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PROJECT OVERVIEW 

Objectives 
The reactions which occur when fly ash is treated under hydrothermal conditions were 

investigated. This was done for the following primary reasons. The fmt of these is to determine 
the nature of the phases that form, to assess the stabilities of these phases in the ambient 
environment and, finally, to assess whether these phases are capable of sequestering hamdous 
species. The second reason for undertaking this study was whether, depending on the 
eompositim of the ash and the presence of selected additives, it would be possible under 
hydrothermal conditions to form compounds which have cementitious properties. 

Formation of four classes of compounds, which bracket likely fly ash compositional 
ranges, were selected for study. The classes are calcium silicate hydrates, calcium selenates, and 
calcium aluminosulfates, and silicate-based glasses. Specific compounds synthesized were 
determined and their stability regions assessed. As part of stability assessment, the extent to which 
selected hazardous species are sequestered was determined. Finally, the cementing Properties of 
these compounds were established. 

Significance to the Fossil Energy Program 
In excess of 50 million tons of fly ash are generated annually in the United States. Because 

of the large amount of material generated, there is continuing interest in establiihing ways in which 
fly ash may be used and a variety of uses have been identified. These include use as a filler for 
rubber, as a filler in asphaltic shingles and asphaltic concrete, and use as a pozzolan in portland 
cement concrete. However, none of these end uses has had a major effect on redwing ash 
disposal problems and none is likely to show substantial growth. In addition to the costs of 
disposal of large amounts of a material collsidered innocuous, there is continuing wncem that 
certain fly ashes may also be hazardous. Identifkation of additional means to facilitate the use of 
fly ash and to avoid classification as hazardous waste would appear to be desirable. One way in 
which the potential uses of fly ash might be expanded and possible disposal hazards rnmumed is 
by specihcally changing both the physical and chemical properties of the ash. However, 
considering the amount of materhl in question, a number of factors must be considered in 
estimating whether aparticular process is practical. These include the energy requimmnts of the 
process, whether sophisticated equipment requiring a large eapital investment would be required 
and, finally, whethex the process was sensitive to cOmpOSitional variations in the ash. 

. .  . 

Theresults obtained in this p r o g r a m  have demonstrated that mild hydrothermal conditions 
can be employed to improve the reactivity of fly ash. Such improvements in reactivity can result in 
the foPmatioa of mmolithic farms which may exhibit suitable mdumkal p-es for selected 
applications as building materials. If the ashes involved a ~ e  considered hazardous, the mcchanjcal 
Praperties exhibited indicated the forms could be handled in a manner which facilitates their 
disposal. 

Relationship to other DOE Projects 
The generic aspects of this program apply to both "conventional" fly ash as well as to the 

ashes generated in clean coal technologies. 
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Project History 
This grant was initiated on Oct, 1, 1991. It was scheduled for completion on Mar. 17, 

1994. However, a one year IK)-COst extension was obtained. The total grant amount was 
$200,000. 

Work Done and Conclusions 
The emphasis of the work done has been to determine the reactivities of two ashes believed 

to be representative of those generate& A bituminous ash and a lignitic ash have been investigated. 
The reactions these ashes undergo when subjected to mild hydrathermal cxm&ions were explored. 
The nature of the reactions which the ashes undergo when allraline activators, calcium hydroxide 

It was detenm& thatcalciumsilicate 
hydrate, calcium aluminate hydrate, and the calcium sdfwluminate hydrate ethingite form under 
these conditions. It appears 3CaO.Al203.3Cars0~32H20 (e&tringite) formation needs to be 
considered in ashes which contain significant amounts of sulfate. Therefm the stability region for 
ettringite was established. It was also determined that calcium silicate hydrate, exhibiting a high 
internal surface area, will readily form with hydrothermal trearment between 50' and 1WC. This 
phase is likely to have a signiiicant capacity to take up heavy metals and oxyanions and this ability 
is being explored 

and calcium sulfate are present was also investigated. 

Pore Structure 
The nature of the pore structure which develops when low lime fly ash reacts with 

Ca(OH)2 and CaS042H20 under hydrothermal t~leatme~ has been investigated. The nitrogen 
adscqtion-desorption isotherms of hydrothemally treated samples of fly ash and activated fly ash 
were analyzed x-ray difhctometry was used to charactenzie * the hydration products and SEM 
was used to analyze microstructure. The shapes and sizes of the hysteresis loops of isotherms and 
the pore size distribution data indicated the p0l.e s t r u m  of samples were compressed primarily as 
wedge-shaped pores with open ends. The surface area obtained when fly ash reacted with 
Ca(0Hh is 33.4 d / g  under hydrothermal treatment at looOC, while that of untreated fly ash is 
only 1.3 m2/g. The surf' area of fly ash after reaction with CaSOq.2H20 is 2.9 m2/g. For fly 
ash treated with Ca(0H)z the volumeS of the pores with radii of 19A incIgased with increasing 
temperam of thamal treatment, Calcium silicate hydrate, calcite and anhycbite formed at different 
temperatures. Calcium silicate hydrate was found to be responsible for the change of the surface 
area of fly ash with Ca(0- treatment at elevated t e m .  

Hydrothermal Phase Stability 
Establishing phase formation in the system CaGAl2@-Si&-Na20-H20 is extremely 

important because of its sisnificance in the treatment of fly ash-rebd waste products. It pvides 
adieoreticalguidaacttoassess the stabilities of tbe phases that farm in the system in the am)rient 
environment and to assess whether these phases arc capable of sequestering hazardous species. 

The hycErothgmat behavior of model systems for fly ash are being studied. These were 
synthesized using pure starting materials [colloidal silica (Sioi), lime (Cao) and alumina (Al2@)1, 
so that the exact compositions of the mixtures could be specified. Minor constituents, such as 
FqO3, MgO, K20, and 'Xi@ were ignored. Starting materials were cumbed with deionized 
water or NaOH solution and hydrothemally treated for 24 hours under saturated steam pressure 
using a tubularpnxsure vessel. Crystalline phases are being observed using the X-ray diffraction 
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for samples treated at temperature ranging from 25' to 1WX in these systems. Hydrated calcium 
silicate (C-S-H) was formed over the whole tenqxratm range from 25' to 18OOC. For samples 
reacted in the presence of NaOH solution a similar observation can be made. Thus, it can be 
concluded that NaOH activation of a mixture of the above compounds simulating fly ash in 
composition is not required for reaction in the temperamrange of interest. calorimetric analyses 
have shown the rates of heat evolution during the first one and a half hours at 25' and 38%. Only 
single heat evolution peaks, which occur immedm4 y aftermixing, were observed. Ttre curves 
again suggests that sodium hydroxide does not provide a means of activating this material. The 
variations in pH show that a decrease occurs for both cases from 25' to 1800C. This allows an 
assessment of the stabilities of C-S-H formed in the system in the range of pH values and 
temptures. 

Heavy Metal Uptake 
Sr, Ag, and& 
The objective of this aspect of the program was to determine the equilibrium conditions 

achieved during the hydrothermal processing of coal fly ash in the presence of heavy memls. The 
specific equilibrium conditions are those achieved between the calcium silicate or calcium aluminate 
phases and the heavy metals present. To decrease the time required to reach equilibrium, the 
research focused on the dete&ation of the solid phases that form when calcium aluminate 
hydroxide (C-) equilibrated with the Sr ion. This was selected as a model system because Sr 
exhibits relatively low toxicity. A variety of strontium aluminates w a  prepared and analyzed by 
X-ray diffraction. However, it was deteImined that carbonation was a problem and the actual 
phases were ~ i ~ b ~ t e - ~ ~ b ~ t i t u t d  calcium, strontium aluminate hydrates. Work was also done on 
Ag cation and on AsO, anion. Ag did not appear to substitute into calcium alumhates and arsenate 
f o d  a variety of compounds with calcium aluminates. 

Calcium Selenates 
Selenium in the biosphere is a continuing environmental coneem. This is particularly true in 

agriculture. Toxic effects of high Se have been identified in grazing livestock. Conversely, low Se 
concentrations in soils have resulted in selenium deficiencies in livestock. Because of such toxicity 
problems, the delivery of Se to the environment is a m a .  concern. Of the selenium species, only 
Se032' and Se042- are significantly soluble; the selenides and *tal selenium are, in 
comparison, insoluble. 

An impartant industrial origin of selenium is in the ash formed during the combustion of 
coal, and Se is present in the ash formed in the combustion of oil and municipal refuse. The 
ability of Se from ash to enter the environment has been well demonstrated In particular, fly ash 
from coal combustion is used in signifcant amounts in canent and concrete. Because of this use, 
selenium becomes widely distributed. As a consequence, the Eate of Se species in cement is of 
concern because of the significant use of coal fly ash in this way. These studies indicate the 
impartanCe in elwidatkg the chemistry of the selenite and selenate Species duived from ashes. 

In the course of investigating the behavior of selenium in cunentitious systems it was 
found the chemistry of the system CaQ.Sea-H20 was poorly established. Prior work studied the 

difhction and infrsved analysis. However, the results arc of tuxmain quality. IR specaa and 
phases fmed in the acidic region of this system and charactenzed * them by X-ray powder 
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thermal deamposition behavior of a vaiety of alkaline earth selenites, including CaSeO3.H20 and 
Ca(HSeO3)2.H20 have been determined and the crystal structure parameters for these phases and 
far the compound Ca2(HSe03)2(Se205) have been reported However, there does not appear to 
have been a study which systematically detemnbed the compositions of calcium selenate phases 
which form at low temperature and their diffraction pattans, thermal stabilities, and morphologies. 
The synthesis and c- 'on of the hydrated phases CaSeO3.H2O, CaWe@)2H20, 
Ca2(Se@)(Se205), and Ca2(HSe@)2(Se205) were carried out. 

Four calcium selenates were prepared and charactenze& . These were Ca(HSe@)2.H20, 
Ca(HSe03)2H20, fi2(HSe@)2(se205), and Ca2(Se03)(Se205). Case034320 and 
Ca(HSeO3)2H20 are the stable calcium selenites at 23'C, while CaSeO3-H20, 
Ca2(S@+)(se205) and &2(HS&3)2(Se205) are stable at 80'C. Each of these solids eventually 
forms case03 with heating. 

Three types of decomposition phenomena occur in the formation of CaSeO3. One is the 
loss of waters of hydration. and 
Ca(HSe03)2H20 converted to Ca(HSe03)2. The latter calcium selenate was obsewed to fonn as 
an intermediate, but it was not charactenzed in this study. The second decomposition path 
observed involves a condensation reaction forming Se2O5 as compounds containing stNctural 
wazer decompose. An example of this is the decomposition of Ca(HSeO3)2 to Ca2Se2O5. 
Finally, decomposition reactions w a  observed in which Seo;! vapor was evolved resulting in the 
formation of Case@. This occurred as Ca2Se2O5 decomposed to M e @ .  

This occurzed as CaSe030H20 converted to 

Formation and Stability of Sulfate-Substituted Calcium Aluminate Hydrate 
The ConstitUtentS of ettringite m present in fly ashes. The conditions under which 

ettringite forms, or is stable, rn of importance with regard to the properties exhibited when a fly 
ashis- into concrete. In particularettringite fixmation effects setting of Cement and the 
durability of concrete. Ethingite stability is most kquently considered with respect to the 
availability of sulfate and it is generally aaxpted that ethingite formation in cement only occurs 
when some farm of calcium sulfate is present. Once the calcium sulfate initially present has been 
consumed, ethingite begins to decompose and monosulfate forms in its place. However, the 
stability of etaingite is influenced by te- and solution chemistry and thezc are conditions 
under which etttingite does not form during eariy hydration. For example, if hydration is canied 
out above a CeTtain te-, ettringite famation is not observed. Rather, it may be delayed, 
d g  only after an extended period of months to years in duration. The stability of Cttringite 
and the conditions likely to influence the delayed farmation of ettringite were considered in this 
study. 

Et~bgite was famedduring the hydration of QA with gypsum at t e y  from 25' 
to 80'C. Ettringte fannation was retaxded when hydration was canid out in KOH solutions 
whose concentrations were as high as 2.0 M. Solutions with KOH coILcentfatons between 0.5 
and 1.0 M have the greatest re-g effect. In spite of the retarding effect of KOH, etttkgite was 
observed to form at 80'C in 2.0 M KOH. Hydration in solutions with KOH cuncentrations &reater 
than 0.5 M also produced syngenite. 
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When C@ is hydrated with gypsum in the presence of C3S, etningite, CSH and CH were 
formed in the absence of KOH. Hydration of 80% C3S, 10% C@ and 10% gypsum in 0.5 M 
KOH solution was adequate to essentially ebbate the formation of etaingite. Rather, calcium 
hydroxide and CSH containing sulfate and aluminate were formed Thus the preferred phases 
when hydration occurs in KOH are CSH and CH; whereas the preferred phases for hydration in 
water are CSH, CH, and ettringite. Thus, the elitnination of ettringite fannation by high 
temperatwe curing requires the presence of hydrating C3S. 

The obewations made in studying these mociel systems rn used as the basis for the 
development of a mechanism of delayed ettringite farmation in cement. They are also used in 
describing a relationshp &ween delayed ettringite formation and the alkali-silica reactioa 

In addition to the silicate phases, the aluminate and aluminofexrite phases are the major 
constituents of portland cement. The former, which include impure forms of aicalcium Siiicate and 
didcium silkate, are acknowledged as the principal binder phases typically comprising 
approximately 75 weight percent of the material. The aluminate and aluminof~e phases, o h  
ref- to as interstitial phases, fuse at lower t e m w s  than the silicates, and exhibit a broader 
range of compositions. Cubic Cyl* can accommodate up to about 2.4% Na20 while up to 5.7% 
canbeincorparated into a monoclinic polymorph. In addition to substitution by sodium, 
significant substitution by Fe203 and Si02 may also OCCUT. 

(*In shorthand notation commonly used far cements: Cyl=3CaO*Al2@; 

CaS041/2H2O=calcium sulfate hemihydrate which is x e f d  to as hemihydrate) 
~ & 0 . & 0 3 . F e 2 0 3 ;  H=H20, csn2=gypsum=cas042H20, 

The ferrite phase, while often expressed as CpW*, does not have a fixed composition. 
Rather, it is a solid solution which exists over the compositional range CaNxFe(2-x)Og with x > 
0.6. However, a composition typical of the ferrite phase found in clinlrers is 
~2Alh0.6s@.15T@.0505. This is significantly different €tom C4AF. In spite of these 
variations, the aluminate and aluminoferrite phases are commonly expressed in tern of their ideal 
~0mp0SitionS: 3CaO*Al2@ and 4Cao*Al203*Fe2@. 

Various studies have been carried out to establish the kinetics of Cy4 hydration in the 
presence of calcium sulfates. W e  views may M e r  with regard to mechanistic details, each of 
these investigations has reached the conclusion that &gite f d o n  is diffusionally cmtmlled. 
Most reCtntiy, dewelopexi models describe the hydratioa of QA and of C f l  in the presence of 
gypsum basedon the rate of heatmleiue and hydration is c~nsidered to occur in three stages. 
During the first stage, the rate of heat evolution continuously decreases as hydration is controlled 
by diffusion through thickening layers of ettringite which suriound the C f l  grains. In the sccond 
stage of reaction, cttringite is convested to monosulfate and diffusion occurs through layers of 
decreasing thickness. In the third stage of hydration, the me of heat release is eontmlled by 
diffusion through layers compfised of the moflosulfate phase and calcim aluminate hydrrttes all of 
which exhibit a hexagonal plate-like morphology. 

Relalively few investigations have been Carried out to establish the kinetics of 
hydration in the presence of calcium sulfates. Heat evolution cuxves for the hydration Q A F  with 
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gypsum appear similar to those observed for the hydration C@ with gypsum. As with the 
hydration of C M ,  the rate of QAF hydration with gypsum appears to be diffusionally controlled. 

It is generally accepted that C@ is the mst d v e  of the major cement phases and as a 
consequence its rate of reaction must initially be retarded by enringite formation. The following 
relative rates of reactivity are typical of those reported for pure phases and in cement, respectively: 
C@ > ( C M  + CsH2) > C3S > QS; C@ > alite > ferrite > belite. It is anecdotally accepted that, 
because the f h t e  phase in cement exhibits low hydraulic reactivity, QlF is Unreactive. 
However, with the exception of one study, investigations rigorously comparing the rates of 
hydration of C# and QAF appear not to have been carried out. Thus, a study was carried out to 
compare the rates of hydration of C@ and CqAF and to quantify the relative differences in their 
rates of reaction using heat evolution as the criterion for reactivity. 

Hydration reactions of Cyl  and QAF with calcium sulfate hemihydrate and gypsum were 
investigated and the kinetics of the reactions compared. The rates of C y i  and CqAF hydration, as 
determined by heat evolution, vary depending on whether the sulfatecontaining reactant is gypsum 
or calcium sulfate hemihydrate. The following sequence of reactions involving CqAF occurs when 
hemihydrate is the reactant: gypsum formation during the first hour, ettringite formation between 
20 and 36 hours, and the conversion of ettringite to monosulfate over a period of about 12 hours. 
Monosulfate formation initiates prior to the complete consumption of gypsum. The onset of this 
conversion occurs at a shorter hydration time when hemihydrate is a reactant and the total amount 
of heat evolved is lower. The hydration reactions in saturated calcium hydroxide solution OCCUT 
more slowly than those in water. 

Based on heat liberation, C&F reacts at a much higher rate than C@. Ettringite formation 
occurs during the first 8 to 9 days of C y l  hydration. Once the gypsum is consumed, etiringite 
converts to monosulfate during two additional days. Compared to gypsum, hedydrate decreases 
the rates of hydration of both C y l  and CqAF. The effects on the hydration characteristics of 
QAFare significant. 

The hydration of C@ with gypsum in water, in saturated Ca(OH)2 Solution, and in 0.3 M 
NaOH solution were compared. Heat evolution is the lowest for hydration in 0.3 M NaOH. The 
onset of monosulfate formation occurs prior to the complete reaction between gypsum and C y i  in 
the NaOH solution. 

Ash Reactivity 
Hydrafion heat is an imponant factor affecting the setting and c- * 'c behavior of 

portland cements. Temperaane variation during hydration may cause thermal stresses which can 
nsult in CmCL foemation. Partial repiacement of portland cement by fly ash, silica fume or slag 
affects both the rate and the extent of heat generation, and it is believed that these additions can alter 
the heat evolved by portland cements during hydration. 

Various studies have investigated the nature of the hydration products farmed from 
portland cement during curing at elevated temperam. It has been suggested that a C-S-H phase 
with a lower water content and higher C/S ratio was formed at elevated temperatures. Moreover, 
the praportionS of foreign ions (Al+3, Fe+3, SO4-2) i n w t e d  in the C-S-H inexease with 
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increasing hydration tern. Hydration temperaane also influences the porosities and pore 
size distributions in the hydrated material formed. An increase in curing tenyemure from 50 to 
5oocresultsinincreased porosity and could have a deletuious eEea on concrete durability. 

Temperaturedepencht changes may affect both the silicate and the aluminate phases in 
cement. A number of investigators have pointed out that emingi~ beccunes unstable at elevated 
temperatures and AFm is formed instead. However, it has also been reported that the kinetics of 
ettringitC formation exhibited minimal temperature dependence over the range from 50’ to 7OOC. 

It is well known that many ~ tu ra l  pozzolans demonstrate satisfactoq performance in 
blended cements. Low-calcium fly ash is widely recognized as a good porn@ beneW effects 
produced are consumption of Ca(0Hh and a reduction in C d  content in blended cement due to 
dilution. Reduction in porosity by C-S-H (n) formation and protection of cement compounds 
unstable in sulfate envifonments axe also beneficial effects associated with blended cements. 
Effects of curing temperature on properties of blended cement have also been extensively reported 
in the literature. It is well recognized that low-calcim fly ash influcences cement hydration and 
reduces the heat evolution when it is used as a partial cement replacement. 

Although high pornlanic activity of silica fume has been described, it has also been 
reported that silica fume exhibits relatively low pozzolanic activity. Silica fume has been used as 
an early d v e  filler in blended cements in combination with fly ash, with slowly reactive slag, or 
with inertma!uial such as quartz. The addition of silica fume to partland cement was found to 
impmve both rheology and strength development. 

Granulated blastfurnace slag is hydraulic in itself but contains more Si@ and less CaO than 
portland cement. Although slags usually met more slowly than partland cement, they produce 
compositionally similar hydrates: C-S-H and sulfoaluminates. Major differences are in the rates 
and the intensities of the hydration reactions. One result of these differences is that slag cements 
produce microstructures quite different from those of partland cement pastes. 

The qualitative dif’fexences in the behavior of these m i n d  admixtures axe well recognized. 
Their quantitative effects on hydration are less well understoud. This is particularly important with 
respect to predicting strength gain. Calculation of maturity depends on the use of a value for an 
“activation energy” which indicates the tempemw dependence of strength gain. However, 
activation energies have not been well established for blended systems. Thus it w a s  the p w s e  
of the research to compare the activation energies obtained by mxsuring the heat evolution 
characteristics of blended cements containing fly ash, silica fime, and slag. 

Because portfand cement is the major component in all blended cements, heat evolution 
during its hydationwas studied. The heat evolution charactens * tics of blended cement Containing fly 
ash, silica fume and slag individually at various tempemunx are &tenninexi Using these data, 
comparisons were made to deemnine the extent to which temperature influenced reactivity. The 
hydration behavior of blended cements containing fly ash, silica fume, and granulated blastfurnace 
slag over the temperature range of 100 to 55OC was studied by isothermal d o h e t r y .  The rates of 
heat evolution during the first 24 hours of hydration were examined. The results were analyzed to 
determine the kinetics of hydration of portland and blended cements. Relationships between the 
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reactivities of these blended cements and the curing temperaftne were established. "be msults 
show that the rates of hydration reactions i n m a d  with an increase in tempexatwe in all instances. 
Comparison among the blends mntaining fly ash, silica fume and slag was made to establish 
activation energies for the hydration reactions. values obtained were 39.0,26.7,30.4 and 49.3 
W h o 1  for portland cement, fly ash, silica fume, and slag blended cements, respectively. The 
relatively constant values for the blended cements may be related to diffusionally controlled 
hydration of the m i n d  admixtures. 

Glass Studies 
In addition to the above task areas, the ability of the glassy constitutents of fly ashes to 

crystallize was studied. Except for consumable items, this study was carried out at no cost to the 
program as a senior thesis project. The crystallization kinetics of high ironcontent glasses and 
reagent grade glass modifiers were investigated. Tbe soil examined famed a glass when melted 
by itself. The model system K20-Fe2m-Si- was studied in particular. Si- is the m a .  
constituent of the soil and the proportion of K20 modifier was held at a constant 10 weight 
p e n t .  The melts exhibited increasing extents of phase separation and devitrifidon with 
increasing pportions of fenic oxide. Tiem-temperature-aansformatin 0 diagrams were 
constructed to determine the temperature dependence of the crystallization kinetics. Anneaiing low 
and high Fe203 compositions indicated the samples readily devitrified. X-ray diffraction analyses 
showed leucite was the major crystalline phase at low Fgm contents. For compositions high in 
Fe2O3, magnetite was the major phase with some leucite appearhg as a secondary phase. Augite 
fomaed at both low and high Fez03 contents in ConjunCtiOn with the other phases present. The 
results of the investigation establish the phase stability regions involving these phases. 
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In addition, the support provided by the program has permitted the PI to edit the following volume 
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