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Dissolution of willemite polycrystals: 
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Dissolution (in terms of weight loss) experiments on willemite in the form of sintered 
polycrystals (TiO2-dissolved or TiO2-free) were conducted over a wide solution pH range 
(pH 1 13) at 25 and 50~ respectively, or over the temperature range 25 90~ at pH 1. 
Dissolution follows a linear kinetics in acidic or basic solutions; the apparent activation energy 
of acid dissolution (pH 1) is 19 and 16 kJ mo1-1, respectively, for the TiO2-free and the 
TiO2-dissolved willemite. The pH dependence of the dissolution behaviour resembles that of 
zinc oxide rather than silica. Willemite polycrystals dissolve via parabolic-like kinetics in the 
intermediate pH range, which may be attributed to the formation of a passive film or to the 
possible polishing effect. Ti02 solid solution facilitates acid but suppresses base dissolution of 
willemite, but grain boundary dissolution also contributes significantly in the basic region. 

1. I n t r o d u c t i o n  
The chemical durability of glass has been extensively 
studied (see [11 and references cited therein). The 
dissolution kinetics of silicate glasses, e.g. 
(Li,Na,K)20 SiO 2 [2], (Na,K)zO-GazO3-SiO 2 [31, 
ZnO-A1203-SiO 2 [4] and systems with other com- 
positions [5 71, have been studied. In the initial stage 
of dissolution in a low to medium pH range the time 
dependence of the dissolution rate indicates the occur- 
rence of a de-alkali reaction [5-7]. This reaction is 
characterized by a linear dependence of weight loss on 
time and is typically diffusion-controlled [5 7]. Sub- 
sequent to this first stage, an interface-controlled reac- 
tion due to the formation of a silica-rich protective 
layer took place [5-7]. Phase separation of some 
boric oxide-bearing glasses is known to improve the 
chemical durability [8]. Devitrification also affects 
the dissolution resistance of silicate glass, e.g. crystal- 
lization from the glass based on ZnO-A1203-SiO2, is 
known to decrease the acid resistivity [41. 

Chemical weathering of rock-forming minerals has 
been of interest to geochemists. Surface processes 
rather than transport processes are the rate-con- 
trolling steps in the dissolution of most slightly soluble 
minerals (see [9] and references cited therein). For 
example, dissolution of silicates of various crystal 
structures such as feldspar (framework silicate) [10], 
pyroxene and amphibole (single-chain and double- 
chain silicates, respectively) [11 13], and olivine (or- 
thosilicate) [13] follow a linear kinetics controlled by 
surface chemical reactions. Dissolution studies of 

nepheline (framework silicate) [14] and amorphous 
zircon [15] have indicated that precipitation of new 
phases from solution may lower the dissolution rate 
[14, 15]. With increasing pH, a decrease in the dissolu- 
tion rate in the acid region and then an increase in the 
dissolution rate in the basic region are typically ob- 
served for silicate minerals (see [16] and references 
cited therein); this type of rate data has been inter- 
preted as the result of surface speciation in the dissolu- 
tion of minerals [171. In general, congruent dissolu- 
tion (e.g. olivine [13, 18] and nepheline [14]) or 
incongruent dissolution (e.g. chain silicates [12, 18] 
and feldspar [18]) may occur at a certain stage of 
dissolution, and the constraints are provided by 
adsorption equilibria, surface ion-exchange reactions 
and the pH dependence of the steady-state rates of 
surface detachment [18]. A preferential release of 
cations from specified structural sites (e.g. the M 2 sites 
of pyroxene) may explain the incongruent reaction at 
the mineral surface [12]. 

Willemite (~-ZnzSiOa) which has phenacite struc- 
ture with its SiO 4 polymerized to other tetrahedra by 
sharing corners with ZnO4 (see [19, 20] and references 
cited in [20]) is commonly found in zinc-ore deposit, 
crystalline glaze [211 and glass ceramics [22]. Willem- 
ire was chosen for the present dissolution kinetics 
study because all ~f its cations are of tetrahedral co- 
ordination, which is unique to other silicates already 
studied for dissolution kinetics [9-18]. The temper- 
ature and pH dependence of willemite dissolution may 
also shed light on the dissolution resistance of the 
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willemite-bearing glaze and glass ceramics. It is com- 
monly accepted that the addition of TiO 2 facilitates 
nucleation and hence devitrification of glass ceramics 
[8]. TiO2 addition also reduces the activation energy 
of willemite formation from constituent oxides [23]. 
Also reported here is the effect of solid solution of 
TiO2 in willemite (2.5 mol % at 1500 ~ [23]) on its 
dissolution resistance in acidic or basic solutions. 

2. Experimental procedure 
2.1. Starting materials 
Stoichiometric ZS powder (ZnO:SiO z = 2:1 in molar 
ratio) and ZST powder (obtained by the introduction 
of 2 tool % TiO z to ZS) were prepared by stirring 
powder mixtures of ZnO I-Cerac, USA; 99.9% purity 
with trace impurities (in p.p.m.): 35A1, 5Li, 5Ca, 5Cr, 
5Na, 5Fe, 5Zr, 3K, 2Mn, 2Ti, 1Cu, 1Mg and 1B], SiO 2 

I-Cerac, USA; 99.9% purity with trace impurities (in 
p.p.m.): 400A1, 200Ca, 300Fe and 80Mg] and TiO 2 
[Cerac, USA; 99.9% purity with trace impurities (in 
p.p.m.): 10A1, 10Sn and 10Si) in deionized water, dried 
at 200 ~ then calcined at 500 ~ for 4 h. Powders 
weighing approximately 300 mg were die-pressed at 
50 MPa to discs 10 mm in diameter and only about 
0.5 mm thick so that the weight loss during dissolution 
was mainly from the parallel circular faces. The ZS 
and ZST samples were then enveloped in platinum 
foil, placed in an alumina crucible, and fired at 1430 ~ 
for 4 h followed by furnace-cooling. 

The sintered ZS and ZST specimens showed negli- 
gible weight loss. The complete reaction of constituent 
oxides to form willemite was confirmed by X-ray 
diffraction (XRD). In comparison with the ZS sample, 
larger X-ray d-spacings for ZST were indicated by the 
XRD results. This is attributed to the dissolution of 
TiO2 in willemite of the specimen ZST. Scanning 
electron microscopy (SEM; JSM35CF, operating at 
25 kV) indicated that the willemite grains in ZS and 
ZST specimens were, respectively, approximately 10 
and 100 gm in size and the grain morphology was 
characteristic of that sintered beyond the intermediate 
stage. 

2.2. Analytical me thods  
Fired pellets, either unpolished or polished with dia- 
mond paste (6 I-tin particle size), were ultrasonically 
cleaned, rinsed with distilled water and then subjected 
to static dissolution experiments in a plastic beaker. 
The ingredients of the buffer solutions for dissolution 
experiments are given in Table I. The weight loss of 

TABLE ! Constituents of buffer solutions at specified pH values 

pH Buffer solution 

1 HCl-glycine 
4 HCl-glycine 
7 KH2PO4-Na2HPO4 
7 KH 2 PO4-Na2H PO4-NaCI(0.3 M) 

10 NH4OH NH,~CI 
13 KC1-NaOH 
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each sample was measured to 0.1 mg and the average 
of five independent measurements were recorded. 
S E M  was used to take secondary-electron images 
(SEI) of the sample surface before and after the dis- 
solution experiments. XRD was used when necessary 
to identify the products. 

3. R e s u l t s  
3.1. Temperature  and pH d e p e n d e n c e  
In the temperature range 25-90~ (Fig. la d) the 
isothermal dissolution of polycrystalline willemite in a 
buffer solution at pH 1 showed a higher dissolution 
rate for the ZST than for the ZS specimen. The 
dissolution rates of both ZST and ZS specimens in- 
creasedwith telhperature, with the former slightly less 
sensitive to temperature, so that the difference in 
weight loss became less apparent at higher temper- 
ature (Fig. 1). Values of the apparent activation energy 
as estimated by the corresponding Arrhenius plots 
(Fig. 2) were 19.2 _+ 0.9 and 15.6 + 0.9 kJ mo1-1, re- 
spectively, for ZS and ZST at pH 1. 

Isothermal (50 ~ and isochronical (3.5 h) dissolution 
experiments were conducted to study the pH depend- 
ence of the dissolution rate (Fig. 3). A large decrease in 
the dissolution rate with increasing pH in the acid 
region and a slight increase in the dissolution rate with 
pH in the basic region were observed for both ZS and 
ZST specimens. Compared with the ZS specimen, the 
ZST specimen showed a higher dissolution rate in the 
acid region but a lower dissolution rate in the basic 
region. 

3.2. Dissolution kinetics 
Isothermal (25 ~ dissolution experiments of ZS at 
pH 1, 4, 7, 10 and 13 were conducted to study the time 
dependence of the weight loss. At pH 1 a linear 
dissolution kinetics was observed (Fig. 4a). At pH 4 
(Fig. 4b) and pH 7 (Fig. 4c) parabolic-like kinetics 
became significant, but deviation was observed after 
prolonged dissolution. Fig. 5 is the parabolic plot for 
the first four data points of Fig. 4c, showing that the 
dissolution follows a t ~/2 dependence in the early 
stage. A linear dissolution kinetics was observed again 
at pH 10 (Fig. 4d) and pH 13 (Fig. 4e). In contrast to 
that observed in NaCl-free solution at pH 7 (Fig. 4c), 
linear rather than parabolic-like kinetics was obeyed 
in the presence of NaC1 (Fig. 4f). 

3.3. Surface roughness and crystal 
orientation dependence 

Isothermal (25 ~ dissolution of the polished ZS sam- 
ples at pH 1, 4, 7, 10 or 13 indicated that the dissolu- 
tion mechanism itself is not extremely sensitive to 
polishing treatment (Fig. 6a-e). However, higher 
weight losses were consistently observed for polished 
samples. This is in agreement with the preferential 
dissolution along scratches on the polished surface of 
a willemite single crystal [24]. Dissolution along the 
grain boundary was observed upon SEM for both ZS 
and ZST specimens, especially in basic solutions, in 
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Figure l Weight loss of (O) ZS specimen and (O) ZST specimen at pH 1 at (a) 25 ~ (b) 50~ (c) 75 "C and (d) 90 'C. 
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Figure 3 Isochronical (3.5 h) and isothermal (50~ weight loss of 
(O) ZS specimens and (0) ZST specimens at various pH values. 

which intragranular dissolution is slow. Etching pits 
and hillocks could be clearly observed in some of the 
larger grains of the ZST specimen. In the case of ZS, 
no etching pits or orientation effect could be identified 
due to the smaller grain size. The extensive formation 
of etching pits in some but not all grains indicated that 
dissolution depends on the crystal orientation. This is 
consistent with a separate observation of preferential 
dissolution along the c-axis in a willemite single 
crystal [24]. 

4. Discussion 
4.1. Reaction-controlled dissolution 
A number of silicate minerals (e.g. feldspars, pyroxenes 
and amphiboles) dissolve via linear rather than para- 
bolic kinetics over a wide pH range; the dissolution 
rate is controlled by surface chemical reaction forming 
angular rather than round etch pits [9]. Although 
some cation depletion (relative to silicon), may occur 
(e.g. in pyroxenes), the depleted surface layer (if it 
exists) is generally too thin to be described as a 
diffusion barrier [9]. In acid and basic solutions the 
present willemite samples also dissolved via linear 
kinetics; the dissolution appeared to be controlled by 
surface chemical reaction, as indicated by the charac- 
teristic etch pits. The parabolic kinetics of willemite at 
pH 7 and 4 could be due to the deposition of a passive 
film, but is also likely to be an artifact of surface 
irregularities from polishing as discussed in Section 
4.2. 
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Figure 4 Isothermal (25 ~ dissolution kinetics of ZS specimens at (a) pH 1, (b) pH 4, (c) pH 7, (d) pH 10, (e) pH 13 and (f) pH 7 with added 
NaCI in solution. 

4.2. Interpretation of pH and NaCI 
dependence 

4.2.1. pH dependence 
The pH dependence of the steady-state dissolution 
rates of silicates in the literature is explained by the 
detachment rate of their oxide components through 
surface protonation-deprotonation reactions [25]. In 
the high pH range, where silicon surface sites are 
presumably deprotonated and therefore negatively 
charged, detachment of silicon is expected to control 
the overall silicate dissolution rate. At low pH, where 
the zero point of charge (ZPC is approximately 2 for 
various kinds of SiO 2 [26]) of SiO 2 is approached, the 
surface charge is dominated by the other oxide com- 
ponents, detachment of the non-silicon structure- 

1 7 8 4  

forming oxides should control the dissolution rate of 
multi-oxide silicates [25]. 

Willemite (either TiO2-bearing or TiOz-free) is 
quite base-resistant but dissolves extensively in acid 
solutions. This behaviour is similar to that of metallic 
zinc [27], but the opposite of the dissolution of silica 
from quartz [28-1, indicating that the weight loss of the 
ZS and ZST specimens is probably controlled by 
extraction of the zinc ion rather than the silica anion, 
especially in the low-to-medium pH region. This is 
consistent with the estimated isoelectric point (IEP) of 
willemite (pH ~ 7 according to the weighted average 
of the constituent oxides [29]), indicating that the 
willemite surface is positively charged for pH < 7. The 
IEP of SiO2 (quartz or sol-gel) and ZnO (anhydrous 
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Figure 5 Parabolic plot of the short-period dissolution of Fig. 4c. 
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dissolution (although a low rate was observed) of 
willemite in the basic region. 

It has been suggested that the "parabolic kinetics" 
obtained for some feldspar dissolution studies is the 
result of the various rates of dissolution of particles 
produced during grinding [9, 10]. Initial dissolution 
should therefore be faster due to preferential dissolu- 
tion of the fine particles, and deceleration with time 
should occur as the small particles are consumed. The 
apparent parabolic-like kinetics in the early stage of 
dissolution (and the subsequent linear dissolution be- 
haviour) for the present willemite specimens at pH 7 
or 4 may therefore be attributed (at least in part) to a 
grinding artefact. However, the possibility that wil- 
lemite may form Zn(OH)z (as in the case of metallic 
zinc [30]) or a ZnHPO 4 surface layer which serves as 
a diffusion barrier and results in the parabolic dissolu- 
tion rate in the nearly neutral environment cannot be 
completely excluded. 

4.2.2. NaCI dependence 
Foreign ions affect the activation energies for the 
surface reaction (AG,) and the subsequent detachment 
(AGa), and hence affect the total dissolution rate [31]. 
Since the complex formation from ligand occurs in 
solution as well on the solid surface [29], the stability 
constant or solubility of the appropriate complexes in 
solution may be used to infer the NaC1 dependence of 
willemite dissolution. The ZS specimens showed com- 
paratively poor dissolution resistance in the NaC1- 
added solution (Fig. 4f), indicating that C1- probably 

Figure6 Weight loss of (�9 E3)polished and (0 ,  I)as-sintered 
ZS specimens at 25 ~ and (a) pH 1, (b) pH 4, (c) pH 7, (d) pH 10 and 
(e) pH 13. 
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suggesting also that the dissolution of willemite is 
controlled by leaching of ZnO in the acidic region, 
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affects the dissolution behaviour. Ligands, e.g. phos- 
phate and chloride in acid solution, have been known 
to accelerate the dissolution of oxides of single com- 
ponent [32]. This consideration is extended to the 
dissolution of oxides of multiple components (viz. 
willemite) in the following. 

In view of the IEPs of the constituent oxides, it is 
likely that the detachment of zinc ion cannot be 
neglected for the willemite dissolution at medium pH 
values. One possible explanation is that a barrier layer 
of Zn(OH)2 and/or ZnHPO4, the overall stability 
constant of which are about 1018 [33] and 1014 (see 
[34] and references cited therein), respectively may 
form in the absence of NaC1. The passive layer could 
be deposited from solution or formed directly on the 
surface. In the presence of C1- the formation of a 
passive film could be interrupted by a series of reac- 
tions involving zinc chlorides whose overall stability 
constants ( < 10 2) are much lower than that of hy- 
droxide or phosphate. It is therefore likely that C1- 
catalyses the overall reaction by competing with the 
surface adsorption and subsequent detachment 
through chlorides. However, other possibilities do 
exist. For example, the adsorption of C1- may in- 
crease the H + activity, and hence increase the dissolu- 
tion rate because the IEP shifts to lower pH whereas 
the zero point of charge (pHzpc) moves to higher pH 
when surface adsorption of a foreign anion occurs 
[29]. Further study is required to clarify the real effect 
of C1- on the dissolution of willemite. 

4.3. Relative dissolution rates of silicates 
Willemite exhibits a much higher dissolution rate 
(about two to eight orders of magnitude higher) than 
common rock-forming silicates at room temperature 
and pH 1 (e.g. 10-Smolcm Zs- t  for witlemite 
(Table II) compared with 10-12 mol cm -2 s- 1 for oli- 
vine) [25]. This could be attributed to the site-energy 
dependence of dissolution or other factors as dis- 
cussed below. 

In general the dissolution rate of common rock- 
forming silicates increase with decreasing mean elec- 
trostatic oxygen site potential, i.e. increasing silica 
release rate (see [25] and references cited therein). 
Recently a general rate law for the acid- and ligand- 
promoted dissolution of minerals has been proposed 
[35]. According to Wieland et al. [35] the dissolution 
rate (at pH around 5) for many minerals, especially 
oxides, shows a tendency to increase with decreasing 
apparent activation energy. This supports the hypo- 

T A B L E  II  Temperature dependence of dissolution rate 
(molcm-2s  - t )  at pH 1 

T (~ ZS ZST log (dissolution rate) 

ZS ZST 

25 2x10  -9 3 x t 0  -9 --8.7 - 8 . 5  
50 5x10  -9 7x10  -9 --8.3 - 8 . 2  
75 7•  -9 8.2• -9 --8.2 - 8 . 1  
90 7.8x10 9 9.6x10 9 - 8 . 1  --8.0 

thesis [25] that the site energy (Madelung energy) of 
the most stable lattice constituents (generally a metal 
cation at a surface site) or the ion-formation energy of 
the solid are suitable free-energy parameters to be 
correlated with the dissolution rate. It should be noted 
that the dissolution rates of silicates generally have a 
higher deviation than that predicted by the activation 
energy (or site energy) [35]. This indicates that other 
energy terms (e.g. the surface or interracial energy and 
strain energy, either at a dislocation core or at 
scratches caused by polishing) affect the dissolution 
kinetics of silicates. Willemite has higher dissolution 
rate than the common silicates in the acidic region. 
This could be attributed in part to the grain boundary 
effect, or could be due to the unique phenacite struc- 
ture of willemite, which determines the types of dis- 
locations or other defects for short-circuit dissolution, 
although the types of defects and their physical mech- 
anism of dissolution are by no means clear. 

4.4. Effect of Ti02 solid solution on 
dissolution of willemite 

Within the present temperature range the ZST speci- 
mens showed a higher dissolution rate than the ZS 
specimens in the low-pH region. The trend was exactly 
reversed in the high-pH region. The solubility of TiO 2 
in willemite is 2.5 mol % at 1500~ and Ti 4+ prob- 
ably occupies the tetrahedral site in order to maintain 
a polymerized ZnOg-SiO4-ZnO 4 chain [23]. There- 
fore, the difference in the dissolution rates of the ZS 
and ZST specimens can be attributed to the solid 
solution of TiO z in the willemite lattice, which affects 
the oxygen site potential as described in the following. 
First, substitution of Ti 4+ for Si 4+ (o r  less probably 
Zn 2 + if a charge-compensating defect is available) in 
willemite may introduce distortion of the lattice in 
view of the differences in the ionic radii in four- 
co-ordination (0.042, 0.026 and 0.060 nm for Ti 4+, 
Si 4+ and Zn 2+, respectively [36]). Therefore, in the 
vicinity of the incorporated Ti 4+ ion the oxygen site 
potential is lowered, which generally results in a 
higher dissolution rate [25]. The IEP of TiO 2 (futile 
or anatase) is 5-6, which falls between that of SiO 2 
and ZnO [26], suggesting that dissolution of the ZST 
specimen is controlled by the detachment of ZnO in 
acid and of silica in the basic region, rather than the 
leaching of Ti 4 +. When silica leaching is predominant 
in the basic region, the incorporation of Ti '~+ de- 
creases the site density of silicon and hence lowers the 
dissolution rate. 

The dissolution of willemite single crystal is much 
slower than that of polycrystals in the basic region 
[24]. The difference in dissolution rate of the ZS and 
ZST specimens in the basic region may therefore be 
attributed in part to the difference in grain size. In the 
acidic region the rapid dissolution of grain bulk and 
the effect of TiO 2 solid solution in willemite probably 
overshadowed th6 grain size effect. The grain size 
effect is also of minor importance at higher temper- 
atures, where intragranular dissolution is more 
extensive for both ZS and ZST specimens. Previous 
dissolution studies of feldspars in the pH range 3-9 

1786 



also indicated that the dissolution rate is surface- 
reaction-controlled rather than surface-area-con- 
trolled [37], with crystalline defects (e.g. the lamellae 
interface) being the preferred reaction sites [37, 38J. 

5. Conclusions 
1. Willemite polycrystals dissolve via linear kinetics 

in highly acidic or basic solutions. 
2. The pH dependence of willemite dissolution re- 

sembles that of metallic zinc, especially in the acidic 
region. 

3. Parabolic-like dissolution of willemite poly- 
crystals, which occurs at intermediate pH levels, could 
be due to artefacts of polishing or the formation of a 
passive film. 

4. The activation energy of acid dissolution (pH 1) 
is 19 and 16kJmol  1 for TiO2-free and TiO z- 
dissolved willemite, respectively. 

5. TiO2 solid solution facilitates the acid but sup- 
presses the basic dissolution of willemite, although a 
contribution from grain boundary dissolution is 
perceptible in the basic region. 

6. I.E.P. of willemi_te is 7.4 according to experi- 
mental results [39]. 

7. The fact that Ti 4 + occupies the tetrahedral site of 
willemite has been reported [40]. 
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