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Abstract

A secondary precipitate was consistently observed in a series of dissolution and precipitation experiments conducted on synthesized
Cag[Al(OH)4]2(CrO4)3-26H,0. X-ray diffraction (XRD) patterns, scanning electron microscopy, thermogravimetry, and solid digest analyses
demonstrate that d-spacings, crystal morphology, water content, and Ca/Cr/Al ratios for the secondary solid are consistent with chromate
hydrocalumite (3Ca0-Al,05-CaCrO4-15H,0). Steady-state aqueous ion concentrations indicate that the experimental aqueous solutions were
in apparent equilibrium with both the Cr(VI) analog of ettringite and chromate hydrocalumite. Over the pH range 10.9 to 12.2, the log of the

solubility product (log Ksp) for the reaction

3Ca0-Al,05-CaCrOy4-15H,0=4Ca’" + 2A1(OH), + CrO]” +40H™ + 9H,0

at 25°C is —30.38 +£0.28. The temperature dependence of the log Ksp obtained from six additional temperatures from 5°C to 75°C is

—2042.1
logKsp = { ———— ) ~23.480.

AG,° and AH,® for the reaction are 173.1+3.7 and 39.1+3.2 kJ mol ~ ! and AS,° is —450+10 J mol ~' K ~'. Using these values and
published partial molal quantities for constituent ions, we calculate AGyz95°=— 9905+ 15.7 kJ mol ~ U AH®=—11303+8.3 kJ mol ~ !, and
AS°=1439+89 J mol ~ ! K ! for 3Ca0-Al,05-CaCrO,-15H,0. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sulfate hydrocalumite (3CaO-Al,03-CaSO,4-nH,0), also
known as calcium aluminum monosulfate or simply “mono-
sulfate,” is typically the dominant hydrated calcium alu-
mina-sulfate phase present in mature Portland cement pastes.
It is formed as the sulfate concentrations in the pore water
decrease due to the formation of early hydration products,
primarily ettringite (Cag(AI(OH)e)2(SO4)3-26H,0). The
ettringite then reacts with tricalcium aluminate (CazAl,Og),
one of the primary clinker phases, to form the more
sulfate-depleted sulfate hydrocalumite [1,2]. Both sulfate
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hydrocalcumite and ettringite are known to allow ionic
substitution, including Fe’ " and Cr’* for the AI’* and
OH ~, CO5> ", SeO4* ~, and CrO,>~ for SO4*~ [1-7].
The widespread use of cement and concrete and the ability
of hydrocalumite to structurally incorporate toxic ions
makes it important with regard to the mobility of pollu-
tants in the environment, remediation of contaminated
sites, and waste immobilization in cementitious materials.

Substitution of hexavalent chromium in hydrocalumite is
of particular interest as chromium is a widespread pollutant
that is acutely toxic, teratogenic, mutagenic, and carcino-
genic [8—11]. Chromium is a frequently cited contaminant at
hazardous waste sites and may be found in several alkaline
environments including naturally alkaline soils, fly ash,
cement and concrete, chromite ore processing wastes, and
basic waste mixtures. In alkaline solutions, hexavalent chro-
mium primarily occurs as CrO,> . The identical charge,
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similar structure, and comparable thermochemical radii of
CrO4>~ and SO,>~ suggest that chromate should readily
substitute in the crystal structure of hydrocalumite. Palmer
[12] identified CrOg4-bearing ettringite and a nearly pure
chromate hydrocalumite (3Ca0-Al,05-CaCrO4-nH,0)
phase in samples of concrete contaminated by chrome-laden
solutions. Such observations demonstrate the potential
importance of these phases in controlling the fate and
transport of hexavalent chromium in alkaline environments.
However, we are unaware of any published solubility data
for chromate hydrocalumite.

The purpose of this study is to determine the solubility
product (Kgp) of 3Ca0O-Al,05-CaCrO,4-nH,0 from 5°C to
75°C. Thermodynamic properties for this phase are calcu-
lated from this information. The results of this study should
be useful to workers dealing with chromium migration,
waste immobilization in alkaline environments, and chro-
mium—cement interactions.

2. Background

The formation of sulfate hydrocalumite from tricalcium
aluminate (Ca3;Al,0¢) and gypsum (CaSO4-2H,0) in water
is often assumed to occur in two stages. In the first step,
hydration of Ca3Al,O¢ in the presence of gypsum yields
ettringite (Eq. (1)):

Ca3A1206 + 3(CaSO42H20)
+ 26H,0=Cag(Al(OH),), (SO4);-26H,0. (1)

As the aqueous sulfate concentrations decrease and the
hydration of Ca3;Al,Og¢ continues, the ettringite is converted
to sulfate hydrocalumite:

Cag (Al(OH)6)2 (804)3 26H,0 + 2Ca3;Al, 04
+ 4H,0=3(3Ca0-Al,05-CaS0,-12H,0). 2)

We used the most commonly cited hydration number, 12,
in Eq. (2). However, the degree of hydration of sulfate
hydrocalumite is variable and largely depends on the rela-
tive humidity of the atmosphere in contact with the solid and
the ionic strength of the solution [1]. Differing hydration
states alter some d-spacings and Lea [1] lists the character-
istic d-spacings for sulfate hydrocalumites with 7, 10, 12,
and 15 waters of hydration. Kuzel [13] determined 14
waters of hydration based on X-ray diffraction (XRD)
analyses of sulfate hydrocalumite in the presence of water.
Changes in the hydration are generally reversible [1].

3. Methods

The results discussed in the following sections are based
on continued interpretation of data obtained from our earlier
study of Cag[Al(OH)e]o(CrO4)3-26H,0 solubility as well as

additional characterization of solid residues obtained in that
study. The specific methodology for synthesis and charac-
terization of the initial solid, dissolution and precipitation
experiments, and analyses of the resulting solutions are
detailed in our previously published paper [14].

Equilibrium with chromate hydrocalumite was achieved by
equilibrating solutions with Cag[Al(OH)e]>(CrOy4);-26H,0
which was synthesized from suspensions of 3Ca0O-Al,O3
and CaCrO,4 using a modification of a method described
by Odler and Abdul-Maula [2]. Both dissolution and pre-
cipitation experiments were conducted on the chromate
ettringite at 25°C in high-density polyethylene (HDPE)
bottles using N,-purged solutions. Solutions were prepared
in a glove box equipped with a CO,-scrubber. HDPE bottles
were sealed in glass mason jars before removing them from
the chamber. The jars were kept in a water bath at a constant
temperature (+0.3°C) for a minimum of 14 days, well after
the 2 days required to attain steady-state concentrations of
analytes. Precipitation of chromate ettringite was induced by
spiking the suspensions remaining at the conclusion of
dissolution experiments with 7 to 7.5 ml of 70 mM
Ca(NOs),. All other aspects of the chromate ettringite pre-
cipitation experiments were identical to the dissolution
experiments. All of the experiments are precipitation experi-
ments with respect to chromate hydrocalumite. In addition to
the experiments conducted at 25°C, a series of experiments
were conducted at 5°C, 15°C, 35°C, 45°C, 60°C, and 75°C.

The pH measurements were made within the glove box at
the time of sampling. The meter was calibrated using
pHydrion 7.00, 10.00, and 12.00 buffers. The samples were
filtered through 0.45-pm polysulfone membrane filters.
Samples intended for cation analysis were preserved with
HNO; (0.5% solution). Ca and Al were analyzed by atomic
absorption spectroscopy using a lanthanum matrix modifier.
Cr(VI) was analyzed colorimetrically using the diphenyl-
carbizide method [15] and measuring the absorbance at 540
nm on a Beckman DU 640 spectrophotometer. Powder
XRD analyses of the solids that were present at the end of
the experiments were obtained using CuKa radiation on a
Norelco XRG 3000 unit.

Solid-phase characterizations of the initial
Cag[Al(OH)4]5(CrOy4)3-26H,0 are discussed by Perkins
and Palmer [14]. Experimental residues were analyzed via
XRD. Additional solid characterizations were performed on
select experimental residues, including thermogravimetric
analyses (TGA) to measure the degree of hydration and
chemical analyses of the solid dissolved in dilute nitric acid
to measure the stoichiometry of the solid residues. The
morphology and size of crystallites were assessed using
imaging with a Phillips XL30 environmental scanning
electron microscope (ESEM) using an accelerating voltage
of 10 kV. Samples were sputter coated with ~ 100 A of
Au—Pd prior to imaging. Composition of the crystallites
was obtained with a Princeton Gamma Tech IMIX energy
dispersive X-ray spectrometer (EDX) at a working distance
of 10 mm. Quantification with EDX was done using a
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standardless ZAF technique [16] using the ZAF-4 software
package provided by the manufacturer of the X-ray unit.

4. Results and discussion

The concentrations of Ca, Al, and Cr(VI) obtained from
solutions equilibrated with synthesized Cag[Al(OH)g]o(-
CrO4)3-26H,0 are presented in Perkins and Palmer [14].
The stoichiometry of these solutions was found to differ
from that of the initial solid, indicating the formation of a
secondary precipitate.

4.1. Powder XRD

XRD patterns of solid residues from the dissolution
experiments show seven peaks not observed in the initial
solid. These peaks were attributed to the secondary
precipitate. Specifically, the XRD patterns (Table 1)
show a decrease in the relative intensity of the {100}
Cag[AI(OH)g]5(CrO4)3-26H,0 peak (d-spacing of 9.87 A)
and the appearance of a prominent peak at 10.21-10.27
A. The {110} peak (5.03-5.06 A) is also diminished
and a new peak having maximum intensity appears at
~5.07-5.18 A. Unit cell dimensions were calculated for
all residues, both with and without the 10.21-10.27 and
507-5.18 A peaks. Residual errors for the 10.21 and
1027 A peaks were higher than the errors calculated for
the other peaks, exceeding 0.1 A.

Myneni [17] also observed a diminished {100} peak and
the appearance of a new peak at 10.33 A when Cr(VI)
concentrations exceeded 1.29 mM in coprecipitation experi-
ments conducted with sulfate ettringite. Myneni [17] notes
that the slightly larger radius of CrO4*> ~ over SO,> ~ does
not adequately explain the increase in d-spacing to 10.33 A.

The discrepancies observed in our XRD results can be
explained by the formation of chromate hydrocalumite. The
coexistence of chromate hydrocalumite and the Cr(VI)
analog of ettringite is expected as mixtures of sulfate hydro-
calumite and ettringite are known to form when the CaSO,/
Al,O5 ratio exceeds unity [1]. Palmer [12] observed a
Cr(VI)-bearing ettringite phase together with an almost pure
chromate hydrocalumite phase in samples of concrete which
had been contaminated with chromium-laden solutions.

There are few published XRD patterns for chromate
hydrocalumite. However, the XRD patterns of sulfate and
chromate hydrocalumites may be expected to be comparable
given the minor difference (0.1 ;\) in ionic radii of sulfate
and chromate. An additional complication is that hydroca-
lumite phases exhibit variable hydration states, each having
a different X-ray pattern. Lea [1] lists 10.3, 5.15, 4.03, and
287 A d-spacings for sulfate hydrocalumite with 15 water
molecules (3Ca0-Al,053-CaS04-15H,0). Two of these d-
spacings correspond well with major peaks (~ 10.27, 5.15
A) that appeared in the XRD patterns of the experimental
residues but not in the initial solid. A third peak (2.87 10\)

was noted but was also present in the initial synthesized
solid XRD pattern.

The PDF pattern 44-0602 for CasAl,SOo-16H,0 lists d-
spacings of 10.23, 5.11, 3.41, 2.56, and 2.04 A. The first
four of these d-spacings correspond to XRD peaks (10.21—
10.27, 5.07-5.18, 3.38—3.44, and 2.53 A) obtained for the
experimental residues but which were not observed in XRD
patterns for the initial synthesized solid. The relative inten-
sity of the fifth peak is only 4% and so the corresponding
peak in our XRD pattern may not be distinguishable from
the background.

A maximum peak having a d-spacing of 4.83 A was
obtained for one sample (12.5 pH). However, hydrocalumite
planar spacings perpendicular to the c-axis are particularly
dependent on the degree of hydration. Values between 4.2
and 5.12 A have been observed for the {006} peak for
CayAl,CrOgo-nH,O with n equal to 9, 12, and 14 waters
(personnel communication obtained in review).

Three additional peaks were noted in XRD patterns of
experimental residues but were not observed in the initial
synthesized solid. Two of these peaks (~ 3.87 and 2.29 10\)
match peaks ({110} and {205}, respectively) reported for
CayAl,CrOgy-12H,0 in PDF file 41-0478. The third (3.04
/f\) corresponds to the {107} peak (3.03 Ao) listed for sulfate
hydrocalumite (CasAl,SO;¢-12H,0) in PDF file 18-0275.

4.2. Additional solid characterization

The peaks associated with the secondary phase dominate
the XRD pattern of the highest pH samples. The XRD
pattern for the “12.5”” pH sample displays neither the {100}
nor the {110} ettringite peak and is missing nearly all of the
other peaks characteristic of Cag[Al(OH)4]2(CrO4);-26H,0
(Table 1). Therefore, the “12.5” pH samples were not
included in subsequent calculations of the solubility product
for Cag[Al(OH)6]o(CrO4);-26H,0 [14].

A larger volume Cag[Al(OH)4]»(CrO4);5-26H,0 suspen-
sion was prepared using a NaOH solution with pH >12.5 in
an effort to obtain a relatively pure sample of the secondary
phase for further solid characterization. Although the XRD
pattern for the resulting solid material is clearly dominated
by the secondary solid peaks, minor peaks characteristic of
the original Cag[Al(OH)]»(CrO4);5-26H,0 were noted (e.g.,
the {110} peak was present, but with a relative intensity of
~ 1% rather than 100% as noted for the initial synthesized
solid; Table 1). One additional peak (5.32 10\), not observed
in previous patterns, was present with a relative intensity of
7%. The d-spacing does closely match the {004} chromate
ettringite peak; however, this is unlikely given the small
relative intensity of the {110} chromate ettringite peak. The
532 A peak more likely represents the {006} chromate
hydrocalumite peak; although the d-spacing is >0.1 A larger
than previously listed values, the d-spacing would be
expected to be larger in crystallites with a greater number
of waters of hydration.
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Table 1

Comparison of powder XRD peaks from initial synthetic Cag[Al(OH)s]>(CrO4);-26H,0 with PDF patterns and select experimental residues

Solid filtrate

Solid filtrate Solid filtrate Solid filtrate

Initial 25°C, pH 10.5  25°C,pH 12.0  25°C, pH 12.5  75°C, pH 10.5  Solid filtrate

PDF PDF synthesized precipitation dissolution dissolution dissolution 25°C, pH 12.5

44-0602° 41-0218° Cr(VI)-ettringite ~ experiment experiment experiment experiment synthesis
hklP  d@A) I d@A) I d@A) I d@A) I d@A) I d@A) I d@A) I d@A) 1
002 - 10.73 5 - - - - - - - - - - - -
H003  10.23 100 - - - - 10.21 83 10.21 68 10.27 53 10.10 97 10.20 46
100 - 9.87 100  9.87 74 9.87 27 - - - - 9.87 32 - -
101 - 8.97 14 8.93 10 - - - - - - - - - -
102 - - 7.27 4 - - - - - - - - - - - -
103 - 5.79 18 - - - - - - - - - - - -
110 - 5.61 80 5.73 100 5.69 20 5.71 1 - - - - 5.75 1
?? - - - - - - - - - - - - - 5.32 7
HO006 5.11 93 - - - - 5.18 100 5.08 100 4.83 100 5.15 100 5.07 100
112 - 5.03 23 5.06 55 5.05 11 - - - - - - -
200 - - 493 5 - - - - - - - - - - - -
104 — 4.714 50 4.73 45 4.72 2 - — - - — — 4.74 7
202 - - 4.482 1 4.46 10 - - 4.48 5 4.49 1 - - 4.485 16
H007 - - - - - - - - - - - - - 4.390 2
203 - - 4.062 11 4.08 12 - - - - - - - - - -
105 - 3.936 10 - - - - - - - - - -
114 — - 3.905 70 3.92 81 391 8 - — - - — - - -
HI05 - - - - - 3.86 5 3.87 2 3.88 2 3.87 8 3.870 11
210 - - 3.729 5 3.74 7 3.72 2 - - - - - - 3.763 2
204 - 3.632 7 3.64 10 - - - - - - - - - -
212 — 3.523 27 3.53 45 3.50 7 3.55 11 3.56 3 — - 3.555 23
HO009 3.407 46 - - - - 3.44 27 3.37 11 3.38 5 3.44 28 3.374 10
213 - - 3.308 8 - - - - - - - - - - - -
300 - 3.290 21 3.29 43 3.28 6 - - - - - - 3.249 3
HI08 - - - - 3.04 10 3.04 46 3.04 12 3.05 3.04 62 3.044 65
116 - 3.030 7 -
220 — - 2.848 1 2.87 7 2.87 5 2.88 7 2.87 2 2.88 18 2.882 17
304 - 2.804 45 2.80 34 2.80 8 2.79 6 2.79 4 - - 2.792 9
310 - - 2.737 7 2.74 10 2.74 5 - - - - - - - -
008 - 2.684 10 2.68 9 - - - - - - - - - -
312 — 2.651 15 2.65 26 2.65 10 - — - - — - - —
216 - 2.582 45 2.58 64 2.59 3 - - - - 2.59 13 - -
313 — - 2.557 4 - - - - - — - - — - -
HIl6 2.556 15 2.524 6 - - - - 2.53 6 2.53 6 - - 2.526 4
224 — 2.516 4 - — - - - — - - — — -
400 - 2.466 1 2.50 17 2.49 10 2.50 11 2.51 4 2.50 20 2.503 30
314 - 2.438 5 - - - - - - - - - - - -
118 - 2.428 5 2.43 10 - - 2.42 6 2.42 2 - - 2.422 14
208 - 2.358 5 2.36 5 - - - - - - - - -
HI05 - - - - - 2.29 12 2.29 2 - - 2.29 17 - -
320 — 2.264 8 2.26 17 2.26 5 2.25 21 - - — - - —
226 - 2.229 40 223 79 2.23 8 - - - - - - - -
322 - 2.215 7 - - - - - - - - - - - -
316 - 2.174 23 2.17 41 2.17 4 - - - - - - - -
323 — 2.158 4 2.15 17 2.15 3 - — - - — — - —
410 - - 2.153 4 211 7 - - - - - - - - - -
412 — 2.111 2 2.09 2 2.09 9 - — - - 2.10 13 - —

I=relative intensity (I/lax)-

o “H##H#” denotes peak assigned to hydrocalumite (3Ca0-Al,03-CaCrO4nH,0); d-spacings highly dependent on degree of hydration. Other hkls from

PDF 41-0218.
b Powder diffraction file for CayAl,SO,o-16H,0.

¢ PDF for Cag[Al(OH)]o(CrO,)3-26H,0. Peaks with d-spacings <2.11 A excluded.

TGA was conducted on the solid residue from this larger
suspension. A 2.3 mg sample was heated from 40°C to
900°C at a constant rate of 10°C/min using a Perkin Elmer
TGA 7 analyzer. Comparison of the resulting mass-loss

curve with that of the initial solid shows that mass loss
occurs in four rather than three intervals as was the case for
Cag[AI(OH)4]2(CrOy4)5-26H,0 (Fig. 1). The total percen-
tage mass loss at 900°C, 39.0%, is close to the expected
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Fig. 1. Thermogravimetric mass fraction plots for initial synthesized
Cag[Al(OH)6](CrOy4);-26H,0 (dashed) and solid residues from experi-
ments at initial pH >12.5 (solid).

value of 38.8% for 3Ca0O-Al,0;3-CaSO4-15H,0 and sig-
nificantly less than the expected mass loss of 43.8% for
Cag[Al(OH)g]2(CrOy4)3-26H,0.

Replicate portions ( ~ 7 mg) of solid were digested in dilute
nitric acid and analyzed for Ca, Al, and Cr(VI) using the same
techniques as for aqueous samples. The resulting stoichiome-
try, normalized to Al, is 4.26(£0.02):2.00:1.28(£0.04)
(Ca/Al/Cr) compared to an ideal stoichiometry of
4.00:2.00:1.00 for pure chromate hydrocalumite. Thus, the
chemical digest data suggest an apparent excess of Ca and
Cr. The excess may be either CaCrO, precipitated from the
evaporation of residual water or it could be explained by the
presence of 14% chromate ettringite. The latter hypothesis is
consistent with the observation of ettringite peaks in the
XRD spectra. Thus, the results of the thermogravimetry,
powder XRD, and the solid digest analysis are consistent
with a 3Ca0-Al,05-CaS0O4-15H,0 containing <15 wt.%
Cag[Al(OH)g](CrOy4)3-26H,0.

SEM images of the residue from the pH “12.5”* suspension
showed the material to be comprised of hexagonal platelets
~1to 10 pm in diameter (Fig. 2). The hexagonal form of the
plates is consistent with the morphology reported for hydro-
calumite(1,7,12). Theaverage of S EDX spectranormalized to
Al yielded Ca/Al/Cr ratios of 5.08(+0.46):2.00:2.14(£0.32)
which suggests excess Ca and Cr(VI) associated with the
crystallites. The amount of excess Ca and Cr is greater than
that obtained in the bulk chemical analysis suggesting that
the excess Ca and Cr is associated more with the surfaces of
the crystallites, possibly including CaCrO, residues formed
during drying of filtered solids.

Based on the analogy with the Ca—Al-SO4—H,O sys-
tem, the observations of chromate hydrocalumite and a
Cr(VI)-analog of ettringite in chromium-contaminated con-
crete, the correspondence of secondary XRD peaks with
available sulfate and chromate hydrocalumite XRD patterns,
the crystal morphology determined by SEM, and the results
of TGA and solid digest analyses of residues, we have
identified the secondary phase as chromate hydrocalumite
with 12 to 16 waters of hydration.

The stability of ion concentrations over time suggests
that equilibrium was achieved in our experiments. The
presence of the peaks for both the chromate ettringite and
chromate hydrocalumite in all samples with pH <12.5
suggests that equilibrium is attained with both phases. For
the “12.5” pH samples, the ion activity products (IAPs)
calculated for the dissolution of the chromate analog of
ettringite were significantly lower than those calculated for
the other samples. The low IAPs and decidedly uncharac-
teristic XRD patterns obtained for these samples indicate
that they were equilibrated only with the chromate hydro-
calumite phase.

The relative intensities of the chromate hydrocalumite
XRD peaks increase with the temperature of the dissolution
experiment. Peaks corresponding to 10.10 and 5.15 A for
chromate hydrocalumite are so dominant in the XRD pattern
obtained for 75°C dissolution samples that many chromate
ettringite peaks may be obscured (Table 1). However, a peak
at 9.87 A having a relative intensity of 32% matches the
{100} peak determined for the initial synthesized solid,
again indicating both phases were present. An increase in

vV  Magn Det SMBRE
80 KV 8000x SE

AccV  Magn " Det b
10.0kV 7000x~ SE 98 HiVac Hydrocalumite
|

B pm

Fig. 2. SEM images of hexagonal crystallites observed in the residue of the
pH “12.5” experiment.
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Table 2
Thermodynamic data used to update MINTEQA?2 databases
kJ mol ~! Jmol " 'K™!

Reactions AG,° AH° AS.° ACp log Ksp Source®
H,0-H"=0H"™ 79.85 55.81 — 80.66 —2125  —13.99 [21,22]
Aqueous species
CrO,> ~ +2H" =H,Cr0,° —39.8 —26.0 85 - 6.97 [23]
CrO4?~ +H" =HCrO, ~ —372 6.0 185 - 6.52 [23]
2Cr0,* ~ +2HY —H,0=Cr,0,* ~ -972 —25.54 145 - 17.01 [21,23]
Ca*" +Cr02 ~ =CaCr0,° —15.81 - - - 277 [14]
Ca*" +H,0—H" =CaOH" 73.22 77.47 14.6 —380 —12.83 [21,22]
AP' +H,0=AIOH*" +H" 28.35 55.73 91.0 0.65 —4.97 [21,24]
AP +2H,0=Al(OH)* " +2H" 57.70 122.6 218 —225 —10.11 [21,24]
AP " +3H,0=Al(OH);’+3H" 95.15 176.4 - - —16.67 [21,24]
AP" +4H,0=Al(OH), ~ +4H" 1313 181.4 167.7 —-91.8  —23.00 [21,24]
Solid phases
Ca(OH),=Ca?* +2H,0 —2H" —129.6 —129.6 0.02 31.71 22.70 [21,22,26]
ALO3, corundum=2AF " +3H,0 — 6H " —96.63 —243.6 — 491 —125 16.93 [21,24]
ALO3, 4 Almina=2AL " +3H,0 —6H " —104.6 —265.9 —533 —93.0 18.33 [21,24]
AlOH)3, qmpn=AF " +3H,0 —3H" —61.65 —110.8 - - 10.8 [27]
AIOOH, pochemie=Al " +2H,0 —3H" —43.60 —116.2 —243 —235 7.64 [21,22,25]
AlOOH, gigspore=Al’ " +2H,0 — 3H" —40.00 —112.0 —241 —224 7.01 [21,22,25]
AlOH)s, givbsite=AI’ " +3H,0 —3H" —44.26 —105.3 —205 14.3 7.75 [21,22,25]
Cag[Al(OH)s]5(CrO4);-26H,0 = 236.6+3.9 77.5+24  —534+83 — 1510140 —415+030  [14]

6Ca>" +2A1(0OH)* ~ + CrO,*> ~ +40H ~ +26H,0
3Ca0-AlL05-CaCrO,-15H,0 = 173.1+3.7 39.1£32 —450+10 —30.38+0.28  This Study

4Ca®* +2AI(OH), ~ +CrO,>~ +40H ~ +15H,0

# Multiple numbers indicate sources for individual ion or solid phase data that were used in calculating data presented.

the relative mass of chromate hydrocalumite with increasing

temperature is to be expected. Indeed, one method for

synthesis of sulfate hydrocalumite is to heat a suspension

of ettringite to 100°C [18].

4.3. Dissolution and precipitation experiments

As previously noted, the observed molar ratios of ions

in solution [14] do not agree with the ideal or measured

Table 3

Calculated activities and IAPs for the chromate hydrocalumite phase in experiments conducted at 25°C

Sample Measured log log log log log Tonic Charge balance

batch pH {Ca* %} {AI(OH), "} {CrO> 7} {OH "} Na*} strength (m) error (%)* Log (IAP)
25°C dissolution samples

25-10.5 11.04+0.04 —2.63 —2.72 —2.83 —2.96 —3.07 0.0147 3.12 —30.63+0.10
25-11.0 11.14+0.02 —2.68 —2.80 —2.80 —2.86 —2.85 0.0145 1.03 —30.53+0.12
25-11.5 11.35+0.04 —2.80 —3.01 —2.78 —2.65 —2.47 0.0144 +1.53 —30.59+0.03
25-11.5r 11.42+0.02 —2.74 —-3.23 —-2.79 —2.58 —2.48 0.0150 4.54 —30.55+0.07
25-12.0 11.85+0.03 —2.85 —-3.74 —2091 —2.15 —2.05 0.0186 8.99 —30.36+0.01
25-12.0r 11.62+0.04 —2.39 —4.01 —3.20 —2.38 —1.82 0.0352 <1% —30.28+0.04
25-12.5 12.13+0.01 —2.46 —4.88 —3.30 —1.87 —1.67 0.0539 <1% —30.39+0.01
25°C precipitation samples

P25-10.5 10.90+0.03 —2.12 —2.98 —-3.37 —3.09 —3.26 0.0558 —4.98 —30.19+£0.02
P25-10.5r 10.97+0.06 —2.18 -3.12 —3.40 —3.03 —3.58 0.0480 —7.47 —30.49+0.25
P285-11.5 11.14£0.01 —2.11 -3.29 —3.40 —2.86 —2.61 0.0580 +1.86 —29.89+0.02
P25-11.5r 11.30+0.01 —2.19 —3.61 —-3.41 —2.70 —2.55 0.0484 —3.53 —30.19+0.08
P25-12.0 11.54+0.06 —-2.17 —3.98 —3.44 —2.46 —-2.19 0.0568 —1.98 —29.92+0.01
P25-12.5 12.15+0.01 —2.22 —5.52 —3.50 —1.84 —1.71 0.0707 0.94 —30.82£0.18

“Dissolution” and ‘‘precipitation” refer to chromate ettringite. All of the experiments are precipitation experiments with respect to chromate

hydrocalumite.
? Charge balance error

E ZiCi— E ZiCj

cations anions
= X100
E zi¢ci + E ZjCj
cations anions

Positive values indicate excess cations, negative values indicate excess anions; + indicates both excess cations and anions within sample replicates.
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Fig. 3. Calculated IAPs versus pH for the chromate hydrocalumite phase from
25°C “dissolution” and “precipitation” experiments. Dashed lines represent
one standard deviation from the overall mean log Kgp. “Dissolution” and
“precipitation” refer to chromate ettringite. All the experiments are
precipitation experiments with respect to chromate hydrocalumite.

solid stoichiometry of Cag[Al(OH)]3(CrO4)5-26H,0. The
excess CrO4°~ in solution is consistent with the pre-
cipitation of chromate hydrocalumite which would pre-
ferentially remove a greater fraction of Ca and Al from
solution. The diminished Al concentrations observed in
the higher pH samples may be the result of precipitation
of aluminum hydroxides or oxyhydroxides. Solutions with
pH>11.35 are near saturation with respect to boehmite,
diaspore, and gibbsite.

Aqueous activities for Ca’™, Al(OH); ~, and CrO,2~ as
well as Na® and NO; ~ (the latter from Ca(NOs), spikes
added to induce precipitation) were calculated with the
geochemical speciation model MINTEQAZ2 [19]. Individual
ion activity coefficients, v;, were calculated using the

Table 4

989
Davies Equation (Eq. (3)):
)
logy; = —AZ? | ———=—0.241 3
ey = -az (1 ®)

where 4 is the Debey—Huckel parameter which is equal to
0.5092 at 25°C and 1 bar total pressure, Z; is the charge on
the particular ion, 7, and / is the ionic strength of the solution.
The databases used by MINTEQA?2 were first modified to
include pertinent, updated thermodynamic data from avail-
able literature (Table 2). IAPs for the dissolution reaction

3Ca0-Al,05-CaCrO4-15H,0 = 4Ca>* + 2A1(OH);

+CrO2” +40H + 9H,0 (4)

were calculated from the activities using
IAP = {Ca*?}*{Al(OH), ~ }*{CrO4>~ }{OH }*{H,0}’
(5)
At equilibrium, the IAP equals the solubility product, Kgp.
The log IAPs calculated for all 25°C samples (Table 3) vary by
less than one log unit from — 30.83 to — 29.89 (Fig. 3). The
maximum value is associated with a sample with pH near the
midrange of values. Although the lowest value is associated
with the highest pH (12.15), the sample with the next highest
pH (12.13) has a corresponding log IAP ( — 30.39) very near
the average value of — 30.38. Student ¢ tests indicate that the
slope of the TIAPs versus pH for all 25°C samples is not
significantly different from zero at the 95% confidence level
(t=—0.74,df=11 for all samples). An F'test indicates that the
variance in log IAP values between samples is significantly
different from the variance in the replicate values at the 95%
confidence level (F=23.9; dfi=12; df;=21). Thus, the
factors influencing such variability were more closely con-
trolled within a given set of replicates than between samples.
The charge balance errors for the “dissolution” samples range

Calculated activities and IAPs for the chromate hydrocalumite phase in the temperature-dependent experiments

Sample Measured log log log log log Tonic Charge balance

batch pH {Ca*?} {AI(OH), ~} {Cro 7} {OH "} Na*} strength (m) error (%)* Log (IAP)
5°-10.5 11.79+0.04 —2.68 —-2.79 —-2.97 —2.89 —3.34 0.0117 3.71 —30.83+0.01
5°-10.5r 11.98+0.03 —2.75 —3.00 —3.07 —2.73 —3.17 0.0098 2.98 —30.77+0.22
5°-11.5 12.29+0.06 —2.88 —3.33 —2.98 —-2.39 —2.49 0.0117 +4.07 —30.95+0.18
15°-10.5 11.64+0.02 —2.71 —297 —2.96 —-2.70 —-3.10 0.0116 +0.82 —30.58+0.12
15°-11.5 11.89+0.03 —-2.79 —3.31 —2.88 —2.44 —2.49 0.0138 +0.93 —30.53+£0.17
35°-10.5 10.95+0.02 —2.61 —2.88 —2.85 —2.73 —3.36 0.0148 2.14 —29.98+0.48
35°-11.5 11.11+0.05 —2.76 —3.16 —-2.71 —2.57 —2.40 0.0169 1.38 —30.34+0.13
45°-10.5 10.57+0.04 —2.54 —2.71 —2.76 —2.93 —3.32 0.0184 5.03 —30.06+0.27
45+-11.5 11.30+0.06 —2.90 —-3.29 —-2.79 —2.10 —2.00 0.0216 +2.52 —29.36+0.13
60°-10.5 10.15+0.01 —2.55 —2.74 —2.85 —-2.82 —3.16 0.0172 10.03 —29.84+0.03
60°-11.5 10.53+0.10 —2.70 —2.94 —2.84 —2.44 —2.37 0.0175 6.98 —29.30+£0.40
75°-10.5 9.90+0.03 —2.61 —2.64 —2.80 —2.69 —3.14 0.0178 +2.97 —29.27+0.08
75°-11.5 10.03+0.02 —2.75 —2.80 —2.76 —2.56 —2.37 0.0175 2.19 —29.65+0.04

? Charge balance error

> zie— Y %G

__ cations anions

- Z zici + Z Zjcj

cations anions

x100

Positive values indicate excess cations, negative values indicate excess anions; + indicates both excess cations and anions within sample replicates.
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Fig. 4. Log Ksp versus inverse temperature. The dashed lines are the 95%
confidence intervals and the vertical bars are the standard deviations in the
log Kgsp for each temperature.

from <1% to 9% (Table 3). Activities for two of the seven
“dissolution” samples (postprecipitation samples) were cal-
culated by estimating [NO; ~ ] based on minimizing the
charge balance errors. The average value of charge balance
errors, excluding these samples, is 3.4%. The charge balance
errors for “precipitation” samples ranged from < 1% to 7.5%,
with an average value of 2.3%.

The average log IAP obtained from the means of both
“dissolution” and “precipitation” experiments is — 30.38
+0.28. The error is the total standard deviation (T.S.D.),
representing the error in both samples and replicates. It must
be emphasized that “dissolution” and ““precipitation” refer to
the chromate ettringite. Because the chromate hydrocalumite
formed as a secondary solid, all of the experiments are
precipitation experiments with respect to this phase.

4.4. Temperature-dependent experiment

The calculated log IAPs increase with increasing tempera-
ture, ranging from — 30.83+£0.01 at 5°Cto — 29.65+0.04 at
75°C (Table 4). Thus, a positive enthalpy of reaction, AH,°,
for the dissolution of chromate hydrocalumite is indicated.
The dependence of log IAP on the inverse of the temperature
(Fig. 4) appears to be linear (> =.967, df=5), suggesting that
the enthalpy of reaction, AH,°, is constant over the tempera-

ture range 5—75°C. Using the constant enthalpy model, the
Ksp(T) can be written as

ok = (4) < ©

where 4=— AH,°/(In(10)R) and B=AS.°/(In(10)R). The
regression coefficients obtained from fitting our data to
Eq. (6) are A=—2042.07+167.75K and B=—23.48 £0.55.
The log Kgp values calculated using these linear regression
coefficients were within one standard error of the measured
Kgp values, with the largest residual value being 0.19 for the
45°C samples.

The temperature-dependent data were also fit to a constant
heat capacity model [20]. The resulting coefficients were not
significant (¢ values <1 at the 5% significance level), imply-
ing that this model or more complicated models, such as the
variable heat capacity model, are over parameterized and
inappropriate for our solubility data. Therefore, the constant
enthalpy model best represents the temperature dependence
of the log Kgp over the temperature range of 5—75°C.

4.5. Thermodynamic properties of
3Ca0-Al,03-CaCrO,15H,0

The free energy of reaction is related to the Ksp by
AG,° = —RTInKgp (7)

where R is the gas constant (8.31441 Jmol 'K~ "y and T
is the temperature (K). Using Eq. (7) and the log Kgp value
of —30.38+0.28 calculated as the mean IAP of all 25°C
experiments, we calculate AG;295°=173.443.7 kJ mol ~ L
Using this value, the free energies of formation of the
individual ions presented in Table 5 and

AG;,298,monochromate = 4AG;,298 (Ca+2)
+ 2AG;,298 (AI(OH),)
+ AG; 505(C10O}?)
+ 4Gy 595 (OH")

+ 9AG;,298 (HZO)_AG:,z% (8)
we calculate AGrr9g=—9905+16 kJ mol ~ ' The

Table 5
Formation parameters used in this study

kJ mol ! Jmol 'K™!
Species AGY AHP ASP° ACps° Refs.
H,04iquia —237.14+0.04 —285.83+0.4 69.95+0.03 75.351+0.08 [21]
OH ™ —1573+2.0 —230.02+0.6 —10.7+£1.9 —137.2+16.7 [227*
Ca®* —552.79£2.0 —543+0.6 —56.48+1.9 — 31.5+16.7 [227°
CrO4> ~ —7242+1.0 —879+1.0 5.4+0.5 —261.9+16.7 [231°
Al(OH)4 —1305+2.0 —1502.8+1.6 101.5+10 89.6+12 [24]
Cag[Al(OH)4],(CrO4);-26H,0 —15131+19 — 17330=15 21904110 2120530 [14]
3Ca0-AlL,03-CaCrO,4-15H,0 —9905+15.7 —11303+8.3 1439+89 - This Study

# Uncertainties are based on maximum values reported by Shock et al. [22] over the temperature range of 0°C to 100°C.

b ACpy° from Shock et al. [22].
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Fig. 5. Stability diagram for Ca—Al-CrO,* —H,0O system at 25°C
assuming unit activity of water. The numbers on the lines denote the
activity of Ca?' in solution: solid lines are for stability fields for
{Ca®"}=10"%; dashed lines for {Ca®’"}=10""; dash—dot lines for
{Ca®"}=10".

uncertainty is based on propagation of the error
associated with the Kgp value and the maximum
possible errors associated with the free energies of the
individual ions.

The enthalpy of reaction, AH.°, calculated from the
slope of the regression curve (4=—2042.07+167.75K)
using AH°=—A4 In(10)R is 39.1+3.2 kJ mol ~'. The
entropy of reaction, AS,°, calculated from the intercept
of the regression curve (B=-—23.48+0.55) using
AS°=B In(10)R is —450+10 J mol~' K~'. The
errors are based on the standard errors of the regressed
slope and intercept.

Using the data in Table 5 and equations for AH{° and
AS° analogous to Eq. (8), we calculate the enthalpy and
entropy of formation of chromate hydrocalumite to be
AH®=—11303+8.3 kI mol ' and AS°=1439+89 J
mol ~' K~ '. The errors are based on the errors calcu-
lated for the dissolution reaction parameters and the
maximum calculated errors associated with individual
ions. A similar calculation of heat capacity resulted in
ACpsa9s°=373+485 T mol ~!' K~ ' This value is not
significantly different than zero.

4.6. Stability range for chromate hydrocalumite

Based on the log Kgp values calculated for chromate
hydrocalumite and chromate ettringite we can determine
conditions under which these phases are stable. Based on
analogy with the sulfate system, it is likely that chromate
hydrocalumite controls the solubility of Cr(VI) in mature
cements. The transition is given by Eq. (9)

Cag[Al(OH)g], (CrO4),
-26H2 23CaO-A1203 -CaCrO4- 1 SHZO

42Ca*" +2Cr0;~ + 17H,0. (9)

At equilibrium, this transformation can be expressed as

— 2+
1OgKCr(VI)7ettringite_lochhromate hydrocalumite = 2logCa

+2logCrO3 ™~ + 17logH,0 (10)

where Kchromate hydrocalumite and KCr(VI)—ettringite are the
solubility products for the reactions given by Eq. (4) and by

Cag[Al(OH),],(CrO4);-26H,0=6Ca*"
+2A1(OH), + 3CrO;” +40H™ + 26H,0, (11)

respectively. Using the values of the solubility products
at 25°C (log Kspcr(viyettringite = —41.5+0.3) and Egs.
(5), (10), and (11), we generated the stability diagram
in Fig. 5. The solid lines denote the stability regions
when {Ca’"}=10"2 When {Ca’"} increases to
107", the stability region for chromate hydrocalumite
increases in size and the resulting Cr(VI) concentra-
tions are much lower. When {Ca®'} decreases to
10 3, the stability region for chromate hydrocalumite
decreases in size and the resulting Cr(VI) concentra-
tions are much higher.

The solubility products for both chromate hydrocalu-
mite and the Cr(VI)-analog of ettringite are temperature
dependent and the stability regions therefore shift with
temperature (Fig. 6). The stability region for chromate
hydrocalumite is small at 5°C and becomes relatively
large at 75°C. There is, however, very little shift in the
boundary between Cag[Al(OH)g]2(CrO4);-26H,0O and
3Ca0-Al,05-CaCrO4-15H,0 with temperature. These
results indicate that consideration of the temperature of
the system is important in determining the stability of
these phases in concrete.

CaglAI(OH)4]:(CrO4)s 26H,0
-3 & L ,
P . Chromate " ~_
No" 25°C A Ry
= -7 ~ ~—
QO ~~
A ad \
en ~~
S 9
= ~
1 b Solution T=75°C -
~
~
~
-13 . .
18 19 20 21

Log {Al(OH),} + 2pH

Fig. 6. Stability diagram for Ca—Al—CrO,> ~ —H,O system assuming unit
activity of water and {Ca®*}=10">. The numbers on the line denote the
temperature: solid lines denote 25°C; dash—dot lines denote 75°C; dashed
lines denote 5°C.
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5. Summary

Powder XRD of solids present in a reactor at the end of
dissolution and precipitation experiments using a Cr(VI)
analog of ettringite revealed the presence of a secondary
phase. This precipitate was identified as the Cr(VI) analog
of sulfate hydrocalumite (monosulfate). The solubility pro-
duct of 3Ca0-Al,03-CaCrO,4-15H,0 for Eq. (4) at 25°C was
calculated to be —30.38+0.28. Experiments conducted
over the temperature range of 5—75°C indicate that the
enthalpy and entropy of reaction are 39.1+3.2 kJ mol '
and —450+10 J mol ' K ', respectively. The free
energy of formation and enthalpy of chromate hydrocalu-
mite calculated from our results and published partial molal
quantities for key ions are —9905+16 and — 11303 +£8.3
kJ mol ~ . AS° is calculated to be 1439+89 Jmol ~ ' K ~ .
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