Effect of ZnO nanosizing on its solubility in aqueous media
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Zinc pollution represents a great environmental risk, particularly with regards to the aquatic environment. In this theoretical contribution,
the enhanced solubility of ZnO nanoparticles in pure water is predicted based on a simple thermodynamic model. The study used Zn>",
Zn(OH)", Zn(OH),, Zn(OH); and Zn(OH);~ as dominant species in aqueous solution and a Gibbs energy minimisation method to
calculate equilibrium Zn content in this solution. ZnO was investigated in the form of nanoparticles of various shapes, whose very high
surface-to-volume ratio implicates their lower thermodynamic stability compared with bulk material. The interfacial energy of the solid
ZnO - dilute aqueous solution interface was assessed by applying the average ZnO surface energy and contact angle of a sessile drop of
water on ZnO(0001)-O surface. At 298 K, the ratio of 2 nm spherical ZnO particles to the bulk material solubility was about 23.7. The
calculated results were compared with experimental data and yielded a good agreement. These results are not only of great importance for

nanomaterials research but they also have implications for environmental protection.

1. Introduction: Zinc(Il) oxide is a widely used material in rubber
manufacturing (more than 50% of all production), ceramics
industry, medicine and cosmetics, coatings, pigments and so on
[1]. Zinc also plays a key role in nature. In low concentrations,
it is an essential trace element not only for humans and animals
but also for plants and microorganisms [2, 3]. However, in
high concentrations, zinc can be extremely dangerous because it
is very toxic to aquatic organisms and may cause long-term
adverse effects in the aquatic environment [4-6].

The enhanced solubility of nanoparticles is one of the numerous
consequences of reducing the size of matter. This behaviour of
small (nano-) particles was predicted more than a century ago.
Following Gibbs treatment of interfaces and their consequent influ-
ence on the equilibrium between solid particles and a liquid sol-
ution, the Ostwald—Freundlich equation

lnﬁ _ 2'ysle,A (1)

Cao0 RTr
was derived [7, 8], where cx , and ca o represent the equilibrium
solubility of a substance A in the form of spherical particles of
radius 7 and bulk material (r—o0), respectively, and where yq is
the interfacial energy between a solid particle and solution.
Equation (1) holds for an ideal solution of A in a solvent and
assumes that the interface energy yy is not radius dependent. The
enhanced solubility caused by nanosizing is of great importance
in many fields of chemistry, physics and materials science, includ-
ing environmental chemistry, biochemistry and pharmaceutical
technology.

Due to its wide variety of applications, zinc oxide (ZnO) belongs
to a group of materials whose size-dependent solubility and dis-
solution rate in various aqueous media have been widely investi-
gated [4, 9-21]. Regardless of solvent and temperature, solubility
increases as particle size decreases. The aim of this work is to
predict enhanced ZnO nanoparticle solubility in pure water. This
prediction results from Gibbs description of interfaces and is
based on calculating the composition of an aqueous solution in
thermodynamic equilibrium with solid ZnO nanoparticles. The
interface effect is included and the value of relevant interface
energy estimated on the basis of contact angle measurement.
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2. Thermodynamic description of ZnO dissolution

2.1. Dissolution of bulk ZnO: The solubility of bulk ZnO in
pure water is rather low and the published values are quite
diverse, ranging from 1.6 to 6.5mgl™" at 298 K [22]. More
recently, a somewhat lower value 0.73mgl™' at 358 K was
reported [23]. The solubility of ZnO increases in both acidic
and alkaline solutions and in the presence of a complexing agent
(e.g. ammonia, chlorides, sulphates, citrates) [24, 25]. Zn>',
Zn(OH)", Zn(OH), and Zn(OH); are the dominant species in
neutral or slightly alkaline aqueous solutions whereas Zn(OH);~
becomes important in strongly alkaline solutions in which ZnO
solubility is considerably enhanced compared with neutral media.
The dissolution of ZnO and Zn** ion hydrolysis can be described
by the following reactions:

ZnO(s) + H,0(l) = Zn**(aq) + 20H " (aq) (R1)
Zn**(aq) + OH ™ (aq) = Zn(OH) " (aq) (R2)
Zn**(aq) + 20H ™ (aq) = Zn(OH),(aq) (R3)
Zn**(aq) + 30H (aq) = Zn(OH); (aq) (R4)

Zn**(aq) + 40H ™ (aq) = Zn(OH); (aq) (R5)

where (aq) denotes the relevant species dissolved in an aqueous
solution.

To calculate the equilibrium solubility of ZnO in pure water,
the composition of the resulting solution must be evaluated. Here,
the non-stoichiometric method, based on minimisation of the total
Gibbs energy of the system to the set of points satisfying the mater-
ial balance conditions, was used to calculate the equilibrium com-
position of the aqueous solution in equilibrium with solid ZnO.
The calculation algorithm and CHEMEQ software have been
described elsewhere [26].

The liquid phase was considered as a dilute solution of seven
species in H,O (solvent): H', OH™, Zn®", Zn(OH)", Zn(OH),,
Zn(OH); and Zn(OH);™. The chemical potentials of the solvent
and the solutes were expressed with respect to Raoultian (pure sub-
stance) and Henrian (hypothetical ideal solution of the relevant
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Table 1 Input thermodynamic data for equilibrium calculations

Substance AG® (298.15), kJ mol™!
H,0(1) -237.14

H'(aq) 0

OH™(aq) -157.22
Zn**(aq) -147.2
Zn(OH)"(aq) —342.0
Zn(OH),(aq) -528.0
Zn(OH)3(aq) —698.0
Zn(OH)3(aq) —860.0

ZnO(s) -320.5

solute in water at unit molality) standard states, respectively. The
standard Gibbs energies of formation (A¢G°) were used as standard
chemical potentials (1°) and these were adopted from the recent
assessment by Zhang and Muhammed [27] (Table 1).

To express the non-ideal behaviour of the dilute aqueous sol-
ution, the Davies equation for solute activity coefficients y; was

used [28]
JI
logy: = —0.50922 —¥"_ 0.3/ 2
g Z; (1 Ny m> (2)

m

where the Debye—Hiickel constant of 0.509 holds for 7=298.15 K
and the ionic strength on a molal basis 7, is defined as

mz; 3)

1

N
I, =

N —

4

Equilibrium calculations were performed at 298.15 K and a stand-
ard pressure of 1 bar.

2.2. Dissolution of ZnO nanoparticles: The enhanced dissolution
of nanoparticles is due to the interface effect, which results
in materials with a large specific interface area having lower
thermodynamic stability than the bulk materials. The interface
effect can be simply treated by redefining the chemical potential
of a solid substance in the form of nanoparticles 4™ surrounded
by a liquid (fluid in general) phase [29-31]. This holds for
general shaped nanoparticles [7, 8]

d4
np bulk : v
dy np

2 Ys1 Vm

Feqv

“4)
— Mbulk + a/

The so called differential shape factor o' [7, 8] is defined as

r_ d4 rcqv
«= (dV)np 2 )

where 7eq, = (3 Vnp/47r)”3 is the radius of a spherical nanoparticle
with the same volume as a non-spherical one. The interfacial
energy yq is dependent on the composition of the surrounding
solution, but in the case of a dilute solution a constant value
representing the solid/solvent interface can be used.

The above-described calculation of bulk ZnO solubility in pure
water was extended to ZnO nanoparticles of various shapes (spher-
ical as well as hexagonal prisms with different aspect ratios). The
chemical potential of ZnO is given as

o bk s 2Yzn0 water Vmzn0
Mzno = Mzmo + 06 ——————

(©)

Tequ
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where o =1 for spherical nanoparticles. In the case of a hexagonal
prism (which is a common shape of ZnO(wz) nanoparticles
[32, 33]) with a high /4 and an edge of hexagonal base a with a con-
stant aspect ratio x = h/a, the differential shape factor o' is given as

1\/3
@]

where o'=1.185 and 1.859 for x=2 and 20, respectively. The
value of Vi, zno=14.34 % 107 m® mol™' was used for solid
ZnO [34]. Regarding the interfacial energy, the average value
YZnO/water = 053 mJ m~2 was estimated from contact angle measure-
ments described in the next section.

3. Estimation of the interfacial energy: The interfacial energy
Yznoiwater Was estimated from the contact angle of the sessile drop
of pure water on a ZnO substrate with a polar (000 1)-O surface.
The See System apparatus (Advex, Czech Republic) was used
to measure the contact angle 6 at 7=298 K. The mean value of
contact angle 0=(90.7+1.0)° was calculated from 35 independent
measurements. This is different from the value of 70° obtained for
the same surface plane by Xie et al. [35]. Higher values of contact
angle, namely 109° [36] and 103° [37] were measured on ZnO
films with preferential (0001) orientation. The Young’s equation

Y200 water = Yzn0 — Ywater €OS 6 (3)

was subsequently used for the calculation of yz,0/water- The generally
accepted value for the surface energy of water, yyater=72.0 mJ m2,
was used for this calculation [38]. In the case of ZnO, the published
values of y,,0 differ significantly.

Zhang et al. [39] determined the surface enthalpy of nano-
structured ZnO with different morphologies using calorimetric
measurements. Assuming that the entropy term is negligible
at 298K, yzmo=1.31Tm™? for quasispherical particles with
a hydrated surface and yz,0=2.55 J m~2 for an anhydrous one. It
follows that water adsorption lowered the surface energy to
almost one half of the value for the anhydrous surface. The
difference of 1.24 Jm™ can be interpreted as the equilibrium
spreading pressure. The spreading pressure depends on the crystal-
lographic orientation of the surface and so, for hydrated surfaces,
we prefer to apply the ratio of 1.31/2.55=0.5 for recalculation
of the first-principle calculated yz,o values (ZnO(hkil)/vacuum
interfaces). Nanoparticles with diameters ranging from 14 to
40 nm were used for the experiments to determine the size depend-
ence of surface/interface energy [40].

The value of y,0 can be estimated using first-principle calcula-
tions. The ability to calculate different y,,o values for various (hkil)
crystallographic planes is the main strength of this approach. Using
LDA +U-PAW ab-initio calculations, Na and Park [41] calculated
the surface energy for low-index (10 10), (11 20) and (0001)
planes (Table 2). _

Their value for (10 10) planes is in good agreement
with ab-initio calculated values in the previous studies [42—45]

Table 2 Calculated values of surface energy yznouw and interfacial
CNCIZY YZnO(hkil)/ water

Surface plane (1120) (1010) (0001)-Zn (0001)-O

Yznokiny as calculated [41], mJ m2 1060 1120 2250 2040

Yznouar (hydrated)’, mJ m™> 530 560 1125 1020
anisotropy VZnO(hkil)/V%no(11§o) 1.00  1.06 2.12 1.92
VanOthkitywater > I M™ 532 564 1127 1021

“Obtained as one half of calculated values yznour for ZnO/vacuum
interface.
bCalculated using Y 200(000T)water — 1021 J m~2 and anisotropy coefficients.
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(differences 3—15%) but the surface energy for the (11 20) plane is
slightly underestimated.

The calculated values refer to the ZnO/vacuum interface. We esti-
mated the surface energies of the hydrated surfaces on the basis of
the above-mentioned experimental findings [39]. Assuming that
}/Zno(hkﬂ)(hydrated)= yZno(Mﬂ)/Z, for (000 1)-0 we obtained
Yznocoo T)(hydrated) = 1020 mJ m~> Furthermore, with respect to
the lowest energy plane (1120), anisotropy coefficients defined as
Yznouukiny/ Yznoii20) Were calculated. Using Young’s equation (8)
with a contact angle of 6=90.7° and Yyaer=72.0m] m2,
¥ Z00(000T) /water — 1021 mJ m™2 was obtained. The interfacial energies
for other surface planes were calculated using this value and
assuming the same anisotropy coefficients as for the surface energies
YZnO(hkil) (see Table 2)

The real shape of ZnO(wz) nanoparticles is a hexagonal prism
with bases formed by polar (0001)-Zn and (0001)-O planes and
faces formed by non-polar (1010) and/or (1120) planes [32, 33].
From a strictly geometrical viewpoint, the ratio of the height 4 to
the length of basal edges @ which minimises the surface-to-volume
ratio of such a prism is 2= \/ 3a with the bases representing 33.3%
of the total surface area. However, this only holds for a completely
isotropic surface; appreciable surface energy anisotropy moves this
ratio to higher values. Based on the Wulff calculation (minimisation
of the total surface Helmholtz energy), we obtained A/a=3.46,
which resulted in 20% part of the total surface area for bases and
80% for faces. These parts were used as weights for calculating
the average interfacial energy, ¥znomwater = 653 mJ m~2.

4. Results and discussion: The calculated solubility of bulk ZnO at
T=298.15 K was czno=1.15mg ™! (¢z,=0.924 mg I""). The pH
of the resulting solution was 8.9 and the corresponding ionic
strength 7,,=8.2 x 107°. The most abundant species was Zn(OH)"
which retained 52.6% of the entire Zn content in the solution.
The effect of size and shape on ZnO solubility is presented in
Fig. 1. When the size of the spherical nanoparticles was reduced
to 2 nm in radius, the solubility was enhanced by a factor of 23.7
compared with the bulk ZnO. At the same time, pH of the
resulting solution increased to 9.7 and Zn(OH),(aq) became the
predominant species in the aqueous solution. These results were
compared with the values predicted using the Ostwald—Freundlich
equation (1) in the form

€ZnO.np = exp <2yZnO/Water Vm,ZnO) — exp (7293) (9)

CZn0,bulk RTr r/nm
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Fig. 1 Equilibrium solubility of ZnO nanoparticles of radius r or equivalent
radius Teqy N pure water
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Slight differences exist for nanoparticles with radii lower than
~10nm. These differences can be explained in terms of the
complex chemistry in aqueous ZnO solutions while the Ostwald—
Freundlich equation assumes a simple dissolution process.

Additional calculations were carried out for the hexagonal prism
nanoparticles with different a and 4 parameters but at constant
values of x=h/a=2 and 20. As these nanoparticles exhibited
higher surface-to-volume ratios than the spherical ones, a further in-
crease in ZnO solubility could be anticipated (see Fig. 1).

It is also possible to estimate the influence of changing the ionic
strength of an aqueous solution on ZnO solubility. Assuming that
the addition of inert ionic species increases the ionic strength
(without any Zn*" complexation, e.g. some pH buffer), the activity
coefficients of the dissolved species calculated by (2) decrease and
the concentrations of those species in solution thus increase.
However, this effect only became significant at a relatively high
ionic strength (I,>0.1).

The effect of ionic strength becomes important when we try to
estimate the solubility of ZnO as a function of pH, which can be
varied by the addition of an acid or a base with no or negligible
complexation ability towards Zn**. Simulating pH lowering by
the addition of 0.2 mol HCI (neglecting all chloridocomplexes of
Zn*"), we obtained a solubility of 8.2 g ZnO/L at pH=6.4 for
bulk ZnO. The reduction in the size of spherical nanoparticles to
2 nm in radius led to a shift to 9.0 g ZnO/L and pH="7.2. The cor-
responding ionic strength, /,,,=0.3, was still in the range in which
Davies’s equation can be applied. In contrast, increasing pH by
NaOH addition (0.2 mol) resulted in the shift of ZnO solubility
from 0.06 g ZnO/L (pH=13.2) to 1.9 g ZnO/L (pH=13.1) for
bulk and 2 nm sized ZnO, respectively.

It should be noted that there are some areas of concern regarding
our calculations. In particular, there are some uncertainties in terms
of the input thermodynamic data including the value of ZnO/
aqueous solution interface energy. Moreover, the particle shapes
considered were idealised, their equilibrium sizes differed from
real ones. Neither particle aggregation nor transport nor the
kinetic limitations of the dissolution process were considered
here, which means that the presented solubilities correspond to a
long-term exposure of free particles to aqueous media.

Our results, obtained on the basis of a simple thermodynamic
model, can be compared with literature data for the effect of size
on nano-ZnO solubility (Fig. 2). Direct comparison with experi-
mental data can be rather confusing as the solubility measurements
have been performed at various values of pH in solvents with

30 T b T 4 T b T b T . T L& T
[ —— our results - sphere
25+ our results - hex.prism (x = 20) 1
*  Mudunkotuwa et al. (2012); ICP-OES
20 - 4 David et al. (2012); AGNES+calculation | |
- v David et al. (2012); ICP-OES
— + Wong et al. (2010); ICP-OES
g-' 151 = Hanetal. (2014), pH = 9; ICP-AES .
% 104 4
[&]
51 . 4
0 ‘cmm=115 mg L4

0 5 10 15 20 25 30 35 40

r(nm), r

' Teqv (nm)

Fig. 2 Comparison of predicted size effect on ZnO solubility with experi-
mental data of Mudunkotuwa et al. [11], David et al. [12], Wong et al.
[4], Han et al. [15]
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Zn*" complexation ability, making ZnO solubility higher than in
pure water. Using the relative expression ¢z4o np/Czno,puc for the
comparison would be indeed better than using absolute values of
€zno,np> DUt in most papers bulk solubility in the relevant solvents
was not determined. It is also worth mentioning that in some
papers it is not explicitly stated whether the total zinc concentrations
in relevant solutions correspond to equilibrium, steady-state or
time-dependent values. Furthermore, particle dimensions are
reported before solubility experiments during which the original
size can be decreased (due to dissolution) or increased (due to ag-
gregation). Experimental results are also strongly dependent on
the methods used for separating the undissolved particles from
the solution and for determining the zinc content in the solution.

Mudunkotuwa et al. [11] measured ZnO solubility in water
at 7=298 K and pH=7.5. The pH value was set using HEPES
organic buffer without any complexation ability. The total
Zn content in aqueous solution, obtained by ultrafiltration of the
suspension, was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) method. Their results
(Fig. 2) are in good agreement with our thermodynamic prediction
for nanoparticles with radii of 2 and 3.5 nm, but the solubilities
they obtained for larger nanoparticles were approximately four
times higher than our values. Assuming the solubility for the
largest particles (#=65 nm) cz,o=4.2 mg 1" did not differ signifi-
cantly from the bulk value, we can estimate ¥,0/water USing (9). For
nanoparticles with radii of 2 or 3.5 nm yz,0/water = 255 mJ m~2 and
243 mJ m~2 was obtained, these values seem to be rather low, only
reaching approximately 40% of our values.

David et al. [12] measured ZnO nanoparticle solubility in KCl
and KNOj aqueous solutions with a total ionic strength of 0.1 at
298.15K. The free Zn>'(aq) concentrations were determined
using the AGNES electroanalytical method and the total Zn
content in the solution was calculated from the Zn**(aq) concentra-
tion, solution pH and relevant stability constants for Zn hydroxido
complexes. For nanoparticles of =10 nm at pH=28.3, a solubility
of ¢2,0=0.91 mg I”" was obtained, which is lower than our value
for bulk ZnO. In contrast, they obtained a nearly fourfold higher
value, cz,0=4.07 mg I using ultrafiltration and ICP-OES,
which is comparable to our calculated value, ¢z,0=2.02 mg I

Wong et al. [4] measured ZnO solubility in artificial seawater
(pH=8, I,,=0.5) at 298 +2 K. While the bulk ZnO solubility deter-
mined by ultrafiltration and ICP-OES was 2.0 mg 1™, enhanced
solubility (czno=4.6 mg1™") was observed for the ZnO nanoparti-
cles (r=10 nm). This was probably due to the relatively high ionic
strength.

Conversely, some papers have reported similar solubilities for
bulk and nano-ZnO. For example, Franklin et al. [16] measured
the solubility of bulk and nano-ZnO (#=15nm) in 0.01 M Ca
(NOs3), solution in Milli-Q water buffered to pH="7.5. The equilib-
rium solubility 19.9 mg 17" of both forms of ZnO was determined
using an equilibrium dialysis method.

5. Conclusion: In this work, we have used a combined
experimental and theoretical approach to assess the average
interfacial energy of spherical ZnO nanoparticles in water. Our
assessment is based on measuring the contact angle of water on a
ZnO substrate, on literature data for surface energies obtained by
calorimetry measurements and on ab-initio calculations, as well
as on using the Wulff construction for optimal hexagonal shape
by minimising the free energy with respect to the surface areas of
the respective crystallographic planes.

To calculate the equilibria in systems with ZnO nanoparticles, the
chemical potential of ZnO was modified by including a surface
term. The differential shape factor was used so that the chemical
potential of ZnO can be expressed for various particle sizes and
shapes. Equilibria comprising ZnO nanoparticles and aqueous sol-
utions were calculated using the Gibbs energy minimisation algo-
rithm. The activities of the zinc(I) species dissolved in aqueous
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solutions were calculated by the extended Debye—Hiickel model
(Davies equation).

An appreciable enhancement of the equilibrium concentration of
the dissolved species was found, being 23.7 times higher value for
2 nm spherical particles than for bulk ZnO material. For hexagonal
prismatic particles with a high surface-to-volume ratio, this effect is
even more significant. At present, our thermodynamic model does
not consider dissolution as a dynamic process during which particle
size decreases; rather, the equilibrium state of the system under
investigation is predicted. Despite this limitation, the present cal-
culations clearly point to the notable nanosizing effect of ZnO sol-
ubility in aqueous media.

It is very difficult, if not impossible, to precisely determine
the size of ZnO nanoparticles that can be considered ‘safe’ in
health and environmental terms [46]. The main reasons for this
are: (i) only nominal concentrations of ZnO nanoparticles in sus-
pensions are given in most publications (instead of the dissolved
Zn content), (ii) size-dependent toxic effects of ZnO nanoparticles
are still not clear, though it has been confirmed that the direct activ-
ity of both undissolved particles and Zn** ions in aqueous media
contribute and (iii) the toxic effects of ZnO nanoparticles towards
various kinds of living organisms are quite different.

6. Acknowledgment: This work was supported by the Czech
Science Foundation, grant no. 17-131618S.
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