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Abstract

Large quantities (~30 million tons/year) of "phosphogypsum" are produced as a by-product of
fertilizer production in Florida. The sedimentary phosphate rock, used as the raw material for
phosphoric acid production, is enriched in uranium and daughter products. Relatively high
concentrations of some of these U-series daughters, particularly 226Ra (av. = 910 Bq-kg'1),
prevent use of the by-product gypsum for construction or other purposes. The material is thus
stockpiled on huge '"stacks" which are unsightly and a potential threat to the surrounding air and
especially groundwater resources. It is estimated that ~109 tons of this material will be on
Florida stacks by the turn of the century.

We have been investigating the detailed radiochemistry of phosphogypsum in the hope that an
understanding of how these radionuclides are fixed in the material may lead to cost-effective
purification schemes. Our work has focused on the distribution of 226Ra but has also included
210Pb and 210Po (av. = 860 Bq-kg"1) which are also enriched in phosphogypsum. This paper
summarizes the problems associated with this material and reviews its radiochemistry as
elucidated by sequential extraction and other methodologies. We also present some possible
alternatives to long-term storage as a solution to the "phosphogypsum problem."



Introduction

The total production of phosphate rock has averaged between 150-160 metric tons (MT) per
year from 1987 - 1991 on a world-wide basis (anon., 1993). The overwhelming majority (>95%)
of this production is used for fertilizer manufacture, so long-term growth will ultimately be
driven by human population growth, which is expected to remain at current levels for at least
several more years (Brown et al. 1987). Since the phosphate industry in Florida accounts for
approximately 80% of the U.S. output and about one third of all the phosphate rock mined in the
world, the industry obviously creates economic and environmental impacts within the State.

The occurrence, distribution, and impact of NORM (naturally-occurring radioactive material) in
phosphate rock and the mining/manufacturing cycle has been investigated extensively in the past
(eg. Roessler et al., 1979; Keaton, 1987; Burnett, 1988; Roessler, 1990). The interest is driven
mainly by the concern that radioactive decay products from the 238U-enriched sedimentary ore
will threaten the safety and welfare of the citizens of Florida. The phosphate ore mined in
Florida consists of marine sedimentary unconsolidated deposits laid down in the Miocene Period,
about 15 million years ago. The uranium concentrations vary widely, depending upon degrees of
weathering, size distribution, and other factors. In general, the phosphatic components (main
mineral phase = carbonate fluorapatite) contain approximately 800 - 8000 Bq-kg"1 of U with
subsequent decay products present at near equilibrium activities (Burnett and Deetae, 1987).
Although the deposits are old enough for secular equilibrium to have been established through the
entire 238U and 235U decay chains, radon emanation and other processes (eg. microbial activity:
Harada et al., 1989; Cherrier et al., 1995) often results in some disequilibrium.

We present here a discussion of one of the most problematic occurrences of NORM within the
Florida phosphate industry—phosphogypsum. This material is produced in huge quantities as a
by-product of fertilizer manufacture.

The Phosphogypsum Problem

The vast majority of the phosphate ore in Florida is converted initially into phosphoric acid
which is then used as a raw material for manufacturing a variety of phosphatic fertilizers. In
addition to phosphoric acid, a by-product called "phosphogypsum" is formed during the so-
called "wet process" when the calcium phosphate ore is reacted with sulfuric acid. This by-
product may crystallize in either the dihydrate (CaSO4-2H2O) or hemihydrate (CaSO4-l/2H2O)
form of gypsum depending upon the operating conditions within the plant. This material,
referred to as "phosphogypsum" because of its origin, contains significant quantities of
impurities including phosphate, fluoride, and several uranium-series radionuclides.

While the ideal mole ratio between gypsum and phosphoric acid is 5:3 in the wet phosphoric acid
process, the mass ratio is about 3:1, i.e., about 3 MT of gypsum are produced per MT of acid.
Phosphogypsum produced during this process is filtered off and pumped as a slurry to nearby
storage areas, the so-called "gyp-stacks" (Fig. 1). At present, the phosphate industry in Florida



is producing approximately 30 x 106 MT of by-product gypsum per year, and the inventory
within the state is projected to reach about 1 xlO9 MT by the year 2000. The scale of this
problem is clearly enormous.

Hillsborough County ' Polk County

Fig. 1. Location of phosphogypsum stacks within Florida. Analyses of samples from most of
these stacks have been reported in Burnett et al. (1995a) and Hull and Burnett (1996).

Although phosphogypsum is used in some countries for production of cement and other
construction materials, its commercial use in the U.S. is currently limited to small quantities sold
to farmers as a soil amendment. This restriction was developed because of the impurities
contained in phosphogypsum, especially radium and other radionuclides derived from the
uranium-rich phosphate rock. The U.S. Environmental Protection Agency (EPA) has ruled that
gypsum must be placed on stacks or mine cuts and that only gypsum containing less than 370
Bq-kg'1 (10 pCi-g"1) 226Ra can be removed for agricultural purposes. The EPA regulates the
distribution and fate of this by-product principally because of its radium content and its
potential for generating the gaseous radioactive daughter, 222Rn. This is an important
consideration as the main use of gypsum in the United States is for construction of wall board or
"sheetrock" used in houses.



Besides the obvious waste of a potentially valuable by-product and the unsightly physical
appearance of the stockpiles, the main problem associated with phosphogypsum storage is the
potential effect on the surrounding environment, specifically the air and water resources in the
vicinity of gypsum stacks (Kouloheris, 1980). Studies that have considered the radiological
aspects of the agricultural use of phosphogypsum have generally concluded that the increased
risk is low, both from the increased radon flux from the soil and from uptake by plants (Lindeken
and Coles, 1978; Lindeken, 1980; Roessler, 1984; Roessler, 1988). The most important pathway
between phosphogypsum-derived radionuclides and humans, therefore, is probably through
groundwater contamination associated with gypsum stacks (Miller and Sutcliffe, 1984).

The potential problems arising from phosphogypsum storage does not exist in some countries.
For example, the United Kingdom, the Netherlands, and France currently or have until recently
discharged phosphogypsum into waterways and Morocco plans to pump 25,000 tonnes/day of
by-product gypsum from one plant directly into the Atlantic Ocean (Becker, 1989; McDonald et
al., 1992; Germain et al., 1992; Koster et al., 1992; Pennders, et al., 1992). Although no
industrial discharge of phosphogypsum into bodies of water continues in the United States, there
was a plant near Taft, Louisiana that discharged a substantial amount of gypsum directly into the
Mississippi River from the 1960's to the mid-1980's (Kraemer and Curwick, 1990). It may be
fortunate that this discharge was discontinued. A radiological assessment of the dose of
radionuclides received by the public in the United Kingdom has shown that there is a higher
potential radiation exposure from eating seafood collected near the Whitehaven phosphogypsum
outfall than from the nearby Sellafield operations which have had significant discharges from a
plutonium reprocessing facility (McDonald et al., 1992). Subaerial stockpiling on gyp-stacks, on
the other hand, has its own problems because of the tremendous volumes that have been and will
continue to be produced.

Obviously, there is considerable waste going on here. Gypsum is a useful construction material
which is mined in this country. The gypsum stacks are unsightly and pose a threat to the
environment. It would be in everyone's best interest if the material could be purified and put to
some good use. It is indisputable that the detailed radiochemistry of the material must be better
understood if radiochemical purification is to become economically viable.

Radiochemistry Of Phosphogypsum

Phosphogypsum contains the same radionuclides, but in distinctly different proportions than the
phosphate rock from which it originated (Table 1). Although there are clearly other issues, the
problem associated with gypsum storage that is perceived as being of greatest concern, at least in
the United States, is its content of 226Ra. However, 210Pb and 210Po are also present in
relatively high concentrations and 210Po has been measured in some shallow groundwaters in
phosphate rock mining areas and may be related to phosphogypsum in some cases (Harada et al.,
1989; Upchurch et al., 1991).



Table 1. Statistics for radiochemical analyses of phosphogypsum and phosphate rock samples
collected from 13 stacks and 8 mines in the Central Florida Mining District (Hull and
Burnett, 1996). All analyses are reported in Bq-kg"1. Complete analyses and
descriptions are given in Burnett et al. (1995).
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The radionuclide content is a direct result of the near-quantitative transfer of certain members
(226Ra, 210Pb, and 210Po) of the uranium decay chain from their source in the uranium-rich
sedimentary phosphate rock during the acidulation process. An example of this transfer can be
illustrated by plotting the 226Ra concentration in a series of fresh phosphogypsum samples
against the 226Ra content from samples of the phosphate rock that were being reacted to produce
phosphoric acid and phosphogypsum (Fig. 2). The slope of the experimental line (0.53±0.06) is
within the experimental uncertainty of the ideal stoichoimetric gypsum/carbonate fluorapatite
mass ratio (0.57). Because of the differences in molecular weights between gypsum and
carbonate fluorapatite, the radionuclide concentrations in phosphogypsum are actually less than
that in the reacted ore material. For example, an ore which contained 1670 Bq-kg"1 of 226Ra would
result in a "pure" phosphogypsum with only about 950 Bq-kg"1 assuming quantitative transfer.



Thus, although NORM in phosphogypsum may be a matter of real concern, it is not an example
of "technologically-enhanced" environmental radioactivity.
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Fig. 2. Activity of 226Ra in 12 phosphogypsum samples versus 226Ra in the phosphate ore
materials which were reacted to produce phosphoric acid (the product) and
phosphogypsum (the by-product). The 2 closed circles are gypsum samples produced
at a plant in north Florida that uses the hemihydrate process Hull and Burnett, 1996).

An important question, both environmentally and industrially, concerns the actual site(s) of
radium and other radionuclides within the solid phosphogypsum materials. Are radionuclides
distributed uniformly throughout the lattice structure of the gypsum or are they contained in
separate, distinct mineral phases? This is somewhat of a classic geochemical problem, easily
stated but rarely easily solved. The important issue is not only how much is there but how it is
included in the sample.

The task of locating the exact site(s) of a minor component in a complex matrix is a very difficult
undertaking. This is especially true when one is dealing with a radioactive species which may be
present in significant amount in terms of activity units (102-103 Bq-kg"1) but may actually be
present at vanishingly small concentrations (~10"14 mole-g'1) in terms of atomic or mass units.
We are thus unable to apply many of the microanalysis tools (microprobes, etc.) typically
employed for direct elemental measurements on a small scale because there simply are
insufficient numbers of atoms to measure by these methods. We must, therefore, rely instead on
our standard measurement tools for quantifying radioactive species but apply techniques used to
"fractionate" the sample before performing these analyses. One approach which we have taken
consists of application of operationally-defined sequential extractions, used extensively in the
fields of agricultural science, trace element geochemistry, environmental science, etc., in order to
separate fractions chemically before analysis.



We used a modification of one of the more well-known approaches to sequential leaching of soils
(Tessier et al., 1979) which was designed originally to evaluate the distribution of transition
metals within five "operationally-defined" fractions. Since we were dealing with a water-soluble
phase, a double deionized water (DDW) extraction was added as an initial step in addition to the
five "Tessier" extractions. The reagents used for the six extractions are designed to indicate the
relative amounts of radium in the following fractions: (1) deionized water —> water soluble; (2)
MgCl2 -> ion exchangeable; (3) NaOAc/HOAc -> carbonate; (4) NH2OH-HCl/HOAc -»iron
oxide; (5) HNO3/H2O2 —> organic matter; and (6) NaOH fusion —> silicate residue. After each
extraction, the solid and solution phases were separated, the remaining mass was reweighed, and
each solution was analyzed for 226Ra by the radon emanation method. This procedure was
performed for a total of 10 phosphogypsum samples (Burnett et al., 1995b). Each fraction was
than expressed as a percent of the total radium which was also quantified by prior analysis of the
bulk solid material by y-ray spectrometry.

Results of the sequential extraction experiments were somewhat surprising (Fig. 3). In general,
the extraction profiles for radium in the various fractions do not mirror the mass profiles. In
addition, there are significant variations among the different types of phosphogypsum samples.
Fresh samples, collected as slurries directly out of discharge pipes, showed the largest amount of
radium in "labile" fractions with 65-77% in the first two extractions and almost none in the final
two fractions. Samples which had remained on a stack for at least a few years showed distinctly
lower relative amounts of radium in the DDW extraction and more in the "intermediate" fractions
(NaOAc/HOAc and NH2OH-HC1) as compared to the fresh samples. One sample, gyp-52—
thought to have been exposed on a stack for the longest period of any of the analyzed samples,
displayed an "inverted" extraction profile in the sense that it showed very little radium in the
early fractions and contained the largest amount of their radium in the final two extractions
(HNO3/H2O2 and NaOH fusion).
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Fig. 3. Extraction profiles for 3 phosphogypsum samples of different ages. Sample gyp-18
was collected directly from the discharge pipe while gyp-37 remained on the stack for
approximately 5-6 years and gyp-52 is at least 25 years old. The "% total" result
compares the sum of the 226Ra in the individual fractions (radon emanation) to the bulk
226Ra as determined by y-spectrometry.



The sequential extraction results presented here show that radium is not always contained
primarily in the same fractions within phosphogypsum. Furthermore, there seems to be a
tendency for movement down the "extraction profile" as these types of samples age on the
stacks. Fresh samples contain mostly labile radium, perhaps much of it adsorbed onto the
soluble CaSO4-2H2O surfaces. As these samples weather on the stacks, the radium becomes
progressively more refractory, perhaps due to a longer-term recrystallization into insoluble
sulfates or other phases.

Since the sequential extraction results indicated that much of the radium is often located in water-
insoluble (non-CaSO4) fractions, we investigated the geochemistry of some water-insoluble
residues from some of these gypsum samples. Gram quantities of water-insoluble residues were
prepared by continual dissolution of the CaSCVcomponent with deionized water in a rotating
reaction vessel. After careful separation of the insoluble residues, their chemistries were
determined by ICP analysis. The results show that 226Ra correlates well with the trace metals
Ba, Sr, La, Ce, and Pb and the major elements Al, P, and Fe (Fig. 4). The hope in performing
these analyses was that the compositional results and trends in the data would provide clues to
the phase(s) which host radium. We had hypothesized earlier that barium sulfate would be an
important carrier phase for radium since BaSO4 is known to be extremely insoluble and Ba is
always present as a minor element in phosphorites. Thus far, we have been unable to confirm its
presence by x-ray diffraction procedures although the chemical results do show clear correlations
between Ra and Ba/Sr. Some of our chemical results, however, suggest that there is too little
sulfate remaining on a molar basis to support the amount of Ba and Sr contained in the same
material as a separate phase. Although the presence of water insoluble sulfates may still be
important in terms of hosting radium and other radionuclides, it appears that some of the
radioactivity may be associated with a phosphatic phase. Kraemer and Curwick (1990) found
that over half the 226Ra activity in a phosphogypsum sample they studied was present in a minor
insoluble phase that they tentatively identified as wavellite. Based on the elemental relationships
and the chemical compositions of our most radium-enriched water-insoluble residues, we agree
with the suggestion of Kraemer and Curwick that an aluminum phosphate phase such as
wavellite may be important. Our elemental information suggests that the actual composition may
be closer to the mineral crandallite, CaAl3(PO4)2(OH)5H2O, sometimes called "pseudowavellite".
This mineral is found in Florida and elsewhere as a low-temperature weathering product of
carbonate fluorapatite, and is known to contain appreciable amounts of Sr, Ba, Fe, and rare-earth
elements. Presumably, radionuclides such as 226Ra could fit into the structure of this mineral in
the same position as Ba and Sr.
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Fig. 4. The concentration of Ra, La, P, and Fe plotted against Al in phosphogypsum and
CaSO4-free residues.

Possible Remedies

Can anything be done about this wasteful and potentially environmentally damaging situation?
Many suggestions have been made for phosphogypsum use including: (1) use for construction of
road beds; (2) recovery of elemental sulfur either chemically or microbially; (3) direct agricultural
application as a fertilizer; and (4) use of phosphogypsum blocks for construction of artificial
reefs. At present, there does not appear to be a high degree of confidence that any of these
approaches will be successful in terms of large-scale volume reduction. Can large-scale
radiochemical purification be done economically? Perhaps, especially if combined with a process
that will also result in an economically-attractive product. One possibility for partial waste
reduction is the conversion of phosphogypsum to the two end products (calcium carbonate and
ammonium sulfate) of the so-called "Merseberg" ammonocarbonation reaction. One of these
products, ammonium sulfate, is an excellent fertilizer that adds both sulfur and nitrogen to the
soil. The other reaction product, calcium carbonate, could be used for neutralizing acidic process
waters associated with the phosphate industry, or calcined to drive off the CO2 which could then
be recycled for the production of the ammonium carbonate needed in the Merseberg process.
Chemically, this process may be represented by the following reaction:
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This procedure is performed today, on a commercial-scale, using waste phosphogypsum as a
feed material in India, China, and Indonesia. Furthermore, we have recently analyzed groups of
samples from several of these overseas ammonium sulfate plants to evaluate the flow of
radioelements during the conversion of phosphogypsum to ammonium sulfate (Burnett et al.,
1996). Results showed that while concentrations of uranium and radioactive daughter products
vary in the phosphate rock samples (and thus in the resulting phosphogypsum), all sample sets
displayed similar trends and indicated that the radionuclides that originally concentrate in the
phosphogypsum all concentrate in the by-product calcium carbonate. The resulting ammonium
sulfate is thus very low in radionuclides, lower than found in most natural materials.

A review of the relevant agricultural literature reveals that ammonium sulfate is an excellent
fertilizer for many crops and could help alleviate the "sulfur gap" which has been documented in
many agricultural areas. While encouraging in terms of use as a fertilizer, large-scale production
of ammonium sulfate in order to provide relief for the "phosphogypsum problem" has been
seriously hampered by economic considerations. However, there are indications that the
abundant supplies of ammonium sulfate as a co- or by-product from other industries may be
decreasing which may create an opportunity and encourage investment in ammonium sulfate
production from phosphogypsum. Creative ideas are needed to solve thorny problems.
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