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Since calcium hydroxyzincate (CHZ) has been found to be central to the mechanism of Zn
retardation of cement setting, pure samples of calcium hydroxyzincate (CHZ) have been
prepared to provide pristine samples for characterization and to provide insight into the
mechanism of its crystal growth. X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), and scanning force microscopy (SFM) have been used to provide
structural, molecular, and morphological characteristics, respectively. The XRD results of
the compound are in agreement with literature data which corresponds to the molecular
formula CaZny(OH)e2H20. The FT-IR results delineate the O—H stretching vibrations due
to discrete noninteracting OH groups on the surface of CHZ. An idealized model structure
is proposed to identify the positions and chemical environments of the discrete noninteracting
OH groups in the hydroxylated zincate compound. The SFM images of CHZ crystals are
presented, and these images provide information on growth mechanisms of this compound
in a liquid. It is proposed that the growth of CHZ is initiated with the formation of surface
nuclei, which quickly grow and coalesce to form layers across the surface. Some features
characteristics of spiral dislocation was also observed on certain crystal surface. The

mechanism of the formation of CaZny(OH)e2H;0 is discussed.

Introduction

The formation of calcium hydroxyzincate (CHZ) plays
an important role in the retardation of cement hydra-
tion.1=% It also plays a role in slowing anode degrada-
tion in Zn/NiOOH batteries®? and in the passivation of
galvanized metal corrosion either in cement paste® or
in alkaline solutions.® Arliguie et al.®4 have discussed
the mechanism of formation of this passivating product,
while Blanco et al.? reported the solution conditions that
critically control the mechanism of reactions leading to
this compound.

The crystal structure of CHZ has been reported by
Lieber et al.1? Several authors have studied the phys-
icochemical properties,!! the formation and decomposi-
tion kinetics,213 morphology, and cell parameters!®14
of CHZ. However, in a continuing research program to
determine the speciation of priority metal pollutants in
cementitious solidification/stabilization systems!® re-
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sults have been obtained which demonstrate that upon
mixing of Zn?* solutions with cement, an amorphous
layer of zinc hydroxide precipitates on the surface of
anhydrous cement particles. The zinc hydroxy com-
plexes subsequently react with calcium hydroxide to
produce CaZny(OH)g2H,0 (CHZ) to passivate the hy-
dration reactions. The probable pH-dependent reactions
leading to the formation of CHZ have also been reported
elsewhere.l® The concentration of Ca2® ions in this
system is a major controlling factor, and if there is a
sufficient amount of CaZ* ions in solution, either Zn-
(OH)z or ZnO will finally be transformed into CHZ.%:17
The pH of the reaction medium also plays a critical role
in the growth of CHZ crystals in the system, and once
this compound is formed further increase of the pH does
not affect the stability of the layers of CHZ.1"

However, to better understand the growth mechanism
and layered structure of CHZ, we have characterized
this compound by X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FT-IR), and for the
first time report its scanning force microscopic (SFM)
images. We have systematically studied the thin films
of CHZ to obtain morphological and structural informa-
tion. Scanning force microscopy (SFM), also known as
atomic force microscopy (AFM), is one of the unique
surface analytical techniques that can provide three-
dimensional information for the surface structure and
allows in situ investigations of crystal growth and
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Synthesis and Characterization of CHZ

Table 1. X-ray Powder Diffraction Data of Calcium

Hydroxyzincate
Liebau and Amel-Zadch® this study
d spacing  intensity d spacing  intensity
7] (%) (hklP A (%) 2q

6.237 80.0 100 6.170 89.1 14.3
5.008 90.0 011 4.977 1.9 17.8
4.116 80.0 120 4.099 14 21.7
3.926 80.0 021 3.916 0.9 22.7
3.560 70.0 121 3.558 0.7 25.0
3.123 90.0 200 3.104 100.0 28.7
2.881 100.0 131 2.878 1.7 31.0
2.814 70.0 022 2.809 1.6 31.8
2.706 50.0 220 2.702 11 33.1
2.454 60.0 211 2.454 3.0 36.6
2.388 50.0 102 2.382 0.6 37.7
2.322 10.0 231 2.328 04 38.6
2.295 20.0 212 2.291 0.5 39.3
2.157 40.0 222 2.150 0.4 42.0
2.079 20.0 231 2.077 4.0 43.5
2.043 40.0 310 2.043 0.9 44.3
1.946 40.0 320 1.942 2.3 46.7
1.820 70.0 331 1.819 1.8 50.1
1.739 30.0 321 1.737 1.3 52.7
1.658 30.0 340 1.655 0.6 55.5
1.577 60.0 411 1.574 2.7 58.6

@ Reference 10. ? [hkl] means Miller indices.

dissolution in solutions down to atomic resolution.'$
Furthermore, very limited discussion on the infrared
spectra of CHZ has been reported in the literature.® We
present here a detailed discussion of the FT-IR spectra
of this compound.

Experimental Section

Synthesis of Calcium Hydroxyzincate. Analytical grade
chemicals received from Fisher Scientific Co. (Fair Lawn, NJ)
were used in this study. Calcium hydroxyzincate was syn-
thesized following the method reported by Sharma.!! Accord-
ing to this method 2.5 g of ZnO was dissolved in 250.0 mL of
20% (w/w) KOH solution and 25.0 g of pure Ca(OH); dissolved
in 36.5 g of deionized water was slowly added to this mixture
with constant stirring. The amount of water and zinc oxide
required to react with 25.0 g of calcium hydroxide was
calculated based on the molecular formula of CHZ. Additional
amount of ZnO (54.93 g) was then slowly added to the mixture
and stirred for 24 h. After that, the CHZ crystals were allowed
to settle, and the supernatant liquid was decanted off. The
CHZ was washed with deionized water until the pH of the
solution became ~7.0. The compound was dried overnight at
325 K and stored for analyses.

Characterization of CHZ. X-ray Diffraction (XRD). The
XRD analyses were performed using Cu Ka radiation (35 kV
and 25 mA) on a Scintag XDS 2000 diffractometer equipped
with a graphite monochromator. Calcium hydroxyzincate was
pulverized using a mortar and pestle and then filled into a
ring-shaped hollow aluminum holder. The holder contains
glass slide that has a rectangular hollow area for holding
powdered samples. The CHZ samples were gently pressed
with a glass slide into the rectangular area. The XRD scan
was run at 0.02° steps and 15 s counting time.

Fourier Transform Infrared (FT-IR). Diffuse reflectance
infrared spectra of the powdered CHZ samples were recorded
using a Perkin-Elmer System 2000 FT-IR spectrometer. Pure
CHZ (10 mg) was mixed with FT-IR grade KBr powder and
filled into a hollow steel holder. The sample was scanned 25
times in the region 4000—400 cm™, and the average spectrum
was corrected using the diffuse reflectivity spectrum of KBr
run under identical conditions. Band positions were deter-
mined by fitting Gaussian bands to the Kubelka—Munk (KM)
function.

Surface Imaging by Scanning Force Microscopy (SFM). The
surface images of CHZ were scanned using the TopoMetrix
TMX 2000 scanning probe microscope system. Since it is
extremely difficult to image powdered samples because the
sample could adhere on the cantilever tip resulting in a poor
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Figure 1. X-ray powder diffraction pattern of calcium hy-
droxyzincate.

image, a thin film was formed on a piece of silica (100) wafer.
A small amount of CHZ powder was taken into a glass vial
and filled with deionized water. The vial was shaken vigor-
ously in an end-over-end fashion so that the powder was
suspended in water, and the mixture sonicated for 5 min to
evenly disperse the crystals in water. One drop of this
suspension was then gently placed on a piece of silica (100)
wafer and allowed to air-dry before taking the images. The
thickness of the film formed on the silica wafer was adjusted
by trial and error after repeated dilution of the suspension
until a good image was recorded. The sample was imaged with
a 75 ym scanner, and sufficient time was allowed to eliminate
thermal and mechanical drifts so that good quality images
were obtained. All samples were imaged in air and at ambient
temperature.

Results and Discussion

XRD. The X-ray diffraction data of the compound are
presented in Table 1, and the corresponding diffracto-
gram is shown in Figure 1. The single crystal XRD data
of CHZ reported by Liebau et al.l% are also included in
Table 1 for comparison. Miller indices assigned to the
single crystal XRD data are listed in the table for
reference. It can be seen from Table 1 that as many as
20 out of a total of 26 peaks are in good agreement with
the single crystal XRD data reported by others!®? which
correspond to the formula CaZns(OH)g-2H0 for CHZ.
The crystal structure and the cell parameters have also
been reported by Liebau et al.l® A close examination
of the peak positions, however, reveals that in some
cases the peak positions have been slightly shifted. For
example, peaks corresponding to d spacing 6.170, 4.977,
4.099, 3.916, and 3.104 A appear at slightly different
positions as compared with the data reported by Liebau
et al.l% Nevertheless, the XRD results clearly indicate
that we were able to synthesize a pure sample of the
compound CaZnz(OH)g 2H30.

FT-IR Analyses. A typical FT-IR spectrum of CHZ
is shown in Figure 2. The FT-IR bands due to different
vibrational modes were characterized by comparing with
analogous groups in other compounds and ions reported
in the literature.?? The zinc ions are tetrahedrally
coordinated by four hydroxyl groups in CHZ,'° and these
tetrahedral XY, molecules are expected to exhibit four

(19) Berry, L. G., Ed. Inorganic Index to the Powder Diffraction File.
Joint Committee on Powder Diffraction Standards; Pennsylvania, 1974;
reference pattern no. 24-222 of JCPDS.
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Figure 2. FT-IR spectrum of calcium hydroxyzincate.

normal modes of vibrations (v; to v4). Only v3 and v
are infrared active. The vs Zn(OH)42~ band at 564 cm™!
is assigned to the Zn—O vibration in the skeleton of
ZnO4. The v4 Zn(OH)4?~ band at 300 cm™! is out of
range of the scanned frequencies in the spectrum.?! The
band at 1070 cm ™ is attributed to the Zn—O—H bending
vibration.

The hydroxo complex exhibits the MOH (M = metal
atom) bending mode below 1200 cm~1.2022 The OH
group can also form a bridge between two metal atoms
as shown below: Hence, the band at ~940 cm™! is

H
o

Ca[(OH)zzn/ \Zn(OH)2]‘2HzO
o)
H

assigned to bridging O—H bending vibration.?® Lattice
water generally absorbs in the range 3550—3200 ¢m™!
due to the antisymmetric and symmetric O—H stretch-
ing vibrations (v; + v3). Also, the H-O—-H bending
mode (v2) will exhibit a band at 1630—1600 cm™®. The
O—H stretching bands appear at lower frequencies
when hydroxyl ion [OH]~ forms hydrogen bonding with
lattice water within the crystal structure. The bands
at 2880, 3034, and 3150 cm™! are attributed to the O~H
stretching modes (v; + v3) of OHy in CHZ. The HOH
bending mode (v3) of lattice water in CHZ appears at
~1600 cm™!, which is in good agreement with similar
bands reported for other hydrated compounds.?

The hydroxyl ions [OH]~ are characterized by sharp
bands appearing between 3700 and 3500 cm™!. The
positions of the OH- ions and their chemical environ-
ments may be schematically represented as

[OH}) _ | (OH}"
N Zn/ N Zn Ca/ ~ Zn/
N N /l N /N
{OH] [OH]~

Therefore, two sharp bands at 3495 and 3615 cm™!
are assigned to the O—H stretching vibrations of these
two hydroxyl groups.
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Figure 3. FT-IR spectrum of calcium hydroxyzinecate in the
region of OH stretching vibrations due to the surface hydroxyl

groups.

H H
o o)
Ca Zn
Typel Type Il
H H
| (o} (0]
D Ca/ ~ Zn/ ~ Zn/ ~ Zn/
7~ l N TN TN TN
Type 111 Type IV

Figure 4. Types of hydroxyl groups on the surface of calcium
hydroxyzincate.

The bands at 3700, 3730, 3770, and 3820 cm™! are
assigned to O—H stretching vibrations due to discrete
noninteracting OH groups on the surface of CHZ. These
bands can be seen more clearly in the computer-aided
expanded spectrum shown in Figure 3. The positions
and chemical environments of the discrete noninteract-
ing OH groups may be shown by idealized model
structures shown in Figure 4. An analogous case has
been noted on the surface of y-alumina.?52% There are
four different types of OH groups (types I-IV) expected
on the surface of CHZ. The occurrence and number of
each type depends on the relative contribution of specific
crystal faces or surface defect sites. The surface OH
groups may be on (i) the octahedral site of calcium ions
(type I), (ii) the tetrahedral site of zinc ions (type II),
(iii) the bridging site between calcium and zinc (type
III) or (iv) the bridging site between two zinc ions (type
IV). The various types of OH groups are expected to
have varying chemical properties. The basicity of the
OH group decreases from type I to type IV. The more
basic type should have higher vibrational absorption
frequency. As a result, the O—H stretching bands at
3820, 3770, 3730, and 3700 cm™1 are assigned to the
structures represented by types I-IV of surface OH

(25) Peri, J. B.; Hannan, R. B. J. Phys. Chem. 1960, 64, 1526.
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Figure 5. SFM image of calcium hydroxyzincate single
crystal.

Figure 6. Three-dimensional picture of calcium hydroxyzin-
cate single crystal.

groups, respectively. The interpretation of FT-IR re-
sults presented above strongly supports the structure
of CHZ reported by Liebau et al.1 The bands appearing
at 458, 707, 780, 1707, 1830, 2080, and 2285 ecm™!
(Figure 2) cannot be assigned on the basis of present
experiment only. Further experiments are needed to
identify these bands. However, the O—H stretching
bands due to surface OH groups and hydroxyl ions in
this study are in good agreement with those reported
by Cocke et al.® from FT-IR investigation of zinc-doped
cement.

SFM Imaging. The surface images of CHZ were
obtained by ex-situ method using the scanning force
microscope. The SFM image of a single CHZ crystal is
shown in Figure 5 and the three-dimensional (3D) image
of the corresponding single crystal is presented in Figure
6. This crystal has a length of ~25 um, width of ~16
um, and thickness of ~1 gm. Close examinations of
these images demonstrate that this crystal possesses a
well defined monoclinic structure (a ==y, a =y =
90°, f# = 90°). The surface topography of the crystals
imaged by SFM reveals the growth mechanism of CHZ.
A zoom image on the surface of a single particle (Figure
5) is presented in Figure 7. This image exemplifies
the polynuclear or birth-and-spread models of layer
growth?”28 of this compound in a liquid matrix.

Close examination of Figure 7 reveals that the growth
of CHZ is initiated with the formation of surface nuclei.

(27) Ohara, M.; Reid, R. C. Modeling Crystal Growth Rates from
Solution; Prentice-Hall: Englewood Cliffs, NJ, 1973,
(28) Nielsen, A. E. J. Cryst. Growth 1984, 67, 289.
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Surface Finish Measurements

Area = S5um x 5pum

R, =102.99 NM Z v = 202.80 NM

Rems = I133.10NM  Z,,,, = 699.06 NM

Figure 7. SFM image (shaded) of surface nuclei and coales-
cent forms of nuclei on caleium hydroxyzincate single crystal.

Surface Finish Measurements I

Area = S5um x S5um
R, =60.80 NM Z v = 220.14 NM

Rims =79.70NM  Z,,,, = 506.08 NM

Figure 8. SFM image (shaded) of new smoother surface
formed by the spreading of surface nuclei on calcium hydroxy-
zincate.

The nuclei that grow on the preexisting surface have a
rhombohedral-like form. Following the surface nucle-
ation stage, these nuclei quickly grow and coalesce with
layer growth proceeding across their larger unified
surface. Measurements of the smallest nucleus to larger
coalescent regions indicate heights of 65—560 nm. As
the precipitation continues, the nuclei and the larger
coalescent forms blend to give a new smoother surface
as shown in Figure 8. The engineering parameters used
to describe surface roughness are also given in Figures
7 and 8. For the area of 5 yum x 5 um, the R values
are 133.10 and 79.70 nm for Figures 7 and 8, respec-
tively. The surface morphology shown in Figure 8
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Figure 9. SFM image (shaded) of the growing spiral on the
surface of calcium hydroxyzincate.

clearly indicates a smoother surface. However, on
surfaces of a relative large area, many critical nuclei
may form simultaneously, even one upon another,??
according to the polynuclear or birth and spread model
described by Hillig?® and Nielsen.3!

In addition to surface nucleation mechanism, feature
characteristics of spiral dislocation was also found on
another crystal surface (Figure 9). This is consistent
with the crystal growth theory that the rate of crystal
growth is the sum of the two individual process (surface
nucleation and spiral dislocation) with the faster one
dominating.?® At sufficiently high supersaturation,
surface nucleation may dominate the overall growth
rate. However, at very low supersaturation (near-
equilibrium condition), since surface nucleation is ex-
tremely slow, the growth rate of a surface with a screw
dislocation will be determined mainly by a spiral
dislocation mechanism. No matter what determine the
rate of crystal growth, the layer-by-layer structure in a
crystal can be created by the spreading of monolayer
steps. The multilayer steps can be formed after the
displacement between two multilayers, which can be
seen clearly in Figure 10.

On the basis of the framework constructed by the
extension of unit cell'* and the molecular structure of
CHZ reported by Liebau et al.,!® we believe that CHZ
has a perfect cleavage parallel (001), caused by its
layered structure. The structure consists of layers of
Znz(OH)g?~ (a bridge form of two tetrahedrons), which
are bound together by Ca?" cations. Water molecules
are arranged between these layers. A perfect cleavage
occurs along the water layers parallel to (001). A
similar structure, a cleavage parallel (010) shown in
gypsum crystal, has been reported by Cole and Lan-
cucki.?? Therefore, the crystal growth of CHZ on a (001)
surface is expected to be dominated by the growth in
the [100] and [010] directions. The difference of the
growth rate in [100] direction and in [010] direction
cannot be determined by the present experiment. How-
ever, this can be investigated by further experiments
on direct in situ observations of CHZ growth using SFM
with a fluid cell, which allows real-time imaging in an
aqueous environment.

(29) Zhang, J.-W.; Nancollas, G. H. Reviews in Mineralogy; Hochella
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Figure 10. SFM images of the layer-by-layer growth on
calcium hydroxyzincate.

Conclusions

The preparation of CHZ is accomplished by careful
manipulation in aqueous solutions and provides mate-
rial that can be characterized by modern materials
characterization methods. The results presented in this
article clearly demonstrate that the formation of calcium
hydroxyzincate crystal is preceded by surface nucle-
ation, and once the critical nucleus is formed it spon-
taneously spreads across the entire surface. Additional
features characteristics of spiral dislocation was also
observed on certain crystal surfaces. The SFM images
presented in this article provides valuable information
on (1) the surface morphology of CHZ crystals and (2)
the layer-by-layer crystal growth features on the edges,
which cannot be otherwise obtained by SEM.*!5 The
FT-IR results have delineated the nature and chemical
environments of the hydroxyl groups in the zincate
structure. The results of these characterizations will
aid in identifying and characterizing CHZ in complex
systems such as cement, electrodes, environmental
precipitates, in corrosion prevention layers.
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