn or have low plant-available Zn (Cakmak et al., 1997a). The availability of
Zn to plants is regulated by the dynamic balance between the different forms of Zn in soil and
soil physicochemical properties, and not by the total Zn content (Elsokkary and Lag, 1978; Loué
et al., 1988). Among the factors that determine the mobility and availability of Zn in soil are pH
and concentration of CaCOs3 (Adriano, 1986). The bioavailability decreased when the pH of the
soils increased (Lindsay, 1979). Methods like DTPA and Mehlich-3 extraction are commonly
used procedures to determine the Zn bioavailability for plant uptake and used as alternatives to
chemical fractionation (Mortvedt and Gikes, 1993).

Zinc deficiencies are traditionally remediated by the application of inorganic fertilizers
(Nayar et al., 1980). The cost of Zn fertilizer application is much lower than the loss of
production and yields due to Zn-deficiency. Due to lack of awareness and negligence regarding
losses occurring due to Zn-deficiency, Zn fertilizers are not widely used. Therefore, an adequate
Zn supply is essential to achieve cost-effective crop yields worldwide. Wheat grain yield has
been shown to increase by up to 32% when Zn-deficient soils (i.e., in central Anatolia, Turkey)
are altered by Zn-enrichment (Kalayci et al., 1999). The response of plants to Zn fertilization
varies depending on the source of Zn fertilizer, soil chemical and physicochemical properties,
and fertilization method (Boawn, 1973; Rehm et al., 1980, Anderson, 1972). The Zn fertilizer
must be chosen depending upon the relative agronomic efficiency of the fertilizer source for a
particular soil type. Zinc sulfate (ZnSO4) and zinc oxide (ZnO) are commonly used as inorganic
Zn fertilizers to overcome Zn-deficiency.

Zinc oxide is an inorganic compound nearly insoluble in water but soluble in acids

(Montalvo et al., 2016). Therefore, in alkaline soils, ZnO may act as a slow-releasing Zn



fertilizer in calcareous soils. Slow-release and controlled release are designed to release nutrients
gradually and per the plant's nutritional needs (Ge et al., 2002; Shavit et al., 2003). Therefore,
because of the less precipitation and fixation, the nutrients are released for an extended period,
the efficiency is more significant for slow-releasing fertilizer than conventional fertilizers (Dou
and Alva, 1998). As a result, nutrient uptake efficiency is more remarkable for slow-release
fertilizers than the forms of fertilizers that are readily available for plant uptake (Riandy and
Sofyan, 2015).

When fertilizers with ZnSQO4 are added to adjust the deficiency in calcareous soils,
reactions as

ZnS0O4 + CaCO3 «» ZnCO3 + CaS04

can be produced, reducing the effectiveness of the fertilizer. Other anionic species, such
as sulfides, can also contribute to Zn insolubilization due to the low solubility of their salts
(Mortvedt and Giordano, 1969).

These problems have led to synthetic chelates, which is an effective agricultural practice
to overcome metal deficiencies with the limitation of being expensive (Lucena et al., 2006).

Metal chelates play an essential role in transporting Zn (acting as a shuttle) from the solid
phase in the soil to the surface of plant roots (Dhillon, 1983). Both synthetic and natural chelates
increase the availability of micronutrient cations to plants from the soil by improving both the
diffusion and convective flow of nutrients to the plant surface. Chelating agents have been
shown to contribute largely to Zn movement in soil (EI-Gawhary et al., 1970; Hodgson, 1969;
Modaihsh, 1990). Complexed forms of Zn can be pointed out to be the major sources of
available Zn (Hergert et al., 1984, Lahav et al., 1975), and their effectiveness depends on their

rate of disappearance from the soil solution, which is related to their stability (McBride, 1989).



Moreover, Rico et al. (1996) reported the increase in yield and Zn concentration in plants with
ZnEDTA in calcareous soil. Another series of experiments were performed under neutral pH
conditions (Gangloff et al., 2002; Alvarez and Gonzalez, 2006; Gangloff et al., 2006), which
showed that ZnEDTA is the more effective Zn source in comparison to ZnSO4. However, in
some cases, the use of Zn chelates does not show an advantage over inorganic Zn fertilizers, the
cases where Zn-deficiency can be easily overcome by Zn mineral forms (Nayyar, 1980). As
stable chelates, ZnEDTA, when used on alkaline soils, can undergo leaching (Modaihsh et al.,
1990; Alvarez et al., 1996). It is very necessary to select appropriate Zn sources for soil
application is critical for improving Zn use efficiency, according to the soil type. Therefore, it is
crucial to find new sources with increased efficiency and reduced cost.

A new Zn fertilizer has been recently introduced that is a mixture of inorganic and
chelated Zn, Zn mix. Zinc mix is a mixture that contains 60% ZnO, 25% ZnSOg, ratio of ZnSO4
to EDTA is 8:1. The efficiency and performance for this fertilizer is yet to be tested but we
hypothesize it to inherent the desired characteristics from its components and should remain
effective in different soil conditions. If true, Zn mix would be a cost effective and efficient
source that can be used under different prevailing conditions.

Additional way of reducing cost related to micronutrients is by doing combined
application with macronutrients where macronutrients act as potential carriers. Solid Zn
fertilizers are incorporated into, blended with, or coated onto macronutrient fertilizer, which is a
cost-effective solution to provide uniform distribution of Zn. The effectiveness of Zn fertilizers
for providing plants with Zn in Zn-deficient soils depends on several factors but the solubility of

the Zn source in soil is the major one. Mortvedt and Giordano (1969) and Degryse et al. (2020)



reported that the availability of Zn from granular fertilizers is majorly controlled by water
solubility.

Fertilizer reaction pathways, which affect Zn availability, are influenced by fertilizer
characteristics, such as differences between Zn only and Zn coated urea, and the
physicochemical properties of soils to which the fertilizers are applied. Adsorption and
desorption of Zn is controlled by soil properties including soil texture, pH, cation exchange
capacity, organic matter content, the presence of anionic species (such as carbonates, chloride,
phosphates, chloride, and sulfides) that form complexes with Zn cation (Richardson et al., 2006).
Thus, exploring the interactions between these soil properties and added Zn will allow us to
identify the Zn species present and their contribution in Zn availability. Synchrotron techniques
such as X-ray absorption near edge structure (XANES) with statistical methods such as linear
combination fitting (LCF) and principal component analysis (PCA) can be used to elucidate Zn
speciation in soils. These direct identification techniques in conjunction with wet chemical
analyses will ensure a more accurate estimation. However, not much metal speciation research

has been done to provide real data to complement incubation and greenhouse studies.
Objectives

The objective of the first study is to use alkaline calcareous soil to investigate and
compare the efficiency of different Zn fertilizers and Zn-coated urea fertilizers by incubation
visualization and greenhouse studies.

The objective of the second study is to use neutral sandy soil to compare the fate,

behavior, and speciation of different Zn fertilizers.



The objective of the third study is to compare the efficiency of different Zn fertilizers in
an alkaline calcareous soil by incubation visualization and greenhouse studies and comparing

various Zn and Zn-coated urea fertilizers in acidic soil by greenhouse studies.
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Chapter 2 - Literature review

2.1 Behavior of Zinc in soil

Zinc is one of the essential trace elements which are necessary for the growth of crop
plants. Zinc is also an essential element in animals along with other elements, such as copper,
iron, and manganese. These are also called micronutrients because plants require them in very
small quantities (5-100 mg kg™). Soils contain essential as well as non-essential trace elements,
and concentrations may vary. Several factors, such as soil parent material, input additions via
manures, fertilizers, agrochemicals, etc., affect the concentrations of essential and non-essential
trace elements in soils. Not the total concentration in soil, the availability of trace elements
determines their plant uptake. The availability of Zn in soil, its uptake by plants or its
diffusion/movement in soil profile differs, not only based on Zn but also depending on soil
properties. These soil properties include clay minerals, organic matter, soil pH, soil texture,
CaCOs content, etc. This section will discuss total Zn concentrations in different soils, its
mineral solubility in soils, its solution speciation, the reaction pathways zinc undergoes in soils,
other reactions of Zn with clay minerals, organic matter, and metal oxides. All factors mentioned
above determine Zn speciation (Zn forms) in soil, whether Zn presents as bound to organic or
inorganic complexes or free ions. Due to this, even though Zn concentration might be adequate
in soils, Zn might not be in available forms in which plant roots can uptake Zn. On the other
hand, it can be present in labile form but not in the immediate vicinity of the plant roots. All
these put a question mark on the factors affecting the bioavailability of Zn and the need to

discuss it.
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2.1.1. Total zinc concentrations in soils

The average concentration of Zn varies from 50-60 mg kg*. Zinc concentrations can have

a range of 10-300 mg kg* with an average of 50 mg kg (Kiekens, 1995). Old soils, such as

soils in Australia, formed from weathering of rocks, total zinc concentrations are < 2-180 with an

average of 34 mg kg (Tiller, 1983).

Table 2.1 Total Zn concentrations in soils worldwide

Region Texture Total Zn (mg kg™?)
Victoria and South Australia | Alkaline non-calcareous soil | 4-41
(Bertrand et al., 2002) Calcareous soil 5-36
USA - 56.5
(Holmgren et al., 1993)
European - 68
(Angelone and Bini, 1992)
England and Wales - 97
(McGrath and Loveland,
1992)
France Sandy 17
(Baize, 1997) Silty 40
Loam 63.5
Clayey 98
Very clayey 132
Poland Sandy 37
(Kabata-Pendias and Pendias, | Loess 60
1992) Loam 75
Germany Sandy 27.3
(Gorny et al., 1992) Loam 59.2
Clay 76.4

All the above examples show how Zn concentrations are affected by soil texture. Sandy

soils having lower concentrations of Zn as compared to clay soils having greater concentrations
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of Zn. This can be explained by the presence of greater Zn content in clay and shale parent
materials, as well as having high CEC enable clays to absorb and retain more Zn relative to
sandy soils having lower CECs. All over the world, sandy soils are found to be the most Zn
deficient soils. (Norvell and Lindsay, 1970)

2.1.2 Zinc minerals solubility in soil

Table 2.2 Equilibrium constants for reactions involving zinc

Reaction No. Equilibrium reactions Log K°

1. Zn** +2e° S Zn -25.80
Oxides and Hydroxides

Zn (OH)2(amorp) + 2H* 5 Zn?* + 2H,0

2. 0-Zn (OH)2 + 2H* 5 Zn?* + 2H,0 12.48
3. B-Zn (OH)z + 2H* 5 Zn?* + 2H,0 12.19
4. y-Zn (OH); + 2H* 5 Zn?* + 2H,0 11.78
5. &-Zn (OH)2 + 2H* 5 Zn?* + 2H,0 11.74
6. ZnO (Zincite) + 2H* 5 2Zn?* + H,0 11.53
7. 11.16
Carbonates
ZnCOs3 (smithsonite)+ 2H* s Zn?* + CO, + H20
8. 7.91
Soil Zn
Soil Zn + 2H* 5 Zn?*
9. 5.80

Chlorides
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10.

11.
12.
13.

14.

15.
16.
17.
18.

19.

ZnCl, $ Zn?* + 2CI

Sulphates

ZnS0; + 2H" 5 Zn* + 2S04*
Zn0.2ZnS0; + 2H* 5 3Zn** + 2S04> + H20
Zn (OH)2. ZnSO; + 2H" & 2Zn?* + SO4% + H20

Phosphates

Zn3(PO4)2.4H,0 (hopeite) + 4H* 5 3Zn?* + 2H,PO4 +
4H20

Hydrolysis species

Zn* + H,0 5 ZnOH* + H*

Zn?* + 2H,0 s ZnOH;” + 2H*
Zn?* + 3H,0 S ZnOHs™ + 3H*
Zn?* + 4H,0 S ZnOH4> + 4H*

Other complexes
Zn?* + SO4* 5 ZnSO4’

7.07

3.41
19.12
7.50

3.80

-7.69

-16.80
-27.68
-38.29

2.33
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Zinc present in soil solution is a tiny proportion of the total Zn content of the soil. For
example, Kabata-Pendias and Pendias (1992) reported that the Zn concentration in soil solution
range from 4-270 ug L (ppb, volume basis), considerably lower than average total Zn
concentrations in soil, which is around 50-80 mg kg*(ppm, a mass basis). However, soils with
very low pH, that is, acid soils, soluble Zn concentrations have been found to be 7130 pg L-1,
indicating a strong, inversely proportional relationship to soil pH.

According to Kiekens (1995), the reaction

Soil-Zn + 2H' 5 Zn?* log K°=5.80

can be expressed as log Zn?* = 5.8 - 2pH, or pZn = 2pH - 5.8.

The above equation shows that the activity of Zn?* in soils is directly proportional to the
square of the proton activity. Therefore, the solubility of zinc will decrease with increasing
values of soil pH.

The solubility of several zinc minerals decreases in the following order:

Zn(OH)2 (amorphous) > a—Zn(OH)2 > B— Zn(OH)2 > y—Zn(OH), > e~Zn(OH)2 > ZnCO3
(smithsonite) > ZnO (zincite) > Zn (PO4)2.4H20) (hopeite) > soil Zn > Zn Fe Oa4(franklinite).

These minerals indicate a range of Zn?* solubility of 108, while franklinite is the least
soluble of these Zn minerals, depending upon the species of Fe controlling its solubility. The
crystalline Zn hydroxides have comparable solubilities to ZnO (zincite) and Zn (OH)2 (amorp).

Solubility of Zn minerals such as Zn (OH)2, ZnO, and ZnCOs is about 10° times greater
than soil Zn (usually representative of Zn adsorbed to solid surfaces). These sources of Zn will
therefore be excellent fertilizer Zn sources because of their high dissolution rate, help to maintain

adequate levels of Zn?* in soils for plant uptake. (Lindsay, 1979)
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Figure 2.1 The solubilities of several Zn minerals as compared to soil Zn (Redrawn from
Lindsay, 1979)

2.1.3 Zinc in solution

Micronutrients in soil solution exist as hydrated cations or oxyanions. Sometimes, these
may also be present as inorganic or organic complexes. The free trace metal ions (for example,
Zn, Cu, Ni) are surrounded by six water molecules, written as Zn (H20)s, but commonly a
simplified representation is used, i.e., Zn?*, where the hydrated water is omitted (Barrow, 1999).
Micronutrient uptake in plants has a poor correlation with soil total elemental concentration
(Perez-Cid et al., 1998). This is because plants mostly take up trace elements such as Zn from the
soil solution. Therefore, the availability of Zn for plant uptake is related to its soil solution
concentration and the soil's capacity to replenish soil solution upon plant uptake. Hence, there is
a need to understand the nature of reactions occurring, zinc species involved, and how it changes

with change in prevalent conditions.
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Figure 2.2 Solubilities of Zn (OH)2, ZnSO2and ZnCO3 compared to soil-Zn (Redrawn
from Lindsay, 1979)

The zinc hydrolysis species in aqueous solutions are plotted in Fig 3, assuming it is in
equilibrium with soil Zn. The solution speciation of Zn is also highly affected by soil pH. Soil
pH governs the speciation of Zn in the solution.

Free Zn ion species (Zn?*) predominates when soil pH is below 7.7. At soil pH above 7.7,
ZnOH" is the main species, and the neutral species Zn (OH). dominates for soil pH range above
9. The activity of Zn?" is 10* M at soil pH 5, but it decreases to 10°2° M at soil pH of 8 (Kiekens,
1995), which can also hinder the uptake of Zn in alkaline environments.

Other soluble complexes of Zn can be observed with phosphate, chloride, sulfate, and
nitrate ions. The neutral sulfate (ZnS04°) and phosphate (ZnHPO4°) species are the most
predominant species and significantly contribute to the total concentration of Zn concentration in

solution.
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Figure 2.3 The hydrolysis species of Zn?* in soil solution, in equilibrium with soil-Zn.
(Redrawn from Lindsay, 1979)

The activity of ZnSO4° species is similar to that of Zn?* when SO4%* is 1023 M. Zinc
sulfate (ZnS0O4°) complex may increase the solubility and availability of Zn?* in soils when used
with the fertilizers having acidulation effect upon their addition to the soil such as ammonium
sulfate (NH4(SOa4)2). Therefore, the inclusion of sulfate in zinc fertilizer is beneficial as it would
increase the mobility and solubility of Zn?* in soils. (Lindsay, 1979)

Zinc also forms complexes with low molecular weight organic acids that can contribute
to the soluble Zn concentration in soil. Available Zn status can be improved with heavy manure
applications, which helps increase soluble and organically complexed zinc (Alloway, 2004).

Barrow (1993) observed that organic ligands such as humic acids could reduce Zn
adsorption onto oxisol soil, which strongly complexed Zn. Organically complex forms of Zn are
much more soluble, mobile, and plant available in soils. Complexation of Zn with organic

ligands will also reduce adsorption onto mineral surfaces (Harter, 1991).
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Kiekens and Cammerlynck (1992) reported an even distribution of organically
complexed forms of Zn in soil and inorganic or Zn?* in solution. Stevenson (1991) observed that
the organic complexes in soils are formed in a particular order of preference, which is: Fe3* >
Cu?* > Co?* > Zn?* > Fe?* > Mn?",

2.1.4 Fate of Zn in soils:

The focus is shifting from determining total elemental contents to identifying the
different chemical forms of the elements in the soils (Kalnicky and Singhvi, 2001). Zinc in soil
can undergo various mechanisms responsible for Zn losses in the environment. Zinc can be
present in both soil solution and solid phase. Talking about the solid phase, 'sorption’ is a term
that means the loss of a solute from an aqueous solution (Brun et al., 2001). It consists of two
processes. First is adsorption, in which solute sticks to a solid surface, and the second is
absorption in which the solute creeps inside the solid and clings to interior surfaces (Weitje et al.,
1998; Brun et al., 2001). Adsorption mechanisms play a crucial role in plant Zn uptake. The
mechanisms mentioned above control zinc concentrations in the soil solution, and the labile
forms of Zn can be desorbed and become available to plants. Apart from these reactions, other
mechanism that Zn can follow is precipitation. Precipitation, in contrast to sorption causes the
development of a new solid phase. This occurs due to the fixation of excess amounts of zinc,
maybe due to sorption of zinc in a hydrolyzed form and precipitation of Zn (OH), or discrete
precipitation of new solids from solution These mechanisms are discussed in detail in the
following sections.

2.1.4.1 Adsorption of Zinc

Adsorption mechanisms play a crucial role in the Zn soil-plant relationships. Zinc

concentrations in the soil solution are controlled by these mechanisms, and therefore its
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availability and uptake by plants as well. These mechanisms also control the labile forms of Zn,
which can become available to plants after desorption. The adsorption mechanisms involve the
adsorption of ions on solid surfaces (of clay minerals, metal oxides such as iron and manganese,
and organic matter), include cation exchange (outer-sphere or diffuse swarm), binding to organic
matter, specific adsorption (or chemisorption), and precipitation. Cation exchange is the
reversible and nonspecific adsorption electrostatic attraction on negatively charged sites of
colloidal surfaces of ions that are positively charged. This negative charge on soil colloids is of
two types: it can be a structural charge imbalance (i.e., permanent charge) and pH-dependent
charge, e.g., on organic matter or hydrous oxides of metals and permanent charge, because of
isomorphic substitution in the crystal lattice. In the case of variable charges, surfaces bear net
positive charge at pH lower than the point of zero charges (PZC), and at pH above or greater
than PZC, the surfaces bear net negative charges.

Exchangeable adsorption of Zn cation in soils can be expressed as:

Zn* + M-Soil 5 Zn-Soil + M?*

where M is a divalent cation.

The relative replaceability of exchangeable cations is described by a lyotropic series.
Beginning with the most easily removed cation, the lyotropic series for divalent exchangeable
cations are (hydrated radii in nanometers):

Mg?* (0.428) > Zn?* (0.430) > Co?* (0.423) > Cu?* (0.419) > Cd?* (0.426) > Ni?* (0.404)
> Ca?* (0.412) > Sr?* (0.412) > Pb?* (0.401) > Ba?* (0.404) (Essington, 2005).

This suggests that Zn?* can be easily replaceable by other divalent metal cations,

depending on their identity and concentration.
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2.1.4.1.1 Isomorphic substitution

Pickering (1980) summarized the reactions with clay minerals, emphasizing the
differences between clay minerals. The illites and montmorillonites have a 2:1 structure. These
are a sandwich of silica tetrahedron- alumina octahedron - silica tetrahedron layer. For these clay
minerals, Isomorphic substitution is much more considerable. The permanent charge is much
greater than kaolinite, which has a 1:1 layer, Si-tetra hedra, and Al-octa hedra structure. This can
be because of the involvement of interlayer spaces in cation exchange. Exchange is slower for
these minerals than for kaolinite and slower in illites than in montmorillonites. Relatively less
isomorphic substitution and a large proportion of charge in Kaolinites can be due to disruption of
the structure at the edges of particles.

2.1.4.1.2 Variable charge

Organic soils are usually Zn deficient, and therefore, reactions between zinc and organic
matter have also been widely studied. Shuman (1980) indicated that weak acids are the
functional groups that hold zinc and concluded that extensive research needed mechanisms
specification and group characterization. Kiekens (1995) stated that adsorption of Zn to clay
surfaces or organic matter seems to follow two different mechanisms based on soil pH
conditions. In acidic conditions, it is related to cation exchange, and therefore, relatively easy to
replace. In alkaline conditions, it involves complexation of Zn with organic ligands and
chemisorption, suggesting strong retention.

Cation exchange capacity (CEC) increases with increased pH because the variable charge
colloidal surfaces bear more negative charges at high pH. There is a decrease in CEC upon
acidification of soils due to a smaller number of negatively charged sites. Cations attracted to

negatively charged solid surfaces follow an order of preference. An example for the iron oxide

21



goethite is Cu > Pb > Zn > Co > Cd,; for the clay mineral illite, the order is: Pb > Cu > Zn > Ca >
Cd > Mg, and for peat the order is: Pb > Cu > Cd = Zn > Ca (Robinson and Clothier, 2004).
These examples show that the preference for Zn to get adsorb onto oxides or clay minerals is less
than Cu and Pb (Alloway, 2004).

Cations adsorbed by cation exchange are beneficial in avoiding leaching and can be
immediately replaced to become available for plant root uptake. Harter (1991) reported that
phosphate ions could increase Zn adsorption on hydrous oxide surfaces. This could be explained
by phosphate reducing the point of zero charges (PZC) through chemisorption onto soil minerals.
Hence, increasing negative surface charge, resulting in greater Zn adsorption on cation sites or
binding to phosphorous or other complexation sites.

2.1.4.2. Precipitation and dissolution

Under neutral to alkaline pH conditions, metals such as Al, Zn, Fe, Cu, and Cd can be
precipitated as hydroxides (Evans, 1989). For example, the dissolution of a-Zn (OH); is
described by (Lindsay, 1979; Smith et al., 1997):

a-Zn (OH)2 + 2H* 5 Zn?* + 2H,0 Log K°=12.19

The equilibrium constant can be written as:

Log (Zn?*) = 12.19 - 2pH

From the above equation, if the activity of Zn?* in solution is controlled by a-Zn (OH)2
(s), it will increase by a factor of 100 with each one-unit decrease in pH. At pH 7, the Zn?*
activity will be 0.03 mol L. At pH 8, the Zn?* activity would be 100 times less, at about 20 mg
L. However, because of the formation of soluble metal complexes, the solubility might be
greater than the value indicated by the free ion activity. Fig 2.3 shows the activity of the free

Zn?* and several Zn hydroxides complexes, which are in equilibrium with a-Zn (OH)z(s) as a
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function of pH. Above soil pH of 11, greater hydroxy complexes can be formed, causing an
increase in the total Zn activity (Fig 2.3) (Lindsay, 1979).

Mineral phases in soils contain many mixed solids and a very small proportion of the
trace element precipitate. Precipitation occurs when the solubility product has been exceeded a
specific limit (McBride, 1991). Other mineral surfaces can control precipitation as these surfaces
will control or reduce the supersaturation. A solid mixture can also be formed either by inclusion
or by co-precipitation.

Current research has shown that more than 50% of the dissolved zinc occurs as the free
cation, and the concentration of free cation depends on the free cation activity of calcium and
magnesium (Kadir, 1993). This relationship may reflect both adsorption and precipitation
processes, and interactions between these elements. Calcium and magnesium can displace zinc
from solution complexes and from adsorption sites on the soil solids which has lower solubility.
Bloomfield (1981) observed that Zn was mobilized from the basic carbonates and from the
oxides which afterwards transformed to other species, mainly carbonates.

2.1.5 Zinc availability and bioavailability

Diethylene-triamine penta acetic (DTPA) acid is used as an extractant to characterize the
available zinc in soils. Such extraction methods merely characterize the "labile” form of Zn in
soils that consist of water soluble, adsorbed, exchangeable, chelated, or occluded zinc (Fig. 4).
Most of the Zn in soils occurs on surfaces of clays or bound to organic matter, and hydrous
oxides of metals and a very small portion are present in solution form (Armour et al., 1990). As
primary root uptake of Zn is from the soil solution, plant availability depends upon the

concentration of Zn in soil solution and the capacity of soil to replenish it (Fig. 4).
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Figure 2.4 Quantity/intensity ratio for the availability of the nutrients and factors
determining the ""bioavailability’* of Zn. (Redrawn from A.D. Robson, 1993)

2.1.5.1 Supply by mass flow and diffusion

The DTPA extractable zinc can, therefore, be useful in estimating the capacity of soils to
provide the adequate Zn amount required by the plant roots.

For a given pool size in the soil, the portion that is easily accessible to the plants for the
uptake is called the "bioavailability” (Barber, 1984).

Bioavailability of Zn is limited mainly due to the low mobility of Zn in soil solution and,
therefore less availability for plants. Several factors are known to influence the correlations
between extractable Zn in soil and plant uptake (Lindsay and Cox, 1985). More specifically, root
growth and surface area, and mass flow and diffusion are the crucial processes influencing Zn
bioavailability. Therefore, a deeper understanding of these factors and processes is necessary to

understand this concept.

24



In addition to elemental concentration and quantity in soil solution, transport to the roots
is of considerable importance for Zn plant uptake. Other important factors are- root growth and
surface area as these determine the distance between the quantity (exchangeable fraction) and
root surface (Fig. 4). Zinc soil solution concentration is usually very low as most of it is bound to
the soil matrix. Thus, the zinc supply is mainly controlled by diffusion to the roots. Zinc soil
solution concentration is highly dependent on soil pH, decreases with an increase in soil pH
(Jeffery and Uren, 1983; Brummer et al., 1986). Soil solution Zn present as a labile complex and
as a free metal (Jeffery and Uren, 1983; McGrath et al., 1988). Wilkinson et al. (1968) reported
that diffusion is critical for Zn supply. He studied the depletion of Zn around roots using %°Zn
and autoradiographic methods in wheat plants. Asher (1987) used different plant species and
explored flowing nutrient solutions. Based on these studies, the adequate Zn concentrations in
rhizosphere solution ranges between 6 x 108M and 8 x10® M. These concentrations are much
greater than expected in the bulk soil solutions, and high pH soils. In the case of chelate-
buffered, free Zn?* activities in the solution range between 1071° and 10°** M, adequate for the
growth of tomato (Parker et al.,1992). The bioavailability of Zn is mainly limited by its low
mobility in the soil solution and therefore, low spatial availability. As discussed earlier as well,
root growth and surface area play an important role in Zn bioavailability. The spatial
accessibility of soil containing 0.5 mg kg™t DTPA Zn can increase two-fold by doubling the root
surface area. Several environmental and soil factors particularly influence the extractable soil Zn
and therefore, its plant uptake (Lindsay and Cox, 1985) are discussed below. In a nutshell, we
can say that root growth and surface area are the crucial parameters that can affect Zn

bioavailability.
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Figure 2.5 Soil and plant factors decreasing or increasing Zinc availability and uptake by
soil grown plants (redrawn from A.D. Robson, 1993).

2.1.5.2 Soil factors affecting zinc bioavailability

Soil pH is the most important of all the soil factors affecting Zn plant availability (Fig.
5). Zinc concentration may decrease with increasing pH (Barber, 1984; Moraghan and Mascagni,
1991). Therefore, Zn diffusion coefficients in alkaline calcareous soils may be about 50 times
lower than in acid soils (Moraghan and Mascagni, 1991).

The addition of lime to acid soils decreases plant Zn content (Grove and Sumner, 1985;
Parker and Walker, 1986). Despite this decrease, there may be no or very little change in DTPA
extractable zinc (Lins and Cox, 1988), suggesting that zinc 'intensity’ and 'rate’ control its supply
to the roots (Fig. 5).

On the contrary, liming can be done to avoid Zn toxicity in crops grown on Zn polluted
soils (Lee and Craddock, 1969; El-Kherbawy et al., 1989).

As discussed earlier, soil extraction methods may have no or a very little response to
changes in soil pH as compared to Zn concentration in soil solution and thus plant uptake.

Therefore, monitoring pH changes can help to improve the correlation between extractable Zn
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and plant uptake (Lins and Cox, 1988; Brennan and Gartrell, 1990). Besides soil pH, soil organic
matter is the other soil property that can be considered to improve correlations (Brennan, 1992a).
Zinc diffusion rate in soils may decrease with high soil organic matter (Sharma and Deb, 1988).
Zn desorption and the formation of soluble complexes can explain this, leading to an increased
release and, therefore, increased Zn supply to plant roots (Fig. 5). Likewise with microbial
activity in the bulk soil. Zinc concentration in soil solution may be increased with increased soil
temperature due to the presence of biologically produced chelators mobilizing Zn from insoluble
forms (Linehan et al., 1989). Other soil factors such as phosphorous and iron concentration in

soil is discussed below in different sections of this literature review.
2.2 Zinc interactions with other nutrients

This section examines the interactions of other nutrients present in the soil with Zn. To
study how this interaction will affect the reactions, uptake in plants, and plant growth. There is a
need to identify the factors responsible for any Zn response to adding another nutrient
compound/s. The major nutrients required for plant growth are nitrogen and phosphorus.
Nitrogen and phosphorus are being added as fertilizers all over the world. It is important to study
their relationship with Zn and how the reactions can limit the supply of Zn or vice versa. Similar
interaction of Zn with other essential nutrients is also important to study specifically for soils
with a low supply of both nutrients.
2.2.1 Phosphorus and zinc interactions

An extensive literature is present concerning P-Zn interactions. Phosphorous and Zn
interaction studies are confusing because of the discrepancy in the conditions used in the
research done. The missing critical evaluations of the experimental conditions that are relevant to

Zn-deficiency and acceptance of the irrelevant conclusions have led to the extensive use of the
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available data on Zn-deficiency caused by P (Robson, 1993). So, proper conditions that are
crucial for Zn-deficiency to occur should be studied. Then the conclusion should be made based
on whether increased P application should or should not decrease Zn concentrations in plant
shoots. One of the situations in which P salts reduce plant Zn concentrations is where Zn and P
contents are marginal or limiting, and when P is added, it promotes growth which leads to the
dilution of Zn concentration to the levels of Zn-deficiency (Boawn et al., 1954; Loneragan et al.,
1979; Singh et al., 1988; Rogers and Wu, 1948; Loneragan 1951; Bingham et al., 1958; Sharma
et al., 1968). In this case, it is hard to say whether P have reduced Zn absorption by roots or Zn
translocation from roots to shoots.

There is good evidence for P salts to reduce the absorption of Zn from soils. Phosphorous
can suppress root infection by vesicular-arbuscular mycorrhizae, and therefore, it has been
shown to induce Zn-deficiency in plants (Lambert et al., 1979). Another way P can affect Zn
absorption is by enhancing the sorption of Zn to soil components. This has been demonstrated in
experiments with hydrous oxides of Fe and Al (Stanton and Burger, 1967, 1970; Bolland et al.,
1977). has Addition of P fertilizers to soil can influence other soil factors, such as soil pH and Zn
concentrations, and this can result invaried effects on Zn retention (Saeed and Fox, 1979; Friesen
et al., 1980; Barrow, 1987). Barrow (1987) reported that changing pH and changing surface
charge in P sorption on soils are two major mechanisms that affect Zn retention. In support of
this, the formation Zn links to the surface through P molecules was proposed by Stanton and
Burger (1967). Barrow (1987) suggested that P ions inhibit Zn absorption directly, however,
some studies (Stukenholtz et al., 1966; Edwards and Kamprath, 1974; Safaya, 1976; Cogliatti et
al., 1991) are not helpful to prove because of the irrelevant experiment conditions chosen and

then conclusions were made based on those conditions (Robson, 1993). These studied conditions
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included plants showing no response to Zn, Zn precipitation by P, and in consideration of other
factors which varied with P treatments, for example, cation concentration and soil pH.
Phosphorous had minimal effect on Zn adsorption by wheat seedlings when the concentration of
nutrient anions was varied in the solutions (Chaudhry and Loneragan, 1972a). There is no direct
evidence that P can induce Zn-deficiency by inhibiting Zn transport from roots to shoots
(Chaudhry and Loneragan, 1970). However, under certain conditions such as high Zn supply,
immobilization of Zn in the shoots can be exacerbated by P because of the formation of Zn
phytate, which is seen in a wide range of crop plants (Van Steveninck et al., 1993). Some sources
reported that the P supply does not change Zn concentration. Increased P supply in case of low
Zn treatments exacerbates Zn deficiencies while not affecting Zn concentrations in plant shoots.
Moreover, application of Zn, in this case, can remediate Zn-deficiency and even increase plant
growth (Millikan, 1940, 1951; Boawn and Leggett, 1964; Boawn and Brown, 1968; Millikan et
al., 1968; Loneragan et al., 1979, 1982; Christensen and Jackson, 1981).
2.2.2 Nitrogen and zinc interactions

There are several ways through which Zn deficiencies can be exacerbated by nitrogen.
The first primary and predominant interaction is N promotes plant growth, which changes the
soil pH of the root environment. If the soil lacks adequate amounts of both Zn and N (i.e., in the
absence of N fertilizers), wheat grain yield did not respond to the Zn deficiency. Still, it showed
signs of Zn-deficiency when N fertilizer was added to the soil (Chaudhry and Loneragan, 1970).
This was explained by the dilution effect resulted in greater biomass of wheat plant upon
addition of N fertilizer. The second type of interaction between N and Zn can be due to changes

in soil pH caused by N fertilizer addition. Nitrogen can ameliorate Zn absorption by plants due to
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acidifying effects of ammonium-based N fertilizers. Ammonium fertilizers were reported to have
a pronounced impact on ZnSO4 when applied concurrently with N dressings (Viets et al., 1953).

Two other effects of N salts on Zn nutrition have been observed. Ammonium (NH4*)
salts inhibited Zn absorption in wheat seedlings from low Zn?* concentrations, and this was
stronger than the Zn inhibition caused by alkali metals (Chaudhry and Loneragan, 19723, c).
Also, nitrogen can induce Zn-deficiency by restricting Zn transport to the shoots (Ozanne, 1955).
However, these were not supported by other studies (Chaudhry and Loneragan, 1970) in which
nitrogen fertilizer addition improved Zn concentration in plant shoots.
2.2.3 Zinc interactions with other macronutrients

Macronutrient cations such as Ca, K, Mg, and other cations inhibit plant Zn absorption
from soil solution. Soil pH is the most important factor for these cations to affect Zn
concentrations in solution. For six legumes grown in solution at constant pH, plant shoot Zn
concentrations were greatest at the lowest Ca concentrations and decreased gradually with
increasing Ca concentrations in solution (Bell et al., 1989). These findings complement the
results reported by a short-term study with wheat seedlings; Zn absorption inhibition was
attributed to Ca concentrations (Chaudhry and Loneragan, 1972a, c). Other macronutrient cations
K, NH4, and Mg inhibited Zn absorption at low Ca concentration, with increasing Ca
concentrations, the inhibitory effects weakened and eventually disappeared, pointing that they
operate through the same mechanism as Ca (Chaudhry and Loneragan, 1972a, c). The effect of
Ca on Zn concentrations is complex depending upon the impact of salts on soil pH and hence Zn
availability and concentration in soil solution. Zinc concentrations increased with a supply of
CaS0s, which decreased soil pH from 5.6 to 4.8 whereas decreased when treated with an

equivalent amount of CaCOs3, which increased soil pH from 5.7 to 6.6 (Wear, 1956).
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2.2.4 Zinc interactions with other micronutrients

2.2.4.1 Zinc and copper interactions

Interaction between Cu and Zn can be observed for wheat grain yield in soils deficient in
both Cu and Zn (Toms, 1958; Chaudhry and Loneragan, 1970; Kausar et al., 1976). Competition
between absorption of Zn and Cu may reduce Cu uptake in short-term excised leaf studies
(Bowen, 1969). It has also been reported by other studies performed in water culture with
excised tissues (Hawf and Schmid, 1967; Schmid et al., 1965; Bowen, 1969) and seedlings
(Giordano et al., 1974; Chaudhry and Loneragan, 1972b). Copper uptake was depressed by
increased Zn absorption seen in wheat plants, but no effect of Zn uptake depression was
observed in the same experiment. When Cu and Zn are present in sufficient quantities, mainly in
chelated forms, Zn concentration can be affected by increasing Cu?* activity in roots and shoots
of maize (Bell et al., 1991). Copper concentrations can be affected by increasing Zn?* activity in
roots and shoots of barley (Norvell and Welch, 1993). The effect of Cu on Zn is thought to be
indirect through its impact on senescence. Copper in plants has been observed to affect Zn
redistribution from wheat leaves. In wheat plants with Cu deficiency, the senescence and export
of Cu and Zn was delayed compared to the plants with an adequate supply of Copper (Hill et al.,
1979).

2.2.4.2 Zinc and lron interactions

Iron and Zn interactions are complex to study. Increasing Zn supply to plant roots has
been observed to decrease (Safaya, 1976; Jolley and Brown, 1991), increase (Watanabe et al.,
1965; Jolley and Brown, 1991), or have some effect on (Norvell and Welch, 1993) Fe
concentration in shoots. On the other hand, increasing Fe, generally depresses Zn concentration

in plant tissues (Watanabe et al., 1965; Zhang et al., 1991b). But in some situations, it has been
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reported to increase (Giordano et al., 1974), have no effect on (Chaudhry and Loneragan, 1972b)
or decrease (Giordano et al., 1974; Rashid et al., 1976; Zhang et al., 1991b) rates of plant roots
Zn absorption. The interaction of Fe and Zn depends on the experimental details- plant species,
background concentrations and concentration of the elements added, and complexation of Fe.
High concentrations of Fe?* in flooded soils suppress Zn absorption and enhance Zn-deficiency
in rice, but it can also be because several soil reactions occurring due to flooding that can alter
Zn concentrations in soil solution (Forno et al., 1975; Beckwith et al., 1975).

2.3 Zinc fertilizers

Several inorganic and organic Zn fertilizers are being used to correct Zn deficiencies.
These sources differ based on their physical characteristics, chemical reactivity, cost, and
effectiveness. Zinc fertilizer properties affect fertilizer behavior in soil. Physical form and water
solubility are the two important fertilizer properties that add to the source effect. Also, the
chemical reactions that occur between Zn and the macronutrient carriers affect the diffusion and
speciation of Zn. Therefore, there is a need to carefully select the most effective and economical
Zn fertilizer specific to the conditions available. This part discusses fertilizer Zn sources, their
methods of application, and their reactivity in soil.
2.3.1 Zinc sources

The four major Zn sources are inorganic, synthetic chelates, inorganic and organic
complexes. These sources vary with respect to the Zn content, cost, and effectiveness for crops.
The first type of Zn source used is inorganic Zn sources, including ZnO, ZnSO4, ZnCO3z, Zn
(NO3)2, and ZnCl. Zinc sulfate (ZnSQOs) is the most common inorganic sources available in
both crystalline and granular forms, whereas ZnO is available as a fine powder or in granular

form. Zinc oxide has very low solubility in water, and because of this reason, it is not
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immediately available to the plants after its application (Mortvedt, 1991). Second type of Zn
source is synthetic chelates are complex forms of micronutrients that are generally formed by
complexing a chelating agent with a metal ion through coordinate bonding. Chelated fertilizers
are being used because of their greater mobility than other Zn sources. The availability of the
metal chelate to the plants is affected by its stability.

The effectiveness of a metal chelate depends on its ability to keep the metal in the
chelated form, depending upon its low rate of substitution of metal cations for other cations
present in the soil. Zinc-ethylenediamine tetra-acetate (ZnEDTA) is the most common synthetic
chelate in use, having a stability constant of 17.5 greater than that of Ca-EDTA (11.6) (Norvell,
1991). Therefore, even in soils with high free Ca* ions, Zn can preferably be bound to EDTA. In
this case, ZnEDTA remains effective as Zn is chelated and not available for substitution or
adsorption to negatively charged soil colloids as ZnEDTA itself is negatively charged. The only
limitation with using synthetic chelates is their cost. The third type of Zn source used is
inorganic complex of Zn, including ammoniated ZnSO4 solution, and ammoniated ZnCl>
solution. Four NH3 are complexed with Zn, but Zn does not remain intact with these molecules
after its introduction into the soil. The fourth type of Zn source is natural organic complexes, and
these are manufactured by reacting Zn salts with organic by-products of the wood pulp industry.
The organic complexes include lignosulfonates, polyflavonoids, and phenols. The cost of the
organic Zn complexes is lower than synthetic chelates but is also less effective than ZnEDTA
(Mortvedt, 1979). Most of the Zn fertilizers have residual effects on the soil. Several studies have
shown that crop response to Zn application can be seen even after five years of Zn application.
Zinc concentrations will increase with the annual application of Zn due to its residual effect in

soil.
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Table 2.3 Commonly used zinc fertilizers:

Inorganic compounds

sulphate solution

Compound Formula Zn content (%)
Zinc sulphate ZnS04.H20 36
monohydrate
Zinc sulphate ZnS04.7H20 22
heptahydrate
Zinc oxysulphate XZnS04.XZn0O 20-50
Basic zinc sulphate ZnS04.4Zn(0OH): 55
Zinc oxide ZnO 50-80
Zinc carbonate ZnCOs3 50-56
Zinc chloride ZnCl; 50
Zinc nitrate Zn (NO3)2.3H20 23
Zinc phosphate Zn3(POa4)2 50
Ammoniated zinc Zn (NHz3)4SO04 10

Organic compounds

Compound Formula Zn content (%)
Disodium zinc EDTA Na;ZnEDTA 8-14

Sodium zinc HEDTA NaZnHEDTA 6-10

Sodium zinc EDTA NaZnEDTA 9-13

Zinc polyflavonoid 5-10

Zinc lignosulphonate 5-8
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Mortvedt and Gilkes (1993), Martens and Westermann (1991), and Srivastava and Gupta
(1996)
2.3.2 Application methods

There are several different ways of applying Zn into the soil. The most common method
is soil application. It is challenging to apply Zn fertilizers separately in the field as it is both labor
and cost intensive. Therefore, both granular and fluid NPK fertilizers are used as carriers of Zn.
It helps increase uniformity and reduce cost in the application of Zn while using conventional
approaches to apply. One main advantage of bulk blending Zn fertilizers with granular NPK is
that recommended rates of Zn, N, P, and K can be provided by producing fertilizer grades. This
method is becoming very commonly used, and its popularity is significantly increasing all over
the USA, resulting in the addition of Zn and other micronutrients in the plants (Mortvedt and
Cox, 1985). However, the main disadvantage is that blending operation and Processing of the Zn
blended fertilizers can cause segregation of Zn, resulting in the non-uniform application of Zn.
Gilkes (1975) reported a significant reduction in Zn concentration of granules in ordinary
superphosphate (OSP) fertilizer where the Zn had been added as ZnO powder before granulation.

Another popular method is incorporating Zn into macronutrients at the time of
manufacture. This can reduce the cost of separate applications but can also reduce the Zn
availability to plants because when mixed with macronutrient fertilizers under conditions of high
temperature and moisture causes several reactions to occur. For instance, ZnEDTA, when mixed
with phosphoric acid, acid decomposition of the chelate molecules reduces Zn availability
(Mortvedt and Cox, 1985). The level of water-soluble Zn incorporated into ammoniated
phosphate fertilizers decreases the Zn's immediate effectiveness and immediate plant availability

(Mortvedt, 1968).
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Coating Zn fertilizers onto granular NPK fertilizers eliminates the possibility of
segregation. The agronomic effectiveness of Zn coated onto soluble granular NPK fertilizers
should be similar to that of Zn incorporated during manufacture. The ground Zn fertilizer (<0.25
mm) used to adhere to the NPK granules. When grown on a Zn-deficient soil, Bean (Phaseolus
vulgaris L.) yields were similar with ZnSO4 or ZnO coated onto a granular NPK fertilizer or
incorporated during manufacturing. However, Zn uptake was greater with ZnSO4 than with ZnO,
irrespective of the method of application.

2.3.3 Reactions of Zn fertilizers

Zinc availability to plants is determined by two factors- soil chemical properties and the
physical state of Zn application. The physical state, i.e., granular or fluid, controls the reactions
zinc undergo upon its addition to soil and thus its availability for plant uptake. For granular
fertilizers, wetting of the granule is the first step that would happen upon its introduction in soils.
The wetting could occur via two processes- by mass flow and capillary action from the moist soil
and by water vapor transfer to the granule from the soil or the atmosphere (Lawton and VVomocil,
1954; Williams, 1969). Water movement towards the granule could restrict Zn movement from
the granule to the soil. Limited phosphorous diffusion in calcareous soil was due to a similar
mechanism (Hettiarachchi et al., 2006). On the other hand, the mass flow of moisture from soil
towards the application point was not observed when fluid fertilizers were injected into the soil
(Hettiarachchi et al., 2006). Therefore, the physical form of fertilizer significantly affects
fertilizer bioavailability (Hettiarachchi et al., 2010). Zinc movement in the soil can be observed
by sampling soil sections at increasing distances from the Zn fertilizer application point (Ghosh,
1990; Hettiarachchi et al., 2010). From these experiments, two different zones have been

identified based on their different zinc concentrations. The zone adjacent to the fertilizer
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application is Zn saturated zone, whereas the zone is farther away from the point of application
has low Zn concentrations (Ghosh, 1990). Due to different Zn concentrations, various chemical
reactions may occur. Zinc precipitation may be observed in the Zn saturated zone, whereas
adsorption reactions might occur in the low Zn concentration zone. Direct identification methods
such as synchrotron techniques can be used to investigate solid-phase reaction products. Most of
the available information regarding the chemical reactivity of Zn and the formation of Zn
reaction products is mostly obtained from laboratory experiments that investigated the chemical
reactions between Zn and macronutrient carriers. Ghosh (1990) also demonstrated that the rate of
Zn dissolution from granulated NP (nitrogen or phosphorus) fertilizers is affected by soil pH, soil
texture, soil water content, and incubation time. In a yellow earth soil with moisture content
maintained at field capacity, the Zn percentages that had diffused from granules in 21 days were:
ZnSO4 - 95%, MAP (monoammonium phosphate) - 90%, DAP (diammonium phosphate) - 51 %,
OSP (ordinary superphosphate) - 98%. These variations occurred because of water-insoluble Zn
compounds in ammonium phosphate (AP) fertilizers and the alkaline reaction of DAP. Another
major factor that affected Zn concentration in the soil was soil water content. The percentage of
Zn lost from the granules was linearly correlated with soil water content. Fertilizers such as MAP
and DAP do not produce an acidulation effect during dissolution; therefore, the strong effect of
soil pH was seen on the dissolution of Zn from these fertilizer granules. Whereas a very minimal
effect of soil pH was observed on Zn dissolution from acidic fertilizer granules, for example,
OSP. The above results showed that Zn solubility and hence Zn availability to plants decreased
significantly in Zn incorporated in AP fertilizers. The inefficiency of Zn fertilizers is supposed to
be greatest in sandy and alkaline soils. Solid-phase reaction products were investigated using X-

ray diffraction (XRD) analysis for Zn applied as ZnSQOas, ZnS, and ZnEDTA in four soils
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(Kalbasi et al., 1978). Incubation time for soils was for 2-32 weeks and the soils were sampled
from the zone adjacent to the fertilizer placement site were used for analysis. No crystalline
products were detected in soils treated with ZnEDTA whereas Sphalerite was traced in soils
treated with ZnS. In two calcareous soils, Zn carbonates were identified in soils treated with
ZnS0s. In alkaline noncalcareous soil, Zn (OH). was detected shortly after ZnSO4 application,
but it was not detected after 4 weeks. This study highlights the limitations of XRD for studying
speciation of Zn in soils, as Zn adsorbed onto soil minerals cannot be detected by these
techniques. Several studies have reported that Zn solubility and mobility depend on soil pH and
cation exchange capacity. Degryse et al. (2015) observed that Zn diffusion for spot applied
ZnS04 (0.35 mg Zn) increased with decreasing soil pH in three soils used. Mortvedt and
Giordano (1967b) also reported greater Zn diffusion for spot applied ZnSO4 (0.38 mg Zn) in very
acid soil (pH 3.4) as compared to in alkaline soil (pH 7.7). Findings regarding Zinc diffusion
when applied as ZnO are limited in the literature. Available data suggest that ZnO when is
applied as a fine powder mixed with soil, its dissolution happens within days in acid soils and
months in alkaline soils (Smolders and Degryse, 2002; Voegelin et al., 2005). However, when
ZnO is in granular form, the dissolution is expected to be much slower because of reduced
surface area in contact with the soil (Mortvedt, 1992). Zinc, when applied as coated onto
granular NPK fertilizers, undergoes a little different pathway. Zinc can also react with the N
component of fertilizers, whereas as compared to Zn reactions with phosphorus, Zn and nitrogen
reactions products are water-soluble compounds (Lehr, 1972). Milani et al. (2012) observed the
speciation and dissolution behavior of ZnO coated onto urea granules. Results showed that
coating did not change Zn speciation as ZnO was the dominant mineral detected on the surface

of the granule. Results from a column dissolution technique showed that the cumulative Zn
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release from the ZnO-coated urea granules was comparable to that of Zn release from ZnO alone.
This suggested that the initial high pH (7.5) because of urea hydrolysis did not restrict ZnO
dissolution. From solubility diagrams, hydrozincite is predicted to control the solubility of ZnO

from the Zn-coated urea granules.
2.4 Conclusions and knowledge gaps

Zinc deficiency is a significant problem faced by the whole world. Although inorganic or
organic Zn sources are being used to remediate these deficiencies, no single source available or
yet to develop will solve the problem. The performance of a Zn fertilizer is known to be specific
to soil type. There is a need to develop cost-effective and efficient Zn source which can remain
effective in diversified unwanted conditions. Zinc management in agricultural soils is a complex,
therefore a better understanding of Zn reactions and pathways is necessary to develop an
effective Zn source. There is a lack of literature comparing mixtures of inorganic and organic
sources of Zn under similar experimental conditions. A new granular Zn mixture: a mixture of
zinc oxide (Zn0), zinc sulfate (ZnS0s), and zinc-ethylenediamine tetra acetic acid (ZnEDTA)
fertilizer with 62% Zn has recently been introduced in the central part of the United States,
hypothesizing that Zinc mixture (Zn mix) should inherit the good characteristics from the
components used in its formation, e.g., greater solubility from ZnSQOa, slow-release properties
from ZnO, and greater mobility and availability from ZnEDTA. We carried out three major
studies consist of incubation and greenhouse studies. Incubation studies were focused on
understanding basic research for applied Zn source in an only soil environment, whereas
greenhouse studies focused on learning Zn behavior and effectiveness for wheat crop. The major
factors influencing the efficiency of Zn fertilizers are Zn source, application method, application

rate, and soil type. To cover these aspects, our studies consist of (i) different inorganic Zn
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sources compared to chelated Zn source when applied as sole Zn fertilizers, and Zn-coated urea
fertilizers (ii) Compared sole Zn fertilizers in neutral pH soil (iii) Understanding the fact that
behavior of these sources differ with soil type, we used four soils having different
physicochemical properties. However, the first prerequisite to managing trace elements like Zn
in soils is a good understanding of the various processes and mechanisms that govern their
behavior. Therefore, to know the reaction mechanisms better, chemical speciation for Zn
fertilizers and Zn-coated urea fertilizers was studied using Synchrotron X-ray absorption (XAS).
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Chapter 3 - Fate and plant uptake of different zinc fertilizer sources

upon their application to an alkaline calcareous soil.

Abstract

Fertilizer Zn behaves differently in different soils depending on soil properties.
Calcareous soils having high pH and high CaCOs are sensitive to Zn deficiency. Various
sorption-desorption reactions control the Zn concentration in soil solution and Zn availability to
crops. Understanding the interactions and speciation of Zn is very important to gain more
insights into the fate of added Zn in calcareous soil and its efficient management in soil for
optimum crop production. Spatial evaluation of Zn fate, transport and extractability was
measured using incubation, visualization, and greenhouse studies, and Zn plant uptake was
measured in the greenhouse study. The objectives were to compare the efficiency and investigate
the reaction products and pathways of five Zn only sources (ZnO, ZnSO4.7H20, Zn mix (mixture
of ZnO, ZnSOg4, and EDTA), ZnP, and ZnEDTA) compared to one control (No-Zn) and five Zn-
coated urea sources (ZnO-U, ZnS04.7H20-U, Zn mix-U, ZnP-U, and ZnEDTA-U compared to
urea control (No-Zn+ urea). Zinc was applied in the greenhouse study at a rate of 10 kg ha* (Zn
only sources) and 5 kg ha (Zn-coated urea sources). In comparison, 2.42 mg of Zn/petri dish
(Zn only sources) and 0.12 mg Zn/ petri dish (Zn-coated urea sources) were used for the
incubation-visualization studies. Plant biomass and Zn plant uptake were greater for ZnO, Zn
mix (60% ZnO), and ZnEDTA. Both Zn diffusion and extractability were greatest for ZnEDTA.
Zinc oxide and Zn mix were slow and fast/slow mix-release fertilizers, respectively, they
appeared to be efficient Zn treatments due to their slow-release behavior when applied to
calcareous soil. Additionally, Zn-coated urea sources provided more soluble and plant available

Zn due to the enhanced solubility facilitated by its co-additive urea. Synchrotron-based X-ray
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absorption near-edge structure (XANES) spectroscopy results were in agreement and confirmed
different reaction products for Zn-coated urea products. Our results showed that high solubility
might not be the only indicator to test Zn fertilizer use efficiency; less soluble sources behave as
efficiently as highly soluble sources due to the reduced sorption reactions limiting Zn
availability, especially in calcareous soils.

3.1 Introduction

Zinc fertilizers are typically blended with, incorporated into, or coated onto
macronutrient fertilizer. Blending helps to provide cost-effective delivery of the fertilizer to the
soil and blending helps to achieve uniform distribution of Zn in the field. One of the most
important factors controlling the effectiveness of Zn fertilizer is its solubility, which depends on
the Zn source and properties of soil to which it is applied and therefore affects plant growth and
development (Amrani et al., 1999; Shaver et al., 2007; Westfall et al., 2005). Mortvedt and
Giordano (1969) reported a significant correlation between Zn solubility and its Zn availability
to crops when applied as zinc oxide (ZnO) or zinc sulfate incorporated into macronutrients.

Besides the water solubility of the Zn source, other soil factors affect the behavior of
different Zn sources in soil. Different Zn fertilizers undergo different reactions when added to
the soil depending upon the reaction mechanisms and pathways occurring in the soil. Interaction
of soil components with added Zn is inevitable, affecting the spatial distribution and speciation
of added Zn. Although, Zn fertilizer behavior can be studied by exploring the correlation
between total elemental composition (total zinc), soil pH, diethylenetriamine pentaacetatic acid
(DTPA) extractable Zn, and water-soluble Zn. The reactions occurring in soil determine the fate
and behavior of applied Zn fertilizer, thus, its effectiveness. Although the chemical and physical

behavior of Zn sources in soils has been widely investigated (Jacquat et al., 2008; VVoegelin et al.,
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2005; Degryse et al., 2011), there is limited understanding of the fate and transformations of
different Zn fertilizer mixtures (mixtures of readily soluble and slowly soluble Zn sources) upon
their introduction to the soil. The information on the reactions and solid phase speciation of Zn
when applied as different mixtures of inorganic and organic sources to soils is of vital
importance. This lack of knowledge limits the refinement of the appropriate fertilizer sources
and the development of more effective formulations for different soils.

Identification of Zn species in the soil solid phase is complex but has been possible using
synchrotron X-ray absorption spectroscopic techniques (XAS). These techniques have provided
an outstanding research tool for in situ investigations of the solid phase speciation of trace
elements such as Zn in soil environments at molecular levels (Hettiarachchi et al., 2008; Lombi
and Susini, 2009; McNear et al., 2005, Milani et al., 2015). Speciation of trace elements by XAS
is not limited by their low concentrations or lack of crystallinity in soils. However, XAS
speciation is relying on linear combination fitting to produce speciation and quantitation results
(Scheckel and Ryan, 2004). Thus, integration of traditional and advanced analytical techniques,
such as XAS, will help us study the behavior of different sources in selected alkaline calcareous
soil, compare their efficiencies, and choose the best Zn fertilizer specific to soil type.

Few studies have directly compared an inorganic Zn source with Zn chelates. A new
granular Zn mixture (mixture of zinc oxide, zinc sulfate, and zinc-ethylenediamine tetra acetic
acid) fertilizer with 62% Zn has recently been introduced in the central part of the United States.
Zinc mix should inherit the good characteristics from the components used in its formation, e.g.,
greater solubility- ZnSQOs, slow-release-ZnO, and greater mobility-ZnEDTA. To help
differentiate between physical and chemical factors in the availability of different Zn fertilizers,

these were added directly to soil for comparison.
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This study aimed to compare five different Zn treatments (zinc oxide (ZnQ), zinc sulfate
(ZnS04), zinc mixture of ZnO, ZnSO4, and ZNEDTA (Zn mix), zinc phosphate, Zn3(PO4)2.4H20
(ZnP), and zinc-ethylenediamine tetra acetic acid (ZnEDTA)) and five different Zn-coated urea
treatments (zinc oxide coated urea (ZnO-U), zinc sulfate coated urea (ZnSO4-U), zinc mix coated
urea (Zn mix-U), zinc phosphate coated urea (ZnP-U), and zinc-ethylenediamine tetra acetic acid
coated urea (ZnEDTA-U)) when applied to alkaline calcareous soil in plant-less, soil incubation
experiments and with plants, using Zn responsive spring wheat line in a greenhouse experiment.

We hypothesize that Zn mix treatment provides greater plant acquisition. Being a mixture
of Zn0O, ZnS0g4, and ZNEDTA, Zn mix is expected to have inherent beneficial characteristics
from its components. For example, Zn mix should exhibit greater solubility as ZnSOa, slow

release as ZnO, and greater mobility as ZnEDTA.

3.2 Materials and Methods

3.2.1 Soil collection

Calcareous soil (Ulysses silt loam) from Oakley City, KS was used for this study. The
surface soil (0 to 15 cm depth) was collected, air-dried, and sieved to < 4 mm by passing through
stainless steel mesh/sieve.

After carefully breaking the large aggregates, soil was sieved through a 2-mm sieve to be
used for initial analysis and incubation studies. The soil was analyzed for soil texture, pH, total
organic carbon (TOC), and cation exchange capacity (CEC) and other properties. The pH was
measured in a 1:10 soil: Milli Q water extract (Watson and Brown, 1998); extractable P was
determined by Olsen method (Olsen et al., 1954); electrical conductivity (EC) was determined
using the method described by Whitney (1998). The maximum water holding capacity (MWHC)

was determined using Jenkinson and Powlson method (1976). Total Zn concentration in soil was
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determined using aqua regia (Zarcinas, 1996). Cation exchange capacity was determined by
displacement method (Soil Survey Staff, 2011); soil carbonates were determined by Allison and
Moodie (1965); and TOC content of the soil was measured by dry combustion method (Wright
and Bailey, 2001). The maximum water holding capacity (MWHC) was determined using
Jenkinson and Powlson method (1976). Cation exchange capacity, soil carbonates, TOC content
determinations were done by the Soil testing laboratory, Kansas State University

3.2.2 Experiment set up

The study consisted of three experiments two incubation and one greenhouse experiment.

3.2.2.1 Incubation study- I (Zn only treatments)

This study was composed of 42 Petri dishes (53mm diameter and 13.9mm height). The
soil was packed to achieve a uniform bulk density of 1.05 Mg m-3. Packing was done using soil
prewetted to 15% of MWHC. After packing, the soils were brought to 55% MWHC, the covers
were placed on the dishes, the edges were wrapped in Parafilm, and the dishes were inverted and
allowed to equilibrate at room temperature (=24°C) for at least 24 hours. Treatments were then
carefully introduced at the exact center of the dish. Treatments were added at a rate of 2.43 mg
Zn/Petri dish. The seven treatments replicated three times consisted of no-Zn control, no-Zn and
EDTA control, ZnO, ZnS0Oa4, Zn mix (mixture containing 60% ZnO, 25% ZnSO4, and EDTA to

ZnS04 1:8 ratio), ZnP, ZNnEDTA.
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Table 3.1 Initial chemical and physical properties of calcareous soil

Parameter Value

pH (1:10 soil: water) 9.0+0.1
CEC*, cmolc/kg 21.3
CaCOs, % 7.6

Total Zn, mg kg-1 38.7+0.36
DTPA Zn, mg kg-1 0.36+0.05
Total P, mg kg-1 634
Available P (Olson) P, mg kg-1 31

Total Organic Carbon, % 0.64
Total- N % 0.09
Sand, Silt, and Clay, % 12.7,65.5, 21.8
MWHC** 58.6+0.04
Soil texture Silt loam

*Cation Exchange Capacity; **Maximum Water Holding Capacity

Following treatment introduction, Petri dishes were covered, and Parafilm was employed
to seal Petri dishes to mitigate moisture loss. The dishes were wrapped in aluminum foil to
prevent light exposure and incubated for five weeks in the dark at 25°C. Following incubation,
the soils in dishes were separated into four concentric circular sections with radii of 0-4 mm, 4-8
mm, 8-17 mm, and 17 mm- 26.5 mm, starting from the center. The soils were then dried at 40°C
(Fisher Scientific Drying Oven, Waltham, MA), weighed, and finely ground with a mortar and

pestle.
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3.2.2.2 Incubation study- Il (Zn-coated urea treatments)

The experiment setup was carried out as discussed earlier, besides a few changes. This
experiment was comprised of 36 large Petri dishes (85 mm diameter and 11.5 mm height) packed
with a uniform bulk density of 1.1 Mg m. Packing was done using soil prewetted to 14% of
MWHC. Treatments were added at a rate of 0.12 mg Zn/Petri dish. The six treatments replicated
three times consisted of Control (Urea+ no-Zn), ZnO-U, ZnSOs-U, Zn mix-U, ZnP-U, and
ZnEDTA-U. After five weeks, the dishes were sectioned into four concentric circular sections
with radii of 0-8 mm, 8-15.5 mm, 15.5-27 mm, and 27 mm-dish edges. The sections were then
dried at 40°C, weighed, and finely ground with a mortar and pestle.

For ongoing study analyses for both incubation studies, visualization was done for days
1,7, 21, and 35. Visualization was done using Degryse et al. (2015) method. By this method, Zn
movement was investigated using calcium carbonate (CaCQz). Calcium carbonate sorbs Zn
through surface complexation and precipitation (Comans and Middelburg, 1987). Calcium
impregnated papers were prepared using Whatman filter paper no. 1. Filter papers were cut to the
exact diameter of the Petri dish. Papers were soaked in 1 M CaCl; for at least 30 minutes (min)
and then transferred to 0.4 M Na>COs3 for about 10 min, resulting in precipitation of CaCO3 in
the paper. The papers are rinsed with DI water, dried, and stored for later use. The deployment of
papers was done for 2-hour for contact times between soil and fertilizer up to 1 day, 3-hours
deployment time for contact times up to 1 week, 4-hours deployment time when the fertilizer has
been in contact with the soil for more than one week (day- 21, and 35 for present study). For
color development, dithizone dye was used. The stock solution was prepared by dissolving 50
mg of dithizone in 0.5 mL of ethanol + 0.1 mL of concentrated ammonia and diluting to 10 mL

with deionized water. A pink color appeared in the high-Zn zone; full-color development took
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about 20 min. In the end, filter papers were scanned, and the size of the pink zone was quantified
using imaging software (GIMP, 2.10.20).

Soil samples from both incubation studies were analyzed for pH (1:10 soil: water), water-
extractable Zn (1:10 soil: water), and the total Zn concentration in the soil using the aqua regia.
Soil (0.5 g) was digested using 5 mL of aqua regia solution (1:3 (v/v) HNO3: HCI) as follows.
Briefly, samples pretreated with aqua regia solution were allowed to react overnight at room
temperature. The soils were digested at the temperature of 75°C for 30 minutes (min), 100°C for
30 min, 110°C for 30 min, and 140°C until the acid volume decreased to ~1.0 mL. The digested
samples were cooled, diluted to 25 mL of 0.1% HNO3, and filtered through a no. 42 Whatman
filter paper (Zarcinas, 1996). In each batch of digestion, one blank and one sample of standard
reference soil material (NIST 2711a - Montana soil) was included as QA/QC controls. The
analysis was done using the inductively coupled plasma optical emission spectrometry (ICP-
OES, Varian 720-ES, Santa Clara, CA)

Synchrotron analysis

Composite samples from the first and second sections of Zn-coated urea treatments
(Incubation study- 2) were chosen for this study. Soils were prepared by mixing equivalent
quantities of soil from each replicate of the treatments. Then, to ensure maximum
homogenization, the triplicate sample mixtures were ground to a fine powder with an agate
mortar and pestle. Composite samples were packed in sample holders with 2 mm thick Plexiglas
slits (Figure 3.1, 3.2). Both sides of the sample holders were sealed with Kapton® tape (Bertech,
Torrance, CA). Zinc K-edge X-ray absorption near-edge spectroscopy (XANES) spectra were
collected at the beamline 5 BM-D (DuPont-Northwestern-Dow Collaborative Access Team,

DND-CAT) at the Advanced Photon Source (APS), Argonne National Laboratory, in Argonne,

60



IL. Data were collected at ambient temperature at Zn (<9458 to 10210 eV) in fluorescence mode.
Two Aluminum foil layers were installed on the detector to suppress the soil Fe signal to
minimize any interference from Fe. Concerning the sample surface, the angle of the incident X-
ray beam was at 45°. The energy was calibrated using standard Zn-metal foil. With each sample,
we attempted to collect the Zn-metal foil spectra. The number of spectra collected per sample
was 3 to 10 (mostly 6). Data processing and analysis were done using Athena software version
0.9.26 (Ravel, 2018). This software was used to perform background correction, normalization,
and linear combination fitting of the experimental spectra using previously collected Zn
standards, according to the concepts set forth by Werner and Prietzel (2015). Briefly, three to six
scans per sample were merged to reduce noise. Then the background was corrected, and the
spectra were normalized. Using carefully chosen Zn reference spectra, linear combination fitting
was done to reconstruct the experimental (soil) spectra. Twelve normalized reference spectra
were used for linear combination fitting: franklinite (ZnFe3*204), ZnSO4, ZNEDTA, hydrozincite
(Zns(C0O3)2(OH)s), zincite (ZnO), hopeite (Zn3(PO4)2.4H20), willemite (Zn,Si0a), smithsonite
(ZnCO3), hemimorphite (HsOsSi2Zn4), scholzite (Caznz(POs).2.2(H20)), Zn adsorbed calcium
carbonate, gahnite (ZnAl2O4).

3.2.2.3 Greenhouse study

The experiment was carried out in February 2021, in the Throckmorton Plant Sciences
Greenhouse Complex at Kansas State University, Manhattan, KS (39°12°N, 96°35°W, 325 m
above sea level) by using acrylic containers (23.9 cm length and 11.9 cm height) (Figure S3.3).
The acrylic containers contained two slits to mount a 400-mesh screen to restrict the plant roots
from moving into the Zn treatment compartment. Wheat (Triticum aesitvum L.) seeds were a

high-Zn spring wheat line (BW 53856, BW 53856 GRIN-Global (cimmyt.org), developed under
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the Harvest Plus initiative by Dr. Velu Govindan (CIMMYT). Seeds were provided by Dr. Mary
Guttieri (USDA-ARS) from a Yuma, AZ seed increase, with permission of Dr. Govindan. Seeds
were planted into germination trays containing a mixture of Oakley city soil and sand (1:2) and
kept in a growth chamber for three weeks at 4°C).

Before soil packing, the basal dose of nitrogen (N), phosphorous (P), and potassium (K)
were mixed in the soil. Nitrogen was added as urea at a rate of 120 kg ha™?, in only Zn fertilizers
and control (with Urea and No-Zn). For all Zn-coated urea fertilizers, urea amount added with
Zn-coated urea fertilizers was calculated, and the additional urea addition for basal N dose was
done accordingly, to balance N amount in all the treatments. Phosphorus was added as KH2PO4
at a rate of 40 kg ha’. Potassium was added as KH2PO fertilizer based on the P rate.

Acrylic containers were packed with pre-wetted soil to achieve a uniform bulk density of
1.02 Mg m™. The soil was prewetted, bringing it to 10% of MWHC for packing. After packing,
the soils were brought to 60% MWHC, and the containers were weighed. The containers were
covered with polythene sheets and were allowed to equilibrate for at least 24 hours. The next
day, three weeks old uniform seedlings were selected and transplanted in the middle of the
container (one seedling/container) on one side of the screen (opposite to the treatment addition)
parallel to the treatment introduction point. The next day after transplantation of the seedlings,
treatments were introduced on one side of the screen (1 cm away from the screen and at 1.25 cm
depth).

The following treatments were used: (1) Control (No-Zn + No Urea); (2) ZnO; (3)
ZnS0g; (4) Znmix; (5) ZnP; (6) ZNnEDTA,; (7) Urea; (8) ZnO coated urea; (9) ZnSO4 coated urea;
(10) Zn mix coated urea; and (11) ZnP coated urea; (12) ZnEDTA coated urea. The experimental

design was a randomized complete block design with three replications. Zinc rate was10 kg ha™*
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for Zn only treatments (through treatments 2 to 6) while it was 5 kg ha for Zn-coated urea
treatments (through treatments 8 to 12). Lower Zn rate used for Zn-coated urea treatments was
because of the Zn coating on urea granules, addition of small rate of Zn led to addition of greater
rates of urea addition. Even though we decided to add Zn at a rate of 5 kg ha', it led to
application of four times greater N rate (480 kg ha*) than the recommended rate.

To ensure good growth, containers were weighed, and their weight was subtracted from
the weight taken on the first day of the study after bringing them to moisture content of 60% of
MWHC. The difference in weight is weight lost and plants were watered with DI water every
day (amount of water= amount of water lost) to all containers throughout the experiment period.
The greenhouse temperature was maintained within the range of 20°C to 23°C throughout the
experiment. A 12 h daylight and 12 h darkness photoperiod regime was maintained with
overhead sodium lights for all five weeks until harvesting. The pots were rotated weekly to
ensure that all pots received equal amounts of light.

Rhizon samplers (Rhizon MOM soil moisture sampler, 19.21.22, Rhizosphere Research
Products, Wageningen, Netherlands) were used to collect the soil water samples at the end of the
third and fifth week of the study, inserting Rhizon samplers closer to the plant roots. Soil water
was collected in vacutainers and then transferred to 15 mL centrifuge tubes. Samples were
acidified by adding one drop of concentrated nitric acid immediately upon collection and stored
in a refrigerator at 4°C until analysis. Soil water samples were analyzed for Zn using an
inductively coupled plasma-mass spectrometry (ICP-MS, 7500 CX, Agilent, Santa Clara, CA,
USA). Standard water reference (Trace Elements in Natural Water, SRM1643f) from the
National Institute of Science and Technology (NIST, Gaithersburg, MD) was used as part of the

quality assurance quality control (QA/QC) protocol (recoveries were within 100 = 20%). Since
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plant uptake is directly proportional to Zn present in solution, soil water data will give us actual
representation of available Zn for different treatments at two different times- end of third and end
of fifth week.

Processing and chemical analysis of plant samples: Aboveground biomass was harvested
at the end of the fifth week of the study using stainless steel knife. The plant samples were
washed with tap water, followed by deionized water (DI) water, followed by 5 g kg sodium
lauryl sulfate [CH3(CH.)10CH20SO3Na] solution to remove any adhered soil particles
(Attanayake et al., 2015). Finally, plant samples were washed thoroughly with Milli Q water.
This method removed all the adhering soil particles. Then samples were placed in pre-weighed
paper bags. Fresh sample weight was recorded. Plant samples were dried at 68°C for about four
days until they reached a constant weight. Dried sample weights were recorded. Dried plant
materials were ground using a Willey Mini Mill-Arthur Thomas-type grinder (Thomas
Scientific), sieve size of 250 mm (60 mesh), and stored doubling the small zip lock bags.

A sub-sample (0.5 g) of ground aboveground biomass was digested with 10 mL of trace
metal grade nitric acid (HNO3) in Teflon tubes by microwave (CEM, Matthews, NC). The
digestion unit was ramped up to 200° C and held for 15 minutes (1600 W at 100%, 15-minute
ramp time, 15-minute cooling time). Standard plant reference material (wheat flour, 1567b) from
the National Institute of Science and Technology (NIST, Gaithersburg, MD) was also digested
and analyzed alongside the plant materials as part of the quality assurance quality control
(QA/QC) protocol (recoveries were within 100 = 20%). Reagent blanks, internal standards, and
spiked digestions were also included for QA/QC. Sample digests were filtered with Whatman

filter paper No.42 under the fume hood in 15 mL centrifuge tubes and stored at 4° C until
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analysis. Samples were analyzed for Zn, P, and Fe using an ICP-MS or ICP-OES based on their
concentrations.

Zinc uptake was calculated as follows:

Zn uptake (g/pot) = (Zn concentration of plant tissue * dry weight of biomass)

Processing and chemical analysis of soil samples:

After harvesting plants, the soil in the container was sectioned into five sections,
considering the screen as 0 cm. Soil sectioning was done as- 7.25-2 cm (section 1), 2- 0 cm
(section 2), 0-3 cm (section 3), 3-6 cm (section 4), 6-14.52 cm (section 5) (Figure S3.4), air-
dried, roots were removed, and soils were sieved through 2-mm sieve. Samples were analyzed
for pH (1:10 soil: water), the total elemental concentration in the soil using aqua regia as
discussed before (Zarcinas, 1996). Extractable Zn was determined using DTPA as follows. Ten
grams of ground, air-dried, passed through 1.0 mm stainless steel sieve soil sample was taken in
125 mL conical flask, 20 mL of DTPA- triethanolamine (DTPA-TEA) extraction solution was
added, each flask was covered with Parafilm, and was shaken using a horizontal shaker with 8.0
cm of stroke length and 120 cycles min™ for 2 hours (Lindsay and Norvell, 1978). Suspensions
were filtered through Whatman filter paper no. 42, and samples were analyzed using the ICP-
OES.

3.2.3 Statistical Analysis

Statistical analysis of all data was done using SAS version 9.4 (SAS Institute Inc., Cary,
NC, 2020) One-way ANOVA using PROC GLM was used to analyze soil data. The data
analysis was performed as a split-plot completely randomized design. The main plot was Zn

fertilizer treatment, and the sub plot factor was soil section. Pairwise comparison was done using
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LSD at a < 0.05. One-way ANOVA using PROC GLIMMIX was used to analyze plant data and
pairwise comparison was done at o < 0.05 using LS means.

ANOVA using PROC MIXED was performed to evaluate Type 11 tests of fixed effects
(treatment and time) on visualization and soil water Zn data. The data analysis was performed as
a split-plot completely randomized or completely randomized block design with repeated
measures, respectively, for visualization and soil water data. The main plot factor was the
treatment, and the subplot factor was time. Pairwise comparison was done at a. < 0.05 using
Tukey test.

3.3 Results and Discussion

3.3.1 Incubation studies

3.3.1.1 Visualization

Zinc only incubation study

The Zn diffusion zones for four visualization times- for days 1, 14, 21, and 35 for Zn only
incubation experiment (Figure S3.5) and for Zn-coated urea experiment (Figure S3.6). The
quantified area for pink zone using GIMP 2.10 for Zn only incubation study and Zn-coated urea
incubation study showed in Figure 3.1, and Figure 3.2, respectively. Data analyzed using GIMP
2.10.20 showed that Zn in the case of ZnEDTA diffused farther from the point of application
than other treatments. Zinc diffusion was in order ZnEDTA > ZnSO4 > Zn mix =~ ZnO ~ ZnP
(Figure 3.1). Even though ZnSOs is very soluble, it still did not diffuse as ZnEDTA did because
of the various adsorption and precipitation reactions occurring in soil (Rico et al., 1996).
Chelated Zn, ZnEDTA can avoid most reactions that leads to Zn fixation and therefore is mobile

and diffuse farther.
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Figure 3.1 Calculated area of the pink zone using GIMP software for Zn only incubation
study at day 1, 7, 21, and 35. Control= no-Zn; ZnO= zinc oxide; ZnSO4= zinc sulfate;
EDTA-= ethylenediamine tetra acetic acid with no-Zn; Zn mix= zinc mix; ZnP= zinc
phosphate; ZnEDTA= zinc-ethylenediamine tetra acetic acid. Means for each treatment
within a time period containing the same letter are not significantly different at P < 0.05
according to Tukey pairwise method. Error bars represent the standard error of three
replicates.

The diffusion of Zn in the case of ZnO, Zn mix, and ZnP was minimal. Zinc diffusion seemed to
depend upon solubility and pH. Inherent low solubility most likely contributed to their slow
dissolution and increased sorption (Alloway, 2009; Rashid and Ryan, 2004).

Zinc coated urea incubation study

For zinc coated urea treatments, diffused Zn observed at day 35, was in order ZnEDTA-
U= ZnP-U > ZnS0;-U= Zn mix-U > ZnO-U (Figure 3.2). High Zn diffusion for ZnSO4 and
ZnEDTA coated urea can be explained by their solubility and mobility as mentioned above. Zinc

diffused to the second section of the petri dish irrespective of the source.
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Figure 3.2 Calculated area of the pink zone for Zn-coated urea incubation study at day 1,
7,21, and 35. Urea = urea control containing urea and no-Zn; ZnO-U= zinc oxide coated
urea; ZnSO4-U= zinc sulfate coated urea; Zn mix-U= zinc mix coated urea; ZnP-U= zinc
phosphate coated urea; ZnEDTA-U= zinc-ethylenediamine tetra acetic acid coated urea.
Means for each treatment within a time period containing the same letter are not
significantly different at P < 0.05 according to Tukey pairwise method. Error bars
represent the standard error of three replicates.

When added as Zn-coated urea, Zn availability and mobility seemed to be comparable for
ZnP-U and ZnEDTA-U and Zn mix-U, and ZnO-U and ZnSOs-U. As mentioned above, pH and
ability to avoid sorption being major factors responsible for availability and diffusion. Sorption
reactions are the major reasons behind Zn losses and its transformations to unavailable forms.
Urea hydrolysis increased soil pH (section 3.3.1.2 and Figure 3.8), and that might have also

affected the degree of sorption of Zn-coated urea treatments as discussed in section 3.3.1.3 and

Figure 3.10. These effects are discussed in sections 3.3.1.2 and 3.3.1.3 in more detail.

3.3.1.2 Soil pH

Zinc only incubation study
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Soil pH was significantly lower for ZnSO4 and EDTA treatments than the other
treatments and control in the first and second or the first section, respectively (Figure 3.2). The
reason for this response is that when ZnSO4 comes in contact with water, being highly soluble, it
is hydrolyzed to form sulfuric acid and zinc hydroxide. Sulfuric acid is a strong acid, while zinc
hydroxide is a weak base; hence, the resulting solution is acidic. The reason behind EDTA
addition reducing the pH of POA is its low pKa values (0, 1.5, 2, 2.66), because of the
deprotonation of four carboxyl groups as well as due to deprotonation of the two amino groups
(pKa values 6.16 and 10.24) (Coleman, 2008). The addition of EDTA to alkaline soil leads to the
deprotonation of all four carboxyl groups and one amine group, releasing 5 protons, thereby
decreasing pH.

Soil pH was significantly greater for ZnP for POA, and the reason behind the increase in
pH is that ZnP dissolution consumes H* or releases OH™ ions which increase soil pH (Su et al.,
2019)

Zn3(PO4)2.4H,0 > 3Zn?*+ 2HPO4> + 20H"

Zinc coated urea incubation study

For Zn-coated urea experiment, soil pH was lower than the initial soil pH for all the
treatments (Figure 3.3). This pH reduction is due to urea hydrolysis and release of protons upon
nitrification:

CO(NH,)2 + H,0 = 2NH;3 + CO;

2NH3 + 2H" > 2NH4*

2NH4" + 402 > 2NO3™ + 2H0 + 4H*

Therefore, two moles of protons were produced per one mole of urea added.
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Figure 3.3 Soil pH for Zn only treatments at the end of the incubation study 1. Control=
no-Zn; ZnO= zinc oxide; ZnSO4= zinc sulfate; EDTA= ethylenediamine tetra acetic acid
with no-Zn; Zn mix= zinc mix; ZnP= zinc phosphate; ZnEDTA= zinc-ethylenediamine
tetra acetic acid. Means for each treatment within a soil section containing the same letter
are not significantly different at P < 0.05 according to LSD pairwise method. Error bars
represent the standard error of three replicates.

All the Zn-coated urea treatments showed significantly lower pH than the urea treatment
in section 2. This decrease can be explained by Zn diffusion to second section and therefore,
reduction in soil pH, However, because free CaCOs in calcareous soil tends to neutralize the
acidulated pH, soil pH would return to a value close to the original with time. Greater pH

observed for sections 3 and 4 can be due to both the soil trying to buffer pH change and the lack

of Zn migration to these sections.
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Figure 3.4 Soil pH for Zn-coated urea experiment at the end of the incubation study 2.
Urea = urea control containing urea and no-Zn; ZnO-U= zinc oxide coated urea; ZnSOg-
U= zinc sulfate coated urea; Zn mix-U= zinc mix coated urea; ZnP-U= zinc phosphate
coated urea; ZNnEDTA-U= zinc-ethylenediamine tetra acetic acid coated urea. Means for
each treatment within a soil section containing the same letter are not significantly
different at P < 0.05 according to LSD pairwise method. Error bars represent the standard
error of three replicates.

3.3.1.3 Diffusion of added zinc

Zinc only incubation study

The precipitation and sorption reactions occurring in calcareous soil with Soil-Ca, free
CaCO0s, and Ca in soil solution hinders Zn and other nutrients, such as P, movement
(Hettiarachchi et al., 2006 and 2008; Lombi et al., 2004). Zinc adsorption onto reactive sites
restricts Zn diffusion. Calcareous soils with high clay content have many reactive sites, which
increases channel tortuosity that restricts lateral Zn movement via mass flow and diffusion.

Comparing different treatments, ZnEDTA treatment permeated out to a larger soil volume

(Figure 3.4).
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Figure 3.5 Percentage of Zn added recovered in each section for Zn only incubation study.
ZnO= zinc oxide; ZnSO4= zinc sulfate; EDTA= ethylenediamine tetra acetic acid with no-
Zn; Zn mix= zinc mix; ZnP= zinc phosphate; ZNnEDTA= zinc-ethylenediamine tetra acetic
acid. Means for each treatment within a soil section containing the same letter are not
significantly different at P < 0.05 according to LSD pairwise method. Error bars represent
the standard error of three replicates.

Therefore, the percent Zn added recovered from section 1 was significantly lower for
ZnEDTA. The percent Zn recovered from sections 2, 3, and 4 was significantly greater for
ZnEDTA treatment than all other Zn treatments proving its superior diffusion to other sections of
the soil. A significantly greater amount of Zn was recovered from ZnSOs in the second section
than ZnO, Zn mix, and ZnP. High Zn diffusion in ZnSOy is due to its greater water solubility
compared to sparingly soluble ZnO and ZnP. All other treatments ZnO, Zn mix, and ZnP, were
relatively immobile. More than 80% of the added Zn recovered from the section of application
(section 1). The lack of migration to the second and other sections observed in these treatments

may be related to the resultant greater soil pH after adding these treatments (in addition to

inherently high soil pH) and, therefore, low solubility and/or more Zn sorption (Figure 3.2).

72



120.0 -

1000 { 2 ° é
' b
ke
Q
S 80.0 - c
©
[
N
< 60.0 -
c
8 40.0 A
)
o
20.0 - b 5
c b a i b, c b cab, I a
00 4 W-= = = =
Zn0O-U ZnS04-U Znmix-U ZnP-U ZnEDTA-U
M Section 1 M Section 2 Section 3 Section 4

Figure 3.6 Percentage of Zn added recovered in each section for Zn-coated urea
incubation study. ZnO-U= zinc oxide coated urea; ZnSOs-U= zinc sulfate coated urea; Zn
mix-U= zinc mix coated urea; ZnP-U= zinc phosphate coated urea; ZnEDTA-U= zinc-
ethylenediamine tetra acetic acid coated urea. Means for each treatment within a soil
section containing the same letter are not significantly different at P < 0.05 according to
LSD pairwise method. Error bars represent the standard error of three replicates.

Zinc coated urea incubation study

Zinc, when applied as coated onto granular NPK fertilizers, undergoes somewhat
different pathway. Zinc can also react with the N component of fertilizers, whereas as compared
to Zn reactions with phosphorus, Zn and nitrogen reactions products are water-soluble
compounds (Lehr, 1972). Milani et al. (2012) observed the speciation and dissolution behavior of
ZnO coated onto urea granules. Results showed that coating did not change Zn speciation as ZnO
was the dominant mineral detected on the surface of the granule, also confirmed in the present
study using XANES (section 3.3.1.5).

The results from the present study revealed that the fertilizer Zn mobility is highly

dependent on the solubility and stability of the Zn source used in calcareous soil (Figure 3.5).

73



Most of the Zn in the present incubation study remained in the first section (more than 95%) for
Zn0O-U, Zn mix-U, and ZnP-U, and 88+2.5% for ZnSQO4, and 731£3.8% in ZnEDTA-U. High
Zinc diffusion observed in ZnEDTA-U for section-3, and section- 4 was due to the tendency of
this complex to stay in solution form a discussed in section 3.3.1.4.

3.3.1.4 Water extractable zinc

Zinc only incubation study

Zinc diffusion in soil could occur in either as solution or solid phase (Oliveira et al.,
2010; Metwally et al., 1993; Rico et al., 1996). Prasad et al. (1975) reported that Zn diffuses
predominantly in the solid phase in Ca-dominated soils. Available Zn or cationic Zn gets
adsorbed onto free CaCOz present in the soil, and then its desorption farther from the application
point, helping Zn to diffuse. Thus, Zn diffusion is controlled by the kinetics of labile Zn
desorption from the adsorbed phase (Oliveira et al., 2010). Comparing all the treatments,
ZnEDTA showed a significantly greater water extractability than other treatments for the second,
third, and fourth sections (Figure 3.6). Therefore, in calcareous soil, no matter what mechanism
Zn diffusion follows, through soil solution or in the solid phase, ZNEDTA can increase soil Zn
concentrations in solution by converting solid-phase labile Zn into soluble Zn or by preventing
irreversible fixation of Zn into the solid phase (Hamza and Sadnandan, 2005; Gupta and Deb,
1984; Parsad et al., 1975). Compared to ZnSO4, EDTA is known to form strong Zn complexes
(Parsad et al., 1975). Although no-Zn was added in EDTA treatment, the observed water-
extractable Zn is the reflectance for EDTA complexing with soil Zn due to the high stability of
ZnEDTA complex (i.e., enhanced solubility via complexation) and making soil Zn labile and
available. There were no significant differences observed for water-extractable Zn for EDTA

treatment and ZnSQO4 treatment.
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Figure 3.7 Water extractable Zn for Zn only experiment in the incubation study 1.
Control= no-Zn; ZnO= zinc oxide; ZnSO4= zinc sulfate; EDTA= ethylenediamine tetra
acetic acid with no-Zn; Zn mix= zinc mix; ZnP= zinc phosphate; ZnEDTA= zinc-
ethylenediamine tetra acetic acid. Means for each treatment within a soil section containing
the same letter are not significantly different at P < 0.05 according to LSD pairwise
method. Error bars represent the standard error of three replicates.

It appears that EDTA complexed with soil Zn and increased its extractability. Zinc oxide,
and zinc mix treatments behaved similarly, water extractable Zn for the first section (application
section) was significantly greater than ZnSQO4. Although, ZnO and Zn mix showed a significantly
less/no movement of Zn to other sections of the Petri dish, some applied Zn remained water
extractable. The available literature has suggested that water-soluble Zn is a good indicator of
availability for granular Zn fertilizers (Mortvedt and Giordano, 1969; Gangloff et al., 2002).

Zinc coated urea incubation study

Water extractable Zn was significantly greater for sections 1, 2, and 3 for ZnEDTA-U

than all other treatments (Figure 3.7). To our knowledge, it is due to the same reasons ZnEDTA

showed high water extractability as mentioned above.
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Figure 3.8 Water extractable Zn in each section for Zn-coated urea incubation study.
ZnO-U= zinc oxide coated urea; ZnSO4-U= zinc sulfate coated urea; Zn mix-U= zinc mix
coated urea; ZnP-U= zinc phosphate coated urea; ZnEDTA-U= zinc-ethylenediamine tetra
acetic acid coated urea. Means for each treatment within a soil section containing the same
letter are not significantly different at P < 0.05 according to LSD pairwise method. Error
bars represent the standard error of three replicates.

Water extractable Zn for Zinc mix-U, and ZnP-U was not significantly different from
ZnS04-U referring to the increased solubility of Zn in Zn mix-U and ZnP-U due to acidulation
effect caused urea hydrolysis followed by nitrification (Figure 3.4). The water extractable Zn for
section- 1 for ZnO-U treatment was significantly lower than all other Zn-coated urea treatments,
indicating that the presence of urea is helping it to be transformed into a less soluble form but
enough to persist in the environment. In the water extracts, zincite was predicted to control the
solubility of the urea+ ZnO fertilizer (Degryse et al., 2020), also confirmed by XANES results in
the present study (Figure 3.9). Zinc is known to move away from the application site by the

process of diffusion. The diffusion rate is directly proportional to the concentration of the

solution at soil: granule interface (Degryse et al., 2020). The solution concentration depends on
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Zn solubility under favorable conditions and conditions affecting Zn solubility are soil pH and
composition of the Zn fertilizer. The localized effect if the Zn fertilizer composition on Zn
diffusion when applied as granular fertilizer has been shown through soil sampling
(e.g., Gilkes et al., 1975; Hettiarachchi et al., 2010), synchrotron-based techniques
(Hettiarachchi et al., 2008), and colorimetric visualization (Degryse et al., 2015). The present
study supported this information, Zn diffusion was less for ZnO-U because of the low water
extractability for this treatment.

3.3.1.5 Synchrotron results

Zinc coated urea incubation study

X-ray absorption near-edge structure spectroscopy combined with analysis of XANES
data by linear combination fitting (LCF), using relevant reference spectra (i.e., standards),
provide speciation and quantitation results. The results can be used to understand the fate and
behavior of Zn in soil. The soil samples from Zn-coated urea incubation study from sections 1
and 2 were analyzed for XANES. The XANES spectra for Zn and their fits from LCF (dashed
lines) for first and second soil sections and Zn-coated urea granules are shown in Figure
3.8. Zinc in urea (urea-control), ZnO-U, ZnP-U, and the second section of Zn mix-U treatments
dominated by zinc carbonate. This observation can be partly due to the native Zn present as
ZnCO:s. In addition, Zn may also precipitate as Zn carbonate in high pH (Alloway, 1995;
Adriano, 2001) carbonate-rich soils. Several authors have postulated that in neutral and
calcareous soils, Zn solubility is mainly controlled by Zn hydroxide (Zn (OH).), smithsonite
(ZnCO0:3) or hydrozincite (Zns(OH)e(COz3)2) (Sharpless et al., 1969; Saeed and Fox, 1977). Zinc
sorption by CaCOs and precipitation of Zn hydroxide or Zn hydroxyl carbonates are mechanisms

controlling Zn solubility in calcareous soils (Papadopoulos et al., 1989). Several studies observed
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that with increasing soil pH, specific Zn adsorption to soil organic matter, clay minerals, oxides,
and carbonates becomes more relevant.

Calcareous soil used for this experiment had a pH of 9.0, therefore, when Zn was applied
as ZnO treatment, there was no expectation of observing any other Zn species because low
solubility of ZnO under neutral and alkaline soil conditions. VVoegelin et al. (2011) observed that
ZnO addition did not create any artifacts in the soil, except increasing soil pH in the immediate
surrounding due to the dissolution of ZnO particles. However, when Zn was added as ZnO
coated urea granules, the XANES spectrum for ZnO coated urea treatments was best fitted with a
mixture of zinc carbonate (82.7% in section 1 and 78% in section 2, indicating dissolved Zn
precipitating out as ZnCQO3z) and zincite (17.3 % in section 1 and 22.0% in section 2) (Figure 3.9).
This can be due to the resulted acidulation by the Zn addition as ZnO-coated urea. When Zn is
applied as ZnO coated urea granules, it significantly reduces soil pH as observed in the
incubation experiment (Figure 3.3) and greenhouse experiment (Figure 3.7).

The spectrum for section-1, and 2 for ZnSOs4-U treatment was best fitted with a mixture
of zinc carbonate (26.1% for section 1, 14.7% for section 2), zinc sulfate (50.6% for section 1,
67.9% for section 2), and gahnite (23.4% for section 1, 17.5% for section 2). The greater
percentage of Zn present as ZnSO4 for section 2 explains Zn diffusion to the second section and
its greater water extractability as observed in the present study (Figure 3.7). The Zn added as
ZnSOq4 to the soil is supposed to undergo great adsorption and fixation of Zn (Giordano and
Morvedt, 1973). The presence of ZnCOs can be explained by dissolved Zn precipitation as
ZnCOsg. Zinc in this treatment was also observed to be present as gahnite, which is zinc

aluminum oxide.
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Figure 3.9 Normalized X-ray absorption fine structure (XANES) Zn absorbance spectra of
the selected rate of treatments after 35 days. Treatment (x, y) = Treatment (x=R factor, y=
reduced chi square). Urea-1 = urea control section 1; Urea-2 = urea control section 2; ZnO-
U-1= zinc oxide coated urea section 1; ZnO-U-2= zinc oxide coated urea section 2; ZnSOz-
U-1=zinc sulfate coated urea section 1; ZnSO4-U-2= zinc sulfate coated urea section 2; Zn
mix-U-1= zinc mix coated urea section 1; Zn mix-U-2= zinc mix coated urea section 2; ZnP-
U-1= zinc phosphate coated urea section 1; ZnP-U-2= zinc sulfate coated urea section 2;
ZnEDTA-U-1= zinc-ethylenediamine tetra acetic acid coated urea section 1; ZnEDTA-U-2=
zinc-ethylenediamine tetra acetic acid coated urea section 2.
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Figure 3.10 Relative proportions of Zn species as estimated by linear combination fittings
on XANES spectra. Urea-1 = urea control section 1; Urea-2 = urea control section 2; ZnO-
U-1= zinc oxide coated urea section 1; ZnO-U-2= zinc oxide coated urea section 2; ZnSQOa-
U-1= zinc sulfate coated urea section 1; ZnSO4-U-2= zinc sulfate coated urea section 2; Zn
mix-U-1= zinc mix coated urea section 1; Zn mix-U-2= zinc mix coated urea section 2; ZnP-
U-1= zinc phosphate coated urea section 1; ZnP-U-2= zinc sulfate coated urea section 2;
ZnEDTA-U-1= zinc-ethylenediamine tetra acetic acid coated urea section 1; ZnEDTA-U-2=
zinc-ethylenediamine tetra acetic acid coated urea section 2.

It is well known that several inorganic surface functional groups are present at the
surfaces of secondary minerals such as hydrous oxides, oxides, and oxyhydroxides of Fe and
Mn; hydrous oxides of Al and Si. Zinc sulfate dissociates to give Zn?* ions. Jacquat et al. (2009)
reported that translocation of the Zn cation can result in the formation of three secondary Zn
species in the subsurface soils: Zn inner-sphere adsorption complexes with Mn oxides, Si oxides,

and as a Zn-Al-hydroxy interlayer material (HIM) soil precipitate. The recently identified Zn

species are layered minerals containing Zn in octahedral sheets (Jacquat et al., 2009). Therefore,
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to the authors' knowledge the presence of gahnite could be an indication of Zn present as Zn-Al
association. Gahnite was observed as being the closest Zn spectra available that could match the
Zn-Al species in our samples. Similar results to ZnSOs-U treatment were observed for Zn mix-U.
When Zn mix was applied as coated onto urea, ZnSQO4 acted as its dominant component despite
of greater percentage of ZnO. This can be due to the acidulation effects of urea hydrolysis and
the subsequent dissolution of ZnO. Zinc percentage present as ZnCOs increased as we moved to
the second section implying more of Zn mix getting adsorbed and fixed rather than interacting
with aluminum oxides and transforming to gahnite-like solid species. The spectra for soil
sections 1, and 2 for ZnP-U treatment were best fitted with a mixture of ZnCO3 (64.8% for
section 1 and 73.3% for section 2), and hopeite (35.2% for section 1, and 26.7% for section 2).
This was most likely due to unreacted Zn phosphates in the granule or the point of application of
the soil treated with ZnP-U treatment. A significant portion of the Zn, applied as ZnP-U
precipitated as ZnCO3 species. The presence of Zn as hopeite and ZnCOs3, both species have
very low solubility, helps to understand its low mobility and water extractability observed in the
incubation experiment (Figure 3.5 and Figure 3.7). As expected, a greater portion of added
ZnEDTA-U remained as ZnEDTA form, which can be explained by the stability of the complex.
This explains the observed high wa