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Formation of Hydroxyapatite in Portland Cement Paste
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Abstract

In order to increase the integrity of the wellbore which is used to prevent the leakage of supercritical CO,, it is
necessary to develop a concrete that is strongly resistant to carbonation. In an environment where the concentration of
CO» is exceptionally high, Ca®" ion concentration in pore solution of Portland cement concrete will drop significantly due
to the rapid consumption of calcium hydroxide, which decreases the stability of the calcium silicate hydrate. In this
research, calcium phosphates were used to modify Portland cement system in order to produce hydroxyapatite, a
hydration product that is strongly resistant to carbonation under such an environment. According to the experimental
results, calcium phosphates reacted with Portland cement to form hydroxyapatite. The formation of hydroxyapatite was
verified using X-ray diffraction analyses with selective extraction techniques. When using dicalcium phosphate
dihydrate and tricalcium phosphate, the 28-day compressive strength was lower than that of plain cement paste.
However, the specimen with monocalcium phosphate monohydrate showed equivalent strength to that of plain cement
paste.
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1. Introduction When Portland cement concrete is used for the geo—
logic sequestration of CO», it will be in contact with
Carbonation is a natural process that forms carbo— supercritical COy that is dissolved in the aqueous
phase. As a result, carbonic acid attacks the cement
matrix, Portlandite [Ca(OH)s(s)] is dissolved by car—

bonic acid as the carbonated water diffuses into the

nate precipitates through a reaction with atmospheric
0y in the presence of moisture[1], In Portland cement
concrete, the main reaction products are calcium sili—

cate hydrate (C—S—H) and calcium hydroxide[1,2], cement matrix, resulting in the increased leaching

and the carbonation process takes place by consuming
calcium hydroxide in the concrete, The formation
of calcite first occurs at the outer surface of the
concrete, The outer calcite layer (carbonation front)
becomes protective against the permeation of COq
and moisture (also other aggressive ionic species),
and hinders carbonation[3].
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of Ca”* out of the cement matrix and an increase in
the porosity. Further degradation by carbonic acid also
causes the dissolution of calcite, which is called bicarbo—
nation reaction[4], These continuous reaction processes
will significantly drop the stability of the calcium silicate
hydrate (C—S—H), causing decalcification of C—S—H that
forms hydrous silical3]. Decalcification of C—S—H causes
severe degradation in concrete because C—S—H is the
main structural component in concrete,

The degree of cement degradation caused by super—
critical COz2 has been reported to be variable due to
the wide variation in laboratory experimental con—

ditions such as temperature, pressure, and cement
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curing[5]. A number of studies have shown that
wellbore cement is susceptible to CO attack, leading
to rapid degradation[6,7], whereas other studies in—
dicate that CO; penetration and reaction with cement
is limited[5,8], and the long—term performance of
wellbore cement in a COs—enhanced oil recovery field
was good, providing an effective barrier to significant
fluid flow for decades|9,10]. Despite numerous pre—
vious studies reporting the geochemical and minera—
logical alteration of well cement by COs under geologic
sequestration conditions([5,8,11], the rate of Portland
cement degradation and long—term integrity of well—
bore cement material is still in question and under
debate,

Considering the relations on solubility of materials,
phosphate—based materials usually have lower sol—
ubility products than calcite, Therefore, the for—
mation of stable calcium phosphate hydration prod—
ucts in Portland cement can be a good candidate to
minimize the damage associated with carbonation
from supercritical CO.. In the hydration of reactive
calcium phosphate, the reaction kinetic is quite sim—
ple: when calcium phosphates (monocalcium, dical—
cium, tricalcium phosphates, etc.) are in contact with
water, hydroxyapatite [Cas - (POy)s - OH] and phos—
phoric acid[12] are produced. In Portland cement sys—
tem, the phosphoric acid will be neutralized due to
the presence of portlandite, Since the reaction prod—
uct, hydroxyapatite, is known as one of the most
stable phases that is present on earth, our approach
to produce hydroxyapatite in Portland cement con—
crete is likely to provide durability of concrete that
is exposed to the supercritical COy environment,

The objective of this work is to find an alternative
way to minimize the carbonation of concrete used
for geologic sequestration of COq, It should be noted
that there is little experimental work done to make
such modification. In this work, the formation of
hydroxyapatite in Portland cement paste using three
different forms of calcium phosphates was verified
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using XRD analyses. The 28—day compressive
strength was also compared to provide basic

information,

2. Experimental Procedures

2.1 Sample preparation

Table 1 shows the mixture proportions of cement
pastes. ASTM type I Portland cement was used to
prepare plain cement paste, The Portland cement was
modified using reagent grade calcium phosphates.
Calcium phosphates used in this research included
monocalcium phosphate monohydrate, Ca(HzPO,)s -
HyO (Junsei Chemical Co., Ltd. Japan), dicalcium
phosphate dihydrate (Brushite), CaHPO; - 2H.O
(Katayama Chemical Co,, Ltd. Japan), and tricalcium
phosphate, Cas(POs)s (Junsei Chemical Co., Ltd.
Japan), Distilled water was used for the experiments,
and the water to solid ratio (w/s) was set at 0.45.
To maintain the same water to solid ratio, the amount
of water in calcium phosphates (chemically bound
HyO) was considered when calculating the total
amount of water used for the mix,

Plain cement pastes of w/s 0,45 were prepared by
mixing 1200 g cement and 540 g distilled water in
planetary paddle mixer (Heungjin Testing Machine
Co., Ltd. Korea, HJ—1150). The mixing procedure
basically followed the procedure given in ASTM C
305, Standard Practice for Mechanical Mixing of
Hydraulic Cement Pastes and Mortars of Plastic
Consistency, the cement paste mix part, Paste was
first mixed for 30 seconds at the lower speed level
(62rpm), and the mixer was stopped for 30 to 60
seconds in order to scrape off cement paste adhering
to the side of the mixing bowl, As soon as scraping
was finished, the paste was mixed for 90 seconds
at the fastest speed level (125rpm).

As soon as the testing specimens were mixed, they
were placed in the mortar cube mold (50mm X 50mm
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X 50mm) for curing, The top portion of the cube mold
was covered using plastic wrap to prevent the
evaporation of moisture, The cube mold was removed
at 3 days after mixing for further curing in ambient
air and also in lime saturated solution, Total curing
time was 28 days,

Table 1. Mix proportions of the cement pastes

Weight (@)
Specime
Source of phosphate Phosph
n Water Cement ospha
te
Plain - 540 1200 -
CP1 Ca(HPO4)2-H0 530.8 1080 129.2
CcP2 CaHPO,-2H:0 508.2 1080 151.8
CP3 Cag(POu)2 540 1080 120

*Note that CP1 incorporates monocalcium phosphate monohydrate,
CP2 incorporates dicalcium phosphate dehydrate, and
CP3 incorporates tricalcium phosphate in the Portland
cement paste.

2.2 XRD

Both the unhydrated cement and the hydrated
cement pastes were analyzed., For the phase
compositions of 28—day hydrated cement pastes,
chunks of paste specimens were ground using an
agate mortar and pestle, The dry powdered specimens
were then packed into the sample container, and the
sample container was placed in the X-ray
diffractometer (Rigaku Co., Ltd. Japan, Ultima IV)
with Cu Ko radiation, The scanned 2—theta angle (29 )
was from 5° to 70° with a step size of 0.02 ° and a
dwell time of 1 sec. The working voltage was 40 kV
and the electric current was 40 mA,

2.2.1 Salycylic Acid/Methanol extraction

Salicylic Acid/Methanol (SAM) extraction was used
to remove calcium silicates, The purpose was to
facilitate the XRD analysis of C3A (aluminate), C/AF
(ferrite), calcium sulfate, and hydroxyapatite, if
present, The sample, 5 g of unhydrated cement or
hydrated cement pastes, was added to a solution
containing 20 g of salicylic acid in 300 ml methanol,
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The mixture was stirred for 2 hours, and the
suspension was vacuum filtered using a Buchner
funnel and a filter paper. The residue was washed
with methanol and dried in a 60°C oven until XRD

analysis.

2.2.2 KOH/sugar extraction

Potassium hydroxide/sugar (KOH/sugar) extraction
was used to dissolve CsA and C4AF, leaving a residue
of calcium silicates, carbonates, and minor phases,
The purpose was to facilitate the XRD analysis of CsS,
CoS, and possibly hydroxyapatite, Extraction solution
was prepared using 30 g of KOH and 30 g of sucrose
in 300 ml of deionized water, The sample, 9 g of
hydrated cement paste, was added to the extraction
solution kept at a temperature of 95°C and stirred
for a minute, The suspension was vacuum filtered
using a Buchner funnel and a filter paper, The residue
was washed with 50 ml of water followed by 100 ml
of methanol and dried in a 60°C oven until XRD analysis,

2.3 Compressive strength

The 28—day compressive strength measurements
were performed using a universal testing machine
(Shimadzu Co., Ltd, Japan, UH-F100A). The loading

rate of the specimens was fixed at 3mm/min,

3. Results

3.1 XRD

3.1.1 Unhydrated cement

Figure 1 shows the XRD patterns of unhydrated
cement paste, The upper part of the XRD pattern
is SAM extracted cement, and the lower part of the
XRD pattern is the cement as received (unhydrated).
The observed phases in unhydrated cement are also
summarized in Table 2. Unhydrated cement
(unextracted, lower XRD pattern in Figure 1) shows

the presence of CsS, CoS, C4AF, gypsum, periclase,



and calcite, Since the identification of CsA in cement
was difficult, SAM extraction was performed, and
the orthorhombic CsA was observed from SAM
extracted cement (upper XRD pattern). The SAM
extracted XRD pattern also confirmed the presence
of C4AF, gypsum, calcite, bassanite (calcium sulfate
hemihydrate), and periclase, Clear indication of
syngenite (20 angles at 9.31°, 15,51°, 18.71°, 19.18°,
19.73°, etc.), although its X—ray intensity was small,
was identified, Syngenite is a reaction product
between calcium langbeinite (potassium calcium
sulfate) and water or a reaction product between
arcanite (potassium sulfate), calcium sulfate
(generally in the form of gypsum), and water [13].
However, calcium langbeinite and arcanite was not
clearly identified from the XRD pattern of unextracted
cement due to its minor trace quantity, and neither
calcium langbeinite nor arcanite were observed in
the SAM extracted sample., The best assumption is
that some vapor condensation associated with slow
vacuum filtration during humid conditions (a typical
weather condition in summer of Busan) occurred
during SAM extraction, and caused a secondary
reaction to form syngenite, It is also possible that
the water present in methanol could have formed

such a hydration product,

unhydrated portland cement
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Figure 1. XRD pattern of unhydrated cement before and after
SAM extraction

Table 2. Phase identification of Portland cement

PDF ID Chemical composition Mineral name
32-0150 CasAlOs Orthorhombic  C3A
30-0226 CanlAl,Fe),0s Brownmillerite (C4AF)
05-0586 CaCOs Calcite
04-0829 MgO Periclase
33-0311 CaS0O4-2H0 Gypsum
13-0272 CassMgAlLSii609p0 Impure G3S, Alite
49-0442 CasSiOs CsS
33-0302 CapSiO, Lamite(belite),CoS
41-0224 Cas04-05H,0 Bassane (gaicium, sulfate
28-0739 KoCa(SO4)2- 24,0 Syngenite

*Note that syngenite was formed during SAM extraction.

3.1.2 Hydrated cement

The XRD patterns of hydrated cement pastes are
shown in Figure 2, As in Figure 1, the lower XRD
pattern is for hydrated cement paste, and upper XRD
pattern is for SAM extracted cement paste, According
to Figure 2 (unextracted, lower XRD pattern), the
dominant XRD peaks are associated with portlandite
(calcium hydroxide; at 18,05°, 28.70°, 34.11°, 36.56°,
47.13°, 50.84°, 54.39°, etc.). Other major peaks are
associated with ettringite, Since both portlandite and
ettringite are crystalline, they can be easily detected
by XRD and seem to dominate other peaks although
their quantity is not as much, Carbonate AFm peaks
are also observed at 10.78° (hemicarbonate) and
11.67° (monocarbonate). Some amount of C3S, CsS,
and C4AF were still observed, indicating that they
were not completely hydrated, Determination of
C—S—H from XRD pattern was difficult due to its
amorphous characteristic,

Plain
(hydrated portland cement)

X-ray intensity(cps)

U

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (28)

Normal

Figure 2. XRD pattern of plain cement paste before and after
SAM extraction
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Table 3. Phase identification of hydrated Portland cement

PDF ID Chemical composition Mineral name
32-0150 CazAlOs Orthorhombic  C3A
30-0226 CanlAl,Fe),0s Brownmillerite (C4AF)
05-0586 CaCQs Calcite
04-0829 MgO Periclase
33-0311 CaS042H:0 Gypsum
78-2050 CaﬁAl“(OH)?“(%%)CI?(H?O)‘-S(HZ Hydrocalumite
13-0272 CasMgALSisOx0 Impure CgS, Alite
33-0302 Ca,SiO4 Lamnite (belite), CS
44-1451 CasAl(SO4s)3(OH)12-26H0 Ettringite
44-1481 CalOH). Portlandite
36-0129 CagAls014C05-24H,0 Hemicarbonate
41-0219 CasAbOsCO3- 11H0 monocarbonate

SAM extracted the XRD pattern (upper XRD part
of Figure 2) of hydrated cement paste showed
orthorhombic CsA, It is interesting to see CsA after
28 days of hydration. A fairly high gypsum peak
intensity was also observed from the SAM extracted
XRD pattern, The reason why CsA is not completely
hydrated is still unclear at this moment, It also seems
that hydrocalumite (naturally occurring AFm phase,
the coexistence of Cl~ and COs" between calcium
aluminate layers; layered double hydroxide) exists
in the SAM extracted paste sample,

However, it should be noted that the ettringite
and other carbonate AFm phases disappeared after
SAM extraction, Therefore, there is no reason to
consider that hydrocalumite was not removed from
SAM extraction, Similarly to the case of syngenite
formation from SAM extracted unhydrated cement,
there was some amount of unreacted CsA in the
hydrated cement paste, and it was reacted with water
(associated either with the vapor condensation during
slow speed vacuum filtration or with the methanol)
to form hydrocalumite, Table 3 summarizes the
observed phases from the hydrated cement paste,

3.1.3 Hydrated cement with calcium phosphates
The XRD patterns of hydrated cement pastes with
and without calcium phosphates are shown in Figure
3. Table 4 also summarizes the identified phases from
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hydrated cement paste with calcium phosphates,
According to Figure 3, the XRD patterns of cement
paste using various types of calcium phosphates were

very similar to each other,

Table 4. Phase identification of hydrated Portland cement
modified using calcium phosphates

PDF ID Chemical composition Mineral name
32-0150 CasAOs Orthorhombic  CzA
30-0226 CanlAl,Fe):0s Brownmillerite (C,AF)
05-0586 CaCOs Calcite
04-0829 MgO Periclase
33-0311 CaS04-2H,0 Gypsum
09-0432 Cas(PO4)30H Hydroxyapatite
78-0050 Ca&Alzl(OH)ZA(CO?S)Cb(HQO)1.6(H2 Hydrocalumite
8

13-0272 CassMgAlLSiis0wp0 Impure CsS, Alite
33-0302 CapSiOy Lamite (belite), CoS
44-1451 CasAlo(SO4)3(OH)12-26H0 Ettringite
44-1481 Cal(OH), Portlandite
36-0129 CagAls014C05-24H,0 Hemicarbonate
41-0219 CasAl,OsCO3°11H,0 monocarbonate

*» Note that all the hydrated cement pastes using monocalcium,

dicalcium, and tricalcium phosphates showed the same

hydration products. No clear differences were observed from the
phase identification.

CcP2

[

X-ray intensity(cps)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (28)
Figure 3. XRD patterns of hydrated cement pastes with and

without calcium phosphates

XRD patterns between plain cement paste and
cement pastes with various calcium phosphates are
very similar, but the difference was observed between
31° and 33° 20 angle (indicated as the dotted
rectangle in Figure 3), XRD peak at this range became
wider when calcium phosphates were added, The
widened XRD peak can be explained either by multiple



peak responses (each of the individual peaks are
closely located) over a range of angles or by the
amorphous nature of the phase, However, the range
of 20 angle between 31° and 33° also includes the
main peaks of CsS, CoS, and CsA, Since the main
XRD peak of hydroxyapatite is also located in this
area (main peak at 31.77°, 32.20°, and 32.90°), it
was difficult to verify the formation of hydroxyapatite
from the XRD pattern. Thus, SAM extraction was
applied to hydrated cement paste samples in order
to remove calcium silicates and other hydration
phases, assuming that hydroxyapatite does not
dissolve during SAM extraction,

The SAM-—extracted XRD patterns of hydrated
cement pastes with and without calcium phosphate
are presented in Figure 4, The XRD peaks of CP series
specimens between 31° and 33° are still wide after
SAM extraction, The plain cement paste does not
show such a wide XRD peak, It should be noted that
the wide XRD peak can be associated with a mixture
of CsA, C4AF, gypsum, and hydroxyapatite peaks,
so the analyses of the results are still cumbersome,

According to Figure 4, plain cement paste showed
a maximum XRD peak at 32.12°, and seems to be
associated with unreacted brownmillerite (C4AF), but
in cement pastes with calcium phosphates the maximum
of the XRD peak was much wider, Although it is difficult
to verify the presence of hydroxyapatite due to the
peak overlaps of CsA, gypsum, and C4AF, the widened
peak at 31° to 33° and the peak widening (survived
after SAM extraction) can be reasonably explained
considering the main peak response of hydroxyapatite
(main peaks at 31.77°, 32.20°, and 32.90°).

Figure 5 shows XRD patterns of the KOH/sugar
extracted samples, After KOH/sugar extraction, the
widened peak at 31° to 33° was still observed in cement
pastes with calcium phosphates, whereas such peak
was not clearly observed from plain cement paste,
In plain cement paste, the peak at 31.12° was gypsum,
Two other peaks (at 32.14 and at 32.59°) were
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unreacted CoS (larnite). Since KOH/sugar extraction
removes CsA and C/AF, the results verify that this
widened peak shown in Figure 5 from cement pastes
with calcium phosphates came from interaction

between Portland cement and calcium phosphates,

cP2

X-ray intensity(cps)

Plain

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (26)

Figure 4. SAM-extracted XRD patterns of hydrated cement
pastes with and without calcium phosphates
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Figure 5. KOH sugar extracted XRD patterns of hydrated cement

pastes with and without calcium phosphates

3.1.4 Differences in curing method

As noted earlier, the samples were cured in both
ambient air and lime saturated solution, This was
to determine whether there was any abnormal
behavior in phase composition (mineralogy) using
calcium phosphates when it was cured in different
conditions, According to the XRD analysis (although
not shown in the Figures), it was found that there

was no difference in the mineralogy of the hydrated
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material, regardless of the curing method, Since XRD
results of the samples cured in ambient air could
represent the mineralogy of both samples, only the
results from ambient air curing were presented in
sections 3.2.2 and 3.2.3,

3.2 Compressive strength

The 28—day compressive strengths of cement paste
are shown in Figure 5, According to Figure 5, it was
shown that plain cement paste had the highest
compressive strength in general, Cement paste with
monocalcium phosphate monohydrate (CP1) showed
comparable compressive strength to the plain cement
paste when the results from both curing conditions
were averaged (lower in ambient air, but higher in
lime saturated solution). However, the addition of
both dicalcium phosphate dihydrate (CP2) and
tricalcium phosphate (CP3) showed a clear reduction
in compressive strength compared to that of plain
cement paste,

3.3 Compressive strength

Since it was shown that the mineral compositions
of CP series specimens are the same, the differences
in compressive strength could be better related to
the physical properties such as porosity and
microstructural development in early age associated
with the degree of hydration with each calcium
phosphate sources,

50

air @ wet
40

30

20

Compressive Strength (MPa)

10

CP1 CP2 CP3

Figure 5. 28-day compressive strength of cement pastes, with
and without calcium phosphates
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4. Discussion

The objective of this work is to determine whether
durable hydroxyapatite phase can be formed in
Portland cement system, XRD analysis was used for
this verification, and to facilitate the XRD analysis
both SAM and KOH/sugar extraction were applied.
The summaries of the XRD analyses are as follows:

1) The widened peak between 31° and 33° that
survived after SAM and KOH/sugar extraction
should not be related to CsS, CaS, CsA, C4AF,
ettringite, AFm, and portlandite,

2) The center of the widened peak is very close
to the main peak response of crystalline
hydroxyapatite peak.

The summary of XRD analyses indicates that it
is very likely for hydroxyapatite to be formed in the
Portland cement system when various calcium
phosphates were added, However, it should be noted
that the formation of hydroxyapatite did not always
lead to an increase in compressive strength, Many
questions still remain regarding why compressive
strength was lower when dicalcium phosphate
dihydrate and tricalcium phosphate were added to
Portland cement, Mostly, the difference in strength
should be related to the differences in microstructural
development, but there is not enough information
available in the current literature, At least, the lower
compressive strength should be related to the increase
in porosity, and therefore it is difficult to argue that
the formation of hydroxyapatite in Portland cement
cannot always lead to the increase in durability when
it is exposed to an environment with supercritical
COq, The key is to produce hydroxyapatite with a
reduced porosity.

It should be noted that the findings of this study
are just the first step toward achieving the goal of
developing a durable concrete formulation for the

geologic sequestration of COq, To develop a better



product for this specific purpose, it is necessary to
understand the interaction between Portland cement
with various phosphates, It is important to investigate
the differences in early hydration kinetics, pH
changes, changes in Ca®" concentration in pore
the
interaction between certain phosphates with Portland

solution, delay in setting and hardening,

cement, and finally the degree of hydration in the
Portland cement system.,

5. Conclusions

Based on the results provided in this work, following

conclusions can be drawn:

1) Hydroxyapatite can be formed in Portland cement
paste when monocalcium phosphate monohydrate,
dicalcium phosphate dihydrate, and tricalcium
phosphate are added to the Portland cement paste,

2) The formation of hydroxyapatite did not always
lead to an improvement in compressive strength.,
The compressive strength of cement paste with
monocalcium phosphate was comparable to that
of plain cement paste, but it became lower with
the addition of dicalcium phosphate dihydrate,
and tricalcium phosphate,
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