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INTRODUCTION 

Chemical stabilization of waste materials offers the potential to reduce the leachability of heavy metals 
in the waste. The principal objective during stabilization is to form new mineral phases with reduced 
solubilities and increased geochemical stability in a leaching environment. One stabilization agent of 
recent interest, particularly for Pb2+, is pot. 1 ,2,3,4,5 

A patented soluble phosphate treatment process, marketed by Wheelabrator Environmental Systems as 
the WES-PHix process, is used in 23 MSW combustion or ash processing facilities in the United States. 
It is also used at 7 wire recycling facilities. The process is licensed to Kurita Water Industries Ltd. of 
Japan where it is marketed as the ASHNITE process. It is used in over 80 MSW combustion or ash 
processing facilities in Japan. 

Phosphate combines with over 30 elements to form about 300 naturally-occurring minerals,6.7 Metal 
phosphates are ubiquitous secondary minerals in the oxidized zones of lead ore deposits and as 
assemblages around ore bodies.7 They also occur in soils, sediments, and phosphatic beds.7 As such, 
they are stable with respect to pH, Eh, and mineral diagenesis. Isomorphic substitutions are very 
common for both divalent cations (e.g. Pb2+ for Ca2+) and oxyanions (e.g. AsOt for pot) in these 
minerals.7 

Past research efforts have shown that phosphate minerals are likely controlling solids for Ca2+, Cd2+, 
Cu2+, Pb2+ and Zn2+ in natural soil systems.S,9,lO,ll. 1 2.1 3 The use of pot to immobilize metals has been 
advocated for industrial wastewaters14. 15 and lead-contaminated soils. 13·16. 17.1S. 19.20 Both phosphate
containing minerals and soluble phosphate have been advocated as sources of pot. 

In the case of phosphate-containing minerals as a pot source, the ongoing work by Traina's 
group4,16, 17,lS,19,20 has explored apatites (e.g. calcium hydroxyapatite, Ca5(P04)30H) or waste phosphate 
rock as a source of pot to precipitate Pb2+ from solution or in contaminated soils as lead 
hydroxypyromorphite (Pb5(P04)30H); a more thermodynamically stable isostructural analogue to 
calcium hydroxyapatite.4 

In the case of soluble phosphate as a pot source, chemical stabilization mechanisms can involve a 
continuum from surface sorption processes to existing or newly formed particulate surfaces in a waste 
material, through the formation of new surface precipitates, to the formation of discrete heterogeneous or 
homogeneous precipitates?l Spectroscopic and geochemical modeling techniques exist to help 
distinguish between sorption and the various forms of precipitation (e.g. surface, heterogeneous, 
homogeneous).22,23,24,25 

When soluble phosphate is used to stabilize metals in waste materials containing appreciable 
concentrations of Ca2+, it is useful to understand Ca2+ and pot crystallization and precipitation 
chemistry as this reaction sequence is likely to dominate the system. When Ca2+ and pot are titrated in 
solution, a variety of phases form.26.27 In a simple system, the reaction sequence generally involves 
C�(P04)6 

(non-stoichiometric amorphous calcium phosphate), CaHP04-2H20 (brushite); CaHP04 
(monetite); CasHiP04)6

-5H20 (octacalcium phosphate), P-C�(P04)2 (whitlockite); and ultimately 
Ca5(P04)30H (calcium hydroxyapatite); the most geochemically stable calcium phosphate.2s The 
sequence is influenced by ion activity products (lAPs), pH, ionic strength, reaction kinetics, the presence 
of precursor substrates or "seed", and the presence of inhibitors like Mg2+?6,27,29 
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This reaction sequence is useful in interpreting likely immobilization mechanisms in Ca2+ - containing 
waste materials treated with pol. There is evidence for relatively fast sorption processes onto calcium 
hydroxyapatite at low metals concentration for Cd2+, Cu2+, Pb2+, and Zn2+. 15.30.3 1 ,32 At higher metals 
concentration, evidence of surface precipitation on the calcium hydroxyapatite is observed; more so for 
Pb2+ and less so for Cd2+ and Zn2+.5,33 In systems where Pb2+ is present in high concentrations in solution, 
evidence is given that less stable calcium hydroxyapatite will dissolve and preprecipitate as more stable 
lead hydroxypyromorphite.4,5,16,1 7.18,1 9,20 In systems where all components are initially soluble, it is simple 
to precipitate lead hydroxypyromorphite7. 10 or ternary metal apatites where Pb2+, Cd2+, Cu2+, and Zn2+ 
isostructurally substitute for Ca2+ and form solid solutions like (Ca, Pb, ZnMP04)30H.34,35 

Dry scrubber residue is a particulate material from the use of dry lime powder (CaO) or dried slaked 
lime powder (Ca(OH)2) in the scrubbing of flue gas from combustion of municipal solid waste. This is 
the second largest residual stream for modem waste to energy facilities.36 The residue contains high 
concentrations of acid gas scrubber products (e.g. CaCI2, CaS04), unreacted scrubber material (CaO or 
Ca(OH)2)' condensed semivolatile elements (e.g. Cl- , Pb2+), condensed volatile elements (e.g. Na+, K+, 
Hg2+, Zn2+ and Cd2+), aluminosilicate fly ash particles, and char.37 The fine-grained residue is highly 
soluble and very alkaline, making it sometimes difficult to treat or dispose.36 

The approach taken by our group to understand stabilization mechanisms and identify reaction products 
formed during treatment of scrubber residues is shown in Figure 1. A variety of spectroscopic and 
geochemical modeling procedures are used as each provides specific and complementary information 
and because some suffer from small databases relative to the more exotic mineral phases found in 
granular waste materials. 

This study was designed to determine the mechanisms and reaction products of chemical stabilization of 
dry scrubber residues treated with soluble orthophosphate. The data gleaned from various spectroscopic 
analyses, leaching procedures, and geochemical modeling show that precipitation/solid solution 
formation rather than sorption is the immobilization mechanism and that apatite minerals and solid 
solutions are the principal solubility-controlling reaction products. As in nature, these minerals are 
geochemically stable and very insoluble. 

These results hold promise for the industry. Knowledge about the basic mechanisms of immobilization 
allows for further optimization of the process. Successful identification of reaction products using both 
spectroscopic and geochemical modeling techniques provides confidence for the use of geochemical 
models as predictive tools for refining treatment formulations, examining long term disposal behavior, 
and developing management strategies. Research is also ongoing by our group on soluble phosphate 
treatment mechanisms in MSW bottom ash, MSW ash vitrification dusts, smelter dusts, electric arc 
furnace dusts, and mine tailings. 

METHODS 

Combustor Description 
A 1,500 ton per day mass bum facility was sampled. It consists of two parallel units comprised of 
reciprocating grates, water wall boilers, scrubber venturis, and Ca(OH)2 scrubbers with fabric filters. 
Activated carbon is used as a mercury sorbent; it is injected with the lime. It was operational during 
sampling. 
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Sampling occurred over the period from January 3rd to January 7th, 1995. Dry scrubber residue was 
collected by plant personnel. A grab sample (1 kg) was collected every 10 minutes to make a 4 hour 
daily composite from one of the scrubber transfer conveyors. The five daily composites were made into 
a weekly composite using a clean, lab-scale cement mixer. 

Processing 
For the purposes of this study, an experimental laboratory-scale treatment formulation was selected to 
ensure that stabilization reaction mechanisms and reaction products could be detected. A standard 
industrial grade H3P04 acid solution was used. The treatment formulation involved using a dose of 1.2 
moles H3P04 per kg of residue. Process mixing water at a liquid to solid (US) ratio of 0.4 was used to 
facilitate mixing. The residues were mixed for 10 minutes in a Hobart mixer and then air dried. The 
mixing regime is similar to full scale treatment systems. The treated working sample was subsampled 
for subsequent analyses; the subsample was stored under vacuum desiccation until use. 

Total Composition 
The dry scrubber residues were quantified for over 47 elements using neutron activation analysis (NAA) 
for all elements except Pb, Cu, P, S, C and O. Procedures are provided elsewhere.38.39.40 X-ray 
fluorescence (XRF) was used for Pb, Cu, S, and P analyses. X-ray photoelectron spectroscopy (XPS) 
was used to quantify C and 0 (see below). 

STEM-XRM 
STEM-XRM was used to examine discrete particle morphology and determine elemental composition 
and possible mineral formula in discrete particles of the treated and unleached as well as the treated and 
leached fractions. STEM examinations were conducted on a Hitachi H-600 TEM operated at 100 kV 
accelerating voltage. 

SIMS 
SIMS was used to elucidate the stabilization mechanism. The method was used to depth profile selected 
atomic masses (40Ca+, 208Pb+, 31p+, 35Cl+, 28Si+) so as to examine concentration as a function of particle 
depth (particle exterior to interior). This would provide evidence of possible surface adsorption or 
surface precipitation or evidence of new discrete phase precipitation.24 

A FisonsNG SIMSLAB I (upgraded) quadrapole filter type mass analyzer was used to conduct positive 
ion (+rnIz) depth profiling using an O2+ ion beam source. Profiles were conducted at high vacuum (10-9 
torr). Indium foil was used for sample mounting to minimize charging. Generally, the ion source was 
operated at 10 keY and 20 nA. Target biases were usually 5-15V. The profiles were done at 200x with 
the extractor operated at 1,500 V. Estimated sputtering rates were roughly 1 to 10 A per second. 
Profiles for 208Pb+, 31p+, 40Ca+, 28Si+, 35Cl+, and 1 13In+ were usually conducted for 45 minutes to 1 hour. 

XRPD 
XRPD was used to identify crystalline mineral phases in the residues. A Rigaku-Geigerflex goniometer 
was used along with a copper X-ray source (45 kV, 35 mA, 1500 W). A divergence·slit of 10, a 
scattering slit of 10, a receiving slit (crystal) of 0.80, and a receiving slit (monochromator) of 0.60 were 
used. Details on search-match procedures are provided elsewhere38. 

MAS-NMR 
MAS NMR was used to monitor the 31p isotropic chemical shifts and chemical shift anisotropy tensors 
of the component species in the treated and unleached as well as the treated and leached fractions. The 
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spectra were taken on a 400 MHz Chemagnetics Infinity NMR spectrometer with a 9.4 Tesla magnet 
corresponding to a 3 1p NMR frequency of 161.9 MHz. The samples were spun in 7.5 mm (OD) zirconia 
rotors in a double resonance probe at spin rates between 1 to 7 kHz at a temperature of about 23 ± 2 °C. 
The magic angle was set by observing the chemical shift of the aromatic resonance of hexamethyl
benzene. The spin rate was measured with a fiberoptic sensor and is accurate to ±2 Hz. All spectra were 
recorded with proton decoupling while using 10 fls 90° 31p pulses (except where noted); pulse lengths 
were calibrated by observing the 31p resonance of NH4H2P04 (ammonium dihydrogen phosphate). The 
recycle delay was set to 10 s based on approximate 31p T

1 
measurements of some of the samples. The 

number of scans acquired ranged from 500 to 4,000. Chemical shifts were referenced to an external 
standard sample of NH4H2P04.; (0 e1p) = 0 ppm with respect to 85% H3P04 .4 1 

The analysis of 31p NMR spectra of inorganic phosphates is generally done by a consideration of both 
the isotropic chemical shift and the individual chemical shift tensor elements (principal axis system). 
These values are obtained from the 31p NMR spectrum using tpe graphical method of Herzfeld and 
Berger42 or by a Simplex and gradient search method.43 The latter was used here as it is optimized for 
multiple component systems. 

XPS 
A Perkin Elmer Physical Electronics Division 5100 hybrid XPS was used to identify and quantify 
possible chemical phases as well as to quantify elements in the samples. Detailed methods are provided 
elsewhere.38 For energy referencing, the entire system was calibrated to the gold 84.0 4f7/2 binding 
energy. Correction for peak shift due to static charge buildup on the sample was achieved through the 
adventitious carbon reference method using a C Is binding energy of 284.8 e V as a conducting 
reference.44 Details on full width, half maximum values used for curve fitting45,46,47 as well as spectral 
deconvolution are provided elsewhere38. 

Leaching Apparatus 
All leaching tests were conducted in leaching apparatus maintained in a laminar flow hood (Envirco, 
Houston, Texas) with Type 2 HEPA air filters (>0.3 flm). The apparatus is comprised of parallel units; 
each consisting of a 1000 rnl Teflon leaching vessel with a screw cap, a stir plate, a stir bar, and constant 
temperature bath (25°C). Each vessel was maintained at a constant pH using a Cole-Parmer pH/ORP 
Controller (Model 5652-10). The controller opens and closes solenoids allowing the introduction of 
strong acid (3N HN03) or base (3N NaOH). The set points on the controller allowed for a ±O.1 pH 
variation around a target value. 

Total Availability Leaching Procedure 
The procedure is based on the Dutch Total Availability Leaching test NEN 7341.48 It was used to 
quantify the elemental mass fraction available for leaching. The method can assess what fraction of the 
total concentration of an element is leachable over geologic time 0,000-10,000 years). During the 
extraction, all readily soluble and marginally soluble minerals will solubilize. Desorption of tightly 
sorbed species will also occur. Details are provided elsewhere38. 

After filtration the leachates were combined. The sample was then split for metals analysis (graphite 
furnace and flame atomic absorption spectrophotometry,), anions analysis (ion chromatography), and 
alkalinity determinations (titration).49,5o,51 Additionally, the weight of the leached residue was 
determined for mass balance purposes. Residues were dried for 72 hours at 60°C to obtain a dry weight 
measure. 
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pH-Dependent Leaching 
The pH-dependent leaching procedure is a means of determining the equilibrium leaching behavior over 
a range of pH values. Each extraction was done at a US ratio of 10.0 so as to ensure solid phase control. 
Eighty grams of sample were placed into the Teflon vessel to which 800 mls of distilled, deionized water 
was added. 3N HN03 was used to control the pH at various set points 4,6,8 for 24 hours. This pH range 
corresponds to values expected for both regulatory leaching tests and open CO2(g) leaching systems (e.g. 
landfills). The leachates were filtered and analyzed as described above. Additionally, Pb2+ was 
determined using isotope dilution procedures and thermal ionization mass spectrometry after ion 
exchange concentration.s2 pot was also determined by using a Lachat low level colorimetric assay.53 

Leaching Modeling 
The geochemical equilibrium model MINTEQA2s4 was used to determine which solid phase controlled 
leachate composition as a function of pH. The thermo.dbs and type6.dbs databases for MINTEQA2 
were modified to include a large number of phosphate mineral phases shown in Table 1. Modeling 
details are provided elsewhere38. 

The likelihood of solid solution formation during dissolution and reprecipitation required further 
modification to the MINTEQA2 databases to allow for idealized solid solutions to act as possible 
controlling solids. A simplistic zero heat of mixing and ideal site substitution model was assumed.s9,60 
Standard free energies of formation for the solid solutions (LlG\ij) between end members i and j were 
used to determine theoretical Ksp values for the solid solutions using: 

LlG\ij = xLlG\ + (l-x)LlG\j + nRT [x Inx + ( l -x) In ( l-x)] (1) 

where x is the mole fraction of end member i, LlG\i and LlG\j are the free energies of formation of end 
members i and j, respectively, n is the number of sites in the mineral undergoing substitution (e.g. 1.0), 
R is the universal gas constant, and T is degrees Kelvin. Ksp values for hypothetical binary ideal solid 
solutions [e.g. for (Ca,Pb), (Ca,Cu), (Ca, Cd), and (Ca, Zn)] for the minerals CaiP04)2' Cas(P04)30H, 
Cas(P04)3CI, and Ca40(P04)2 (Pb and Ca only) were calculated and entered into the MINTEQA2 
databases. No attempts were made to evaluate the likelihood of these solid solutions with respect to 
theoretical (e.g. Ksp,/Ksp) or experimental distribution coefficients. 

RESULTS AND DISCUSSION 

Total Composition 
Table 2 provides information on the total elemental composition of the dry scrubber fabric filter residue 
as determined by NAA, XRF, and XPS. The major constituents (> 10,000 mglkg) in the fabric filter 
residue were 0, Ca, CI, C, Si, AI, S, Na, and Zn. Minor constituents (1,000- 10,000 mglkg) included K, 
Ti, Fe, Mg, Pb, and Br. Trace constituents « 1 ,000 mglkg) included Cd, Cr, Hg, and many other 
elements. These concentrations are fairly typical for MSW dry scrubber fabric filter residues.36 The 
presence of small quantities of activated carbon as a mercury sorbent may explain th�relatively high C 
concentrations as well as the relatively high Hg concentrations in the residues. The concentrations of S, 
Pb, Cd, Cu, and Zn are in typical ranges for these wastes.36 The observed phosphorus concentration, 
2,100 mg/kg, is within the range of reported values (1,700 to 4,600 mg/kg) for untreated scrubber 
residues. 
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Particle Composition Based on STEM·XRM 
Table 3 contains the atomic percent data generated from the analysis of discrete particle assemblages 
with STEM-XRM. Analyses were conducted on 10 assemblages for both the treated unleached and the 
treated and leached fractions. Particles were polycrystalline and small (100-5,000 nm). A wide variety 
of elements were observed in the residues. For the treated and unleached residues, 0, Ca and Cl were 
very common elements. Mg, AI, Si, P, S, and K were also present. No Fe, Zn or Pb was observed. For 
the treated and leached residues, 0, AI, P, S, Ca, Fe and Zn were very common elements. Mg, Si, Cl and 
K were also observed. Leaching appeared to have increased the relative concentration of many elements, 
particularly AI, P, Fe and Zn. This occurred because of the relative loss of Cl, K and Ca. 

It is very likely that given the very small particle sizes that were interrogated (100 to 5,000 nm) as well 
as the complex structure of the polycrystalline particles, discrete homogeneous single crystals were not 
analyzed. The determination of molecular formulas from the data proved tedious and inconclusive. 

It is important to note that the elements that were observed are many of the major and minor elements 
seen in the residues with total compositional analyses. Further, the elemental complexities of the 
assemblages agrees in principal with the types of phases observed with other methods like XRPD and 
XPS (see below). Finally, virtually all of the assemblages contained phosphorus; particularly in the 
leached residues. This is viewed favorably with respect to the availability of the stabilization agent to all 
particles at the nanometer scale under the mixing regime that was used. 

Stabilization Reaction Mechanism Based on SIMS 
Figure 2a shows typical depth profiles for the mineral standard Ca5(P04)3Cl (calcium chloroapatite; 
Harvard University Mineralogical Museum 107354) which was ground to very small particle sizes « 50 
11m). This control sample represents a "homogeneous precipitate ". As can be seen in the figure, 40Ca+, 
31p+ and 35Cl+ were relatively constant with depth (up to depth less than or equal to 0.5 11m). The 
background indium foil signal is also relatively constant. As expected, the homogeneous particulate 
gave a rather uniform depth profile for all of its constituents. 

Figure 2b shows typical depth profiles for the treated and un leached fraction (other fraction mass 
fragment depth profiles are not shown). The profiles are similar to the calcium chloroapatite standard. 
Elements were uniformly distributed with depth. More 31p+ was present in the treated residue than in the 
chloroapatite. The 113r and 28Si+ profiles did not change significantly with depth (up to less than or equal 
to 0.5 11m). 

The use of ion mass fragment ratios is more illustrative of relative behaviors as a function of depth. 
40Ca+ is used to normalize the data. As shown in Figure 2c, the 31p+toCa+ ratios in the chloroapatite, 
treated and unleached fraction and the untreated and unleached fraction were similar. The 31p+foCa+ 
ratio was relatively constant with depth. These ratio profiles are similar to ones reported by Fulghum et 
a1.24 for the coprecipitate. They differ markedly from the adsorbed scenario. This suggests that the 
stabilization process produced a homogeneous precipitate. Stabilization via surface sorption was not 
likely. The leached residues showed clear enrichment of P relative to Ca in the particle surface. This is 
ascribed to preferential loss of Ca and salts during leaching at pH 4.0 in the Total Availability Leaching 
test. Though resorption of pot cannot be ruled out at pH 4.0, the other spectroscopic techniques 
(particularly XPS) also showed clear loss of calcium in the outer particle surfaces during leaching. 

The 208Pb+foCa+ ratios showed similar, though less dramatic behavior, to the 3 1p+toCa+ ratios as a 
function of depth. As shown in Figure 2d, the leached samples were surface enriched in 208Pb+ while the 
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un leached samples showed uniform distribution as a function of depth. Contrary to pol resorption, 
Pb2+ will not readily sorb at pH 4 so the data support the theory that the surface enrichment is an artifact 
of Ca salt loss during leaching. Similar behaviors were seen with the untreated and leached residues, 
though heterogenaity at the nm level was less than heterogenaity with depth. 

These results strongly suggest that stabilization of Ca2+ and Pb2+ is largely via PO/- based precipitation 
and not by surface sorption processes. The former reaction mechanism is more geochemically stable and 
resistant to leaching than the later mechanism. However, it is also likely that at a smaller spatial scale 
level, some sorption processes are occurring. There are other techniques that can be employed to verify 
the presence or absence of sorption processes.22,25 However, sorption isotherms, desorption assays, and 
isotopic exchange experiments are problematic with respect to the highly soluble nature of these 
residues. The use of SIMS is just one spectroscopic technique that was used in elucidating reaction 
mechanisms. 

Phosphate Crystalline Phase Identification Based on XRPD 
Table 4 contains possible phosphate crystalline phases that were identified in each of the four fractions 
using the computerized search-match routine. As stated above, the list is extensive and it is unlikely that 
all the listed phases are present. In the untreated and unleached residues, a few apatite family minerals 
(e.g. Ca5(P,Si,S)OliCI,OH,F), chlorellestadite and CaIO(P04MC03MOH)2' carbonate apatite) and 
CaHP04 (monetite) are observed. This is likely given the presence of phosphorus in the untreated 
residue. These phases are generally absent after leaching. After treatment with the soluble phosphate, a 
large number of potential phosphate mineral phases are observed, including apatite family minerals (e.g. 
Ca5(P,Si,S)0

12
(Cl,OH,F), CaIO(P04)iC03MOH)2)' tertiary metal phosphates (e.g. 0;- CaZniP04h, 

Zn3(P04)2)' and more complex phosphate minerals. Ca, AI, Zn, Fe, K, Pb, and Cd phosphate minerals 
are seen. Particularly noteworthy minerals for Pb are Pb40(P04)2' and two apatite-family minerals: 
Pb5(P04)30H (lead hydroxypyromorphite), and KPb4(P04)3' After leaching, many of the same phosphate 
minerals remain; indicating their relative stability to aggressive leaching environments. 

31p Chemical Environment Based on MAS-NMR 
The treated and unleached and treated and leached spectra are found in Figure 3a and 3b, respectively. 
Table 5 summarizes the data from the Herzfeld-Berger (deGroot program43) analysis of the spectra. 

The 31p MAS NMR spectrum of the treated and unleached fraction was acquired at 2,4 and 6 kHz spin 
rates. The faster spin rates enable better detection of small differences in the isotropic chemical shift, 
while the slower spin rates yield more sidebands and should, in principal, be easier to fit. One problem 
that can be encountered is an isotropic chemical shift that occurs at the same frequency as the sideband 
from another resonance. This did not occur (see Table 5), but a fit of the 6 kHz data with a two 
component model showed a convergence to an isotropic chemical shift at the spinning sideband of a 
neighboring resonance leading us to discount the two component model for the 6 kHz data. The spectra 
for the 2 and 4 kHz data were both filled to two component models (see Figure 3a for the 4 kHz data); 
the quality of the fit was better for the 4 kHz data based on the smaller residual. 

The closest match between the 4 kHz major component in the treated and unleached spectrum and likely 
calcium phosphate minerals61 appears to be with a mixture of minerals with isotropic chemical shifts 
near 0 ppm. A mixture containing CaHP04 • 2H20 (brushite), CaHP04 (monetite), Cas(P04)30H 
(calcium hydroxyapatite), and 0;-CaZniP04)2 would lead to a good match with the major component 
with central transitions near 0 ppm and I ilo I from 27 to 103 ppm. These minerals were detected by both 
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XRPD and XPS (see below). The three calcium phosphates also belong to the generalized Ca-phosphate 
precipitation reaction sequence.28 

The closest match between the 4 kHz minor component in the treated and unleached spectra and likely 
calcium phosphate minerals61 is CazP207 or another pyrophosphate (e.g. Na4P207). The minor 
component has a very large I �o I of 181 ppm. To our knowledge, this is one of the largest 31p chemical 
shift anisotropies seen, and it indicates a distorted coordination geometry at phosphorus with non-ideal 
O-P-O bond angles. This conclusion is based on the correlation of I �o I with O-P-O bond angle as 
reported by Oldfield and coworkers.62 

The 31p MAS NMR spectrum of the treated and leached fraction (Figure 3b) was acquired at 6 kHz. A 
two component fit was used with some residuals present. Based on the intensity of the 31p signal and the 
spectral side band intensity; it is obvious that the four likely major components were susceptible to 
aggressive leaching during the Total Availability Leaching test at pH 4. 

The closest match between the 6 kHz major component in the treated and leached spectrum and likely 
calcium phosphate minerals61 is CaHP04 • 2H20 (brushite), a mineral also seen by MAS-NMR in the 
treated and unleached fraction (see Table 5). The closest match between the 6 kHz minor component in 
the treated and leached spectrum and likely calcium phosphate minerals61 is CazP207; a mineral also seen 
by XPS. 

Crystalline and Amorphous Surface Phosphate Phases Based on XPS 
As shown in Table 6, there are a number of crystalline phosphate phases found in the surface layers of 
the residues. In the untreated and unleached fraction, only a few phases were identified. After leaching, 
and with subsequent improvement in detection limit, some small quantities of apatite family (e.g. 
CaS(P04)30H, Cas(P04)3CI) and tertiary metal phosphate (CaiP04)2' Pb3(P04)2) minerals were seen. 
However, after treatment with the pot, significant quantities of numerous Ca and Na phases were seen; 
including CaS(P04)30H, Cas(P04)3CI, CazP207, CagHzCP04)6 

• 5H20, CaHP04, Na3P04, and Na4P207. A 
number of the Ca-phosphates from the generalized Ca-phosphate precipitation reaction sequence28 were 
seen (e.g. CagHzCP04)6 

• 5H20, CaHP04, and CaS(P04)30H). After leaching of the treated residues, these 
same Ca-phosphate phases were still seen at high levels; suggesting resistance to solubilization at pH of 
4. The principal Pb phase that was observed in the treated and leached fraction was chloropyromorphite 
(Pbs(P04)3CI). 

Total Availability Leaching Behavior 
The total availability leaching data for the untreated and treated residues are shown in Table 7. The table 
contains data on the concentration of the analytes in the leachate (not corrected for added weight of 
treatment additives) and a calculated stabilization fraction (corrected for added weight of treatment 
additives). The calculated stabilization fraction examines the percentage of the total available fraction in 
the untreated residue that was immobilized by the treatment process. 

The dose of 1.2 moles of H3P04 per kg of residue reduced the leachability of Al (75.5%), Ba (27.7%), 
Ca (6.8%), Cd (37.5%), CI (7.7%), Cu (57.9%), Pb (99.5%) and Zn (28.2%). The larger reduction in Pb 
leaching agrees with the insoluble phases seen with XRPD and XPS. 

The treatment increased the leachability of As (-3.8%), Hg (-3,979%), Mg (-19.9%), Si (-97.5%), and 
pot (-2,385%). The Hg data reflect large changes in a very small leachate concentration number. The 
Mg and As data reflect likely substitution reactions (Ca for Mg, pot for AsOt). The increased Si 
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concentrations reflect the dissolution of aluminosilicates by acid attack (H3P04 addition). It is also clear 
that either not all of the PO/" was reacted or that some of the phases that formed were not the most 
thermodynamically stable ones at the pH of the Total Availability Leaching Test. 

The stabilization agent has a clear positive impact on the reduction of leaching of many divalent cations 
(Pb2+, Cd2+, Cu2+, Zn2+) in general agreement with the formation of insoluble phases which were seen 
with the various spectroscopic methods. These phases are insoluble and geochemically stable even under 
aggressive leaching conditions. 

pH Dependent Leaching and Geochemical Modeling 
Particular attention is given here to the components Ca2+ and Pb2+, although similar behaviors were seen 
for Cd2+, Cu2+ and Zn2+. The leaching of Ca2+and Pb2+ is shown in Figures 4 and 5, respectively. Each of 
the figures depicts pH-dependent leaching of the untreated and treated residues as well as the leachate 
concentrations in the modeled leachates when potential controlling solids were individually introduced 
as infinite solids in the model at each pH. As infinite solids, the candidate mineral dictates the activity 
of its components in the leachate in response to system pH and to all attendant aqueous phase 
complexation reactions. Table 8 identifies the top few controlling solids (based on their saturation 
indices) that were initially identified as well as other solids of interest; some of which were used as 
candidate infinite solids. 

Ca2+ shows a clear reduction in leaching over the entire pH range after treatment (Figure 4a). As shown 
in Table 8, there are a number of phases that were excellent candidates as controlling solids; particularly 
CaHP04 (monetite) and CaHP04• 2H20 (brushite). These were seen with XRPD, MAS-NMR and XPS 
in the treated residues whereas anhydrite and gypsum were less prevalent. As infinite solids, monetite 
and brushite each are able to depict Ca2+ leaching in the treated residues (Figure 4b). Despite their high 
saturation indices, Ca5(P04)3CI (calcium chloroapatite) and Ca5(P04)30H (calcium hydroxyapatite) 
(Figure 4c) both describe the general shape and pH-trend for Ca2+ leaching from the treated residues. 
While these phases were seen with XRPD, XPS, and MAS-NMR in the treated residues; they may be 
less suitable, but still plausible candidates for controlling solids. 

The pH-dependent leaching of Pb2+ shows 1 to 2 log reduction in leaching after treatment (Figure 5a). 
As with Cu2+ and Cd2+, a few candidate phases may control at each of the pH values (Figure 5b). These 
phases include apatite and tertiary metal phosphates ideal solid solutions (e.g. (Pb2,Ca)(P04)2' 
(Pb,Ca4)(P04)3CI). The end member Pb5(P04)3CI (chloropyromorphite) is a controlling solid (Figure 5c) 
and is present in the treated and leached fraction. PbHP04 is also not a likely candidate. 

Stabilization Reaction Pathway Kinetics and Products 
The typical "ideal " solution phase reaction sequence when PO/" is titrated into a Ca-salt solution 
involves the sequential formation of C�(P04)6 (non-stoichiometric amorphous calcium phosphate), 
CaHP04 • 2H20 (brushite), CaHP04 (monetite), CagHiP04)6 • 5H20 (octacalcium phosphate), and then 
Ca5(P04)30H (hydroxyapatite); the thermodynamically most stable reaction product.28 This sequence of 
nucleation and crystallite growth from supersaturated solutions is dependent upon system pH, 
temperature, the presence of "seed " crystals or catalytic surfaces, and reaction kinetics.26 Intermediates 
are typically "active ", geochemically labile, and dependent upon reaction kinetics. Under ideal 
conditions, hydroxyapatite is the most thermodynamically stable end product over a fairly wide pH range 
(e.g. 4 to above 8).26 
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The more complex stabilization system studied here is similar in principal to the one just described. 
pol is titrated into a Ca-salt dominated waste. While the US ratio is much less than the "ideal " system, 
there is evidence that the same reaction sequence is observed here. The minerals brushite, monetite and 
calcium hydroxyapatite were seen in the treated residues with XRPD, MAS-NMR or XPS. Data also 
suggest that the initial 10 minute mixing scenario at pH values above 12 was not sufficient time to allow 
for complete conversion of all Ca-phosphates to apatites. Not only were intermediaries seen, but 
subsequent paragenic transformations occurred during the seven hours of the Total Availability Leaching 
test at pH 7 and then 4. To optimize the stabilization process, more process water and longer reaction 
times might be preferred. Nevertheless, despite the short reaction times, significant reductions in metals 
leachability and formations of more stable reaction products were seen. For instance, the dissolution of 
calcium hydroxyapatite in the presence of Pb2+ and the subsequent formation of "mature " lead 
chloropyromorphite can take place on the order of minutes to hours provided liquid-to-solid ratios are 
high and pH is in the neutral region.17.1 8, 19,20 

The pH-dependent leaching modeling shows that for Cd2+, Cu2+,Pb2+ and Zn2+; ideal solid solutions of 
Ca-apatites (both hydroxyapatite and chloroapatite) and whitlockite were found to adequately describe 
pH-dependent leaching. Neither Ca-apatites nor whitlockite controlled Ca2+ leaching; yet these phases 
were detected with XRPD, XPS, and MAS-NMR; particularly the highly substituted apatite mineral 
chlorellestadite. It may be reasonable to assume that the solid solutions that were found to control 
leaching (e.g. (Cd, Ca4)(P04)30H; (Cu, Ca4)(P04)30H, (Pb, Ca4)(P04)30H) were in fact present and 
controlling leaching but that the degree of isostructural substitution was small enough as to not interfere 
with their detection using crystallographic or nearest-neighbor spectroscopic signatures. 

This is consistent with the premise that major-minor cation solid solutions limit the concentration of the 
minor component to levels below saturation of the minor cation end member.63 Formation of these types 
of solid solutions allows for the "burial " of the minor cation in the Ca-apatites or whitlockite. These 
solid solutions can be easily formed from saturated solutions34,35 and it is reasonable to infer that this 
process occurred here. 

The very small particle sizes of the reaction products as seen with STEM (100-5,000 nm) suggests that 
Ostwald ripening processes must also be considered. Nanometer-sized crystallites are many orders of 
magnitude more soluble than larger, ripened crystals.28 Such phenomenon have been theorized64 and 
modelled65,66 for Ca-phosphates. At crystallite sizes less than 500 nm, particle interfacial tensions 
increase solubilities exponentially.28,68 It is therefore also possible that some of the positive saturation 
indices seen for some of the major cation end members could be explained by incomplete ripening and 
overly "active " small crystal solubilities. If this is the case, then, the allowance for longer reaction times 
and more process water would ensure crystallite growth, aggregation, and maturation. This would help 
further decrease equilibrium leachate concentrations of Cd2+, Cu2+, Pb2+, and Zn2+ and further increase 
the fraction stabilized during treatment. 

Implications for the Waste-to-Energy Industry 
Chemical stabilization of dry scrubber residue using soluble phosphate is an effective means of 
immobilizing divalent metals in the waste. The treatment process holds promise for the industry. 
Knowledge about the fundamental immobilization mechanism allows for further optimization of the 
process. Successful identification of geochemically stable and insoluble reaction products using 
numerous spectroscopic methods confirms the role of the apatite mineral family as the dominant reaction 
product. Geochemical modeling also showed the importance of these minerals in controlling leaching of 
divalent metals. Such modeling techniques can be used as predictive tools for refining treatment 
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formulations, examining long term disposal behavior of treated residues, and developing management 
strategies for the treated residues. 

CONCLUSIONS 

The use of soluble orthophosphate as a heavy metal chemical stabilization agent was evaluated for a 
calcium-based scrubber residue from the combustion of municipal solid waste. At an experimental dose 
of 1.2 moles of H3P04 per kg of residue, the reduction in the fraction available for leaching (using the 
Total Availability Leaching test) is 38% for Cd, 58% for Cu, 99% for Pb and 28% for Zn. pH-dependent 
leaching (pH 4,6,8) showed that the treatment was able to reduce equilibrium concentrations by 0.5 to 3 
log units for many of these metals; particularly Pb. Numerous spectroscopic techniques were used to 
identify stabilization reaction mechanisms and reaction products both prior to and after Total 
A vailability Leaching. Depth profiling of particles with secondary ion mass spectroscopy (SIMS) 
suggests that stabilization is by discrete heterogeneous phases precipitation rather than by adsorption. 
Scanning transmission electron microscopy/x-ray microanalysis (STEMlXRM), x-ray powder diffraction 
(XRPD), magic angle spinning-nuclear magnetic resonance (MAS-NMR), and x-ray photoelectron 
spectroscopy (XPS) suggest that the insoluble metal phosphate reaction products are small (nm-sized) 
crystalline and amorphous precipitates and that calcium phosphates, tertiary metal phosphates, and 
apatite family minerals are dominant reaction products. Observed phases include CaHP04 - 2H20 
(brushite), CaHP04 (monetite), P-C�(P04)2 (whitlockite), Ca5(P04)30H (hydroxyapatite); CaZn2(P04)2; 
and Pb5(P04)3Cl (lead chloropyromorphite); many of which are geochemically stable. The geochemical 
thermodynamic equilibrium model MINTEQA2 was modified to include both extensive phosphate 
minerals and ideal divalent cation binary solid solutions for modeling solid phase control of leaching. 
Both end members (e.g. CaHP04, CaHP04 - 2H20) and ideal solid solutions (e.g. (Pb,Ca4)(P04)3C1, 
CaZnz{P04)2-2H20) were seen to act as controlling solids for Ca2+, Zn2+, Pb2+, Cu2+, and Cd2+. The 
formation of solid solutions is both plausible and highly likely in this system and describes a mechanism 
whereby minor cation components (e.g. Cd2+, Cu2+, Pb2+, Zn2+) are "buried " in the precipitating calcium 
phosphate reaction product. However, issues related to Ostwald ripening and small reaction product 
particle size may also explain some of the observed leaching behavior. Soluble phosphate is an effective 
stabilization agent for divalent metal cations in waste materials such as scrubber residues. 
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Table 1. Some Divalent Metal Phosphate Minerals and Their Solubility Products 

Mineral Dissolution 

Name Reaction -Log �p /)'G,o Reference 

AQatites 
Hydroxyapatite Cas(P04)30H +W <=> 5Ca

2
+ + 3PO/ + H2O 38. 1 5  -6,279.0 (a) 

Chloroapatite CaS<P04)3Cl <=> 5Ca
2
+ + 3PO/ + Cl' 46.89 -6,223.0 (b) 

Hydroxypyromorphite PbS(P04)30H +W <=> 5Pb
2
+ + 3PO/ + H2O 62.80 -3,774.0 (b) 

Chloropyromorphite PbS(P04)3Cl <=> 5Pb
2
+ + 3PO/ + CI' 84.43 -3,79 1 .5 (b) 

CdS(P04)30H CdS(P04)30H +W <=> 5Cd
2
+ + 3PO/" + H2O 42.49 -3,924.0 (a) 

Cds(P04)3CI CdS(P04)3Cl <=> 5Cd
2
+ + 3PO/ + Cl' 49.66 -3,859.0 (b) 

Zns(P04)3 0H Zns(P04)PH +W <=> 5Zn
2
+ + 3PO/ + H2O 49. 1 0  -4,309.0 (c) 

ZnS(P04)3Cl Zns(P04)3Cl <=> 5Zn
2
+ + 3PO/ + Cl' 37.53 -4, 1 37.0 (a) 

CUS(P04)30H CUs(P04)PH +W <=> 5Cu
2
+ + 3PO/ + H2O 5 1 .62 -6,279.0 (c) 

CUS(P04)3Cl CUs(P04)3Cl <=> 5Cu
2
+ + 3PO/ + Cl' 53.96 -3, 1 68.0 (a) 

Tertim Metal PhosQhates 
Low Whitlockite P-C�(P04)2 <=> 3Ca

2
+ + 2PO/ 32.69 -3,884.8 (b) 

Pb3(P04)2 PbiP04)2 <=> 3Pb
2
+ + 2PO/ 44.36 -2,364.0 (d) 

ZniP04)2 Zn3(P04)2 <=> 3Zn
2
+ + 2PO/ 27. 1 1  -2,633.4 (b) 

CuiP04)2 CuiP04h <=> 3Cu
2
+ + 2PO/ 36.85 -2,05 1 .6 (b) 

Cd3(P04)2 Cd3(p04h <=> 3Cd
2
+ + 2PO/ 32.60 -2,456.3 (b) 

Mg3(P04)2 MgiP04)2 <=> 3Mg
2
+ + 2PO/ 24.38 -3,538.8 (b) 

Tetra Metal PhosQhates 
Hilgenstockite Ca40(P04)2 +2H+ <=> 4Ca

2
+ + 2PO/ + H2O 1 7.36 -4,588.0 (b) 

Pb4O(P04)2 Pb40(P04)2 +2H+ <=> 4Pb
2
+ + 2PO/' + H2O 36.86 -2,582.8 (b) 

Other PhosQhate Minerals 
AlP04 AIP04 <=> A1

3
+ + PO/ 1 7.00 - 1 ,60 1 .2 (b) 

Monetite CaHP°4 <=> Ca
2
+ + PO/ +H+ 1 9.09 - 1 ,68 1 .2 (e) 

Brushite CaHP°4-2H2O <=> Ca
2
+ + pol + 2H20 +H+ 1 8.93 -2, 1 54.8 (b) 

Cornetite Cu3POiOH)3 +3H+ <=> 3Cu
2
+ + P04

3
. + 3H2O 5.94 - 1 ,567.7 (c) 

Libethenite CU2P040H +H+ <=> 2Cu
2
+ + PO/ + H2O 1 4.00 - 1 ,204.9 (c) 

Pseudornalachite CUs(P04MOH)4 +4H+ <=> 5Cu
2
+ + 2PO/ + 4H2O 19 .83 -2,77 1 .9 (c) 

Corkite PbFeiP04)(OH)6S04 +6W <=> Pb
2
+ + 3Fe

3
+ + PO/ + sot + 6H2O 28.66 -3,388.2 (c) 

Spencerite ZniP04MOH)2AIP04-3H20 +2H+ <=> 4Zn
2
+ + 2PO/ +5H2O 24.77 -3,953.0 (c) 

Zn Rockbridgite ZnFeiP04MOH)s +5W <=> Zn
2
+ + 4Fe

3
+ + 3PO/ + 5H2O 68.55 -4,799.0 (c) 

Scholzite CaZniP04)2-2H20 <=> Ca
2
+ + 2Zn

2
+ + 2PO/ + 2H2O 34. 1 0  -3,553.5 (c) 

Tarbuttite Zn2(P04)OH +W <=> 2Zn
2
+ + PO/ + H2O 1 2.55 - 1 ,62 1 .7 (c) 

Faustite ZnAI6(P04MOH)g-4H20 +8W <=> Zn
2
+ + 6A1

3
+ + 4PO/ + 1 2H2O 65.70 1 0,355.4 (c) 

Plumbogummite PbAI3(P04MOH)s-H20 +5W <=> Pb
2
+ + 3A1

3
+ + 2PO/ + 6H2O 29.36 -5, 1 08.7 (c) 

Hinsdalite PbAI3(P04)(S04)(OH)6 +6W <=> Pb
2
+ + 3A1

3
+ + PO/ + sot + 6H2O 1 5 . 1 0  -4,753.0 (d) 

Tsumebite CuPbiP04)(OH)3-3H20 +3H+ <=> Cu
2
+ + 3Pb

2
+ + PO/ + 6H2O 9.36- -2,478.6 (d) 

• Estimated by method of Nriaguss d Rickard and NriaguS7 

b Veillard and Tard/6 e Wagman et aI.S8 
c Nriagu7 
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Table 2. Total Elemental Composition for Dry Scrubber Residue 

Element Concentration Element Concentration 
mglkg error mglkg error 

Ag 19.6 ± 0.3 Mn 385.9 ± 19.0 

Al .. 29,600 ± 2,100 Mo 29.2 ± 3.5 

As 46.0 ± 4.8 Na 14,500 ± 900 

Au 0.25 ± 0.01 Nd 5.55 ± 0.79 

Ba 449.3 ± 95 Ni 49.5 ± 8.4 

Br 1,550 ± 130 0 -300,000 

C -70,000 P 2,100 ± 200 

Ca 354,400 ± 11,400 Pb 1,990 ± 6 

Cd 99.3 ± 6.8 Rb 26.9 ± 1.8 

Ce 12.8 ± 0.4 S 19,800 ± 1,000 

CI 118,400 ± 6,000 Sb 473.5 ± 28.1 

Co 9.43 ± 0.13 Sc 1.88 ± 0.02 

Cr 131.8 ± 1.3 Se 3.07 ± 0.52 

Cs 1.42 ± 0.08 Si 42,100 ± 4,900 

Cu 362.1 ± 2.5 Sm 0.91 ± 0.09 

Dy 1.53 ± 0.52 Sr < 538 

Eu 0.25 ± 0.04 Ta 0.36 ± 0.05 

Fe 6,570 ± 107 Tb < 0.13 

Hf 2.26 ± 0.07 Th 1.93 ± 0.06 

Hg 31.4 ± 0.3 Ti 6,090 ± 400 

In 0.79 ± 0.07 U < 1.80 

I 25.6 ± 13.1 V < 12.3 

K < 7,500 W 5.78 ± 0.72 

La 6.83 ± 0.77 Yb < 0.41 

Mg 5,200 ± 1,700 Zn 11,770 ± 70 

Zr 125.5 ± 28.1 
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Table 3. Particle Atomic Concentrations (%) Based on STEM-XRM Analyses 

Fraction Particle 0 Mg AI Si P S CI K Ca Fe Zn Pb 
Number 

1 39.1 13.1 30.2 - 17.6 
Treated and 
Unleached 2 59.7 5.1 10.8 - 24.0 

3 78.3 9.9 0.3 11.5 

4 31.9 0.8 7.2 5.8 12.2 - 42.8 

5 42.0 2.4 3.3 6.3 4.2 2.3 13.5 1.1 19.2 

6 45.7 0.8 0.9 1.3 2.1 15.5 4.8 0.8 27 3 

7 32.0 0.6 5.6 0.5 0.8 1.9 58.0 

8 54.6 22.6 0.6 22.0 

9 55.9 21.6 - 22.6 

10 14.6 5.3 2.9 4.4 7.0 6.1 16.5 0.8 42.4 

1 71.2 0.9 9.8 1.9 4.9 2.8 6.1 0.7 0.7 
Treated and 
Leached 2 40.1 0.8 19.9 3.6 31.3 1.5 2.2 

3 17.7 5.2 28.1 1.8 1.6 41.1 1.3 2.4 

4 40.2 14.8 16.9 13.8 7.9 1.4 3.0 

5 73.4 3.0 10.1 1.0 10.7 0.7 

6 62.3 9.5 0.5 13.9 1.0 7.1 1.3 1.6 

7 64.3 0.8 7.4 2.6 10.0 0.6 . 5.7 2.2 1.9 

8 51.8 12.5 19.5 0.9 5.6 7.2 1.4 

9 67.5 0.6 3.9 12.4 0.9 12.2 0.7 

10 54.1 19.0 18.3 1.5 

.. 

448 



� 
� (0 

Table 4. Possible Phosphate Crystalline Phases [and Range in FOM] in the Scrubber Residue Fractions Based on XRPD' 

Element Fraction 

Ca 

Al 

Na 

Zn 

Fe 

K 

Mg 

Cu 

Cd 

Untreated and Unleached Untreated and Leached 
Cas(P,Si,S)3012(Cl,OH,F) [ 1 1 .4-19.3] 
Cas(P04)PH [ 16.6-17.6] 
CalO(P04MC03)(OHh [ 17.6-18.3] 
CaHP04 [ 17.5-22.9] 

NaAl3cP04MOH)4 - 2H20 [ 1 1 .8-17.4] 

Cds(P04)3C1 [ 1 1 .0] 

Ai2cP04)(OH)3 [ 16.3-17.2] 

(Mg,FeMP04MOH).s - 1 .5HP [14.3-22.6] 

Treated and Unleached 
CascP,Si,S)30.2(Cl,OH,F) [ 17.6] 
a-CaZn2cP04)2 [ 13.6-14.0] 
CalO(P04MC03MOHh [14.1 ]  
CaFe.2cP04)g(OH).2 -4H20 [ 13.3-13.4] 
AlP04 [20.7-21.3] 

Zn3(P04)2 - 2HP [17.5] 
ZnHP04 - H20 [ 14.5- 16. 1 ]  
FeScP04MOH)s -H20 [21 . 1 ] 
FeP04 - H20 [15 .5-17.4] 
FeP04 [ 18.2-19.3] 
(Fe,Mn)P04 [17 .1-18.9] 
KPbiP04)3 [ 16.0-18.4] 
KPb3cP04MOH)s - HP [ 13.2-16.4] 

C�(P04)2 [ 17.9] 

'Within any one element and fraction category, the possible mineral phases are listed vertically by decreasing likelihood of presence (based on average FOM). 

Treated and Leached 
C�MgiP04)4 [ 19.2-19.6] 
C�(P()4h - xH20 [ 14.4-16.6] 
a-CaZniP04)2 [ 12.7] 
Cas(P,Si,S)P.iCl,OH,F) [ 15.5] 
AlP04 [15.0-21 . 1 ]  
AlP04 - xHP [ 1 1 .0] 
AI2(P04)(OH)3 -H20 [ 15 .0] 
NaAI3(P04MOH)4 - 2H20 [ 1 1 .3-16.9] 
X-N�P04 [ 16.8-21 .0] 
NaCaP04 [ 15.6-19.7] 
a-NaMgP04 [ 16.8-23 . 1 ]  
Zn3(P04h [22.6] 

FeS(P04MOH)2 - 2H20 [21.3] 
Fe3(P04MOH)2 [ 1 8.2] 

KPbiP04)3 [ 1 1 .7] 
KPb3POiS04)2 [ 17 . 1 ]  

CuFeiP04MOH)2 [14.9-17.5] 
CU3(P04)(OH)3 [ 14.6-24.4] 
Cds(P04hCl [ 15.5] 
Cd3(P04h [22. 1 ]  
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Table 5. 31p MAS NMR Data and Analysis 

Fraction Component 0iso 011 022 033 

Treated, 
Unleached 

1 
2 

1 

-0.30 -27.3 - 1 .5 27.9 
- 1 .43 -57. 1 -9.8 62.6 

-0.67 -36.5 -6.8 4 1 .2 

�ol % Comp 

42 
96 

63 

45.8 
54.2 

60. 1 

2 -0.98 - 1 04.4 - 1 8.4 1 1 9.9 1 8 1  39.9 

1 -0.8 -49.5 - 10.8 57.9 88 1 00 

Treated, 1 -0.95 -62. 1 -2.3 6 1 .6 94 72.9 
Leached 

2 -9. 1 6  -55.5 -55.4 83.5 1 39 27. 1  

'Spectra acquired with 1 0  Ils, 90° 31p pulse 
b

Spectra acquired with 4 Ils, 90° 31p pulse 

, 

Probable Phases 

CaHP04-2H20, CaHP04, Cas(P04)PH, 
((-CaZnzCP04)2 

C�P207 

CaHP04-2H2O 

C�P207 

Notes 

2kHz" 

4kHz" 

6kHz' 

6kHzb 
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Table 6. Possible Phosphate Mineral Phases in the Scrubber Residue Fractions Based on XPS 

Element Fraction 

Untreated and Unleached Untreated and Leached Treated and Unleached 

Alb (89,800 mg/Kg) (178,700 mg/Kg) (67,600 mg/Kg) 

Ca 

Na 

° 

P 

Pb 

NN 
(250,200 mg/Kg) 

NA 

(57,700 mg/Kg) 
Na4P207 

(239,300 mg/Kg) 
Na4P207 

iliill 
NA 

(16,000 mg/Kg) 
NA 

a Phases are listed alphabetically by first element. 

AlP04 
(42,700 mg/Kg) 

CaS(P°4)30H 
Cas(P04)3Cl 
p-Ca3(P°4}z 

(ND)d 

(502,100 mg/Kg) 
NA 

(29,600 mg/Kg) 
AlP04 

Cas(P°4)pH 
Cas(P°4)3Cl 
p-Ca3(P04)2 
PbiP04)2 

66,600 mg/Kg) 
Pb3(P04h 

b Surficial concentrations of the element in the indicated fraction are shown; 

concentrations based on XPS analysis and standard sensitivity factors. 

AlP04 
(270,900 mg/Kg) 

CaS(P04)30H 
Cas(P04)3Cl 

CazPz07 
CClgHz{P04)6 • 5H20 

CaHP°4 
(54,400 mg/Kg) 

Na3P04 
Na4P207 

(309,600 mg/Kg) 
Cas(P°4)pH 

CazPz07 
Na4P207 

(34,900 mg/Kg) 
AlP04 

CaS(P°4)30H 
Cas(P°4)3Cl 

CazPz07 
CClgH2(P°4)6 ·5H20 

CaHP°4 
Na3P04 
Na4P207 

(ND) 

C NA; no phosphate species assigned. 

d ND; element not detected. 

Treated and Leached 

(106.500 mg/Kg) 
ND 

(135,100 mg/Kg) 
Ca(P04)30H 
Cas(P°4)3Cl 

CazPz07 
p-Ca3(P04)2 

(ND) 

(398,000 mg/Kg) 
CaS(P°4)30H 
Cas(P°4)3Cl 

CazP207 
Pbs(P04)3Cl 

(130,900 mg/Kg) 
CaS(P°4)30H 
Cas(P°4)3Cl 

CazP207 
p-CaiP04)2 
Pbs(P°4)3Cl 

17.500 mg/Kg) 
Pbs(P°4)3Cl 



Table 7. Total Availability Leaching Data 

Leachate Concentration, % of Available 
Constituent mgIL Fraction Stabilized 

Because of 
Untreated Treated Treatmene 

Al 5.0 1.1 75.5 

As 0.030 0.028 -3.8 

Ba 2.0 1.3 27.7 

Ca 1,540 1,290 6.8 

Cd 0.600 0.337 37.5 

CI 522 433 7.7 

Cr <0.04 <0.04 0.0 

Cu 0.66 0.25 57.9 

Fe <0.04 0.26 

Hg 0.0012 0.044 -3,979 

K 42 39 

Mg 21.9 23.6 -19.9 

Na 51.5 46 0.6 

Pb 2.3 0.01 99.5 

PO 3-4 0.05 20.9 -2,385 

Si 40 71 -97.5 

SO/, 113 100 1.8 

Zn 41.5 26.8 28.2 

Mass 2.9 

aCorrected for weight of H3P04 added. 

.. 
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X-Ray Powder 

Diffraction (XRPD) 

- Mineralogy of 

crystall ine material 

- Detect as low as 

3,000 ppm 

- Large database 

Neutron Activation Analysis/ 

X-Ray Fluorescence 

(NAA/XRF) 

- Total composition 

- Detect as low as 

ppt level 

X-Ray Photoelectron 

Spectroscopy 

(XPS) 

- Speciation & abundance 

of amorphous and 

crystall ine material 

- Detect as low as 

1 0,000 ppm 

- Small database 

Magic Angle Spinning

Nuclear Magnetic Resonance 

(MAS-NMR) Spectroscopy 

- Phosphorus chemical shift 

anisotropy, shift tensors, 

phase l D  

- Detect as low as 

500 ppm 

- Small database 

sCanning-TranS� 
Electron Microscopy/ i/ 

Field Emission Scanning 
X-ray Microanalysis 

(STEM/XRM) � 
- Crystal structure, --,.--

composition of small 

particles 

- Detect as low as 

3,000 ppm 

Total Availability 

Leaching 

- Environmentally available 

fraction 

- Detect as low as 50 ppm 

Soluble Phosphate 

Stabi lization Mechanisms 

and Reaction Products 

Geochemical 

Modeling 

t 
- Model complex, heterogeneous 

systems/ solid phase control 

- Detect as low as 1 0  ppm 

- Small database 

Electron Microscopy 

(FESEM) 

- Identify morphology 

- Particle size 

pH-Dependent Leaching 

- Identify pH-dependent 

leaching behavior 

- Respeciation 

- Detect as low as 

1 0  ppm 

Figure 1 .  Schematic depicting approach used to identify stabilization reaction mechanisms and 
reaction products. 
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Figure 2. SIM:S ion fragment depth profiles and ion fragment ratio depth profiles. (a) depth profiles 
for chloroapatite powder standard, (b) depth profiles for treated and leached fraction, (c) 
3Ip+foCa+ depth profiles, and (d) 208Pb+roCa+ depth profiles. 
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MAS-NMR spectra for (a) treated and unleached fraction and (b) treated and leached 
fraction. 
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