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Abstract 
We investigated theasefulnessiof theicoalscombustion Ijy-products, Class C fly ash (C) 

and< Class Ffly'ash ( 

cements for geothermal. wells. In-tlie,temperature range of 20-1 OO?Cc, sodium 

polyphosphate (NaP,),as, the.acidic;cementyforming. solution preferentially reacted with 

calcium sulfate and4inein the 

baselreaction route;.rather,than,withFthe ,tricalcium-aluminate in C. This reactionsled to 

the.formation of hydroxyapatite (HOAp) In contrast; there was no acid-base reaction 

b'etween tkieiF as tlie aci'dic solidtreactant.a~d'Wa~. After autoclaving the cements at 

in developing costeffective acid-resistant phosphate-based 

as.the base' solid reactant.though-the exothermic acid- 

crystallized HQAp Rhase was formed in the WaP-m0dified.C cement that 

was responsiblesfor densifying.the cement's structure;, thereby conferringdow water I 

Eermeability and:good compressive strength ,on;the cement. However, the HOAp was 
susceptiljle to;hot COzl.ladentHiSOi soliation;(p 

cement:.On,the other hand,,tlie:mullite in F-hydrotliermally reacted with the Na fiom WaP 5 

to-fdrm tlfe analcime phase. Although thissphase:played a-pivotal role in abating acid 

erosion; itsgeneration createckan undesirable porous' structure in the cement. We 

demonstrated that blendingfly askwith aC/F ratio. of 70/30 resulted in the most suitable 

properties for Lacid-resistant 'phosphate-based. cement systems. 

l.l),dlowing somefacidserosion of the - 

2 



1% 

1. Introduction 

In ow previous studies on:the hydrothermaLsynthesisand characterization of 

sodium polyphosphate-modified: ClassiF fly asWcalcium aluminate.blend (SFCB) 

geothermaLwel1 cement;,we-found that:four crystalline~hydrothermal reaction products;. 

the: liydrox yap atite 1 [ (Ca3 (P 
(3  Ga0:Ali03.6&O)S and ieolite:[QJa-P type; NajAI3Si5O 16.6H2Q.and; analcime, 

(OH);h*H8Ap] , boehmite (y-AlOOH); hydrogarnet' 

p20)] bghases; werehresponsible. for strengthening $he cement autoclaved at 

temperatures-from:-l OO'to 3 OOPC; they also (were'instrumentaLin alleviatingxxrbonation 

and, erosiorrbKmi1d:acid brine (pH -i5>. [l-LC]:aThe HOAp:phase. 

was.formed:ih a twozstep reaction pathway:*TfieTirst;step .was an-exothermic acid-base, 

reaction>between calcium cation (C 
(CAG) asdhe,proton-acce@ing.cation-leachable* solid-base reactant, and sodium' 

dihydrogen phosp~ate,.'EBJatM2(P84)-; derivedfiom the hydrolysis of the sodium 

polyphosphate:(NaP) as thewproton-donating,acid reactant at room temperature, to 
generate,amorphous*dibasic.calcium phosphate-hydrate, Ca(HPQ4).xHiO 

stepLwasktlie hydrotherma1.reaction.o a(HPO4).xH$J with.additiona1 .Ca2+'and 

NatHz(POi)- hydrolysate; species; thereby: yeilding-HOAp; Concurrently, the decalcified 

CAC was.converted.into amorphous aluminum oxide hydrate dat room temperature; 

fdlo wed, b y its:hydrothermall ibduced:transformationtinto crystalline boehmite; The 8 

cl.iemical*afinity of amorplious aluminum,oxide hydrate with-two-hydrolysate species, 

/. 1 liberated from the calcium aluminate cement 

Iso.yield&d the hydrogarnet phase. 

the uptake of.Nat dissociated fromcNaP by.the mullite 

(3A1$3;.2SiO&reactanttin ,the Class ;Ffly askgenerated an additional,crystalline.Na-P . 

type, zeoliteLphase.at the hydrothermal temperaturecof 1500CC: Raising- the temperature to 

300%2*le& tathe Wa-P type ~'analcime:phase.transition: 

. .  

. .  

Regarding-the,chemistry of CAC as.the starting\material, two calcium- aluminate' 

compounds;. monocalcitim~aluminate (Ca0.A1203, CA) and calciiun.bialuminate 

(CaQ.2A1$35;.CA2), and one.calcium alumihate silicate;.gehlknite (2CaO.Al203. Si02, 

CiAS); inthe. CAC played antimportantrolein promoting the generation ofvthese reaction 

products. However,,one intriguingquestion remainedunanswered. Are other calcium . 

aluminate:compounds, such: as tricalcium aluminate (3 CaO.A12O'jY C&in the cement; as 
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effective in. deriirihg ese reaction products as are CA and,C&. As is well documented. 

in Class-C fly.ash aspthe coal combustion by-products,> C3A coexists with other 

chemicalcompounds;.suchas~quartz,,lime; and calcium sulfate. .We deemed it 

worthwhile  to^ investigate thewsefdness.of Classic fly ash-as replacement for CAC 

because notbonly doesathis confer an economical advantage.in making.the SFCB cement, 

butit also.abatesm ash-disposal problem 

Thus;$the current. study was directed towadinvestigating the characteristics of the. . 

sodium polypliosphateLmodified Glass!F fli asWCIass C flysash bend-cements after 

autoclaving,them at 250PC fbr their use as acid-resistant geothermal .well cements., 

Among*the characteristics to,beiinvestigatedi.were.the p 

the .cement slurries,, tlie total. energy. generated in exothermal acid-base reactions of 

cement slurries alongwith a quantitativeanalysis of reaction productxesponsible for the; 

total output of this .reaction energy; the;porosity, water permeability and 'compressive 

alues oftheipore solution in 
h 

strength of.autoclaved' cements: We also.'identifiGd the crystalline phases assemb1ed.h 

autoc1avedcement:bodies: All the data.obtained were integrated' and correlated.direct1 

witfirihe information on the resistance.of autoclaved cements to a CQ-laden HzSO4 

solution (pH.:l.l)'at 90" 

2: Experimental procedure. 

2: 1. Materials 

TkieBoral Material:TechnologiesiJnc*supplied both the:Class C fl 

C1ass.F fly ash-(F Tht: chemical constituents octhe oxides.for these fly ash reactants 

were. as follows: 3 6.2\%. Si0 9:1'.% M2O3, 6. % Fe2B3; 24.6 %.CaO, 5;4 % MgO, 1.7 
NazO,.O.5.%KzO; 3:7 %-loss in ignition for C; and, 38.6 %'SiOz, 38.6 %' 

A1203, 12.0 %!Fez0 o/d SO3,'1.5 %Na20, 1.9 %X2O and 

3".4~0/01oss in-ignition? for F. The.x-ray difftaction (XRD) analysis of these fly ashes 

showed tkiat.the crystalline components3of C'consisted mainly of four major phases, 

quartz:(SiOi);.tricalcium:aluminate (3 GaO.A1203), calcium sulfate anhydrate (CaS04), 

andlime (CaO); ,while F had thee,major5 phases;,quartz (SiO;), mullite (3A1203:2SiOi), 

and hematite (FezO,). Granular,sodium polyphosphate,:-[-(-Na+PO-3-),-, WaP], was .. 
obtained&om the7Aldrich Chemical Company Inc. The.NaP then was.dissolved in water 
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tolmake as25;wt% solution for. use asthe cement-forming,acid aqueous,reactant. The base 
reactants,,mixedin;a twin shell dry blender, hadifive C/F ratios,. 1 OO/O, 901-1 0, 70/30, 

50/50, and 30670 by+weight:aIn preparing'thexement slurries, a66.7wt %.base reactant. 

for each ,G/F+atios then was mixed thoroughlytwith the acid reactant of 33.3wt% (25wt% 

NaPsolution)*at room temperature. 

2.2. Measurements: 

The:pore*solutions .were extracted from 3 min-aged cement slurries placed in a 

centrifugal devicekto measure their :pH: Also, three references; C/water (c/w ratio of 0.35) 

andF/waterfsame ratio) slurries; an$i25tvt%-NaP solution, were used tor expedite thet , 

interpretation of the changes inspH valuelliy varying,the C/F ratios. A non-isothermal 

different:scanning,calorimeter (DSC)"with.heating rate of 1 O'C/min. in N2 gas was. . 
employed,to .obtainsthe totaLenergy+generated ,in an'acid-base exothermic reaction. 

Fourier-transform.infraredspectroscopy CET-I 
or. F; preferentially reacts-with NaFat temperatures between 20-1 00°C. For measuring the 

gave information on which reactant, C 

compressive strength, water permeability; and pprosity; the,neat cement slurries:were.cast 

in; two! cylindrical molds, 30 mm diarn~and.70 mm long, for compressive strength testing, 

and.3O:mm:diamr and 30 wn-long for the other:measurements, and allowed to* harden at 

room temperature for 20.hours;. Tlie.hardened cements were removed from the molds and 

autoclaved for-24 hoursLat 2-50" Their porosity was measured by helium comparison 

pyconometry. Wkter .permeability, throughdhe cylindrical cements under a pressure of 

as. determine& by+the%Ruska liquid permeameter. Compressive.strength 

test wassp-erformed usinghstron.. Tfie results os these tests and measurements are the 

average from threeqmimens: The crystalline phases formed.in the autoclaved cements 

were identifitd;byiXRD: For-the acid.resistance,test, the autoclaved cements (30 mm 
diam. by 60-mm. long) !were immersed fdr: 1 5l days-inqthe &SO4 solutiom(pH1.1) 

containing,O:5wt%~sodium hydroge,ncarbonate (NaHCO3) as la source of - 3000 ppm 

CQ; at 90"C:,* H2SO 

the.HiSO4 so1utionmas;replenished with a fresh solution every 5 days. The volume 

proportionof the cements-was 1 to 25. ABer exposure, the rate of acid erosion of cements 

2:NaHGQ; + Na2SQ4 +"2CQ2,+ 2HzQ. To maintain the pM at 1.1, 
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was determinedifiomtheir loss in weight 

the, effectiveness of phases f6rmed in8 the$cement bodiesin minimizing acid erosion. 

his resultsdirectory provided information on 

3.'Results.and discussibn 

Before mixing. the+NaP solution;with*F-blended Cy and C alone, wemrveyed the 

pH value os the.thee.references; .the Nap 'solutibn, andithe pore solutions extracted . 

from .water-mixedC and F slurries (Table-1) he NaP solution was acidic 
pHj 43 .  The.pore.solution:ofC'slurrywas basicy,pH~.10.78; in contrast;.the pH 05F was a 

ng ,the,acidiE slurry. From:this'information, it is possible to assume that an 

acid&ase:reaction *would take place Getween.NaP and1 Cy but not between NaP and F. 
Correspondingly,.thelpore solution of a slurry made from a mix of 66.7wt% C and 

33.3wt%' (25wt%:NaI?)adenoted as the 1 OO/O C/F ratio, had asnearly neutral pH of.6.76 

reflecting$he occurrence-of an aciidlbase reaction. When.10 % of the,total weight of C ' 

was rep1aced:by F, pH-fell tok6.53: A further,drop in pH'was seen as the content of F was 

increased.',Witka 30L7O'C/F.'ratid, the.pHeof5:95%was tantamount to a decrease of - 12'% 

compared:with that of-the 0/0 ratio slurry:. 
obtain the,informatibn about the degree of acid-base reaction, our focus 

centered on. computing theltotal energy- generated' in the exothermic acid-base reaction, 

betweenthe NdP andC or WF mixtures:,Fij@e-l shows the-non-isothermal DSC'curves. 

over temperature range of20 9 0 T  for$hedurries,made with l O O / O  and 70/30 C/F 

ratios:,.In this test, these two reactantsiwere separately left for 24 hours-at 50C before. 

mixing them: .Although,the:features ofbothcurves highlight the onset temperature of the 
reaction atj- 400e 'anand. its peakatenearly 60°C,.one differencetbetween them was the 
enc1osed;area. of the curye with the b&eline;,which represents the total heat energy 

generated:during,the exothermic acid-basexeaction. Computer programs were prepared to 

calculate theoretical.exothermic:energy, AH;, J/g; from thesenclosed area. The computed 

Ai3 value6of the*100/Otratio slurry>was 8.1 $+J/g,.whichswas almost two-fold higher than 

that:of the 70/30tratio: Figure 2 p1ots:theichanges in AHas a function of C/F ratio. As . 

seen; .the AKvaluedependkdon C/F* ratio;:namely, a decrease in this ratio that means the 

incorporation of more E into the.blendedslurry+resulted in thepdecline.of the AH value: . .  
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This finding strongly underscoredrthe fact ;that NaP preferentially reacted~ with.the C vias 

acid-base<activity attemperatures fiom 200'to~90"Cy ratherithan the F.' 

To support this information; ET-IR"study, over the frequency range of 1800-400 

was ,carried outfor: 100/0-, 50/50-, md.30/70 ratio cements hardened atyoom 

temperature, followed by heating at. 1 OOoC (Figyre.3 

ourstudy; the-hydroxyapatite (HOAp):ph'ase commonly formed through a,two-step 

reactiohpathway, acidebase,md hydrothermal hydration.. Thus, the HOAp obtained, from 

Aldrich. Science Corp: also was,used as the reference sample The FT-IR spectrum,of 

1 OO/O!ratio.encompassed:six.representative.bands at, 1'1 67; 1085, 1040,' 794; 604, and-566 

s discussed*in*the:introduction; in . 

e reference spectrum,ofthe'HOAp(Figure 4); the three bandsxtt ,1040,604 

appears%to.belong to this compound.:The majorscontributor.,to the remaining 

other three bands is thesilica [7]. In contrast;,thelspecifii: features of the spectrumfor the 
50/50:ratio were as follows: First was:the.decline of peakintensity at 1040 

cm";bandsiattributed to,HOAp,,compared 
was:the*appearance QE new~bknd a t9  

Since:tkie.F'reactant included,three*major. cliemical components; silica;,mullite, and . 
hematite, we inspected the TT-R spectra of the last two components as reftrence samples 

to definite the.assignment of:this new*band;.our results suggested that.the banaat 91 1 : 

s-associ'ated.with mullite. WithLtlie 30/70 ratio cement; the intensity of HOAp- I 

LI 

ose of$he,silica-related bands; second 
ssumed thatthis new-band is due to\F. 

9 

related bands had strikingly decayed;: while the ,peak:for mullite'had intensified. 
The, above information, strong1 orted the findings fromthe DSC study; 

namely; WaPpreferentially reacted r.thanF at ~ z l O O o G  

3.2.Autoclaved 

An important*factorLgoverningthe mechanical and-physical 

autoclaved cements and their resiitance to hot acid is theidentity of the crystalline 1) 

phases.formedias-hydrothermal reactibn.products*in the cement bodies; and also that of 
the.non:reaction productsr"To obtain thisinformation, ,we inspected the 1 OO/O, 50/50, and 

ratio cements after:autoclavingfdr~24.hours ati25O0C, by XRD. tracings over.the; 

"as-received" G wasfused as thei 8 . 

C'base reactant revealed the 

diffractionmnge of 0.444-0.225nm (Figure 

reference:sample:* As expectedj,the.pattern ( 
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presenceiofftmr, crystalline components; quartz (s i0  

(Cas 04), .lime. (~a0) ;and . t r ica lc i~  aluminate. (3 Ca 

with.NaP, fellowed by autoclaving it,,the featuresaf XU3 pattern (b) differed-from that 

in particuliq; there>was,the ,appearance of hydroxyapatite [(Ga5(P04)3(8H), 

cium sulfate,anhydrate. 
C&. When,C was mixed. I 

HOAp)]-relatedrd-spacing:liries tan& the elimination ofathe &spacing lines associated with 

Cas@ andCa0, .while the prominentdinesvof quartz and CjA remained unchanged. 

Accordingly; HOAp,as the hydrotherma1,reaction product is more likely to be fomed,by 

thekiteractibn:betweerm the NaPmd.CaO?or CiiSO.4, rathenthan one.between NaP and 
ystem:led' to the-formation of an additional 

reaction productr,Tlie pattern (c),from thek50/50'ratio cement can be accounted,for the 

generation of tliezeoliti alcium (NaAlSi@g.H20) phase as an additional reaction * 

product resu1ting;fiom the interaction betweenpthe Na from-NaP and the mullite 

(3A120i.2Si0i);ins tlie,R. However; the.XRD:tracing @tot.shown) of this cement made at 

room.temperature did not verify the.formation of any. zeolitic.phases;.therefore, the 

ana1ciine:crystals seemdo b"e~assemb1tdat~high hydrothermal <temperature. Again; non- 
reactediquartz andC3A;components.were detected; while the intensity;of HOAp-related. 

lines declined because of.the decrease,in the amounts of available CaSB 
reactants.due,to the reductioneinthe proEortionaf C to F.' A furtpler decrease in this 

proFortionio 30wt% C toa70wt%-E disp1ayed:two specific features in the pattern(d): One , 

wasba;consideraljle attenuation:of thetintensity oF.HOAp~ &spacing;lines; the other.was a 

conspicuous- growth- ofdie intensity. of the analcime-related line in conjunction with tEe 

presence of some non-reacted mullite+phasesi 

Taljl'e 2 'summarizes the phase compositions for 250°C-autclaved WaP-modified. 

and 30/70-C/F ratioscements. ,Tliieaystalline phase of the reaction 

products formed in.the.autoclaved'cementsdepended,primarily on the C/F ratio; namely,. 

the major crystalline.pliase in.cements..wit2i"l00/0 and,70/30 'ratios.of C/F was HOAp; the 

50/50.ratio revealed the generation of themalcime phase as another major reaction 

product. .With* 

of the HOAppfiase was.poor; 

0/70 .ratio; analcium becamesthe principal phase, whilesthe formation 

Taljle:3llists,thec changes in poros water permeability; and compressive . 

strength of. autoclaved cements as a h c t i o n  o f U F  ratio. The data revealed that porosity 

. .  

" * .  

I.. 

. .  
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tendsito. decline with*the decrease in C 

1 OO/O:ratio,cement.rose -.23.,%-.to.33:9 %as.3Owt% of total amount of the C was 

replaced by"F. Its fiirther replacement b F to 70&% created a porous structure with 

4 1.6%~pores. Relating,this:finding tathe results from the *XMl 'study, a.well-formed 

HOAp .phase contributes :to-dknsifying the:structure.of cement, Incontrast; the 

development ofltlie analciine phase; coexisting ;with HOAp:by adding 

increasing;numbersof.pore:in the cement.,Thus, whenanalciine became&the most 

dominant phase,,as more,F was-added to' Cy the dense structure of the HQAp-associated 

cement wasxonverted into:a-porous,one. As expected the porous structure notaonly 

impaired.the:compressive strength,, but alio increasedihe rate of transportation of water 
through the-cement. In  fact, the values of compressive strength fdr the 3 0/70-ratio cement " 

was-more tlian.twice-asalbw askthat ofthe 100/0 ratio,-+while its water permeability of 2.3 
x. 10m3'Darcy was-equivalent to two orders.ofmagpitude higher.than that7of the>lOO/O. 

ratio 

o. In fact, the porosity of 27.5 % for the 

3'.3;Acid.erosion - 
r' 

Based,upondheinformation described above; our focus now shifted to assessing 

the resistance-ofF-blended and non-blknded G phosphate cements to CO2-laden HzS84 

solution at90PC for 15 days: .weighttloss,of the cements caused by its acid erosion was. 

measured to> evaluate their ability to mitigate:the:acid erosion:. Acid corrosion-products 

formed'over a. superficiablayer %of the. cementwere.brushed off before weightingdhem;. 

Figwe,G~depicts.the loss in,weightV,for the.11 OO/O-, 70/3OL, 50/50,, and 30/70- ratio 

cements :;Interestingly 

highest'compressive strengthin.this.series was most vulnerable to hot acid attack, loosing 

1 00/Otratio.cementIpossessing.the densest 'structure and the 

weight. Incorporating F. into.the C remarkably reduced this amount. of acid 

erosion.:;With.the-70/3O~ratio; weiglit loss was only<a, 3.1 %', which.was equivalent to a 

decrease of,- 76% compareawith that ofthe 100/0 ratio: A further reduction of'weight 
1oss;to. 1.9 .%:was measured&om.the §0/50'ratio,,while the incorporation of more F into 

theiC(3O/7OLratio)~resulted in a weight loss ofonly. 15%. Inaddition; the'acid corrosion 

product brushed off from the top surfaces%of all eroded cements was identified as 

bassanite (CaS04.1/2H20) by<XRD.. 
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Asa  result; the-following important statement can be drawn: the HQAp phase, 

whichkp1ays.a pivotal$ role .in. conferring a-good strengthzand minimum, water .permeability 
of theilOO/Okatio cement; is susceptible to reaction withmlfuric acid and sodium sulftite 

to form crystalline bassa&e*as‘the.c=orrosion;product: In contrast, the extent of 

susceptibility of the analcime,phase.formed:in the:C/F blen& cementstto hot strong.acid is 

mush:less,than that,of tlie-HOAp, strongly, suggestingrthat analcime-rich-cement has 

excellent” resistance to hot8acid 

4. Conclusion 
In sodium pplyphosphate (N modified Class C fly ashc(C)/Class F fly ash1 

cement systems; the basic nature: of C’promoted exothermic acid-base reactions .with the * 

NaP solution asimacidic cement-formibg,reactant. .This reaction, followed by hydration, I 

at temperature range of25: 1OOPC, ledto the formation of hydroxyapatite 

[(Ca3(PO&(QH) KOAp]‘ astthe reaction derivative. In contrast, F being:acidic underwent 

no.acid’-base,reaction.with theNaPi Correspondingly, the4otal exothermic energy 
generated.,bythe’acid-base reaction decended, on the proportion of C to E; namely, 

incorporating more F’into this cement system reduced;the,output of reaction energy. The 

x-ray difeaction analysis: for, the 250oC~autoclaved cement’systems revealed that the Wa 

preferentially-reacted witlistwo.cliemical ingredients in the C, calcium sulfate analime to 

fomxthe-HOAp, rather. tlian tricalcium.aluminate:(C3A)~ Thus; autoclaved cement made 

io,of:l OO/O:includedwell-formed HOAp as the major crystalline phase 
coexistingkwith two remaining.non-reacted reactants, C3A and) quartz.. The MOAp phase 
provided the following ;three properties needed’ for geothermal well cement, 1) lowering, 

), developments of good, compressive strength, and 3) minimum water 

permeability: %Tien somesamount of C was replaced with F,* the analcime 

jpliiase%.the zeolitic mineral fimily was formed as the otherxrystalline 
reaction product. AnaPcimelwas sypthesized-by hydrothermal reactions between the Na 

from-NaPand the mulli~e,(3A1203.2SiOz)Jin.F. at 250°C. In fact, .the phase composition in 

ith~70/3O~ratio.~onsisted of HQAp as.the major phase and analcime as the 

minor,phase: Tliet50/50 ratioxement madelby adding more F had two major phases, 
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HOApCand analcime; and with the 30/70'ratio, the analcime phase became a single major 

reactionhproduct,, while.HBAp .was poorlyiformed. 

Although the-HSAp phase played a pivotal role in conferring good strength and 

mihimum water.permeabilitysof thexement, it was susceptible to.reactions with sulfuric 

sodium1 sulfite; leading$ the I6rmation OC crystalline bassanite as-the acid 

corrosioniproducts4n COzrladen H2S0~,soli~tion.@H "1.1) at 90°C. In contrast, the extent 

of susceptib'ility. of the analcime phasesformed in-the CD blend cements'to hot strong acid 

wasmuch less than8that of fie HBAp; therefire, analcime-rich cement displaysm 

excellent resistance. tor hot I acid 

Overall from tkie viewpoints of~having minimum water permeability, a good 

strength, and  low^ rate,oE aciderosion; ,the most effective C/F ratio cementwas 70/30 in:' 
this-series: Thus, cost-effective acid-resistant*geothermal wellcement could be 

formulated',by a combination of.the coal combustion by-products, C and F: 
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Table; 1. Formulation of W 
tlie,pH o5pore solutions extracted.from.theirislurries 

modified.C/F blend;and.non-blend cements' slurries, and 

Pkiasek compositions*for. thei2500C-autoclaved phospliate-based cements .with 

'of'lO0/0$70/3 0, 50/50; and:30/70. 
P 

reacted dreactant 

12' 



I 

. Changes in porosity; water permeability, and,compressive strengthof the 250°C: 

autoclavedxements as a function of C/F ratio 

C/F-'ratio, Porosity, %: Water permeability, Compressive 

Darcy strength, m a  
I I I 

1 oo/o 2715.. 5.7 22.3 

13 
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