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CHEMISTRY OF GYPSUM POND SYSTEMS

(FIPR No. 85-05-025R)

EXECUTIVE SUMMARY

Previous studies on management of phosphoric acid gypsum ponds included attempts to
describe chemical species and processes that influenced distributions of phosphorus,
fluorine, and other elements in these systems. A lack of qualitative and quantitative
information about the pertinent chemistry frustrated those efforts. The Florida Institute of
Phosphate Research (FIPR) and the Tennessee Valley Authority (TVA) sponsored an inves-
tigation to gain information that will assist in better understanding the chemistry of gypsum
pond systems.

Samples of gypsum pond return, discharge, and slurry waters were collected from operating
Florida phosphoric acid producing plants in May 1988 and in December 1989. Densities,
pH’s, and concentrations of P2O5 , F, SO4-S, Si, Al, Ca, Fe, K, Mg, Na, NH4-N, and Cl were
determined on filtered aliquots of the samples. Results showed a wide variance in pond
compositions. For example, approximate ranges of measured pH’s were 1.4 to 1.9, %P2O5
ranged 0.5 to 2.7, %F from 0.3 to 1.3, %SO4-S from 0.12 to about 0.3, and %Si from 0.1 to 0.3.

Inspections of sample data indicated that the operating characteristics of individual acid
plants strongly influenced pond water compositions. Results from correlation and factor
analyses point to feed rock source, free sulfuric acid, and the presence or absence of ancillary
ammoniated phosphate production as typical influential characteristics. Sample type
(return, discharge, or slurry waters) had negligible influence on variations in mean sample
compositions. The only significant seasonal effects detected for samples collected in this
study were the mean density and F, Si, and K concentrations were higher for the samples
collected in May 1988 than for samples collected in December 1989. No large, universal
variations were observed in compositions of pond water samples collected at different
seasons.

Solids suspended in collected samples and sediments produced during storage contained
gypsum; the alkali fluosilicates, Na2SiF6 and NaKSiF6;  chukhrovite, CaSO4SiAlF13.nH2O;
and a complex iron phosphate, Fe3(NH4,K,H)H8(PO4)6.6H2O.  Data evaluations suggested
the latter compound was mostly, but not exclusively, present in the ammonium form.

Sample aliquots were evaporated to increase concentrations and force precipitation of the
principal saturating solid phases. Phases consistently detected in solids collected after the
evaporations were gypsum and the alkali fluosilicates. Attempts to induce chukhrovite
precipitation by addition of Al before evaporations were not successful. Results from mass
balance experiments, conducted to check for inadvertent material losses that could have
influenced distribution among the solution and solid phases, showed that the amounts of
P, Si, and F in solutions and solids recovered after evaporations at 60°C equaled the amounts
contained in the starting solutions within experimental error.
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Pond water samples were treated with a variety of Ca and Al compounds to attempt removal
of F by induced precipitation of F-containing solids. As expected, common neutralizing
agents such as Ca(OH)2 and a clay-sized fraction from a dolomitic phosphate ore were most
effective agents for reducing soluble F levels. Reactions of pond water with Al powder and
AlPO4 also reduced soluble F concentrations. Treatments with the clay-sized fraction from
a nondolomitic ore, an attapulgite clay, and Al(OH)3 did not cause reductions in soluble F
concentrations.

Results from computations with the chemical equilibrium modeling program PHREEQE
were in good qualitative agreement with other investigations. The P species with highest
computed concentrations in pond water samples were H3PO4 and H2PO4-, consistent with
the known dissociation reactions of phosphoric acid and expected distribution of species at
low pH’s. The dominant F species predicted by the model computations was SiF6 -2; this
was the only F-containing species detected by NMR spectroscopy. Saturation indices
computed by PHREEQE predicted gypsum and sodium fluosilicate to be the important
saturating phases, and these were the most prevalent compounds found in sediments
collected from pond water samples. There was good agreement between ion activity
products of saturated species and solubility product constant values obtained from other
sources.

Solubility product constants were estimated for complex compounds about which no
information was available in the literature. Log K is estimated to be -78.77 for chukhrovite
dissolution by the reaction

Estimated Log Ksp values for the ammonium and potassium forms of
Fe3(NH4,K)H8(PO4)6.6H2O are -140.9 and -141.6, respectively.
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SECTION 1

INTRODUCTION

BACKGROUND

A wet-process phosphoric acid plant is typically operated in a closed loop with a system of drainage
ditches and one or more diked ponds which serve to store and evaporatively cool the large quantity of water
needed in the acid manufacturing operations. Although separate ponds might be maintained for various
purposes, the overall water handling system is referred to as the gypsum pond for convenience. Since pond
water is repeatedly used for scrubbing fumes generated during phosphoric acid production and for sluicing
gypsum to the disposal pile, it becomes acidic and contaminated with phosphate, sulfate, fluosilicate, and
other chemical species. The complex compositions of gypsum ponds and the natural variations in pond.
compositions that occur at different sites and at different seasons of the year make it difficult to describe and
predict chemical reactions that affect subsequent interactions of the pond with the chemical plant and the
environment.

Considerable attention has been given to possible interactions of gypsum ponds with the environment.
Much of this has been focused on problems related to the effects of unintentional movements of pond water
constituents into the environment, such as evaporation of volatile compounds from pond surfaces or seepage
of pond water into ground water. These concerns have stimulated numerous research programs to assess
the impacts of gypsum ponds on the environment.

In the 1960s and 1970s emphasis was placed on determining the potential for movement of volatile
fluorine compounds from gypsum ponds into the atmosphere, and several studies were conducted to
measure fluorine emissions from pond surfaces. Linero and Barker [1] reviewed the field investigations of
fluorine emissions that were reported by Cross and Ross [2] and by King and Farrell [3], and laboratory
investigations made with pond water with added HF and H2SiF6 by Tatera [4]. Lehr [5] compared the
fluoride vapor pressures measured by Tatera for gypsum pond water samples with added H2SiF6 with data
from laboratory studies on reagent chemicals by Smirnova [6] and Baur [7]. The data correlated well and
provided an estimate of a Henry’s Law constant which  related vapor pressure to the total %F in solution.

Potential movements of pond water constituents into the soil and ground water environments received
less attention. Lehr inferred from past research on reactions of fertilizers with solids that pond water
constituents such as phosphate, sulfate, and fluoride would be immobilized by reactions with clays and
carbonates in the soil. This inference was supported by results of experimental studies by Wissa [8],
Cochrane [9], and Murray [10] who found that solution phase concentrations of these species were reduced
when gypsum pond waters reacted with soil minerals. Wissa and Cochrane both detected evidence of
cementation in reaction zones, but the identity of the product from the cementation reaction was uncertain.
The X-ray diffraction pattern reported by Cochrane and the description of the crystalline compound detected
by Wissa suggest an important product may  be a high fluorine-content compound, chukhrovite, which has
been detected in laboratory studies on phosphoric acid systems [11].

There is relatively little information in the literature about the solubility status of gypsum ponds and the
speciations of soluble species that likely influence interactions of the ponds with the environment. The
emission parameters and Henry’s Law constants that were estimated in studies on fluorine volatilizations
described the available data assuming other solution composition variables were constant or had negligible
effects. Attempts by Linero and Baker and by Lehr to describe how changes in pond chemistry might affect
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elemental distributions among soluble and insoluble phases were frustrated by a lack of information about
the identities of important species and their equilibrium constants. They and Boscak [12] recommended
further research to obtain better information about chemical species and reactions which will determine the
behaviors of pond water constituents.

Murray and Lewis [13] applied a computerized aqueous chemical equilibrium model, GEOCHEM, to
evaluate chemical species in pond water samples which had been reacted with various soil minerals. They
found that computerized chemical modelingwas helpful in predictingbehaviors of ions, but models showed
deviations from experimentally observed behaviors. Difficulties arose from problems in correcting for ionic
strength effects and the lack of thermodynamic constants in the computerized chemical model data base.
Based on the species they discussed in their report, it appears that the fluosilicate ion was not included in
GEOCHEM model. Thus, the results of the model computations failed to account for a major chemical
constituent of the pond systems.

OBJECTIVES

The current investigation was undertaken to acquire information which will provide a better
understanding of the chemistry of gypsum pond systems. Specific attention was given to solution and solid
phase identities and compositions to acquire information about pond system solubilities.

Objectives were to

l identify the major solid and soluble complex species that exist in a gypsum pond system,

l determine how changes in system compositions affect distributions of elements in the system,

l explore means for modifying natural distributions to remove some elements as low-solubility
compounds, and

l determine whether existing computer software for modeling chemical equilibria provide useful
information about gypsum pond systems.

SCOPE OF WORK

Samples were collected from gypsum pond systems at several operating phosphoric acid plants and
analyzed to obtain information about their compositions. Statistical tests were applied to determine how
sampling conditions influenced composition variations. Solids that were suspended in collected samples or
were precipitated from samples during storage were analyzed and characterized to identify compounds that
influenced the solubility status of gypsum ponds.

Solution phases of collected samples were evaporated to increase concentrations and force precipitation
of saturating solids. Solution and solid phases were analyzed and data evaluated to investigate possible
modes of elemental redistribution in pond systems. Selected samples were treated with additional amounts
of key elements to investigate how variations in their concentrations affected precipitation patterns.

Exploratory experiments were conducted to examine possible ways to control pond chemistry by
treating pond waters with relatively inexpensive reagents (e.g., clays, phosphate slimes, dolomite).

A computerized chemical modeling program which had been developed to calculate speciation distribu-
tions and solubility status of aqueous geochemical systems was tested with gypsum pond composition data.
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Concentrations of soluble complex speciations were computed to obtain information about important
species that are equilibrated with saturated solutions. Results from the computations and experimental
studies were used to estimate solubility product constants of compounds for which no values were found
in the literature.
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SECTION 2

COLLECTION AND ANALYSES OF GYPSUM POND WATER SAMPLES

SAMPLING LOCATIONS AND DATES

After discussions with FIPR personnel and Dr. Ken Parks, consultant on the project, it was decided that
analytical data would be needed for three types of water samples within the chemical plant-gypsum pond
systems at a variety of operating phosphoric acid production sites. It also was decided that collections at
different seasons of the year would be desired to obtain information about variations in compositions that
might occur with variations in climate. A number of phosphoric acid producers in Florida were contacted
to request their participation in the project. Seven companies participated; most requested anonymity, so
sample identifications were coded.

In May 1988 samples of pond-to-plant return water, plant-to-pond discharge water, and gypsum slurry
decant or filtrate water were collected from each of six phosphoric acid producers. In December 1989
additional samples of return waters and slurry waters were collected and sent to TVA so that a comparison
could be made between compositions in warm weather and cool weather conditions. Collections made for
this latter group included five of the initial sites sampled in May 1988. Samples were transported to TVA’s
laboratories in Muscle Shoals, Alabama, for analyses and experimental research.

CHEMICAL ANALYSES

An aliquot was taken from each sample and filtered for analyses and subsequent experimentation.
Densities and pH’s of the aliquots were determined at ambient room temperature (25°C ± 2°C). Filtrates
were analyzed for P, S (sulfate), N (ammonium), F, Cl, Na, K, Ca, Mg, Al, Fe, and Si. At several times during
the course of experimental studies, additional aliquots were taken from the samples and analyzed. Analyti-
cal methods used included specific ion electrode methods (most ammonium-N and F determinations), ion
chromatography (some ammonium-N, F, sulfate-S, Na, and K determinations), and inductively coupled
plasma spectroscopy (P, S, and cation determinations). Average compositions for the samples are given in
Table 1. Detailed results from replicate determinations performed on the samples are in
Appendix A.

OTHER INVESTIGATIONS

Aliquots of the pond water samples collected in May 1988 were examined by nuclear magnetic resonance
(NMR) spectroscopy. The 19F spectra were recorded at ambient temperature (about 26°C) with a JEOL
FX-90Q instrument operated at 84.26 MHz. The external standard was trichlorofluoromethane. Each pond
water sample gave a single 19F NMR peak at -129 ppm which is assigned to the SiF6-2  ion. This supports
the assumption that the major F-containing species is fluosilicate. An attempt to quantitate F in the samples
by NMR was not successful. Areas of the 19F peaks did not show good linear correlation with sample F
concentrations. The normalized areas (peak area divided by % F) were negatively correlated with the F
concentration, indicating that the relative NMR response to F decreased with increasing F concentration.
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Table 1. Gypsum Pond Water Sample Mean Compositions

a Sample ID code = "AB-C", where

A = Sample type: R = Return from pond, D = Discharge to pond, S = Slurry decant or filtrate;
B = Collection site number, 1 through 7; and
C = Collection group: 1 = May 1988 and 2 = December 1989.
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Pond water aliquots also were examined by Fourier transform infrared (FTIR) spectroscopy. Spectra
were recorded at ambient temperature with a Nicolet 60SX instrument operated at 4 cm-1 resolution.
Samples were contained in a Spectrotech CIRCLE cell; a cell containing deionized water was the background
reference. All spectra had absorbance bands in the region from 1320 to 845 cm-1 which are assigned to
vibrations of orthophosphate species. The summed area of absorbance peaks in the region from 1320 to 845
cm-1 correlated reasonably well with total P2O5 concentration; however there was a moderate amount of
scatter that increased with increasing P2O5 concentrations. The absorbance band at 1000 cm-1, which is
assigned to a P-O stretch, showed less variation from sample to sample than did other bands, and the area
of the 1000 cm-1 peak showed better correlation with concentration than did the area of the total IR absorbing
region.

COLLECTION SITE EFFECTS

Inspections of the compositions in Table 1 show relatively large variations among compositions of
samples collected at different acid plants. This is attributed to differences in operating practices involving
fluosilicate recovery or co-production of ammonium phosphate fertilizers that occurred at the different
plants. These practices obviously influence the quantities of materials passed into the pond systems and the
resultant compositions of the pond water samples.

EFFECTS OF SAMPLE TYPES

The sample collection scheme included two pond inputs (gypsum slurry and plant discharge waters)
and one output (return water) to provide data for investigating whether significant changes in composition
could be detected at opposing ends of the material flow through the pond system. The composition data
were grouped according to sample type and means and variances for the groups were calculated. Evalua-
tions with the Student t Test for means and the F Test for variances were made to test hypotheses that the
means and variances for the data pairs return-discharge, return-slurry, and discharge-slurry were equal.
Results from these tests are tallied in Table 2.

Calculated F and t values were compared with values in standard tables of the F statistic and the t statistic
to determine whether values from the gypsum pond samples showed significant deviations from values that
would be expected from random variations in a normally distributed data set. All comparisons except two
gave t and F values that were within ranges that would be expected for groups with equal means and
variances. The two deviant comparisons both involved Na concentrations in slurry water samples. There-
fore, except for Na, the hypothesis that compositions of the discharge, return, and slurry water samples are
equal is retained.
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Table 2. Gypsum Pond Water Sample F- and t-Tests by Types (D, R, S)a
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Table 2 (continued)

a Types: D = Discharge plant-to-pond
R = Return pond-to-plant
S = Slurry filtrate or decant
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In considering the Na concentrations, the t test results indicated that the mean Na concentration for the
discharge samples exceeded that for the slurry sample group at the 90% significance level, and the mean Na
concentration for the return water samples exceeded that for the slurry water samples at the 95% significance
level. Results from the F tests showed that variances in Na data for D-S and R-S pairings exceeded statistically
expected values at the 95% confidence level. The mean Na concentration in the group of slurry water samples
was about 0.21%, and mean concentrations for the return and discharge water samples were each about
0.18%. The standard deviation for the slurry water data (about 0.02) was about one-half that of either of the
other two groups (about 0.04). These differences are relatively small when compared with the variations in
data for other groupings of composition-sample type data. Thus, the “significant” differences in Na
concentration data may be due more to a happenstance of relatively low scatter in analytical data than to a
chemical phenomenon.

EFFECTS OF SAMPLE COLLECTION DATE

Evaluations to detect whether sample compositions varied according to the time of collection were made
with data for which the same type sample had been collected from the same plant sites in May 1988 and in
December 1989. These ten pairs, listed in Table 3, were evaluated with the Paired t Test method to determine
whether mean differencesbetween data for the May 1988 samples (Group 1) and the December 1989 samples
(Group 2) showed significant deviations from zero. Calculated t statistics for differences are given at the
bottom of Table 3. The critical t values which are shown are the extreme values that would be expected at
several levels of significance if collection time had no influence on the variables and differences in means
were solely due to random variations.

Calculated t values for differences in means of Si and K concentrations between the groups exceeded
the value expected for a normal distribution at the 99% significance level. Sample densities and Ca
concentrations also were influenced by collection time; the calculated t values were outside the expected
range at the 95% significance level. Similarly, the t value for the mean difference in F concentrations exceeded
the critical value at the 90% significance level. Therefore, the hypothesis that there is no significant difference
in means for these variables is rejected. The mean density and the mean F, Si, and K concentrations were
higher for samples collected in May 1988 than for samples collected in December 1989, and the mean Ca
concentration was lower for the May 1988 samples than for the December 1989 samples.

CORRELATIONS AMONG SAMPLE VARIABLES

Sample composition data were subjected to analyses with the correlation procedure of the SPSS/PC+
software package to examine relationships among the pond water composition variables. Correlation
coefficients computed for pairs of variables Density, pH, P2O5, F, etc. are listed in Table 4. Coefficients
marked with "*" and "**" are highly significant; the probabilities are less than 0.01 and 0.001, respectively,
that coefficients with these values would be found by random selection from uncorrelated data. Inspection
of Table 4 shows significant correlations among several variables. Chloride is conspicuous by its absence of
significant correlation with any other variable. Correlation of F with Si is very high, consistent with the
assumption that F in gypsum ponds exists mostly in a fluosilicate complex. All significant correlations with
pH are negative, which is understandable since the more acid solutions (i.e., low pH’s) would contain higher
levels of phosphoric acid and dissolved ions.
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Table 3. Paired t-Tests for Gypsum Pond Water Sample Collection Groups 1 and 2
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Because of the extensive intercorrelation among the pond water composition variables, the data were
subjected to factor analysis using the Factor procedure of the SPSS/PC+ statistical software package. Factor
analysis is a multivariate statistical analysis technique that has been developed for simplifying a data set by
analyzing inter-correlations within a set of variables and determining whether a smaller number of “derived”
variables (i.e. factors) can adequately describe the observations. Details of factor analysis methods and
examples of applications are given by Darryl G. Howery in “Factor analyzing the multifactor data of
chemistry” (American Laboratory, pp. 14-25, February 1976) and Paul H. Weiner in “Solve problems via
factor analysis” (Chemtech, pp. 321-328, May 1977).

Although factor analysis can be used to construct quantitative models, it is particularly useful for
interpreting the qualitative features of a complex data set. Since the purpose of this analysis was to obtain
a qualitative description, the variables representing the sample collection site, the type of sample, and the
collection date group were numerically coded and included with the composition variables for the factor
analysis, which are given in Table 5. Assigned values for the qualitative variables correspond to the
identification codes described in the footnote to Table 1. Site and Group are the collection site numbers 1
through 7 and the collection date groups 1 and 2, respectively. Values for the variable Type are 1,2, and 3
for the R (return water), D (discharge water), and S (slurry water) samples, respectively.

The first section of the Table 5 shows results from a principal components extraction procedure, in which
abstract factors are related to the variance in the raw data matrix. Eigenvalues and variance distribution
data for 10 factors are given. An eigenvalue is an approximate measure of the number of experimental
variables that are explained by a derived factor. For example, factor number one with an eigenvalue of 8.4733
accounts for about the same variance in the initial data set as do 8.5 experimental variables, factor two is
approximately equivalent to 2.5 variables, etc. With default conditions which limit significant factors to
those with eigenvalues of 1.0 or greater, the principal components step indicated that four factors were
sufficient to describe the input data matrix. These four factors cumulatively explain about 86% of the
variance in the data. This variance is attributed to an “effect” of the factors, and the remaining variance is
attributed to sampling and analytical scatter.

After the initial factor extraction step, data were further simplified by the Varimax rotation method,
which attempts to minimize the number of variables that have high degrees of association with each factor.
After rotation, the procedure generated a matrix of factor loadings that show the relationships between
factors and variables. Bach factor loading is a measure of the correlation between a variable and a factor.

The matrix in Table 5 is sorted by the loading magnitudes to better illustrate relationships between the
variables and factors. For example, one can see that the first factor is more strongly correlated with pH, Si,
F, Fe, P2O5, Density, Mg Ca, and Al than with other variables. The second factor is correlated with NH4,
SO4-S, and the sampling site; the third with Cl, K, and Na; and the fourth with the sample type and collection
group. A qualitative interpretation of the rotated factor matrix is given below.

Factor 1 apparently relates to the primary inputs to the gypsum pond system by way of the wet-process
phosphoric acid production plant. A negative loading by pH reflects a positive correlation with total acidity
in the pond. Density is included in this factor since density correlates positively with the amounts of
dissolved acids and salts in the solution. The other significant contributors (Si, F, Fe, PzOs, Mg, Ca, and Al)
are common constituents in phosphate rock. They have a common mode of entry to the pond via residual
acid, undissolved rock, precipitated impurities, and phosphogypsum in the filter cake slurry. The variables
SO4,  K, and Na which also would enter the pond via the slurry have moderate, positive loadings on Factor 1.
However, they are more important contributors to other factors.
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Factor 2 is related to operating conditions at the different sampling sites. The Site variable has high
loading (the negative value is a result of an arbitrary choice of site numbers). The SO4 contribution is
assumed to arise from variations in free sulfuric acid content in the gypsum slurry and process acid
introduced to ponds at different sites. The NI-IJ variable is correlated with the “site” factor since the practice
of using pond water to scrub ammonia from fertilizer production effluents is a site dependent variable. The
F content is not as strongly associated with these variables as it is with the primary input factor.

Factor 3 has high loadings by Cl, K, and Na. It is interpreted as a factor that reflects the introduction of
these contaminants into the pond water. Since K and Na also have moderate loadings on Factor 1, their
contribution to Factor 3 may arise from a source that is independent of K and Na in phosphate rock feeds.

Factor 4 has high loadings by the Type and Group variables. Therefore, this factor is related to variance
in the data due to the collection of different sample types and collection of two sample groups at different
times of the year. It is interesting to note that contributions of these two variables were sufficient to generate
only one factor and not two.

CONCLUSIONS FROM SAMPLE COLLECTIONS AND ANALYSES

Compositions of gypsum pond water samples collected for this project appear to have relatively few
independent constituents. Simple inspection of data showed that operating characteristics of the acid plant
from which samples were collected had strong influence on compositions. Concentrations of most in-
dividual pond water constituents are strongly correlated which suggests a common influence. Factor
analyses isolated a factor which contained many of the chemical constituents and appeared to be related to
the input of materials to the pond. Such a factor would be dependent on the specific composition of the
pond input streams, which again points to plant operating characteristics as the strong influence on pond
composition. Differences in compositions of return, discharge, and slurry water compositions were very
small to none, as were differences in compositions of samples collected at different seasons. Hence, chemical
reactions which might change compositions with residence time in the pond or aging during the year may
not be as influential as are those characteristics which determine initial inputs to the pond systems.
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SECTION 3

IDENTIFICATIONS OF SOLIDS CONTAINED IN POND WATER SEDIMENTS

SOLIDS IN COLLECTED SAMPLES

When the May 1988 group of collected pond water samples were delivered to the TVA laboratories,
approximately two-liter aliquots were taken from each of the 18 samples and filtered to remove suspended
solids. These solids were rinsed with a methanol-water solution then with methanol, dried, and submitted
for materials characterizations; there were not sufficient amounts of the solids to obtain chemical analyses.
Results of materials characterizations by polarized light microscopy (PLM), X-ray diffraction (XRD), and
Fourier transform infrared spectroscopy (FTIR) that were conducted on the solids in June 1988 are given in
Table 6.

A majority of the solids filtered from pond water samples in June 1988 contained gypsum, NaaSiFs,  and
chukhrovite. Several samples contained amorphous unknowns, one with a refractive index in the range 1.53
to 1.55, and another with a refractive index of 1.430. XRD patterns for several samples had unidentified
peaks at d spacings about 7.12 to 7.20. Based on information from more extensive examinations of a later
group of samples (discussed below), the unknown material with a refractive index near 1.55 and XRD peak
near 7.18 is probably a compound with the general formula Fe3XHs(P0&6HzO, where X could be H, K,
and/or NI%. Information from other sample examinations suggests that the unknown with a refractive
index about 1.43 is probably silica gel.

SEDIMENTS REMOVED NOVEMBER 1988

After the 2-liter aliquots were removed, the remaining samples were stored at room temperature (22°C
- 26°C) in the plastic bottles used for their collection and transport. Examinations made several months later
showed that some of the stored samples contained larger amounts of sediment than when they were first
stored. Sediments were collected from samples D6-1, R4-1, S2-1, and S4-1 in November 1988. Solid phases
were filtered from the mother liquor, washed with methanol, and dried overnight at 60°C. The dry solids
were submitted for materials characterizations; there were not sufficient amounts collected at that time for
chemical analyses. Table 7 contains results of these characterizations.

The initial characterizations of the four sediments collected in November 1988 showed that gypsum,
NazSiF6,  chukhrovite were present. PLM examinations showed that the sediments also contained an
amorphous unknown material with a refractive index about 1.42 and another unknown material comprised
of hexagonal crystals with refractive index in the range from 1.56 to 1.57. After accounting for contributions
due to gypsum, NazSiF6,  and chukhrovite, there were several unidentified peaks in the XRD pattern at d
spacings 7.18, 4.58, 3.58, 3.10, and 2.89. Samples were subsequently examined with scanning electron
microscopy/energy dispersive X-ray analysis (SEM/EDX) to identify the unknowns.
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Table 6. Characterizations of Solids Filtered from Gypsum Pond Samples
June 1988
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Table 6 (continued)
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Table 7. Characterizations of Solids Collected from Gypsum Pond Samples
Nov. 1988

aCannot  differentiate between Na2SiF6  and NaKSiF6  from FTIR spectra,
therefore SiF6'2 compounds are reported as Na2SiF6.



SEM examinations confirmed the presence of gypsum and Na2SiFs.  EDX spectra of cubic and
bipyramidal octahedral crystals showed they contained Ca, S, Si, Al, and F. This is consistent with the
elemental composition expected for chukhrovite, and thereby confirmed the identity of the octahedral crystal
phase as chukhrovite. EDX spectra of the hexagonal crystals, most of which were coated with fine particles
of other materials, showed strong peaks due to Si, P, and Fe and smaller peaks due to S, K, and Ca.
Reevaluation of the XRD data, as discussed below, assigned the group of previously unidentified peaks to
the compound Fe3(X)I-I@0&~6H20, and the hexagonal crystals were identified as an iron phosphate
compound. The amorphous unknown with refractive index about 1.42 was identified as silica gel, which
can have a refractive index in the range 1.40 to 1.47. In addition, very fine particles of gypsum were detected
on the surfaces of other crystals.

SEDIMENTS REMOVED FEBRUARY AND JUNE 1989

In February 1989 sediments were taken from samples D2-1, D4-1, Rl-1, R4-1 and S4-1. Sediments also
were collected from Dl-1, D3-1, D5-1, R2-l, R4-1, S1-1, and S2-1 in June 1989. The solids were separated from
mother liquor by centrifugation, washed twice with 1:1 methanol:water and once with 100% methanol, and
dried at 60°C. Sufficient amounts were collected to obtain chemical analyses and materials characterizations.
Results of characterizations by XRD are in Table 8 for sediments collected in February 1989 and in Table 9
for sediments collected in June 1989; chemical compositions are given in Table 10.

The XRD characterizations of the sediments detected gypsum, NazSiF6, chukhrovite, and an iron
phosphate compound, identified as FesKH#0&~6H20. Although the latter three compounds were found
in a majority of samples, sediment compositions were variable. Comparisons of the qualitative determina-
tions with mole ratios, calculated from the analytical data, helped with the interpretation of the data.

Sediments from Dl-1, D3-1, Rl-1, and Sl-1 had definite XRD patterns for gypsum, and mole ratios Ca:S
for these four samples were close to the expected value of one. Mole ratios Ca:S for the other eight sediment
samples, all of which contained chukhrovite according to XRD, ranged from 3.8 to 4.8. Ratios Ca:Al for these
eight samples ranged from 3.0 to 4.0. Although reported stoichiometries of compounds regarded as
“chukhrovite” vary, a formula that has been used for the material seen in phosphoric acid systems is
Ca4SO&iAlFr~lOHzO.  This stoichiometry predicts the ratios Ca:S and Ca:Al both equal to 4.0. Other ratios
(e.g., F:Si and Al:Si) varied from values predicted by this formula, probably because of contributions from
relatively larger amounts of NazSiF6 and an occasional occurrence of XRD-undetectable, amorphous F-, Al-,
and Si-containing materials. Thus, there is relatively good agreement between findings from XRD examina-
tions and chemical compositions for the Ca, S, and Al constituents.

All sediment samples except those from D3-1 and D5-1 contained a compound which was identified by
XRD as FesKHa(P0&~6H20.  Mole ratios P:Fe calculated from chemical analyses of samples that contained
the iron phosphate compound ranged from 2.0 to 2.3, which are consistent with the stoichiometry of this
compound. The observed mole ratios Fe:K varied considerably from the expected value of 3.0, and most
samples contained higher concentrations of ammonium-N than they did K. So, there is uncertainty about
the exact nature of this iron phosphate material.
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Table 8. XRD Characterizations of Solids
Collected from Samples Feb. 1989
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Table 9. XRD Characterizations of Solids
Collected from Samples June 1989
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Past research on iron phosphate compounds in wet-process phosphoric acid systems detected similar
compounds with an ammonium ion or proton substituted for the potassium ion. Reference patterns from
the XRD data files used at TVA for identifications of compounds Fe3XHs(P04)6~6H20,  where X is H, K, or
NI& are given in Table 11. Inspection of these patterns show strong qualitative similarities. All three
compounds have major peaks at d spacings about 7.10 - 7.20, 5.70 - 5.80, 4.50 - 4.60, 3.00 - 3.10, and 2.80 - 2.90.
Thus, a pattern generated by a mixture of the H-, K-, and Nl+-containing  compounds will be difficult to
resolve. The chemical and X-ray data on the sample sediments suggest that these solids contained such a
mixture rather than only the Fe-K-PO4  compound. Since mole ratios Fe:N were less than 3 for several
sediments, it’s possible that part of the ammonium nitrogen is present in a phase other than the Fe-containing
material.

CORRELATION AND FACTOR ANALYSES OF SEDIMENT DATA

The sediment chemical composition data were evaluated with correlation and factor analyses methods
to determine whether these methods provided additional information about the identities of sediment
compounds. In addition to chemical variables, the variable Age (number of months between the collection
of a pond water sample and the removal of the sediment from it) was included in the data set to look for
effects of storage time.

Correlation coefficients for sediment concentration variable pairs are listed in Table 12. The significant
correlations with the sediment phosphorus concentrations were positive correlationsbetween P and Fe and
between P and Nl$-N; the correlation between P and Fe was nearly equal to one. The Fe concentration in
the sediments had a positive, significant correlation with the NI-I4-N concentration. Other significant
correlations were those between SO4-S and F, between SO4-S and Si and between Si and Ca; all three of these
relationships had negative correlation coefficients.

Application of factor analysis methods showed that the sediment composition data could be explained
by four factors. Results from principal components extraction and varimax rotation are given in Table 13.

Examination of the factor matrix after the varimax rotation shows that one factor is heavily loaded by
the Fe, P, and NHa-N variables (all positive loadings). There appears to be very little contribution by the K
variable. This factor is assigned to the Fe#I,K,NH4)Hs(P04)6~6HzO  compound, and it is obvious that
NI&-N is a more important constituent than is K. The factor loadings show evidence of some influence by
the Ca (negative) and Si (positive) variables.

Strong positive loadings by F, Al, and Si in the second factor suggest that it could relate to the chukhrovite
content of the sediments. Negative loadings by SO4-S and Ca are confusing since one would expect positive
loadings because of the Ca and SO4 in chukhrovite. However, the negative contributions could mean that
the dilution effect by gypsum overshadows the expected positive correlations with Ca and S04.

A third factor has a high positive loading by Na and a moderate loading by K, which suggest that it is
related to NazSiF6  and NaKSiF6.  However, the Si and F variable loadings are small. Because of the positive
Na and K loadings and the moderate negative loadings by Ca and Al, this factor seems to be related more
to the overall cation content in the sediments than to a specific compound.
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Table 12. Gypsum Pond Water Sample Sediments--Correlation Coefficients for
Composition Variable Pairs
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Table 13. Gypsum Pond Water Sample Sediments--Factor Analysis of
Chemical Composition Variables
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The fourth factor has higher loadings by Age and Mg (both positive), a moderate positive loading by K,
and a moderate negative loading by N&-N. Since sediment Mg concentrations were all very low, and Age
did not have a particularly strong correlation with any of the chemical variables, this factor seems to be a
miscellaneous factor which accounts for variance in the data that was not included in other factors.

CONCLUSIONS FROM SEDIMENT CHARACTERIZATIONS AND ANALYSES

The important compounds in solid materials suspended in gypsum pond water samples collected from
several Florida phosphate producers and solids that settled from stored samples are gypsum, NazSiFs,
chukhrovite, NaKSiF6,  and Fe3(H,K,NH#Is(P04)6H20.  The ammonium form of the latter compound
appears to be the more prevalent form. In addition, sediments contained varied amounts of amorphous
materials, much of which appeared to be silica gel. The sediment analytical data were in good agreement
with the qualitative findings.
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SECTION 4

EVAPORATIONS OF POND WATER SAMPLES

Aliquots of the gypsum pond water samples collected from Florida phosphate producers in May 1988
were evaporated to increase solution concentrations and force the precipitation of low solubility compounds.
The precipitated materials were analyzed and characterized to obtain additional information about condi-
tions that influence on the distributions of F, P, S, and other elements in gypsum pond systems.

INITIAL EVAPORATIONS (Runs A - R2)

Initially, aliquots from all 18 samples were evaporated at a relatively fast rate. Six runs were replicated
to check results and train a technician who was new to the project.

Weighed 500 mL aliquots were placed in tared 1 liter wide-mouth high density polyethylene bottles.
The bottles were placed in a constant temperature (60°C) shaker bath and the solutions were allowed to
evaporate until their volumes were reduced to about 25% of the initial volumes. The times needed to
evaporate samples to the target volumes ranged from about 37 hours to about 50 hours.

When evaporations were completed, the bottles were capped and the samples were cooled and weighed.
The evaporated samples were filtered tocollect theconcentrated solutionsand precipitated solids. The solids
were washed with methanol and dried at about 75°C. Solution and solid phases were submitted for analyses
and solids were submitted for materials characterizations.

Compositions of the solution phases filtered from evaporated samples are listed in Table 14. Inspection
of the solution phase concentration data show that sample evaporations caused increases in acidity; pH’s
decreased by about 0.3 to 0.4 unit. In most cases the element concentrations in the solutions increased; Ca,
Na, and ammonium-N concentrations showed decreases for several runs.

If sample evaporation produced no losses of materials from the solution phases by either precipitation
or volatilization, the solution phase concentration of a given element would equal its starting concentration
corrected for the loss of water. The ratio of an element’s concentration in the recovered solution to that in
the starting solution would equal the ratio of sample weight changes produced by the evaporation.
Concentration ratios (recovered/initial), evaporation ratios [100/(100 - % evaporated)], and values for the
quotients (concentration ratio/evaporation ratio) are listed in Table 15. Mean values of the quotients for Al
and Fe both equal one, and the mean quotient for P is near to one. Therefore, essentially all of these three
elements remained in the solution phase during evaporations. Most other elements had mean quotients
distinctly less than one, indicating significant losses from solution. The high values for Mg and low values
for N are believed to be due to analytical error.

Results from characterizations of precipitated solids made by PLM, XRD, and FTIR are in Table 16.

Compositions of the solids are in Table 17 (weight % basis) and Table 18 (molar basis). Table 18 also gives
values of selected mole fractions that were calculated to assist in the identification of compounds contained
in the solids.
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Table 14. Gypsum Pond Water Evaporations A-R2--Recovered Compositions
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Table 15. Evaporations A-R2--Comparisons of Concentrationa and Evaporationb Ratios
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Table 16. Characterizations of Precipitated Solids from Evaporations A-R2
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Table 16 (continued)
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Table 17. Precipitated Solids Compositions from
Evaporations A-R2
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Table 18. Precipitated Solids Molar Compositions from Evaporations A-R2
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Results of material characterizations showed that the predominant compounds precipitated when the
solutions were concentrated by evaporation were gypsum and NazSiF6. The only other crystalline com-
pound detected with any frequency was NaKSiF6. Quantitative estimates made by PLM and FTIR agreed
that gypsum contents were higher than those of the fluosilicate compounds. Usually, gypsum content was
estimated to be slightly over 50%, NazSiF6  content was slightly under 50%, and any difference was accounted
for by NaKSiF6. A typical ratio of gypsum to fluosilicate for the group of solid precipitated from the 18 pond
water samples would be 60:40.

Data in Table 18 show that the average observed mole ratio Ca:S equaled one as would be expected for
gypsum. The average ratio F:Si (= 7.9) is higher than that expected for fluosilicate compounds, the ratios
F:Na and F:(Na+K) bracket the expected value of 3.0, and the ratio (Na+K):Si is higher than expected (2.75
versus 2.0). Assuming that all Ca and S in the solids was present in the form of gypsum, values for the weight
percent gypsum were calculated from %Ca and %S contents. The calculated gypsum contents ranged from
31.1% to 54.1% (Ca basis) and from 31.3% to 56.4% (S basis). Means were 37.8% and 37.9%, and standard
deviations were 4.87% and 5.32% based on Ca and S, respectively. Similar calculations of sodium fluosilicate
contents were made based on %Na, % Si, and %F. The respective ranges observed were 46.2% to 63.4%, 28.9%
to 59.5%, and 40.8% to 65.0%. Averages and standard deviations, in parentheses, were 55.5% (3.96%), 45.8%
(8.60%), and 58.4% (5.45%) based on Na, Si, and F, respectively.

The sample compositions calculated from chemical analyses gave a slightly different distribution of
gypsum and fluosilicate compounds than that estimated by materials characterizations methods. Rather
than a ratio gypsum:fluosilicate of 60:40, the analytical data suggest a composition approximately 40%
gypsum, 50-55% fluosilicate, and 5-10% unaccounted material. Considering that the materials charac-
terizations techniques are primarily qualitative rather than quantitative methods, compositions estimated
by the two approaches are in reasonable agreement.

EVAPORATIONS AT 40°C

Since solids precipitated during the initial evaporation experiments did not contain chukhrovite, which
had been detected in sediments from unevaporated samples, additional tests were conducted to determine
whether slower evaporations and more gradual formation of precipitating phases might induce chukhrovite
formation. These tests were run on the six samples which had been collected at chemical plant water intakes,
e.g., the pond-to-plant return water samples.

Evaporations were conducted in the same manner as those described above, except the bath temperature
was set at 40°C, and the heater was turned off at the end of each workday. For these conditions, total times 
needed to evaporate samples to the target volumes ranged from about 90 to 98 hours.

Starting solutions were reanalyzed prior to beginning the evaporation runs; compositions are given in
Table 19. Compositions of solutions recovered after the evaporation runs are given in Table 20. The
evaporation ratios and comparisons of concentration and evaporation ratios, which were calculated as
describe above, are listed in Table 21. Results from materials characterizations by PLM and XRD of solids
collected from the evaporated samples are in Table 22. Table 23 contains the analytical data on the solids
and mole ratios which were calculated to assist in evaluating the characterization data.
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Table 19. Gypsum Pond Water 400C Evaporation Experiments
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Table 20. Comparisons of Concentrationa  and Evaporation Ratio& for 400C
Evaporations
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Table 21. Compositions of Solids from Pond Water
Evaporations at 400C
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Table 22. Characterizations of Solids from Pond Water
Evaporations at 40°C
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Table 23. Gypsum Pond Water Evaporations with Added Metal Ions--
Experimental Design and Solution Compositions

42



Data in Table 21 helped reduce some of the uncertainties about element distribution behaviors that was
present in the data from the initial evaporation experiments. Average values of the quotient (concentration
ratio:evaporation ratio) for P, Al, Fe, and N&-N all equaled 1.0, and the standard deviations are 7% or less
of the means. The data indicate that there were essentially no losses of these elements from the solution
phases by precipitation or volatilization during the evaporations. The average quotient calculated for Mg
is 0.83, but 4 of the 6 runs gave values that were 0.9 or higher. Since results from the previous set of
evaporations indicated, albeit with high scatter, no Mg losses from solution, it is reasonable to assume that
is the case with the latter 6 runs. Changes in solution phase concentrations for F, SOeS, Si, Ca, K, and Na
indicate all of these were removed from solution during the evaporations,

Materials characterizations results showed that the principal constituents of solids precipitated during
the lower temperature evaporations were gypsum, NazSiFs,  and NaKSiF6.  The mole ratios Ca:S, F:Si, F:Na,
Na:Si, F:(Na+K), and (Na+K):Si were in good agreement with results that would be expected for a mixture
of gypsum, NazSiF6,  and NaKSiFs.  The average for Ca:S was 1.01, which indicates no chukhrovite (Ca:S =
4.0) was present. Averages for F:Si (6.03), F:Na and F:(Na+K) (both about 3.0), and Na:Si and (Na+K):Si
(about 2.0) all are consistent with NazSiFs  containing traces of NaKSiF6.

MASS BALANCE EXPERIMENTS

In the evaporation experiments described above there were minor losses of material during operations
to separate and collect the solution and solid phases and to wash the solids. Therefore, it was not possible
to obtain a precise measurement of the balance between starting and recovered materials. An additional
experiment was conducted to determine whether significant volatilizations of F, Si, and other elements might
have occurred.

The pond water solution used for the material balance experiments was a composite prepared from
equal volumes of the 18 collected samples. Its pH was 1.55 and the composition was 0.66% P, 0.76% F,
1695ppm Sob-S,  1995ppm Na, 276ppm K, 172ppm Al, 1155ppm Ca, 216ppm Fe, 286ppm Mg, 1910ppm Si,
and 592ppm N&-N.

Weighed aliquots (150 grams each) of the composite solution were evaporated at 60°C until weights were
reduced to approximately 25%, 50%, and 75% of the initial weights. After evaporations, no separations of
solution and solid phases were made. HCl was added to each sample to solubilize any precipitated material,
and the total sample was analyzed. The amounts of recovered P, F, Si, etc. were calculated and compared
with the amounts present in the initial sample aliquots. Up to about 75% sample evaporation, the recovered
amounts of solution components equaled the input amounts within experiment error.

Since volatilization of F was of particular interest, data for this element were subjected to regression
analyses to evaluate how F composition behaved with changing degree of evaporation. The analysis showed
that the fraction F recovered (i.e., F recovered/F input) was not dependent on the % sample evaporated. The
regression equation for the data is:

Fraction F recovered = 0.982 - 0.0004(% evaporated)

The standard error in the constant term was 0.030, and the standard error in the coefficient of the
(% evaporated) term was 0.0005. With a confidence range of plus or minus one standard error, the regression
equation predicts that the fraction of F recovered in the nonvolatile fraction was 1.0, regardless of the percent
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of the sample that was evaporated. The regression correlation coefficient was low (R2 = 0.20), which also
indicates F recovery had little or no dependence on the percent evaporated.

Based on these results it is reasonable to assume that when the gypsum pond water samples were
evaporated to remove water and concentrate them to saturation, the principal redistribution of solution
constituents was by precipitation. No measurable volatilization of F, Si, or other elements occurred as long
as the degree of sample evaporation was less than about 75%.

EVAPORATIONS WITH ADDED CATIONS

Since neither chukhrovite nor the ferric phosphate, which had been detected in pond water sediments,
were detected during evaporations of pond water samples, additional experiments were conducted to
determine if formations of either of these compounds could be induced. Samples were prepared by adding
Al, Fe, Na, and K to a composite solution of several pond water samples. The levels of additives were chosen
according to an experimental design, listed in Table 23. Aliquots of the treated solutions were evaporated
to remove about 70% of the starting aliquot weight. Solution and solid phases were separated, solids were
washed with methanol, and dried. The solutions were analyzed, and the solids were characterized by XRD.
Compositions of starting solutions and of the solutions recovered after evaporations also are listed in Table
23.

Concentrations in the starting and final solutions were compared to evaluate the effects of the additives
by calculating the concentrations that would have resulted if no changes occurred other than increases due
to removal of water. The final concentrations actually observed were compared with the calculated
concentrations. Examinations of ratios of observed to calculated concentrations given in Table 24 show that,
within experimental error, concentrations of P, Al, and Fe were equal to the values that would occur if there
were no losses of these elements from solution. Concentrations of F, Na, and K were lower than would be
expected if the elements remained in solution. This indicates these latter three elements were removed from
the solution phases during the treatments. Comparisons of mean ratio values for P and F at high and low
levels of the treatment factors (Table 24) show that an addition of either Na or K caused a removal of F from
solution. Additions of Al or Fe did not cause this effect.

XRD characterizations of solids collected from samples after evaporations (Table 25) detected gypsum,
NazSiFs,  and NaKSiF6 in all precipitated phases. The ferric (K,NH4,H)  phosphate compound was detected
in five cases, however amounts of this material were very low and identifications from X-ray diffraction
patterns were tentative. There is no evidence that additions of Fe caused a substantial increase in the
precipitation of the ferric phosphate compound. Neither did the addition of Al cause precipitation of
chukhrovite.
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Table 24. Gypsum Pond Water Evaporations with Added Metal Ions--
Effects of Additives
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Table 25. Gypsum Pond Water Evaporations with Added
Metal Ions--Solids Recovered After Evaporations
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SECTION 5

TREATMENTS OF GYPSUM POND WATER SAMPLES

A number of experiments were conducted to explore the potential for reducing the soluble F content of
gypsum pond water samples by treatments with materials which might cause the precipitation of F
compounds such as chukhrovite or fluosilicates. In most cases, materials were added in excess and it was
impractical to detect small quantities of reaction products in the solid phases separated from the reaction
mixtures. Changes in solution phase compositions were used to determine whether significant removal of
elements of interest had occurred.

TREATMENTS WITH Al AND Ca COMPOUNDS

These were exploratory experiments to investigate whether increased concentrations of Al and Ca
selectively removed F and/or P from the solutions. The starting solution used in each test was a composite
of collected pond water samples. Analysis of the composite showed that it contained 6720 mg/Kg P, 7195
mg/Kg F, 1780 mg/Kg Sob-S,  and 874 mg/Kg Si. The added materials were gypsum, aluminum hydroxide,
aluminum powder, aluminum phosphate, kaolin, and calcium hydroxide. All were commercial reagent
chemicals. The amount of each reagent added (given in Table 26) supplied 1.0 gram Ca or Al to 100 grams
of solution.

Material additions were made according to the scouting experimental design listed in Table 26. Materials
were added to solution phases contained in plastic conical flasks. The reaction mixtures were shaken on an
oscillatory shaker platform. Aliquots of the mixtures were collected after they had reacted for 2 days and
again after they had reacted for 9 days. Samples were withdrawn and filtered through membrane filters
(0.65-micron pore size), and the filtrates were analyzed to determine solution phase compositions.

Compositions of the filtrates and mean responses calculated for the two levels of the treatment factors
are given in Table 27. Treatment effects are judged by inspecting differences between mean responses at
high and low levels. A negative value for the difference between the mean concentration of a constituent at
the +1 level and the mean concentration at the -1 level indicates that the treatment reduced the concentration
of that constituent.

Inspection of data in Table 27 shows that relatively large drops in F concentrations occurred when
Ca(OH)z, AlPOd, kaolin, and Al powder were added, but not when gypsum and Al(OH)s  were added.
Phosphate and Si concentrations in the first group of filtrates appear to have been affected more by additions
of Al powder and Ca(OH)z than by the other treatment factors. After reaction for 9 days, P concentrations
appear to have been reduced by treatments with all compounds except gypsum.

NEUTRALIZATIONS WITH PHOSPHATE ORE FRACTIONS

It is known that neutralization of gypsum pond water with limestone reduces F and P concentrations
by precipitating insoluble fluoride and phosphate compounds. Therefore, neutralizing pond water with
waste products from higher carbonate content phosphate ores might be a lower cost way to reduce soluble
F levels in gypsum ponds.
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Table 26. Treatments of Gypsum Pond Water with Ca and Al Compounds
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Table 27. Treatments of Gypsum Pond Water with Al and Ca Compounds--
Concentrations in Flitrates and Treatment Effects
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Clay-sized fractions (material passing through a 150-mesh sieve) of three phosphate ores, which had
been collected from Florida for research on phosphate beneficiation, were used to test this concept.
Experiments were conducted according to the experimental design listed in Table 28. The pond water
solution used in the experiments was a composite prepared from several of the samples collected in Florida.
Three clay fractions from ores of varying carbonate content (BL-17, BL-20, and BL-9) were used as neutraliz-
ing agents; compositions of these are given in Table 28. The design factors were clay reactant type (levels of
Xl = 1, 2, and 3 in order of carbonate content), amount of agent added (levels of X2 = 1 and 2), reaction time
(X3 = 1 or 2), and addition of excess gypsum (levels of X4 = 1 and 2). The latter factor was included to
determine whether the presence of solid gypsum might promote the formation of chukhrovite to precipitate
a relatively greater amount of F than would be precipitated by calcium fluoride alone.

For each experimental run, 100 mL of solution was placed in a 500 mL plastic conical flask, the designed
amounts of clay reactant and reagent gypsum were added, and the mixture was reacted with shaking for
the designed time. After reaction, mixtures were transferred to a plastic centrifuge bottle and centrifuged
to separate solid and solution phases. Solution phases were analyzed, and the response data (pH’s and
concentrations of F and P) are in Table 28.

Evaluations of results are in Table 29. For simple comparisons, mean responses for each factor level were
calculated. An inspection of these shows that solution pH’s and F and P concentrations changed in
proportion to the clay reactant’scarbonate content. The degree of neutralization decreased in the order BL-17
>BL-20 >BL-9. Effects of the amount of reactant clay added and reaction time also were consistent with this
trend. Decreases in F and P concentrations and increases in pH’s were higher with the larger amounts of
reactants and longer reaction times. Comparisons of differences in mean responses show the higher
responses to these factors occurred with the higher carbonate-content clays. Additions of gypsum had
negligible effects.

These exploratory tests demonstrate that neutralizing pond water with minus 150-mesh slimes from a
dolomitic phosphate ore might be used to reduce soluble F concentrations in gypsum ponds. Results from
several samples were analyzed for Mg. Concentrations in solutions treated with the BL-17 and BL-20
materials ranged from about 1300 ppm Mg to about 2200 ppm Mg. Since neutralizing gypsum ponds at
operating acid plants with dolomitic reactants could cause undesirable amounts of Mg to report back into
the phosphoric acid products, this treatment may be practicable only for cases where gypsum pile/pond
systems are retired from active operations.

TREATMENTS WITH ATTAPULGITE CLAY

This experiment was conducted to see whether a material which would be readily available to Florida
phosphate producers could be used to remove F from gypsum ponds. Past research [14] has shown that
several clay minerals react rapidly with acidic, F-containing solutions. One of the most reactive minerals
was attapulgite which has been shown to be an important constituent of phosphate ore clay slimes.
Therefore, treatment of gypsum ponds with phosphate clay slimes might introduce sufficient amounts of Al
and excess Si into solution to precipitate chukhrovite or some other Al- or Si- fluoride thereby reducing
soluble F levels in the ponds.
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Table 28. Treatments of Composite Pond Water Sample with
Phosphate Rock Clay Fractions
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Gypsum pond water samples with concentrations ranging 0.5% to 1.0% P and 0.4% to 0.7% F were treated
with a commercial attapulgite clay to test this concept. Slurries of clay and pond water were reacted with
shaking at ambient laboratory temperature for four days. Aliquots were removed and centrifuged to obtain
solids for characterizations. The centrifugates were filtered through a 0.65-micron pore size membrane filter
and sent for chemical analysis.

Solids recovered from the reaction mixtures were examined by PLM and XRD. These characterizations
revealed mostly unreacted and partially decomposed clay particles. Other materials detected were gypsum,
quartz, unidentified amorphous materials, and a few tentatively identified minor products. The minor
products had properties that suggested they could be sodium potassium fluosilicate, calcium fluoride,
and/or chukhrovite. None were consistently present in all samples or present in amounts sufficient to make
positive identifications.

Analyses of the liquid phases showed no changes in F concentrations that were significantly greater than
experimental error. Thus, treatments with the attapulgite did not cause measurable precipitation of
chukhrovite or other F-containing compounds.
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SECTION 6

APPLICATIONS OF CHEMICAL MODELING COMPUTER PROGRAMS

During the past two decades a number of chemical modeling computer programs have been developed
to assist chemists, geologists, soil scientists, and others who have a need for information about equilibrium
conditions in complex aquatic chemical systems [15,16]. These programs calculate distributions and ac-
tivities of chemical species on the assumption than chemical equilibrium exists in the system. The computed
species distributions can then be used to determine solubility status in the systems and evaluate cause and
effect relationships which might change the systems.

Two of these computerized chemical modeling programs, WATEQ4F [17,18] and PHREEQE [19], were
developed by the U.S. Geological Survey to model chemical reactions in surface and ground water
hydrogeochemical systems. The programs calculate solution speciation and saturation states of the aqueous
phase with respect to various mineral phases. An essential input for the computations is a chemical model
of elements, soluble complexes, and solid phases, with appropriate formation or solubility product constants.
These data and user supplied inputs for the analytical concentrations of the elements, pH, temperature, and
pe are used to iteratively solve the appropriate mass and charge balance equations for the concentrations of
the soluble chemical species and the saturation indices of the solid species that were included with the input
model. (Note: pe is the negative logarithm of electron activity, and is a measure of oxidizing intensity in
solution that is analogous to pH as a measure of solution acidity. pe is related to the experimentally
determined redox potential, EH, by pe = EH(F/Z.~RT);  at 25°C,  pe = 16.9&). Copies of the programs were
acquired and tested with gypsum pond water analytical data to gain information about probable distribu-
tions of F, P, and other elements among various species that might exist in pond water solutions and to
compare computed solubility conditions with experimental observations.

WATEQ4F

Initial tests with WATEQ4F revealed a significant shortcoming. The set of mass and charge balance
equations that the program uses for chemical equilibrium model calculations did not include an entry for
undissociated phosphoric acid. Therefore, at low pH’s where a significant fraction of the total phosphate
exists as undissociated phosphoric acid, the calculated chemical model was incorrect. The model equations
used by WATEQ4F are part of the program code, and modifications of the program to add H3PO4 and other
species important in a gypsum pond system model would require considerable revisions in the source code.
Since an alternative program was available, no further evaluations were made with WATEQ4F.

PHREEQE

With the program PHREEQE, the chemical model of elements, aqueous species, and mineral phases are
contained in an exterior data file. This can be modified by the user to include any pertinent chemical
equilibria for which species formation constants are available. Thus, PHREEQE was capable of handling the
chemical system needed to describe gypsum pond systems. After making the needed modifications to the
chemical model data, this program was used to compute distributions of aqueous species and to evaluate
saturation indices for mineral phases which might be in equilibrium with the pond water solutions.

The chemical data library supplied with PHREEQE contained values for approximately 200 soluble
complexes and solid compounds comprised of the elements H, O, Ca, Mg, Na, K, Fe, Mn, Al, Ba, Si, Si, Cl,
C, S, N, B, P. F, Li, and Br. This was modified to fit the chemical system of gypsum ponds by excluding data
for species of little importance or those involving elements for which no analytical data was obtained (e.g.,
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Mn, Ba, Sr, . . . . Br). Table 30 contains a list of elements and soluble species contained in the model after the
modifications.

Most equilibrium constants in Table 30 were taken from the PHREEQE and WATEQ4F data libraries
[17-20]. Since neither of these contained an entry for SiFa(aq),  a value for the formation constant of this
species was estimated from values reported in the literature [21,22] using the Davies’ equation to adjust
reported values to values at zero ionic strength. The validity of this value for the constant is questionable
since there is disagreement among several reported investigations of fluorine complexes with silicon about
whether a stable SiFa(aq)  species exits. Nevertheless, the derived value for SiFd(aq) formation was included
in the PHREEQE model to obtain as much information as possible about species that could influence the
distribution of F in gypsum pond solutions.

PHREEQE contains a procedure, called LOOK MIN, which computes ion activity products (IAP’s) for
solid compounds to test for saturation. The IAP for a given solid and the value of its solubility product
constant (KT) at 25°C are used to compute the saturation index, SI=Log(IAP/KT). The program user must
define the appropriate stoichiometries for dissolution reactions of interest. Those included in the gypsum
pond chemical model are listed in Table 31. In most cases, solubility product constant values were taken
from the thermodynamic data included with PHREEQE and WATEQ4F or from chemical reference data
handbooks.

Solubility product constants for Na and K fluosilicates were not available in the reference literature, and
values were calculated from data on the solubilities of these compounds in water [24]. Calculations were
made assuming no hydrolysis of the fluosilicate ion and using the Davies equation to adjust values to
conditions of zero ionic strength.

No data was found to permit similar calculations of solubility product constants for chukhrovite or the
Fe-(Nl&I+P04  compounds. When these compounds were included in chemical models their LOG KT
values were set to zero. The computations generated IAP values which, as discussed later, were used to
obtain estimates of the solubility product constant values.

COMPUTATIONS WITH SOLUTION/SEDIMENT SAMPLE DATA

PHREEQE was evaluated with data on compositions of solutions that were separated from the sample
sediments collected in February 1989 to determine how well the computed model description matched
experimental observations. Results are given in Table 32. Molalities and activities of soluble species with
concentrations above 0.00001 molal are given in the first section of the table; species with computed
concentrations less than 0.00001 molal are tallied in the second section. Computed SI values for several solid
phases that might occur in gypsum pond systems also are listed. The solid phases considered for these
computations were limited to those contained in the initial database plus the alkali fluosilicates.
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Table 30. Master Species and Complex Species in PHREEQE Chemical Model
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Table 31. Stoichiometries for Ion Activity Product Computations by
"LOOK MIN" Procedure
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Table 32. Equilibria Calculations with PHREEQE
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Table 32 (continued)
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According to the computed concentrations, undissociated phosphoric acid and the Hzl?O4- are the
important P-containing species in solution. Most F is tied up as fluosilicate ions, but complexes with Al,
particularly AlF3, are important species that influence the distribution of F in solution. Estimated HF
concentrations are two to three times higher than estimated SiF4 concentrations.

The computed SI values show that the solutions were saturated with gypsum, as expected. The SI values
also indicate that solutions were saturated with NazSiFs.  Only two solutions (Rl-1 and S4-1) had positive
SI’s for KzSiF6. Negative SI values for the two apatite compounds indicate undersaturation. Computed
positive SI’s for CaF2 and quartz indicate the solutions are supersaturated with these two materials. Although
amorphous silica was detected in some solids filtered from collected samples, Cal?2 was not found in solids
taken shortly after sample collections or in solids that precipitated during storage of the samples.

In comparing results from the PHREEQE computations with the findings from sediment charac-
terizations, one notes that the two samples (D4-1 and R4-1) in which Na2SiF6 was not detected had the lowest
computed SI values for this compound. The sample R1-1 with a positive SI value for gypsum was the only
sample for which there was a definite identification of gypsum by XRD characterization. Considering the
relative insensitivity of the XRD method when examining a complex mixture of materials, there is the
likelihood that undetected amounts of gypsum and sodium fluosilicate were present in all samples. Thus,
for these compounds there is a qualitative agreement between the model and the observations. All five
sediments contained chukhrovite. As mentioned above, no value for a solubility product constant was
available in the PHREEQE database for this compound and no SI value was computed. Likewise,
Fe3(H,NH&)Hs(PO&~6H20  was detected in all five sediments, but no KsP values were in the PHREEQE
database and SI values were not computed.

Based on these cursory comparisons, the computed models agreed with the major characteristics of the
sediments. Phosphate and fluoride distributions in solution were consistent with known chemical informa-
tion, and the solubility computations indicated saturation with the expected solids. Lack of data to formulate
a more extensive model formulation and low sensitivity of methods for analyzing mixed solids obstructed
more rigorous comparisons.

COMPUTATIONS WITH COLLECTED SAMPLE DATA

Computations were made with the mean composition data for all 18 samples collected in May 1988 to
obtain an overview of gypsum pond water sample speciations and solubility states. Outputs from computa-
tions on the six return water samples are given in Appendix B to illustrate the type information generated
by PHREEQE. Each output lists the experimental conditions (concentrations, pH, temperature, and a mean
value of pe determined from redox potentials measured with an Orion 96-78-00 electrode); information
derived from these data (e.g., ionic strength, electrical ion balance); and the distribution of chemical species
(computed concentrations, activities, and activity coefficients). Results for return water and slurry water
samples were similar to those of the return water samples except for minor variations in species distributions
because of the differences in compositions.

The list of solids to be considered with the LOOK MIN procedure was expanded for these computations
by adding solubility product constants for several metal phosphate minerals. Stoichiometric expressions
were included for cases in which values for solubility product constants were not available; values of LOG
KT for these entries were arbitrarily set equal to zero). Information about saturation states generated with
this procedure for 18 pond water samples is summarized in Appendix C.
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Solution phase species activities for the six return water samples were averaged. These averages are
listed in Table 33 to show the relative importances of the soluble complexes. Undissociated phosphoric acid
and the H$‘O4-  ion account for about 95% of the total phosphate in the system. The remaining 5% is
accounted for by complexes of HzPO4- with Ca+ (3%),  Mg+ (1.5%), and Fe+3 (0.5%). Most fluorine is
complexed with Si or Al-about 80% as SiFse2, 8% as AlFs,  6% as SiFb  and 3% as AlFz-.  HF(aq) accounts for
an additional 2% of the total moles F in the solution.

ESTIMATES OF SOLUBILITY PRODUCT CONSTANTS

Inspections of the solubility data in Appendix C showed patterns similar to those found with solutions
collected with sediment samples. Table 34 contains a statistical summary of these data. Inspections of SI
values show that, on average, the pond water solutions are well under the saturation limits for the phosphate
compounds hydroxyapatite, fluorapatite, struvite, brushite, and variscite. They are slightly under saturation
limits for anhydrite and potassium fluosilicate. Mean SI’s for strengite, fluorite and silica (expressed as
amorphous silica gel) indicate that solution conditions exceed the saturation limits for these compounds.
Solutions appear to be just at the saturation limits for gypsum and sodium fluosilicate.

The data were used to obtain estimates of the solubility products for compounds that were detected in
sample sediments but for which no solubility constants could be found in the literature. Since chukhrovite,
NaKSiF6,  NazSiF6,  and the (K,Nl+,H)  ferric phosphate were detected in several solid phases collected from
the pond water samples, it was assumed that the solutions were saturated with these compounds. Therefore,
the SI values should equal zero and the computed LOG IAP values should equal the solubility product
constants for the compounds. The two sets of LOG IAP data in Table 34 were obtained by different ways.
The first was the mean of results from all 18 samples. This assumes all samples were in equilibrium with
the compounds of interest and provides a mean based on the maximum available data. For the second set,
mean LOG IAP’s were computed only for samples in which the compound of interest had been definitely
detected by materials characterizations. These values should be very close to the “true” values of the
solubility products but are based on fewer data.

Comparisons of the results from the PHREEQE IAP computations with solubility product constants that
were available in the literature provide a measure of reliability in the assumption that computed IAP’s are
estimators of solubility product constants for compounds detected in the sediments. Values of solubility
constants estimated from sources other than the current experimentation are available for only two com-
pounds detected in sediments, gypsum and NazSiF6,  and only the value for gypsum is based on a critical
review of determinations reported in the literature. LOG IAP values for gypsum computed from all 18
samples and from samples in which positive identifications of gypsum were reported are -4.56 and -4.55,
respectively. The standard deviation is approximately 0.05. The value for LOG KT of gypsum is -4.603.
Clearly, experimental error and uncertainties in the methods used to make ionic strength corrections in ion
activity coefficients can account for the difference of about 0.05 unit in the values for gypsum. Thus, the
estimate from the PHREEQE computation is in good agreement with the literature value. LOG IAP values
for NazSiF6  are -34.34 and -34.21, and the mean of these is -34.27. This is to be compared with LOG(KT)  =
-34.30 estimated from reported solubility data. Again, considering experimental error and uncertainties
introduced by ionic strength corrections the agreement is very good.
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Table 33. PHREEQE Chemical Model--Average Species Activities in Return Water Samples
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Table 34. Summary IAP's, SI's, and Solubility Product Estimates Computed
from Mean Pond Water Sample Compositions
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Since comparisons for gypsum and NazSiF6  showed good agreement, the computed LOG IAP values
for other compounds that had been detected in pond water sample sediments were used to estimate solubility
products. These are given at the bottom of Table 34.

Log K values for chukhrovite estimated from means calculated from all 18 samples and from those in
which positive identifications were made (-78.78 and -78.76, respectively) are in good agreement. Therefore,
a value of -78.77 is taken as the best estimate for the solubility product constant of chukluovite at 25°C,
according to the reaction stoichiometry given in Table 31.  Values for the potassium and ammonium ferric
phosphate compounds have poorer agreement, which is understandable considering uncertainties in the
exact composition of the material detected in sediments. However, LOG IAP values provide “ballpark”
estimates of -141.6 and -140.9 for LOG KT’s of the potassium and ammonium forms, respectively. Agree-
ment between the two computed LOG IAP's for NaKSiF6  is moderately good, and the estimated LOG KT is
-35.26.

CONCLUSIONS FROM COMPUTER MODELING STUDIES

As with any attempt to mathematically describe chemical equilibria, the reliability of the PHREEQE
model depends on the reliabilities in the analytical data and the values of formation constants of various
complex species included in the model. Criteria generated by PHREEQE to help judge the combined
accuracies of the solution analytical data and the equilibrium constants of various soluble complexes in the
model are the result of an ionic charge balance (“ELECTRICAL BALANCE” parameter in the outputs) and
whether the computation converged in a finite number of iterations (default limit of PHREEQE is 200). In
computations with the mean composition data of collected pond waters, results of the charge balance
computations, which would be zero for an ideal situation, ranged from about -0.002 to about -0.08.
Computations converged in less than 100 iterations, many in less than 50. Since ionic strengths computed
by the model ranged from about 0.2 to about 0.5, a region where activity coefficients estimated by available
mathematical approaches show significant deviations from experimental data, the quality with which the
PHREEQE model fit the experimental data and estimated distributions of elements among the soluble
complexes is relatively good. The distributions predicted by PHREEQE are consistent with the expectations
that species most likely to be involved in gypsum pond equilibria are complexes of F with Si and Al.

The solubility states of the pond water solutions estimated by PHREEQE qualitatively agree with
experimental observations. An exception was the prediction that strengite (FePO4*2H20)  should be
precipitated, but  this phase was not detected by direct examinations of the solids. Instead, an iron
potassium /ammonium phosphate was found. The model also predicted precipitation of silica gel and only
traces were reported in the materials characterizations. This is understandable since the amorphous gel is
difficult to determine by the methods used.

Potentially valuable results from tests with the computer modeling are the estimates of solubility product
constants for several compounds found in gypsum pond sediments-chukhrovite, alkali fluosilicates, and
the ferric (K, NHJ) phosphates. The estimated values are internally consistent in that the relative standard
deviations were on the order of 1% of the calculated means, and the compounds were observed in numerous
collected solid phases. Furthermore, agreements between values estimated by the PHREEQE computations
and other sources of data for gypsum and sodium fluosilicate, add confidence in the estimates.
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Compound stoichiometries for chukhrovite and the ferric phosphates are vague and these values should
be considered as “ballpark” estimates only. Other research on chukhrovite has determined that its composi-
tion is variable, depending on the mole ratio of Al to Si (personal communication, J. J. Kohler and S. J.
Meischen, TVA Chemical Research Department). The stoichiometry used to calculate IAP’s is likely to exist
only in limited circumstances. Uncertainties in the exact compositions of the ferric phosphate compound
exist because of the observed variations in the K and N contents of the collected solids, and an inability to
resolve XRD data to specifically identify discrete phases.

In summary, results from tests with the PHREEQE program have shown good agreement with ex-
perimental observations. The program or similar modeling programs can be useful for exploring chemical
equilibria in complex aquatic systems, particularly in situations where time or financial constraints prohibit
direct experimentation and qualitative information is sufficient. When combined with experimental data,
the program can be used to extract working estimates of solubility parameters.
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REPLICATE DETERMINATIONS OF GYPSUM POND WATER SAMPLE COMPOSITIONSAppendix A.
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Appendix A (continued)
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Appendix A (continued)

A-3



Appendix B. PHREEQE Speciation Computations of Gypsum Pond-to-Plant
Return Water Samples
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Sample R1-1 Distribution of Species (continued).
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Solution Compositions and Speciations for Sample R2-1
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Sample R2-1 Distribution of Species (continued)
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Solution Compositions and Speciations for Sample R3-1

B-5



Sample R3-1 Distribution of Species (continued)
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Solution Compositions and Speciations for Sample R4-1
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Sample R4-1 Distribution of Species (continued)
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Solution Compositions and Speciations for Sample R5-1
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Sample R5-1 Distribution of Species (continued)
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Solution Compositions and Speciations for Sample R6-1
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Sample R6-1 Distribution of Species (continued)
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Appendix C. PHREEQE Program Output--
Computed Saturation-States of Mean Pond Water Sample Compositions
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Appendix C (continued)
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Appendix C (continued)
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