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ABSTRACT: The solubility of Zn in Zn fertilizers plays an important role in the agronomic effectiveness of the fertilizer. On the
basis of thermodynamics, zinc oxide (ZnO) nanoparticles (NPs) should dissolve faster and to a greater extent than bulk ZnO
particles (equivalent spherical diameter >100 nm). These novel solubility features of ZnO NPs might be exploited to improve the
efficiency of Zn fertilizers. In this study, we compared the Zn solubility and dissolution kinetics of ZnO nanoparticles and bulk
ZnO particles coated onto two selected granular macronutrient fertilizers, urea and monoammonium phosphate (MAP). The
main Zn species on coated MAP and urea granules were zinc ammonium phosphate and ZnO, respectively. Coated MAP
granules showed greater Zn solubility and faster dissolution rates in sand columns compared to coated urea granules, which may
be related to pH differences in the solution surrounding the fertilizer granules. The kinetics of Zn dissolution was not affected by
the size of the ZnO particles applied for coating of either fertilizer type, possibly because solubility was controlled by formation of
the same compounds irrespective of the size of the original ZnO particles used for coating.
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■ INTRODUCTION
Zinc deficiency is one of the most widely distributed micro-
nutrient problems limiting agricultural productivity, with
approximately 49% of the arable soils of the world being Zn
deficient.1,2 Typically, solid Zn fertilizers are blended with,
incorporated into, or coated onto macronutrient fertilizer to
maintain a more uniform distribution of Zn in the field and to
provide a cost-effective delivery of the small amounts of Zn
required. The effectiveness of Zn fertilizers for providing plants
with Zn in Zn-deficient soils mainly depends on the solubility
of the Zn source in soil. Mortvedt and Giordano found a sig-
nificant correlation between water-soluble fractions of Zn and
Zn availability to crops from several macronutrient fertilizers
with zinc oxide (ZnO) or zinc sulfate incorporated.3 Further
investigations have confirmed that water-soluble Zn, not the
total Zn concentration, is the major parameter controlling the
effectiveness of Zn-enriched fertilizers for plant growth and
development.4−7

Inorganic sources of Zn such as ZnO are among the most
commonly used Zn fertilizers which have been globally applied
to crops in Zn-deficient regions.8 Given that ZnO particles are
sparingly soluble in water, incorporation of ZnO nanoparticles
(ZnO NPs) into fertilizers as a source of Zn might be a
promising approach which can exploit novel solubility features
of ZnO NPs to improve the efficiency of Zn fertilizers.
In theory, the solubility of solids depends on the excess surface

energy, which is correlated with the specific surface area and thus
also with the particle size.9 According to the Ostwald−Freundlich

equation, the relative solubility of spherical particles of the same
material increases as the particle size decreases in solid−liquid
systems.10 On the basis of this relationship, the effect of particle
size on solubility is more significant for particles with an equiva-
lent spherical diameter of less than 0.1 μm.9 Furthermore, the
dissolution kinetics of a particle, expressed by the Noyes−
Whitney equation, suggest the dissolution rate of particles is
directly proportional to their surface area because a relatively
larger interface for dissolution is available, which promotes
diffusion of dissolved ions away from the particles.10,11 On the
basis of these thermodynamic and kinetic principles, ZnO NPs
in soils should dissolve faster and to a greater extent than bulk
ZnO particles (equivalent spherical diameter >100 nm). Con-
sequently, application of ZnO NPs rather than bulk ZnO
particles as a source of Zn in Zn fertilizers may improve the
efficiency of the fertilizer and Zn availability to plants by
enhancing the rate and extent of Zn dissolution.
Nevertheless, thermodynamically based considerations of

nanoparticle dissolution have been challenged by some
experimental results.12,13 Vogelsberger et al.13 reported a high
dissolution rate of oxide nanoparticles at the beginning of the
dissolution process when the saturation concentration was exceeded,
followed by a decrease in the dissolution rate. A “self-inhibition”
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phenomenon was also proposed for sparingly soluble salts in
which dissolution deceleration and eventually dissolution
suppression were observed as the particle size of the dissolving
crystals reached a critical nanoscale size. Therefore, high
interfacial energy of the nanoparticles can dynamically stabilize
the suspensions of nanosized particles.12,13 Although changes in
the saturation state of the solution can restart nanoparticle
dissolution,12 aggregation of NPs needs to be considered when
NPs are added into natural environments. Franklin et al.,43 for
instance, reported comparable dissolution rates and solubilities
for nanoparticulate and bulk sources of ZnO due to aggregation
in an algal growth medium. Moreover, the presence of plant
roots and their exudates may further complicate the dissolution
behavior of ZnO NPs. Therefore, it is critical to investigate the
dissolution behavior of ZnO NPs in porous media without the
presence of plants to develop a thorough mechanistic
understanding of the dissolution of ZnO NPs in soils.
Coating of ZnO powders onto macronutrient fertilizer

granules was selected as the preferred method of Zn inclusion
into fertilizers. Incorporation or bulk blending of ZnO particles
with macronutrient granules may result in chemical interactions
or segregation of the Zn source, respectively.14 It is assumed
that the coating process could minimize the reactions of Zn
with phosphate in the monoammonium phosphate (MAP)
treatments during incorporation or prevent Zn segregation
which may occur during storage and handling of blended Zn
compounds with macronutrient fertilizers. Therefore, the ferti-
lizer grade can be maintained and a more uniform spread of Zn
would be possible in the field with coated fertilizers. While
application of Zn solutions is a common procedure in the
coating process of fertilizers, the difficulty in maintaining a
homogeneous dispersion of sparingly soluble ZnO particles
during the coating process is a drawback. This is because it may
result in a nonuniform distribution of Zn at the surface of the
fertilizer granule and thus reduce the quality of the Zn-coated
fertilizer. Hence, ZnO powders were applied in the coating
process.
The dissolution behavior of ZnO NPs coated on macro-

nutrient fertilizers and possible effects of macronutrient ferti-
lizers on the dissolution behavior of ZnO NPs are important to
understand before recommendation of the use of fertilizers
containing ZnO NPs. Therefore, the aim of this study was to
examine the solubility and dissolution (release) kinetics of Zn
from ZnO NPs and bulk ZnO particles and from the same
materials coated onto two commercial macronutrient fertilizers,
urea and MAP. The dissolution behavior of Zn standard
compounds was also investigated to provide information on
possible mineral Zn phases controlling Zn dissolution. To the
best of our knowledge, there is no literature on the solubility
and dissolution rates of Zn from ZnO NPs coated onto
macronutrient fertilizers. The information will be used as a first
step in examining the applicability of using ZnO NPs coated
onto the surface of macronutrient fertilizers to improve Zn
fertilizer efficiency and availability to plants.

■ MATERIALS AND METHODS
Characterization of ZnO Particles. The ZnO NP powder

(nominal diameter 20 nm, 99.5%) was purchased from Nanostructure &
Amorphous Material Inc. (Houston, TX), and the bulk ZnO powder
(nominal diameter <1 μm, 99.9%) was purchased from Sigma-Aldrich
(Sydney, Australia). The ZnO particles did not contain surface capping
agents or modifiers. The size and morphology of the particles were
examined using transmission electron microscopy (TEM; Phillips

CM200, Eindhoven, The Netherlands) operating at 80 keV. A 100 mg L−1

suspension of ZnO NPs was prepared in ultrapure deionized
water (Milli-Q, Millipore, Billerica, MA) and sonicated for 3 min at
1500 W L−1 using an ultrasonic probe (VirtisVirsonic, Gardiner, NY).
The z-averaged hydrodynamic diameter and electrophoretic mobility
of ZnO nanoparticles in the resulting suspension were determined
using dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern
Instruments Ltd., United Kingdom), which allowed calculation of ζ
potentials. X-ray diffraction (XRD) was used to identify Zn phases and
to estimate the crystallite size of ZnO NP and bulk ZnO powders
using the Sherrer equation. The XRD patterns were collected with a
PANalytical X’Pert Pro microprocessor-controlled diffractometer
(Almelo, The Netherlands) using Co Kα radiation, an automatic
divergence slit, a graphite postdiffraction monochromator, and a fast Si
strip detector. The diffraction patterns were collected from 2θ = 4° to
2θ = 80° with a step size of 2θ = 0.05° and a 0.5 s counting time per
step. The specific surface area of the particles was determined using
the Brunauer−Emmett−Teller (BET) surface area equation15 after
liquid N2 adsorption (Quantachrome, Boynton Beach, FL).

Preparation of Coated Fertilizer Granules. Monoammonium
phosphate (Mosaic Co., Plymouth, MN) and commercial urea
fertilizer granules were sieved to obtain granules with diameters of
2000−3350 and 1676−2000 μm, respectively. Zinc oxide NPs or bulk
ZnO particles were coated onto the surface of MAP or urea granules at
a rate of ∼1.5% Zn by weight. The granules and ZnO powder
treatments were added to a Petri dish and then vigorously shaken
manually. The mixtures were sprayed with a small amount of ultrapure
deionized water using a 50 μL min−1 nebulizer to provide a binding
agent for the ZnO powders. Although the mixture of urea granules and
ZnO is hygroscopic,16 a small amount of water was also sprayed onto
this treatment to ensure complete coating of urea granules without
dissolving them. Coated granules were air-dried at a relative humidity
of approximately 30% in a laminar-flow cabinet. Adequate space was
allocated to the coated granules to reduce contact of granules and
possible caking.

The ZnO-coated MAP and urea granules were cross-sectioned
manually using stainless steel blades. The cross-sectioned samples were
coated with C and Au to reduce static electric charge accumulation and
increase the signal intensity and resolution. The samples were
mounted onto Al specimen holders for scanning electron microscopy
(SEM) analysis using a Philips XL30 field emission scanning electron
microscope (Eindhoven, The Netherlands) combined with an
integrated energy-dispersive X-ray analysis (EDXA) Genesis EDX
spectrometer system (EDAX, Mahwah, NJ) for elemental composition
analysis. The SEM images of cross-sectioned granules as well as EDXA
spectra on selected points of interest on the coating and inner parts of
the fertilizer granules were collected at 20 keV.

Mineralogical characteristics of the coatings on the fertilizer
granules were investigated using XRD. The coated fertilizer granules
were milled to powders using a Spex shaker mill and ground in an
agate mortar and pestle. The powders were lightly sprinkled onto
silicate low-background holders for XRD analysis.

Total and Water-Soluble Zinc Concentrations of Coated
Fertilizers. The total Zn concentrations of individual granules were
determined using open vessel aqua regia extraction (9 mL of
hydrochloric acid (HCl)/3 mL of nitric acid (HNO3) at 140 °C fol-
lowed by analysis of the digest solutions using inductively coupled
plasma optical emission spectroscopy (ICP-OES; Spectro, Kleve,
Germany).

Water-soluble Zn concentrations of coated granules were measured
by agitating 0.5 g of each coated fertilizer granule in 30 mL of
ultrapure deionized water (Millipore) for 24 h in an end-over-end
shaker. The samples were then centrifuged for 20 min at 7000g and
filtered using a syringe microfilter with a 0.22 μm particle size cutoff
(Millipore, Ireland) and centrifugal ultrafiltration devices with a 1 kDa
molecular mass cutoff (Pall Corp., Port Washington, NY) to
differentiate dissolved and nanoparticulate Zn concentrations in the
supernatants. Centrifugal 1 kDa filters (pore size ca. 1 nm)17,18 were
used in this study to determine the dissolved <1 kDa fraction of Zn in
suspensions and evaluate the efficiency of 0.22 μm filters in
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distinguishing “truly dissolved” Zn species from nanoparticulate ZnO.
Zinc concentrations in 0.22 μm and 1 kDa filtrates were determined
using ICP-OES.
Dissolution Kinetics of Zn from Coated Fertilizers. Dis-

solution kinetic experiments were conducted in sand columns instead
of soil columns to eliminate the influence of soil on the dissolution
kinetics of Zn from ZnO-coated fertilizers, but still provide a porous
medium for dissolution. The experimental columns were constructed
using polypropylene columns (150 mm × 15 mm) and acid-washed
sand (250−500 μm particle sizes). The specific and bulk densities of
the sand were 2.64 and 1.58 g cm−3, respectively. The columns were
packed with 20 g of acid-washed sand. Then 1 g of coated fertilizer
granules or a calculated amount of Zn standard compounds (equiva-
lent to 15 mg of Zn per column) was placed on the surface of the sand,
and an additional 10 g of sand was added to cover the fertilizer
granules or Zn powders. Two polypropylene column caps were filled
with a small amount of acid-washed glass wool and fitted to the top
and bottom of each column to prevent disturbance and loss of sand
during the experiment. The percolating solution (0.01 mol L−1 CaCl2,
pH 4) was introduced using a peristaltic pump from the bottom of the
sand column to maintain a constant flow rate of 10 mL h−1. The
solution at the top of the columns was collected every hour for 48 h
using a fraction collector (SuperFracTM, Pharmacia). The solutions
were 0.22 μm filtered as no significant difference between total Zn
concentrations in <1 kDa and <0.22 μm filtrates was found during the
Zn solubility study. Total Zn and P concentrations in each fraction
were measured using ICP-OES. The solution pH was measured in all
collected fractions. All treatments were replicated. Control columns
containing only the acid-washed sand were analyzed throughout the
study.
The dissolution kinetics of powdered ZnO NPs, powdered bulk

ZnO, and standard Zn compounds were investigated. Standard Zn
compounds examined were zinc phosphate (Zn3(PO4)2) (Aldrich,
99.999%), zinc sulfate (ZnSO4·7H2O) (AnalaR, 99.5%), and zinc
carbonate hydroxide (hydrozincite, Zn5(CO3)2(OH)6). Hydrozincite
with a crystal size of approximately 14 nm was synthesized according
to Zhang et al.,19 and the elemental composition was also confirmed
by XRD.
Statistical Analysis and Thermodynamic Modeling. The

variation in solubility of Zn from coated fertilizer granules in ultrapure
water as well as variations in cumulative release of Zn from different
treatments in sand columns were analyzed using a factorial experi-
mental design with groups using the GENSTAT 13 package (VSN
International Ltd., United Kingdom).
Thermodynamic modeling was carried out using Visual MINTEQ,

version 2.60.20 Equilibrium constants for all solid phases and aqueous
species except Zn(NH4)PO4 were taken from the MINTEQ 4.0
database.21 The solubility constant of Zn(NH4)PO4 was calculated as
log Ksp = −12.4 (Degryse et al., personal communication). The effect

of the P concentration on the solubility of Zn from hopeite
(Zn3(PO4)2·4H2O) was modeled using the maximum and minimum
concentrations of P (0.26 and 0.00013 mol L−1 PO4

3−, respectively)
detected in the fractions collected. All calculations were performed at
0.00038 atm of pressure for CO2(g).

■ RESULTS AND DISCUSION

Characterizations of ZnO NP and Bulk ZnO Powders.
The TEM image of ZnO NPs in a water suspension showed
large aggregates of nearly spherical particles (Figure 1). The
presence of aggregates of ZnO NPs may be due to sample
preparation for TEM (air-drying) and/or aggregation of ZnO
NPs in suspensions. The z-average hydrodynamic diameter of
the aggregates of ZnO NPs in the suspension was estimated to
be 312 nm. However, size estimates based on crystallite size
with XRD and BET-N2 analysis suggested a primary particle
diameter for ZnO NPs consistent with the nominal particle
size of ∼20 nm (Table 1), which suggests a high degree of

aggregation of ZnO NPs in water suspensions. Rapid aggre-
gation of uncoated ZnO NPs into micrometer-scale
aggregates in aqueous suspensions has been previously
reported.22 Nanoparticles aggregate faster than bulk
particles because the Brownian motion is faster and there
are a larger number of particles for the same mass con-
centration, which increases the frequency of collisions
leading to aggregation.23

The ZnO NPs in this study had a relatively low surface
charge of +15.7 mV in water, possibly because the pH (8) was
close to the point of zero charge (pHpzc 8.7−10.3

24) and the
ionic strength of the ZnO suspension in 0.01 mol L−1 CaCl2

Figure 1. Transmission electron microscopy image of the ZnO powders used in the experiments: (a) ZnO NPs (nominal diameter of 20 nm), (b)
bulk ZnO (nominal diameter <1 μm).

Table 1. Selected Characteristics of the Manufactured ZnO
NPs and Bulk ZnO Particles Used in the Experiments

property
ZnO

nanoparticles bulk ZnO

crystal structure zincite zincite
specific surface area (BET-N2) 31 m2 g−1 12 m2 g−1

nominal particle diameter 20 nm <1 μm
crystallite particle diameter
(Scherrer equation estimate)

20 nm 100 nm

particle diameter (BET-N2
estimate)

35 nm 88 nm
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was ca. 30 mmol L−1, which is higher than the critical coagula-
tion concentration of ZnO nanoparticles (0.125 mmol L−1

CaCl2).
25 A low surface charge and high ionic strength are

conducive for nanoparticle aggregation.23,26,27

The TEM images of aqueous suspensions of bulk ZnO
(<1 μm) revealed large aggregates of particles with different
sizes (Figure 1). The average crystallite size of bulk ZnO
particles was 100 nm, and the specific surface area of 12 m2 g−1

corresponds to a diameter of 88 nm (Table 1). Particles much
larger than 100 nm were observed in TEM images of bulk ZnO
(Figure 1), and the specific surface area was larger than for ZnO
NPs (Table 1). It can thus theoretically be expected that the
bulk ZnO will be less soluble than the smaller ZnO nano-
particles. The XRD patterns indicated that ZnO NPs and bulk
ZnO powders were primarily zincite (ZnO) (see the Supporting
Information).
Characteristics of Coated Fertilizer Granules. The total

Zn concentrations in coated urea and MAP fertilizers were ca.
1.5% by weight (see the Supporting Information). There was
no significant difference in Zn concentrations between granules
coated with bulk ZnO or ZnO NPs (p ≤ 0.05). While soluble
Zn usually reacts with ammonium orthophosphate to form
Zn(NH4)PO4,

28,29 our results indicate that Zn(NH4)PO4 also
forms after reaction of ZnO powders with MAP granules. The
SEM images of cross-sectioned fertilizers indicated a nearly
homogeneous distribution of ZnO on the surface of the
fertilizer granules, in the cases of both bulk ZnO and ZnO NPs
(see the Supporting Information).
The EDXA spectra of ZnO-coated MAP granules confirmed

that the inner granule contained mainly P, O, and N, while the
elemental composition of the coating predominantly consisted
of P, Zn, and O followed by N. The XRD analysis mainly
detected Zn(NH4)PO4 and only a small amount of zincite
(ZnO) (see the Supporting Information). This finding suggests
that, during coating of MAP granules with ZnO powders,
dissolution of ZnO occurred at acidic pH at the surface of MAP
fertilizer granules and Zn precipitated as Zn(NH4)PO4.
In the case of urea granules, the Zn speciation was not altered

by the coating. The EDXA spectra confirmed the presence of
mainly Zn and O on the coatings of the granules, while the
EDXA spectra from the inner granule area consisted of N, C,

and O. The XRD patterns indicated Zn was present as zincite at
the surface of urea granules in the cases of both ZnO NPs and
bulk ZnO. To evaluate possible regrowth of ZnO NPs to bulk
ZnO particles at the surface of urea granules during the coating
process, the crystallite size of ZnO NPs at the surface of urea
granules was estimated using XRD patterns. The results showed
that ZnO NPs at the coating of urea granules had a crystallite
size (20−30 nm) similar to that of the original ZnO NPs.

Water Solubility of Zn from ZnO-Coated Fertilizers.
Coated MAP granules released significantly higher amounts of
Zn compared to coated urea granules (p < 0.001) (Figure 2).
The greater dissolution of Zn from MAP granules in water may
be due to the greater acidity produced by MAP granules in
solutions (pH 4.8) compared to the alkalinity produced by
dissolution of urea granules (pH 7.6) (Figure 2). This confirms
earlier work by Mortvedt and Giordano3 that showed ZnO
granulated with urea was poorly water-soluble and also not
effective in supplying Zn to corn in glasshouse experiments.
The solubilities of the two sources of ZnO powder (nano-

particulate and bulk) coated on MAP fertilizer granules did not
differ significantly (p = 0.849) (Figure 2). Similar solubilities of
two sources of ZnO may be because the Zn solubility was
controlled by Zn(NH4)PO4 precipitation on the surface of
MAP granules coated with either ZnO particle size. The
solubilities of Zn from urea granules coated with ZnO NPs or
bulk ZnO were not significantly different either (p = 0.124),
although these particles appeared not to be chemically altered
during coating. Zinc concentrations in <1 kDa (i.e., ionic Zn)
and <0.22 μm (i.e., ionic zinc and ZnO NPs) filtrates of urea
granule suspensions were not significantly different (Figure 2),
which suggests that if ZnO NPs were released from the
fertilizer coating, they formed aggregates larger than 0.22 μm.
Urea granules undergo rapid hydrolysis in an aqueous
suspension,30 which explains the higher pH and reduced ZnO
solubility relative to those of the more acidic MAP granules. In
addition, Visual MINTEQ modeling showed that the ionic
strength of the suspensions of urea granules was 500 mmol L−1,
which is much higher than the typical critical coagulation
concentration of uncoated ZnO NPs (ca. 0.125 mmol L−1 25).
Aggregation of any ZnO NPs that were released into the
suspension would have been rapid. The dissolutions of

Figure 2. Batch water solubility of Zn from coated fertilizer granules (0.5 g in 30 mL, 24 h). The pH values of the suspensions are also shown as
white bars.
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aggregated ZnO NPs and bulk ZnO were therefore comparable,
because of comparable surface areas and kinetic hindrance of
Zn dissolution from ZnO aggregates. Moreover, because of
aggregation, 0.22 μm filters were sufficient for separating ZnO
NPs from dissolved Zn2+ ions.
Dissolution Kinetics of Zn from ZnO-Coated Fertil-

izers. The dissolution rate of ZnO NPs and bulk ZnO in
coatings was dependent on the type of macronutrient fertilizer
(Figure 3a). In the case of ZnO-coated MAP, Zn release
increased rapidly for ca. 8 h, after which it decreased to a nearly
constant value. In contrast, Zn release from both coated urea
treatments increased slowly over time and reached a plateau
after a few hours (Figure 3a). There was a significantly higher
cumulative release of Zn from ZnO NPs and bulk ZnO coated
on MAP (∼20%) compared to urea granules (∼15%) after 48 h
(p = 0.007) (Table 2). The cumulative Zn release from bulk

ZnO and ZnO NPs coated on urea granules was comparable to
that from bulk ZnO or ZnO NP powders alone (Table 2). This
suggests that, in spite of the inhibitory effect of high pH
generated by urea hydrolysis on ZnO dissolution in the first few
fractions collected, the total dissolved Zn was not affected. This
may be due to the removal of hydroxide or carbonate/
bicarbonate ions generated through urea hydrolysis over time
from the columns.
Differences in the release rate and cumulative Zn dissolution

from coated MAP and urea treatments can be related to pH
differences caused by dissolution of macronutrient fertilizer
granules (Figure 3b). The pH of eluates from columns with

MAP granules was initially much lower than that for urea
granules (Figure 3b), which simulates the significant acid-
ification effect that MAP granules have after application to
different soils.31 However, the eluate pH from columns with
MAP granules increased over time, which may be due to proton
consumption during dissolution of Zn species from the surface
of fertilizer granules.32,33

In contrast, the pH of the initial fractions from columns with
coated urea granules was 7.4, which decreased to pH 6.3 after
48 h (Figure 3b). Initial high pH values were likely due to the
urea hydrolysis, which increased the pH of the eluate in the
same manner as urea application enhanced the pH of soil
microsites in an earlier study reported by Fan et al.34 However,
once dissolution of the urea granules was complete, the column
eluate tended toward the pH values resulting from dissolution
of ZnO. The initial reduced elution of Zn from coated urea
granules may also be due to deposition of positively charged
ZnO NPs and/or dissolved Zn species (Zn2+, Zn(OH)+,
aqueous Zn(OH)2, and ZnCl2) at the surface of negatively
charged sand particles in the columns (the point of zero charge
for sand is approximately pH 235). A decline in the deposition
rate of ZnO NPs due to the saturation of the sand surfaces36

may be the reason for further enhancement of Zn elution from
the columns, as this phenomenon has been reported for ZnO
NP suspensions at a pH above 7 in clean quartz sand
columns.37 For both coated urea and MAP treatments, the pH
of the eluate did not converge to the pH of the CaCl2 solution
(4) (Figure 3b). Moreover, the ionic activity products (IAPs)
calculated for different treatments were much lower than the
solubility constant reported for ZnO by Lindsay.38 Accordingly,
it can be inferred that, on the basis of solubility constants,38 the
system did not achieve equilibrium and the dissolution process
continued in the undersaturated solutions (with respect to
ZnO).39

Although comparable Zn concentrations were collected from
columns treated with coated MAP or urea in the final eluates
(Figure 3a), the pH values of the eluates were different for
these granules (Figure 3b). The differences in the pH value of
the final eluates collected from coated MAP or urea suggest
that different Zn minerals were controlling the Zn release from
these coated products. Moreover, the steady-state con-
centrations achieved (i.e., 6.5 × 10−5 mol L−1) were much
lower than estimations based on the solubility of ZnO or
Zn(NH4)PO4 (e.g., ∼1.6 × 10−4 and 2.3 × 10−3 mol L−1,
respectively). Solubility diagrams were plotted using solution
compositional data to predict possible Zn minerals controlling
Zn solubility in our experimental systems (Figure 4). Two lines

Figure 3. (a) Release of Zn from fertilizer granules coated with bulk ZnO or ZnO NPs. (b) Changes in the pH of the eluate from the columns.

Table 2. Eluate pH for the First and Last Fractions Collected
and Cumulative Release of Zn (Percentage of Zn Added to
the Column) at the End of the Experimental Period (48 h)

pH value of the
fractions collected

treatment

first
fraction
(1 h)

last fraction
(48 h)

cumulative Zn released in 48 h
(percentage of added Zn)a

MAP−nano-ZnO 4.5 5.5 22.8 a
MAP−bulk ZnO 4.5 5.4 20.2 a
urea−nano-ZnO 7.3 6.4 14.9 b
urea−bulk ZnO 7.5 6.3 15.4 b
nano-ZnO 6.9 6.4 16.2 b
bulk ZnO 6.5 6.4 16.4 b
aDifferent lowercase letters indicate significant differences between
rows.
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were plotted for hopeite (Zn3(PO4)2·4H2O) to reflect the effect
of different dissolved P concentrations. The position of
experimental data from coated MAP granules in the phase
diagram showed that the Zn dissolution in columns with
coated MAP granules could have been controlled by hopeite

(Figure 4a), whereas Zn(NH4)PO4 was too soluble to control
Zn dissolution. Figure 4b indicates zincite was too soluble to
control Zn dissolution from urea granules. More likely, zinc
carbonate-like species such as hydrozincite precipitated in the
column with urea treatments. However, dissolved Zn2+ may
have precipitated as a less soluble Zn mineral such as willemite
(Zn2SiO4) over time. Our synchrotron-based investigations of
coated urea granules incubated in a highly calcareous soil also
revealed the presence of ZnCO3-like minerals as a function of
the distance from the point of application in the soil.40 This
supports the results of thermodynamic modeling which shows
that hydrozincite is likely the main solid controlling the
solubility of Zn from coated urea.
The results of Zn dissolution from columns with only ZnO

(bulk/NPs) powders or ZnCO3 are also plotted in the
solubility diagram (Figure 4). On the basis of the positions of
plotted experimental data, we hypothesize that the solubility of
Zn is mainly controlled by hydrozincite in the first few eluates
followed by willemite in the final eluates with lower pH.
Insoluble sources of solid phases will need a long time for
reactions with the solution to reach equilibrium,41 which might
explain incomplete overlap of calculated equilibrium curves and
experimental data.
The dissolution kinetics of Zn from coated fertilizer granules

or from ZnO powders were not affected by the size of the ZnO
particles (Figures 3a and 5a). The lack of any difference
between MAP coated with ZnO NPs and bulk ZnO may be due
to the unavoidable formation of Zn(NH4)PO4 species on the
surface of MAP granules from the dissolution of ZnO in both
treatments, either during the coating process or during the
initial dissolution of the granule. The kinetics of Zn release
from columns treated with ZnO NP powder or coated urea
granules with ZnO NPs did not support the kinetic size model
for nanoparticles, an observation that suggests very high
dissolution rates at the beginning of the dissolution and further
suppression of the release rate over time.12,13 The possible
explanations could be an inhibitive effect of urea granules on
the dissolution rate of ZnO in columns treated with coated urea
granules and deposition of positively charged ZnO NPs and
dissolved Zn species at the pH of the eluates onto negatively
charged sand surfaces which concealed expected high initial
dissolution or aggregation of ZnO NPs released to the eluted
solution. Size-independent release of Zn from coated urea
granules or ZnO powders can be explained on the basis of the
solubility of the same compounds formed, irrespective of the
size of the original ZnO particles. Comparable time-dependent
solubilities of bulk and nanoparticulate sources of ZnO have
been reported in different media in toxicological studies, re-
sulting in similar toxicities for bulk and nanoparticulate sources
of ZnO.42−45

Despite the traditional models that suggest greater and faster
dissolution for nanoparticles compared to larger particles, our
experimental results showed comparable solubilities for
both sources of ZnO particles (which did not contain surface
modifiers). We therefore observed little potential to markedly
increase Zn fertilizer efficiency by using nanoparticulate sources
of ZnO when Zn is coapplied with urea and MAP fertilizer
granules. Given that the surface chemistry of nanoparticles can
be greatly affected by capping agents such as surface coatings
or functional groups, further investigations on the impact of
surface modifications in improving the fertilizer formulation are
a critical research need.

Figure 4. Solubility diagram of Zn minerals in the 0.01 mol L−1 CaCl2
solution and in equilibrium with atmospheric CO2. The curves for
hopeite (Zn3(PO4)2.4H2o) were plotted using Visual MINTEQ with
respect to the highest (0.26 mol L−1 PO4

2−) and lowest (0.00013
mol L−1 PO4

2−) concentrations of P measured in the eluates.
Results from the kinetics of dissolution were plotted on the
solubility diagrams to evaluate the Zn mineral(s) possibly
controlling Zn solubility. Black and gray circles represent
treatments containing ZnO NP and bulk ZnO powders,
respectively. Rhombus and triangle points illustrate the exper-
imental results for ZnCO3 and Zn3(PO4)2 minerals, respectively.
The area below the curves represents undersaturated conditions,
and the area above the curves indicates supersaturated conditions.
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