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Abstract

 

Sodium polyphosphate-modified Class F fly ash/calcium aluminate blend (SFCB) cements were prepared at room temperature and
their resistance to hot acid erosion was evaluated by submerging them in H

 

2

 

SO

 

4

 

 solution (pH 1.6) at 90

 

8

 

C. Sodium polyphosphate prefer-
entially reacted with calcium aluminate cement (CAC) to form amorphous Ca(HPO

 

4

 

).xH

 

2

 

O and Al

 

2

 

O

 

3

 

.xH

 

2

 

O gel, rather than fly ash.
These amorphous reaction products, which bound the partially reacted and unreacted CAC and fly ash particles into a coherent mass,
were responsible for strengthening and densifying the SFCB specimens at room temperature, playing an essential role in mitigating their
acid erosion. In these cements, the extent of acid erosion depended primarily on the ratio of fly ash/CAC; namely, those with a higher ra-
tio underwent a severe erosion. This effect was due to the formation of a porous structure, which allowed acid to permeate the cement
easily, diminishing the protective activity of Ca(HPO

 

4

 

).xH

 

2

 

O and Al

 

2

 

O

 

3

 

.xH

 

2

 

O gel against H

 

2

 

SO

 

4

 

. © 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

 

In dealing with the problem of carbonation-caused disinte-
gration of cementitious materials used for completing geother-
mal wells containing a highly concentrated CO

 

2

 

 of 

 

.

 

10,000
ppm at temperatures up to 300

 

8

 

C, we successfully formu-
lated a high-temperature CO

 

2

 

-resistant hydrothermal ce-
ment. This cement was prepared by an acid-base reaction
between sodium polyphosphate as an acid liquid and Class
F fly ash-blended calcium aluminate cement as a base pow-
der reactant, followed by hydrothermal treatments at tem-
peratures up to 300

 

8

 

C [1,2]. This cement synthesized by
two-step reaction pathways, acid-base and hydrothermal re-
actions, was composed of two major crystalline phases, hy-
droxyapatite (HOAp) and analcime (AN). When it was ex-
posed for 6 months to hydrothermal brine solution
containing 

 

z

 

40,000 CO

 

2

 

 ppm at 300

 

8

 

C, the AN phase un-
derwent a carbonation reaction to form the cancrinite
(CAN) phase. Despite some loss in strength of the speci-
mens caused by the AN 

 

→

 

 CAN phase transformation,
there was no formation of HOAp-related carbonation

phases, nor were calcium carbonate and calcium bicarbon-
ate in the cements.

The technology for making this sodium polyphosphate-
modified fly ash/calcium aluminate blend (SFCB) cement
was transferred to two industrial collaborators, Unocal and
Halliburton. Subsequent field testing and further develop-
ment of the SFCB cement system by them led to a full-scale
tests and a field-workable cement which was first emplaced
by Unocal in a geothermal well in northern Sumatra, Indo-
nesia, in September 1997. The pumping operation of ce-
ment in these wells, which was performed under the follow-
ing conditions: bottomhole depth of 1680 m, downhole
temperature of 280

 

8

 

C, and CO

 

2

 

 concentration of 10,000
ppm, was very successful [3]. However, one question raised
concerned the resistance of SFCB cements to highly con-
centrated H

 

2

 

SO

 

4

 

 environments (pH 

 

,

 

 2.0 ) encountered in
the well’s surface ground water at low temperatures around
90

 

8

 

C. In response to this important concern, the objective of
the present study was to investigate the susceptibility of
SFCB cements to the reaction with H

 

2

 

SO

 

4

 

 solution at 90

 

8

 

C.
The factors to be investigated were as follows: (1) the iden-
tification of phases formed in the exposed cements and their
transformations; (2) the exploration of microstructure de-
veloped in the exposed cements; and (3) the changes in
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weight, compressive strength, and porosity of the specimens
as a function of exposure time.

 

2. Experimental

 

2.1. Materials

 

Class F fly ash with a Blaine fineness of 10,585 cm

 

2

 

/g
was supplied by Pozament Corp., Indonesia; a typical anal-
ysis made in accordance with Spec. ASTM 618, showed
38.57 wt% silica, 38.57 wt% aluminum oxide, 11.95 wt%
iron oxide, 1.36 wt% magnesium oxide, 1.94 wt% sulfur tri-
oxde, 1.52 wt% sodium oxide, 0.47 wt% calcium oxide, and
1.94 wt% potassium oxide, with a 3.68 wt% loss on ignition
at 816

 

8

 

C. The X-ray powder diffraction (XRD) data showed
that the crystalline components of fly ash consist of two ma-
jor phases, mullite and quartz. Commercial calcium alumi-
nate cement (CAC, Refcon) obtained from Lehigh Cement
Company, USA, was used to blend with the fly ash. The
chemical constituents of this CAC are as follows; 57.4 wt%
Al

 

2

 

O

 

3

 

, 1.2 wt% Fe

 

2

 

O

 

3

 

, 34.2 wt% CaO, 5.7 wt% SiO

 

2

 

, 0.36
wt% SO

 

3

 

, and 1.14 wt% other. CAC has three major phases,
gehenite (2CaO.Al

 

2

 

O

 

3

 

.SiO

 

2

 

, C

 

2

 

AS), monocalcium alumi-
nate (CaO.Al

 

2

 

O

 

3

 

, CA), and calcium dialuminate
(CaO.2Al

 

2

 

O

 

3

 

, CA

 

2

 

). A 25 wt% sodium polyphosphate
[-(-NaPO

 

3

 

-)-

 

n

 

, NaP] supplied by the Aldrich Chemical
Company Inc., USA, was employed as the cement-forming
aqueous reactant to modify the CAC-blended fly ash solid
reactants. In this study, the composition of the solid reac-
tants, made up in a Twin Shell Dry Blender, had the ratios
of fly ash/CAC of 80/20, 60/40, 40/60, and 20/80 by weight.

Cement slurries of the formulations shown in Table 1
were prepared by handmixing a certain amount of fly ash-
blended CAC and 40 wt% (25 wt% NaP solution) for the
SFCB cement systems. These cement slurries were then cast
into cylindrical molds (30 mm diam. 

 

3

 

 60 mm long) and al-
lowed them to harden for 24 hours at room temperature.
These aged specimens were left for 24 hours in air oven at
110

 

8

 

C, allowing them to eliminate any free water from the
specimens. The dried specimens were exposed for up to 25
days to the H

 

2

 

SO

 

4

 

 solution with pH 1.6 at 90

 

8

 

C; subse-
quently, we explored the alterations in microstructure
caused by the acid erosion and identified the amorphous and
crystalline phase compositions and transformations. All
data were correlated directly with the loss in weight, com-
pressive strength, and porosity of the eroded specimens.

 

2.2. Measurements

 

To measure the pH of the pore solutions of SFCB slurries
with different fly ash/CAC ratios, the aqueous samples were
prepared in the following sequence. First, 120-g fly ash-
CAC mixture was throughly mixed with 40 g of a 25 wt%
NaP solution, and agitated for 3 minutes with a shear-blend
mixer at room temperature. The pore solution was then ex-
tracted by centrifugal separation. XRD and Fourier Trans-
form Infrared Spectroscopy (FT-IR) were used to identify
the phase composition formed in these cement specimens
before exposure, and to gain information on the transforma-
tion of phases caused by the exposure to the H

 

2

 

SO

 

4

 

 solution
with pH 1.6 at 90

 

8

 

C. Scanning electron microscopy (SEM)
coupled with energy-dispersive X-ray spectrometry (EDX)
was employed to explore the microstructure developed in
the specimens after exposure, and to detect its chemical
components. Compressive strength tests were made on neat
cement specimens with a diameter of 30 mm and a length of
60 mm; the result given is the average value from three
specimens. The porosity of cement specimens was deter-
mined by helium comparison pyconometry.

 

3. Results and discussion

 

Table 2 compares the pH values of the pore solutions ex-
tracted from the cement slurries which were prepared by
varying the proportion of fly ash to CAC. The pH value of
cement-forming NaP liquid reactant as control was 6.06,
representing a very mild acid. The creation of this mild acid
by dissolving NaP granules in an aqueous medium might be
due to an exchange of Na

 

1

 

 ions in the NaP molecule for H

 

1

 

ions in water, thereby resulting in the dissociation of
HPO

 

4
2

 

2

 

 ions from the NaP [4]. When the NaP solution was
added to the blended solid reactant with fly ash/CAC ratio
of 80/20, the pH rose 3.3% to 6.26. The data showed that
the pH value depended mainly on the fly ash/CAC ratio;
there was an increase in pH value with a decreasing its ratio.
In other words, a large proportion of CAC to fly ash in the
blended solid reactant resulted in the increase in the pH of
the cement slurries; accordingly, the slurry made with 20/80
ratio was almost neutral. As is well known [5,6], the Ca

 

2

 

1

 

 ion
is one of the ionic species which act to neutralize HPO

 

4

 

 

 

2

 

2

 

acid. Since the main chemical constituents of fly ash are
Al

 

2

 

O

 

3

 

 and SiO

 

2

 

, it is possible to assume that the Ca

 

2

 

1

 

 liber-
ated from CAC in the NaP solution plays a major role in in-
creasing the pH of the slurries. The reaction between Ca

 

2

 

1

 

Table 1
Formulations of fly ash-calcium aluminate-sodium polyphosphate
cement slurries

Fly ash/CAC ratio Fly ash, wt% CAC, wt% 25 wt% NaP, wt%

80/20 48 12 40
60/40 36 24 40
40/60 24 36 40
20/80 12 48 40

 

Table 2
The pH of pore solution in cement slurry

Fly ash/CAC ratio pH

NaP solution 6.06
80/20 6.26
60/40 6.32
40/60 6.59
20/80 6.8
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1971

 

and HPO

 

4

 

 

 

2

 

2

 

 in an aqueous medium may lead to the forma-
tion of Ca(HPO

 

4

 

).xH

 

2

 

O [7].
The SFCB slurry specimens made with fly ash/CAC ra-

tios of 80/20, 60/40, 40/60, and 20/80 were left for 24 hours
at room temperature to harden, and then dried for 24 hours
in an oven at 110

 

8

 

C. The dried specimens were exposed for
up to 25 days to a H

 

2

 

SO

 

4

 

 solution at 90

 

8

 

C. After exposure,
we recorded the loss in weight as a function of the exposure
time (Fig. 1). All the specimens lost weight to different de-
grees, and the loss became greater with the extension of ex-
posure time; in particular, the specimens made with 80/20
ratio underwent a severe acid erosion after exposure for
only 5 days. Thus, no further exposure tests of this speci-
men were conducted because of its disintegration. The data
clearly showed that a decrease in the proportion of fly ash/
CAC in this cement system tends to reduce the degree of
loss in weight. Thus, as an excessive amount of fly ash is
added to the CAC, the specimens become more susceptible
to acid erosion. In fact, the effectiveness of fly ash/CAC ra-
tio in minimizing the acid erosion is ranked as follows: 20/
80 

 

.

 

 40/60 

 

.

 

 60/40 

 

.

 

 80/20.

To understand the mechanism of H

 

2

 

SO

 

4

 

 attack on the
SFCB cements, the crystalline phase composition and trans-
formation for these specimens before and after exposure
was investigated by XRD, ranging from 0.249 to 0.444 nm.
The results from these specimens are given in Figs. 2 and 3.
For the unexposed specimens (Fig. 2), the all d-spacings of
the 80/20 ratio specimen (Fig. 2a) were related directly to
the fly ash- and CAC-related crystalline phases; the quartz
(SiO

 

2

 

) and mullite (3Al

 

2

 

O

 

3

 

.2SiO

 

2

 

) in the fly ash and the
C

 

2

 

AS, CA, and CA

 

2

 

 in the CAC. No d-spacings for the reac-
tion products as crystalline phases were detected in this dif-
fraction pattern. Similarly, no reaction products were found
from the XRD patterns of the 40/60 (Fig. 2b) and 20/80 (Fig
2c) ratio specimens. As expected, the feature of these dif-
fraction patterns showed the presence of the CAC-related
phases coexisting with quartz. However, it was very diffi-
cult to identify the mullite-associated d-spacings because of
the interference of strong C

 

2

 

AS- and CA-related lines. Never-
theless, it is apparent that these specimens cured for 24 hours
at room temperature do not form any crystalline reaction
products. Hence, the reaction products, which bind the par-

Fig. 1. Loss in weight for 80/20, 60/40, 40/60, and 20/80 fly ash/CAC ratio cements after exposure for up to 25 days to H2SO4 solution (pH 1.6) at 908C.
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tially reacted and unreacted fly ash and CAC particles into a
coherent mass, are thought to be essentially amorphous.

To substantiate the formation of amorphous reaction
products, focus centered on identifying their compounds by
FT-IR. Fig. 3 illustrates FT-IR spectra over the frequency
range from 1600 to 600 cm

 

2

 

1

 

 for these SFCB specimens be-
fore exposure to H

 

2

 

SO

 

4

 

, and the NaP, fly ash, and CAC
powder reactants as reference samples. The NaP reference
sample was prepared by drying a 25 wt% solution for 24
hours in an oven at 110

 

8

 

C. The spectral feature of NaP (Fig.
3a) represents the typical sodium dibasic phosphate struc-
ture [8], reflecting the stretching vibration of the P

 

5

 

O dou-
ble bond at 1302 and 1160 cm

 

2

 

1

 

, ionic P-O stretching vibra-
tion at the peaks of 1049 and 979 cm

 

2

 

1

 

, and bending
vibration of P-O-H bands at 932 cm

 

2

 

1

 

. This information
seems to demonstrate that once NaP is dissolved in an aque-
ous medium, its linear metaphosphate structure as a poly-
morphism might be transferred in the dibasic orthophos-
phate structure by the bond breakage of P-O-P chain in the
polyphosphate. In fact, there was no band near 850 cm

 

2

 

1

 

,
originating from the P-O-P linkage. The spectrum of fly ash
(Fig. 3b) had the mullite- and quartz-related bands at 1090
and 791 cm

 

2

 

1

 

. The three vibration bands at 1020, 803, and
640 cm

 

2

 

1

 

 for the CAC reactant (Fig. 3c) are assignable to
three aluminates, C

 

2

 

AS, CA, and CA

 

2

 

. By comparison with
those of these reference samples, no particular feature of the
spectrum was observed from the 80/20 ratio SFCB speci-
mens (Fig. 3d). When the solid reactant with a fly ash/CAC
ratio of 60/40 was incorporated into the NaP solution, the
spectral features were quite different from those of the 80/

20 ratio samples. The differences were as follows: (1) the
elimination of frequency bands at 1302 and 1160 cm

 

2

 

1

 

 orig-
inating from P

 

5

 

O double bonds, and (2) the emergence of
new bands at 1490, 1428, and 1061 cm

 

2

 

1

 

. Since the forma-
tion of carbonate compounds can be identified from the
bands in the range 1490–1410 cm

 

2

 

1 [9], the contributors to
new bands at 1428 and 1490 cm21 were, respectively, the
CO3 in the calcite, and other carbonates that differed from
the calcite. Relating this to finding (1), the new band at
1061 cm21 perhaps belongs to the P-O stretching mode in
the formation of calcium dibasic phosphate hydrate,
Ca(HPO4).xH2O [9], having a tetrahedral PO4 structure
yielded by the rupture of P5O bonds in NaP. Although not
shown in the figure, the spectrum of this sample indicated
the presence of a strong peak at 3450 cm21, revealing the

Fig. 2. XRD patterns of the specimens made with (a) 80/20, (b) 40/60, and
(c) 20/80 fly ash/CAC ratios at room temperature.

Fig. 3. FT-IR spectra for (a) NaP, (b) fly ash, and (c) CAC as reference
samples, and (d) 80/20, (e) 60/40, (f) 40/60, and (g) 20/80 ratio specimens
before exposure to acid.
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O-H stretching in its hydrates. Assuming that our interpreta-
tion of these IR bands is valid, the Ca(HPO4).xH2O as the
amorphous phase was formed by the reaction between the
Ca21 cations liberated from CAC and the HPO4 22 anions
from NaP; Ca21 1 HPO4 22 1 xH2O  → Ca(HPO4).xH2O.
Since the uptake of Ca by NaP leaves Ca-destitute CAC sur-
faces, we assumed that the Al2O3.xH2O gel might be formed
through the decalcification-hydration process of CAC [10].
However, it was difficult to identify Al2O3.xH2O-related ab-
sorption bands near 800 and 650 cm21 because of the inter-
ference of the bands related to other chemical compounds
[11]. Since these amorphous Ca(HPO4).xH2O and
Al2O3.xH2O gel phases conceivably may bind partially re-
acted and unreached fly ash and CAC particles into a coher-
ent mass, we assumed that these reaction products are re-
sponsible for strengthening and densifying the cement
specimens. In fact, the 60/40 ratio specimens had a com-
pressive strength of 14.3 MPa, and a porosity of 42.0%, cor-
responding to z18% higher and z19.7% lower, respec-
tively, than those of the 80/20 ratio. Furthermore, the
intensity of these new bands tends to be enhanced when the
proportion of fly ash to CAC is reduced, seemingly mani-
fested that more incorporation of CAC into the SFCB ce-
ment system not only leads to the formation of a substantial
amount of the Ca(HPO4).xH2O and Al2O3.xH2O gel reac-
tion products, but also increases the rate of carbonation, es-
pecially for the calcite which may be formed by carbonation
of unreacted CAC. However, despite enhancing the degree
of carbonation, the increased amount of these reaction prod-
ucts in the cement bodies offered improved strength and re-
duced porosity of the specimens, reflecting a compressive
strength of 16.4 MPa and 17.1 MPa, and a porosity of
38.4% and 36.2% for the 40/60 and 20/80 ratios, respec-
tively. The data also manifested that incorporating a large
amount of fly ash into the SFCB cement system causes a de-
cline of compressive strength because of a poor reactivity of
fly ash with NaP at room temperature.

Fig. 4 depicts the XRD patterns of the specimens after
exposure to a hot acid solution. Comparing these with those
before exposure, among the characteristics of the XRD trac-
ing for the 80/20 ratio specimens (Fig. 4a) were (1) the ap-
pearance of new d-spacings related to the gypsum
(CaSO4.2H2O); (2) the disappearance of two major chemi-
cal components, CA and CA2, in CAC; and (3) the retention
of a strong line intensity of unreacted fly ash. Relating to
findings (1) and (2), a possible interpretation for the forma-
tion of gypsum with loss of CA and CA2 is that the Ca in
CA or CA2 reacted with H2SO4 to precipitate gypsum. In
fact, the line intensity of gypsum-related d-spacings increas-
ingly enhanced when the proportion of fly ash to CAC was
reduced. Again, no CA and CA2 phases were detected in the
60/40, 40/60, and 20/80 ratio specimens, suggesting that the
amount of gypsum formed depended mainly on the amount
of unreacted CAC in the SFCB cement systems. In addition,
not only does the reaction between H2SO4 and CA or CA2

form gypsum, but it may be responsible for the formation of

Al2O3.xH2O gel due to the decalcification of CA and CA2;
CaO. Al2O3 1 CaO.2Al2O3 1 2H2SO4 1 xH2O →
2CaSO4.2H2O 1 3Al2O3.xH2O. If there is such a reaction
pathway, the boehmite, g-AlOOH, which was identified in
these patterns, might be formed by direct or indirect phase
transition of Al2O3.xH2O gel. The Al2O3.xH2O → g-AlOOH
phase transition generated during exposure seems to be evi-
dence that the Al2O3.xH2O has little, if any susceptibility to
the reaction with H2SO4. Since Al2O3.xH2O gel acts as the
binder, this serves in protecting the cement against the acid
erosion. A further increase in the height of the gypsum-
related line intensity can be seen from the 20/80 ratio speci-
mens, reflecting the generation of massive amounts of gyp-
sum during exposure. No ettringite phase, which is formed
by a reaction between hydrated aluminate and gypsum, was
found in these patterns.

This information was supported by inspecting the FT-IR
spectra for the same specimens as used in the XRD study.
Fig. 5 shows the spectra for these exposed specimens over
the frequency range of 1600 to 600 cm21. By comparison
with that before exposure, the spectrum of the exposed 80/
20 ratio specimens showed the two noticeable differences:
(1) the elimination of all the CAC- and NaP-related absorp-
tion bands, while the band at 791 cm21, belonging to the fly

Fig. 4. XRD tracings for (a) 80/20, (b) 60/40, (c) 40/60, and (d) 20/80
ratio specimens after exposure to acid.



1974 T. Sugama et al. / Cement and Concrete Research 29 (1999) 1969–1976

ash and Al2O3.xH2O gel, still remains; and (2) the growth of
new bands at 1161, 1114, 673, and 609 cm21. According to
the literature [11], all these new bands can be ascribed to
gypsum. Relating the disappearance of CAC to the forma-
tion of gypsum, this finding can be taken as evidence that
the CAC has a strong chemical affinity with the H2SO4 to
precipitate the gypsum. The spectral feature similar to that
of the 80/20 ratio specimen was obtained from the 60/40,
40/60, and 20/80 ratio specimens, except for the presence of
an additional band at 1061 cm21, belonging to the formation
of Ca(HPO4).xH2O. There was no frequency band at 1428
cm21, originating from the calcite, inferring that the CaCO3

may react with H2SO4 to generate gypsum and carbonic
acid, CaCO3 1 H2SO4 1 2H2O → CaSO4.2H2O 1 H2CO3.
Since a strong absorption band of Ca(HPO4).xH2O at 1061
cm21 still retains in the spectrum, it is reasonable to assume
that the Ca(HPO4).xH2O is less susceptibile to the reaction
with H2SO4. The spectrum (not shown) also indicted the ap-
pearance of new bands at 3329 and 3096 cm21, correspond-
ing to the O-H stretching in the g-AlOOH, which was
yielded by the phase transformation of amorphous
Al2O3.xH2O gel. This finding strongly confirmed that the
amorphous Ca(HPO4).xH2O and Al2O3.xH2O gel reaction
products play an essential role in minimizing the loss in
weight of the specimens in a hot H2SO4 solution. On the
other hand, once H2SO4 has attacked the CAC particles
present in the hardened cement bodies, this acid preferen-
tially reacts with the CA and CA2 within the CAC to form
the gypsum, rather than C2AS. Hence, it is apparent that one

of the factors governing the loss in weight can be accounted
for leaching out of the water-soluble gypsum from the ce-
ment specimens during exposure. However, there are two
other pieces of experimental evidence that must be consid-
ered: one is the fact that the degree of loss in weight was in-
creasingly enhanced with an increasing ratio of fly ash/
CAC; the other was that the in-situ growth of massive
amounts of gypsum brought about by incorporating a large
amount of CAC led to its lower degree. Therefore, the ma-
jor cause for the serious damage to the specimens by H2SO4

attack is more likely to be associated with the development
of porous structure of the specimens due to a substantial
amount of unreacted fly ash remaining in the cements,
rather than from the formation of gypsum. Numerous pores
in a specimen not only lower its strength, but also allow the
acid solution to permeate easily, diminishing the protection
of the Ca(HPO4).xH2O and Al2O3.xH2O gel phases against
acid erosion.

This information was further supported by exploring the
development of microstructure and inspecting the elemental
composition of the fractured surfaces of exposed 80/20, 40/
60, and 20/80 ratio specimens. Fig. 6 shows SEM micro-
graphs, together with EDX spectra of these specimens. The
intensity of a gross peak count of the EDX spectrum relates
directly to the amount of respective element present. The
morphological feature of the SEM image of the fly ash itself
(not shown) represented a distribution of sphere-shaped par-
ticles with sizes ranging from approximately 0.1 to 10.0
mm. Furthermore, the accompanying EDX spectrum (not
shown) had the three principal elements, oxygen, alumi-
num, and silicon, belonging to the mullite and quartz. The
SEM images for all the specimens revealed the presence of
unreacted spherical fly ash particles in the cement bodies.
The microstructure of the 80/20 ratio specimen (top) was
characterized by disclosing a very rough fracture surface
and developing many propagating microcracks. Such a mi-
crotexture represented the disintegration of the cement by
the attack of acid. The EDX spectrum taken from the site A
indicates the elemental composition consisting of alumi-
num, silicon, sulfur, and calcium as the major elemental
components, and oxygen, sodium, and phosphorous as mi-
nor ones. Assuming that two elements, Al and Si, from
among these major components are ascribed to fly ash, the
others, such as Ca and S, appear to arise mainly from gyp-
sum. If such elucidation is valid, area A is explicable as the
coverage of gypsum reaction products over the fly ash parti-
cles or their mix composites. From a weak signal of P, we
judged that the formation of Ca(HPO4).xH2O, which arises
from the interaction between CAC and NaP, is poorly de-
veloped in this cement system. In contrast, the SEM image
of the 40/60 ratio specimen (middle) expressed a smooth
fracture surface in conjunction with the generation of few
microcracks, reflecting the development of a dense micro-
structure; this suggested that decreasing the ratio of fly ash to
CAC contributed to altering the porous microtexture to a dense
one. The EDX spectrum from the site B had six prominent

Fig. 5. FT-IR spectra for (a) 80/20, (b) 60/40, (c) 40/60, and (d) 20/80
ratio specimens after exposure to acid.
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signals related to O, Al, Si, P, S, and Ca elements. Relating
this to the XRD data, possible contributors to these elements
include the three compounds, gypsum, Ca(HPO4).xH2O, and
g-AlOOH. Thus, the development of a dense microstructure
might be due to the hybrid formation of these three com-
pounds. Further densified microstructure can be seen in the
SEM image of the 20/80 ratio specimens (bottom). The im-
age also showed that the propagation of the fractures occurs
along the surfaces of fly ash particles, but does not pass

through their particles. Such a defect mode exemplifies that
the reactivity of fly ash to NaP is very poor at low tempera-
ture of ,908C. The feature of the EDX spectrum at the site
C was similar to that from the 40/60 ratio specimen, except
for a lower intensity of the Si signal. Again, three reaction
products, gypsum, Ca(HPO4).xH2O, and g-AlOOH, were
responsible for densifying the microstructure of the cement
specimens after exposure to hot acid, offering improved me-
chanical behavior. In fact, the compressive strength of this

Fig. 6. Scanning electron micrographs coupled with EDX for fractured surfaces of (top) 80/20, (middle) 40/60, and (bottom) 20/80 ratio specimens after expo-
sure to acid.
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specimen was 24.5 MPa, corresponding to 1.4 times higher
than that of the unexposed one.

4. Conclusions

Sodium polyphosphate-modified fly ash/calcium alumi-
nate blend (SFCB) cements were prepared by mixing two
cement-forming reactants, Class F fly ash-blending calcium
aluminate cement as the solid reactant and 25 wt% sodium
polyphosphate (NaP) solution as the liquid reactant, at room
temperature, and then were exposed for up to 25 days to
H2SO4 solution (pH 1.6 ) at 908C. At room temperature, the
NaP preferentially reacted with CAC to form amorphous
Ca(HPO4).xH2O, rather than reacting with fly ash. Concur-
rently, such uptake of Ca in the CAC by NaP led to the for-
mation of Al2O3.xH2O gel. Thus, the two reaction products,
Ca(HPO4).xH2O and Al2O3.xH2O gel, bound the partially
reacted and unreacted CAC and fly ash particles into a sub-
stantial coherent mass, and also were responsible for
strengthening and densifying the cement specimens. When
the SFCB cements came in contact with hot acid solution,
the gypsum was precipitated by the reaction between the
H2SO4 and the two crystalline phases, monocalcium alumi-
nate (CA) or calcium dialuminate (CA2), present in the un-
reacted CAC particles. Furthermore, the decalcification of
the CA and CA2 by the acid also resulted in yielding the
Al2O3.xH2O gel derivative, which was transformed into
crystalline boehmite (g-AlOOH) during exposure. The
Ca(HPO4).xH2O and Al2O3.xH2O gel showed little, if any
susceptibility to the reaction with H2SO4, manifesting that
these reaction products played an important role in mitigat-
ing acid erosion of the cement. The exposed specimens
made with a lower ratio of fly ash/CAC included a substan-
tial amount of hybrid phases consisting of Ca(HPO4).xH2O,
gypsum, and g-AlOOH, which aided in developing a densi-

fied microstructure of the cements and offering improved
mechanical behavior. Although the formation of water-solu-
ble gypsum was thought to be one of the factors governing
the loss in weight of the cements, the major cause for seri-
ous acid erosion was the porous structure of the specimens
brought about by a large amount of unreacted fly ash re-
maining in the cement, allowing acid solution to permeate
easily and diminishing the protection offered by the
Ca(HPO4).xH2O and Al2O3.xH2O gel phases.
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