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Abstract: This study assessed the possibility of using polymethylhydrosiloxane (PMHS)-treated
fly ash cenospheres (FCS) for formulating a thermally insulating and thermal shock (TS)-resistant
cementitious blend with calcium aluminate cement. To prevent FCS degradation in an alkaline cement
environment at high temperatures, the cenospheres were pre-treated with sodium metasilicate to
form silanol and aluminol groups on their surface. These groups participated in a dehydrogenation
reaction with the functional =Si-H groups within PMHS with the formation of siloxane oxygen-linked
M-FCS (M: Al or Si). At high hydrothermal temperatures of 175 and 250 °C, some Si-O-5i and SiCHj3
bonds ruptured, causing depolymerization of the polymer at the FCS surface and hydroxylation of
the raptured sites with the formation of silanol groups. Repolymerization through self-condensation
between the silanol groups followed, resulting in the transformation of siloxane to low crosslinked
silicon-like polymer as a repolymerization-induced product (RIP) without carbon. The RIP provided
adequate protection of FCS from pozzolanic reactions (PR), which was confirmed by the decline in
zeolites as the products of PR of FCS. Cements with PMHS-treated FCS withstood both hydrothermal
and thermal temperature of 250 °C in TS tests, and they also showed improved compressive strength,
toughness, and water repellency as well as decreased thermal conductivity. The lubricating properties
of PMHS increased the fluidity of lightweight slurries.

Keywords: lightweight cement; thermally insulating cement; energy storage wells; geothermal
cement; thermal-shock-resistant cement; hydrophobic cement

1. Introduction

The use of generating or storage geothermal systems for stabilizing the electric grid,
increasing its flexibility, and providing energy on demand presents a possibility of flexible
and renewable energy generation and storage. The geothermal environments of storage
reservoirs can range from rock and sand formations to hot confined aquifers over the
bedrock heated by magma. For a robust long-term performance, the geothermal reservoir
must be able to withstand repeated thermal stresses during the injection and production of
heated fluids. Since the most economical heat-recovery systems require high-temperature
carrier fluids, the thermal shocks may be significant. For example, in case of hybrid solar—
geothermal energy production and storage, the steam temperature may exceed 300 °C.
Cement is used for well construction as a sheath between metallic pipes (will be referred
to as “casing” in the paper) and underground formation zones to provide zonal isolation,
prevent casing corrosion, and support the well structure. Cement sheath failure to fulfill
any of its tasks may result in catastrophic events where the well would be abandoned, and
a new well would have to be constructed. Although generally, it is difficult to attribute
the failure of a well to a single factor, cement failure was concluded to cause the failure in
several geothermal fields [1,2]. Oil field well integrity solutions cannot be easily adopted
for geothermal wells because of the high operating temperatures, aggressive environments,
and repeated thermal shock (TS) conditions.
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In storage wells, casing and cement sheath undergo TS during the injection—production
cycles, resulting in repeated thermal stresses by thermal expansion of the casing (hot fluid
passing through the casing, compressive stress on cement sheath) or casing contraction
(cold fluid passing through the casing, tensile stress on cement sheath) causing, in the first
case, the development of microcracks in the cement sheath and, in the second case, the
development of a micro-annulus between the sheath and the casing [3].

To deal with the TS concern in geothermal and energy-storage wells, the alkali (sodium
metasilicate, SMS)-activated calcium aluminate cement (CAC)/Class F fly ash (fly ash F,
FAF) blend cements were evaluated to develop TS-resistant cement (TSRC) [4]. The integrity
of cement matrix and the bond durability at interfaces between cement sheath and carbon
steel casing under repeated hot—cool thermal stress cycles were evaluated. The matrix in-
tegrity was tested in a five-cycle 600 °C heating — cold water quenching TS test on 200 °C-
autoclaved samples. The post-TS test analysis revealed the occurrence of three crystalline
phase-transformations: boehmite from CAC — y-Al, O3, katoite from CAC — calcite, and
hydroxysodalite zeolite as an alkali-activated hydrothermal reaction product between CAC
and FAF — carbonated sodalite. Among those, the hydroxysodalite — carbonated sodalite
transformation played a pivotal role in densifying the cementitious structure, and in sustaining
the material’s original compressive strength developed during the autoclaving; additionally, it
improved the resistance of the refractory CAC to thermal shock.

For the adherence of cement sheath to carbon steel casing, five cycles of TS test (one cy-
cle: 350 °C-24 h heating followed by passing cold water through the casing for 10 min) were
performed for the cement-sheathed casing samples prepared by autoclaving at 300 °C [5,6].
As a result, the major factor governing the TS cement-casing bond durability was the great
adhesive ductility of TSRC. The contributors to such ductile adhesive behavior included
amorphous NaO,-CaO-Al,O3-510,-H,0O, NaO;-Al,03-5i0,-H,O as alkali-activated hy-
drothermal CAC/FAF reaction products, and silica gel phases as major hydration products
in conjunction with three crystalline phases, analcime (CAC/FAF reaction product) and
cancrinite (carbonated CAC/FAF reaction product), and boehmite as minor ones, which
were formed in the critical cement/casing interfacial region. Particularly, these amorphous
phases more likely improved the bond durability (rather than crystalline phases) because
of their ductile nature.

In addition to TS, another important concern in energy storage and geothermal energy-
generation wells is heat losses. The rate of heat loss will depend on various parameters
including well depth and temperature. As an example, in the case of a 3.2 km deep well,
the working fluid of 93 °C at the bottom of the well will have a temperature of 33 °C when
the fluid will reach the well head, which corresponds to a 64.5% temperature decrease. In
contrast, if an insulated cementitious material with low thermal conductivity of 0.45 W/mK
is deployed between metal casing and the formation in this well, the data obtained from the
modeling work of insulated geothermal well structure reveal that the heat loss rate to the
rock formation is only 16.1% [7]. Importantly, the insulating well cement sheath must have
low thermal conductivity under water-saturated conditions of an underground well and not
under dry conditions. Such insulating cement technology would be applicable to energy-
recovery wells or any storage well, including subsurface compressed air energy storage,
subsurface pumped hydroelectric storage, hot-water thermal energy storage, and aquifer
thermal energy storage. Since the use of high-temperature geothermal wells with the
hydrothermal temperature of 250 °C is a new approach to energy storage, to the best of the
authors’ knowledge, the formulation and evaluation of thermally insulating hydrothermal
cement possessing 250 °C <+ 25 °C cycling TS resistance has not been reported.

The thermal conductivity (TC) of the subsurface rock- and clay-based formations in the
top 300 m was reported to be in the range of 2.30-3.86 W/mK for most Precambrian granites
and sandstones in the geothermal heat exchange systems in Wisconsin [8]. Exceptionally,
Barron quartzite and St. Lawrence dolomite in this rock formation exhibited a very high
TC value of 6.71 and 4.67 W/mK, respectively [9]. The TC values of all common clays,
such as Ca-smectite, Na-smectite, illite, and palygorskite were similar, ranging from 0.69 to
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0.80 W/mK at a dry density of 1.6 g/cm?. The TC depended primarily on the density and
water content of clays; namely, the increase in density to 1.8 g/cm? from dry density of
1.2 g/cm?® by absorption of 17% of water resulted in the rise of TC value to ~1.32 W/mK
from ~0.63 W/mK for a dry clay [10].

The TC of materials and chemical components present in a geothermal well structure
decreases in the following order: steel casing (=58 W /mK) >> rock formation (~1.8 W/mK)
> cement sheath (=0.93 W/mK) > free water (=0.61 W/mK) >> air (=0.026 W/mK). The
air possesses the lowest TC, which is nearly 25 times lower than that of water, while TC
of the rock formation is nearly two and three times higher than that of cement and water,
respectively, and clays have 1.4 times higher TC values. On the other hand, the hydrated
cement sheath is composed primarily of mineral-based crystalline/amorphous compounds
with water molecules intercalated in these compounds along with some free water. Since
the TC of water in hydrated cement is more than 50% higher than that of free water [11], the
mineral-based hydrated cement exhibits higher TC than free water. Thus, there are three
possible strategies to reduce the cement sheath’s TC and improve its thermal insulation
property. The first one is to incorporate a large volume of gas into the cement; the second is
to reduce the volume of the hydrated cement matrix; and the third is to minimize the free
water content through decreased water absorption by the cement sheath and slurry water
content. The insulating TSRC must also possess adequate mechanical properties.

Fly ash cenospheres (FCS), the lightweight hollow aggregates made of a dense poz-
zolanic shell that incapsulates CO, (major) and N, (minor) gas phases [12], can be used
to improve thermally insulating properties of TSRC at geothermal temperature of 250 °C.
Since both FCS and FAF, used in TSRC, are by-products of coal combustion power plants,
the chemical constituents of FCS’s shells are similar to those of FAF; namely, they are
pozzolans containing silica and aluminum silicate mineral mullite (3A1,03-25i0;) [13].
More importantly, both materials are compatible with the TSRC formulation. The diameter
of spherical FCS is in the range between 5 and 500 um, and the shell thickness is between
2 and 30 pum [14-16]. The TC of FCS is in the range of 0.13 to 0.38 W/mK, and the bulk
density of the material is 0.3-0.5 g/ cm? [17,18].

Several investigators studied FCS’s use as a thermally insulating material for high-
strength lightweight concretes in the building and construction industry [19-23]. For
instance, Ordinary Portland Cement (OPC)/FCS blends with the density of 1.09 and
1.41 g/cm3 reached compressive strength of 5.0 and 30.1 MPa and TC values (dry con-
ditions) of 0.36 and 0.45 W/mK respectively after 28 days of hydration [20]. A geopoly-
mer composite system of fly ash/FCS/metakaolin [23] showed compressive strength of
36.5 MPa and TC of 0.173 W/mK for samples with dry density of 0.82 g/cm?.

One important concern of using FCS as part of cementitious systems is the pozzolanic
reactivity of their shells in alkaline environments containing OH~, Na*, Ca%t, and AI**
ions. Pozzolanic reactions of the FCS’s shell can cause the volumetric expansion-induced
failure of cements. Although such reactivity at low temperatures of 28-30 °C was minimal
for OPC/FCS blends, an elevated temperature of 80 °C led to the acceleration of pozzolanic
reactions with alkalis liberated from OPC to form aluminum-substituted tobermorite
[CasSis AI(OH)O4175H,0] identified as the main reaction product [24]. Likewise, in the
alkali-activated TSRC system, the FCS shells may be susceptible to pozzolanic reactions
with SMS used as an alkali activator of FAE. In solutions, SMS forms three types of ions, Na*,
OH, and metasilicate anion, Si032~. The pozzolanic reactions of FCS shells with alkali
ions, OH™ and Na*, may promote shells’ degradation after a certain period of exposure in
hydrothermal environment at high temperature >250 °C. If so, the degradation may cause
undesirable consequences, including a loss of thermal insulating capability by increased
water absorption along with a loss of gaseous phases from the FCS, and a reduction of the
mechanical strength of the cement sheath due to pozzolanic reactions-induced swelling
and expansion of cement matrix.

To avoid FCS degradation in high-temperature alkaline environments, their surfaces
may be treated with pozzolanic reactions-inhibiting agents. Polymethylhydrosiloxane
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(PMHS) can be a suitable surface-treating chemical against the pozzolanic reactions of
FCS. As already documented [25-28], PMHS is a hydrophobic, reducing agent that has
siloxane backbone chains, (-5i-O-5i-O-),, with two types of functional groups: proton-
donor Si-H and hydrophobic Si-CH3, representing the —[-Si(CH3);—O-]m-[-HSi(CHs)-
O-]n— structure. The functional Si—-H reacts with hydroxyl (-OH) groups on any organic
and inorganic substrates. Hydrogen is released during this interaction in the following
dehydrogenation reaction: 25i-H + 20H-linked substrates — 25i-O-substates + 2Hj (ga5)T-
Then, oxygen bridges form between functional proton-depleted polymethylsiloxane (PMS)
and substrates, resulting in the substrate surface coverage with hydrophobic —Si(CHj)
groups attached to PMS chains. The surface of the substrate becomes water-repellent and
hydrophobic. Most importantly, hydrophobic cement concrete provides good thermal
insulating properties [29].

Hence, the above information strongly suggested that if FCS shell surfaces can be
functionalized with ~-OH groups, PMHS is applicable as pozzolanic reaction-inhibiting
surface treatment additive. A SMS alkali activator, which is a part of the TSRC formulation,
may be used to incorporate -OH groups into the surface of FCS shell. In fact, the pozzolanic
reactions of zeolite, silica, and clay minerals in alkali environments were shown to create
Al(OH)4- and SiO(OH)3-anionic reactants on the mineral surfaces [30-33].

Regarding the thermal stability of PMHS, thermogravimetric study showed that the
continuous weight loss of this chemical occurred at temperatures, ranging from 160 to
340 °C. At over 340 °C, a considerable loss of weight was due to thermal decomposition of
backbone Si-O-5i linkages [34,35]. Thus, PMHS appears to possess a good thermal stability,
but there is no information available for its hydrothermal stability in alkali environments
at elevated temperatures.

Based upon the above information, the objective of this study was to formulate and
evaluate lightweight, insulating cement composite with FCS, which is stable at hydrother-
mal temperature of 250 °C and able to withstand three thermal shock cycles (one cycle:
24 h 250 °C heat — cold water quenching). To achieve low thermal conductivity under the
water-saturated conditions, the composite would include FCS treated with PMHS to avoid
pozzolanic reactions. Additionally, the composite would need to have mechanical proper-
ties acceptable for high-temperature geothermal wells, including compressive strength of
no less than 3.4 MPa.

2. Materials and Methods
2.1. Starting Materials

Secar #80 calcium aluminate cement (CAC) was supplied by Imerys Inc (Greenevile,
TN, USA). The X-ray powder diffraction (XRD) data showed that the crystalline compounds
of CAC were three principal phases: calcium monoaluminate (CaO-Al,O3, CA), calcium
dialuminate (CaO-2Al1,03, CA;), and corundum (x-Al,O3). CenoStar Corp.( Newburyport,
MA, USA) provided fly ash cenospheres (FCS) under the trade name “CenoStar ES500.”
The “as-received” FCS had bulk density of 0.32-0.45 g/cm® and thermal conductivity of
0.1-0.2 W/mK. Figure 1 shows Scanning Electron Microscope (SEM) image and Energy-
Dispersive X-ray (EDX) elemental analysis along with the particle size distribution for
the FCS. EDX analysis gave the following elemental composition: 33.7% O, 22.9% Al, and
35.6% Si as the major elements, and 2.5% K, 1.0% Ca, and 4.3% Fe as the minor ones. Ag
was used as a coating material to avoid surface charging. The cumulative size distribution
of FCS was 3 wt.% 300 um, 54 wt.% 150 um, 19.5 wt.% 106 um, 15 wt.% 75 um, and 8.5 wt.%
< 74 um. Table 1 shows the oxide compositions of these starting materials.
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Figure 1. Photomicrograph, elemental analysis, and cumulative size distribution of tested FCS.
Table 1. Oxide compositions of #80 CAC and Class F fly ash.
Oxide Compositions, wt.%
AI203 CaO 5102 F6203 NaZO Kzo T102
#80 CAC 75.2 247 - 0.1 - - -
Class F fly ash 35.0 2.7 50.1 7.1 0.30 31 1.6

XRD analysis showed two crystalline phases in the composition of FCS, mullite
(ICDD#04-016-1586, Al 2,Sig 78 O4.89) and silica (#04-008-8437, SiO,). Class F fly ash was
obtained from Boral Material Technologies (Antonio, TX, USA), and its crystalline phase
composition was similar to that of FCS. A 93% sodium metasilicate (SMS, NaySiO3) powder
with a particle size of 0.23 to 0.85 mm under the trade name “MetsoBeads 2048” was
supplied by PQ Corporation (Avenel, NJ, USA) and had a 50.5/46.6 Na,O/SiO, molecular
weight ratio. Polymethylhydrosiloxane (PMHS), (CH3)3SiO-[(CH3)HSiO],-Si(CH3s)3, with
the density of 15-40 cP at 20 °C, was obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Samples Preparation
2.2.1. Optimization of SMS Content

To establish the treatment procedure of FCS with PMHS in the presence of SMS,
firstly, the appropriate concentration of the SMS and the treatment time were determined.
Different amounts of SMS (0.8, 1.6, 2.4, and 3.2 g) were dissolved in 15 g of water. To each of
the SMS solutions, 1.2 g of PMHS was added and mixed for 30 min with a magnetic stirrer.
Thereafter, 16 g of FCS was incorporated into the PMHS/SMS blend and mixed by hand for
30 s to prepare paste-like samples. In the following two days, the blends were hand-mixed
4 times a day with a 2 h interval. The extent of the dehydrogenation reaction of Si-H
functional groups within PMHS with the OH groups on the FCS surfaces was monitored by
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR). There
are two IR absorption bands for Si-H bond [36-38]: one is stretching vibration (vg;_p) at
~2160 cm~!; the other is bending vibration (Js;_p;) at 828 cm~!. We monitored the decrease
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the elapsed reaction time between two hours after the sample preparation and up to 3 days.
The decreased AA value can be accounted for by reacting Si-H groups with OH groups
and NaOH. Figure 2 depicts the changes in spectral features for the different amounts of
SMS after the elapsed times of 2, 5, 24, and 48 h. Correspondingly, Figure 3 shows the
summarized results of AA values as a function of time elapsed after sample mixing. For all
samples, AA decreased as the reaction time increased. The rate of AA decrease depended
primarily on the SMS content. As expected, higher SMS concentrations accelerated the
dehydrogenation reaction of Si—-H. The reaction was accompanied by the release of H,
which resulted in the blend foaming (see the photograph in Figure 3).
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Figure 2. Comparison of spectral features of Si-H band at 2163 cm ! after 2, 5, 24, and 48 h for PMHS-treated FCS samples
made with various amounts of SMS catalyst.

In fact, after 2 h of the reaction, the AA value of 0.036 was 2.3 times lower for the slurry
with the highest SMS content of 3.2 g than that for the slurry with the lowest SMS content
of 0.8 g. After 24 h of the reaction, the AA value decreased to 0.007 for the slurry with 3.2 g
SMS. This was nearly an order of magnitude lower than for the slurry with 0.8 g SMS. With the
highest SMS concentration, the band at 2163 cm ! disappeared completely, strongly suggesting
that most of the Si-H groups reacted with the release of hydrogen. With 2.4 g SMS, the reaction
of Si-H seems to be completed after 72 h, according to the ATR-FTIR results. These data
suggest that SMS plays an important role in the PMHS dehydrogenation reactions.
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Figure 3. Changes in peak height, AA, of Si-H band as a function of elapsed time from the start of the reaction for
PMHS/FCS blends in the presence of SMS.

2.2.2. Cement Formulation and Sample Preparation Sequence

Based on the described above determination of the SMS concentration necessary for
the PMHS/FCS treatment, the surface treatment of FCS by PMHS was accomplished in the
following three-step process (the percentage of materials is given by the total weight of the
blend: 60 wt.%CAC/40 wt.%FCS): Step (1) preparation of SMS solution (6% SMS in 38%
water) — (2) PMHS blending with SMS solution — (3) addition of 40% FCS to PMSH-blended
SMS solution. Thereafter, the PMHS-treated FCS paste was incorporated into 60% CAC as a
cementitious binder with additional water in the range between 10 and 19% to prepare the
lightweight cement slurry. The cement samples were prepared in the following four steps:
(1) pouring cement slurry into test molds, followed by 24 h curing at room temperature —
(2) removal of cured cement from the molds — (3) curing the samples in a 99 £ 1% relative
humidity for 24 h at 85 °C — (4) autoclaving for 24 h at 175° or 250 °C.

For comparison, regular density TSRC consisting of 60 wt.% CAC/40 wt.% FAF and
6% SMS by total weight of CAC and FAF blend was used as a control. The water-to-cement
ratio (where cement is a blend of CAC and FAF) (W/C) was 0.58. The curing of this cement
was done in the same manner as the lightweight cement.

To identify the reaction products formed in the preparation of PMHS-modified FCS in
SMS solution at 85°, 175°, and 250 °C, the FCS/SMS, PMHS/SMS, and PMHS/FCS/SMS
systems were prepared at the same mass ratios as for the formulation described above. The
systems were exposed to steam at 85 °C for 24 h; then, they were dried for 24 h in an oven
at 100 °C for ATR-FTIR and XRD analyses. Next, these dried samples were autoclaved at
175° and 250 °C for 24 h, dried, and analyzed once more.
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2.3. Measurements

To evaluate slurry flowability, slump was measured by using a polyethylene cone
with the top hole of 20 mm diam., bottom hole of 45 mm diam., and 40 mm height. The
cone was placed on a flat carbon steel plate, filled with cement slurry, and slowly lifted,
allowing the slurry to spread. The slurry slump was measured 20 s later.

The cement resistance to TS was evaluated in a three-cycle TS test (one cycle: 250 °C
heating for 24 h, followed by quenching in water at 25 °C).

The free water content was determined in the following manner. Before TS tests, the
excess water was wiped of the surface of autoclaved samples with a paper towel. Then, the
samples were placed in a vacuum oven for 3 days at 60 °C to eliminate removable free water.
The free water content, wt.%, was computed by (Wiyet — Wdry) /Wwet X 100, where Wyt is
the weight of a wiped water-saturated sample after the autoclave and W,y is the weight of the
dried sample. After the TS tests, the samples were immersed in water at ambient temperature
for at least 4 days until the weight of the samples became constant. Afterward, the free water
was calculated in the same manner as that of the samples before the TS.

To determine the compressive strength, Young’s modulus, and compressive toughness,
the composite samples were prepared in the following sequence. The hand-mixed slurries
were poured in cylindrical molds (20 mm diam. and 40 mm height) and left to harden
for 1 day at room temperature; thereafter, the hardened cements were removed from the
molds and placed in a 99 £ 1% relative humidity (R.H.) for 1 day at 85 °C; finally, the
samples were autoclaved in non-stirred Parr Reactor 4622 (Hillsboro, OR, USA) for 1 day
at 175° and 250 °C. An Electromechanical Instorn System Model 5967 (Norwood, MA,
USA) was used to obtain all mechanical properties. The ultimate compressive strength and
Young’'s modulus were determined for unconfined samples. The compressive toughness
was computed from the area under the compressive stress—strain curve.

Thermal conductivity (TC) was measured with a Quick Thermal Conductivity Meter,
OTM-500, Kyoto Electronic, Kyoto, Japan) on rectangular prism samples (60 mm wide,
120 mm long, and 20 mm thick). The samples for TC measurements were prepared in
the same manner as described above. Contact angle measurement for water droplets on
7-day-air-dried cement surfaces was done by Model CAA 3, Imass Inc.(Marshfield, MA,
USA), using rectangular prism samples (15 mm wide, 75 mm long, 2 mm thick). The
measurements were performed at ambient temperature. The contact angle was determined
20 s after placing a water droplet on cement samples. XRD (40 kV, 40 mA copper anode
X-ray tube) and ATR-FTIR were used to identify amorphous and crystalline phase com-
positions and phase transitions of tested samples. The PDF-4/Minerals 2021 database of
International Center for Diffraction Data (ICDD) was used for analyses of XRD patterns.

JEOL 7600F SEM (Pleasanton, CA, USA) image analysis coupled with EDX elemental
composition survey of typical areas of fractured cement surfaces were done to determine
two physicochemical factors: microstructural development at FCS and cement matrix
interfaces and pozzolanic reaction products.

3. Results and Discussion
3.1. Identification of the Reaction Products and Mechanisms of Reactions between SMS, FCS,
and PMHS at Hydrothermal Temperatures of 85, 175, and 250 °C

To identify the reaction products and establish mechanisms of the reactions at three differ-
ent hydrothermal temperatures, we studied the following systems: FCS/SMS, PMHS/SMS,
and PMHS/FCS/SMS.

3.1.1. Reactions between FCS and SMS

Figure 4 shows XRD patterns of crystalline reaction products of FCS autoclaved with
SMS at 175 and 250 °C as well as the XRD pattern of the FCS itself. As expected, the two
major crystalline compounds of FCS were mullite (3A1,0325i0,) and quartz (SiO;). The
pattern of the FCS-SMS cured at 85 °C (not shown) was identical to that of FCS, suggesting
that no crystalline reaction products formed at that temperature.
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A. “as-received” FCS
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Figure 4. XRD patterns of “as-received” FCS, 175°- and 250°-autoclaved FCS/SMS blends.

Two zeolite phases formed after autoclaving FCS-SMS at 175 °C-garronite [(NagAly
(5104)4(H20)74] (patterns overlapping with that of Na-zeolite P) as the major phase and
analcime (dehydrated) (Nay7Aly 7Sig 3048) as a minor one. These two phases are the prod-
ucts of pozzolanic reactions. The pattern of the 250 °C cured sample was very different
from the one cured at 175 °C. Analcime, high-temperature zeolite became the major phase,
while the intensity of the garronite peaks significantly decreased with some of them disap-
pearing. Likewise, the intensity of mullite and silica peaks reduced significantly, indicating
some reactions of FCS. It is reasonable to assume that the formation of analcime as the
major crystalline product was due to either the garronite high-temperature transformation
or high-temperature SMS reaction with FCS, or both. These data show the susceptibility of
FCS to pozzolanic reactions at temperatures >175 °C.

The results of XRD analyses were supported by the FTIR study. Figure 5 gives the
ATR-FTIR absorption spectra for the samples analyzed by XRD.

Since the principal crystalline phases of FCS are mullite and silica, the bands at 1062
and 818 cm ™! represent the M-O (M: Si or Al) anti-symmetric (v, y-0) and symmetric
(vs M-0) stretching vibrations, respectively, in a Si-O-Al network of mullite and Si-O-
Si linkage of silica as tetrahedrally coordinated AlO4 and SiO4 [39,40]. The 745 cm ™!
band is Si-O stretching (v s;_0) mode in crystalline and amorphous silica [41,42]. The
SMS (Na;SiO3) aqueous solution with PH > 13 contains SiO,(OH), 2 anions and 2Na*
cations [43]. Thus, although not shown in this figure, the spectrum exhibited the presence
of a band at 992 cm~! belonging to the stretching vibration (vs;_o) of the Si-O bond in
Si0,(OH), 2, while the water (H,O) molecule-related bands can be seen from O-H sym-
metric stretching vibration (vs o-p) at 3348 and 3238 cm ™! and H-O-H bending vibration
(Or_o-p) at 1640 cm™! [44]. When FCS was treated with SMS solution in 85 °C steam,
the spectral features drastically altered from that of “as-received” FCS. There were three
alterations: (1) the shift of 1062 and 818 cm~! band-related Si- or Al-O peaks to low wave-
lengths at 1028 and 778 cm !, while the crystalline and amorphous silica-associated band
at 745 cm~! remained unchanged; (2) the appearance of sodium carbonate-related CO32~
bands at 1430 and 881 cm™! corresponding to C-O anti-symmetric stretching (v,s c_o)
and C-O symmetric (Vs c_0), respectively, as prominent peaks; and (3) the presence of a
shoulder band at 956 cm ! attributed to Si- or AI-OH bending (Js;_ or ai-orr) mode in silanol
(S5i-OH) and aluminol (Al-OH) groups [45—47] derived from hydroxylation reactions of
mullite and silica with SMS. As for the first alteration, such a shift seems to demonstrate
the formation of an amorphous Na,O-Al;03-510,-H;O (N-A-S-H) system brought about
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by the pozzolanic reactions of aluminosilicate mullite with Na* ions released by SMS, as
was shown earlier in the work on SMS-activated FAF/CAC blends [6,48]. Thus, as seen in
the absorption spectra, at 85 °C, SMS treatment not only incorporates functional silanol
(Si-OH) and aluminol (AI-OH) groups reflected by the shoulder band at 956 cm™! into
mullite and quartz within FCS but also forms a new pozzolanic reaction product, amor-
phous Na-aluminosilicate hydrate compound Nay;O-Al,O03-5i0,-H,O (N-A-S-H), which
gives a band at 1028 cm ! as the FCS band at 1062 cm ! shifts to low wavelength.
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Figure 5. ATR-FTIR spectra of “as-received” FCS and FCS/SMS samples made at hydrothermal temperatures of 85, 175,

and 250 °C.

We also evaluated FCS surface hydroxylation with the formation of silanol and alumi-
nol groups at room temperature. The FCS/SMS slurry was left for 24 h at room temperature
and then dried for 3 days in a vacuum oven at 60 °C. Although not shown in the figure,
the spectrum included silanol- and aluminol-related shoulder bands at 935 cm ! coexist-
ing with O-H stretching vibration (v; o_g) in Si- and AI-OH at 3421 cm 1. Thus, these
functional hydroxyl groups formed on FCS surfaces at room temperature. Importantly, the
formation of Si-OH and Al-OH groups on FCS surfaces in the presence of SMS accelerated
the dehydrogenation reactions between =Si-H in PMHS and OH-M (M: Si or Al) in FCS at
85 °C, =5i-OH + OH-M-FCS — =5i-O-M-FCS + Hy 1 (Figure 6).

Compared to the spectrum of the 85 °C cured sample, the autoclaving at 175 °C
resulted in three noticeable changes in spectral features: (1) a further shift of Si- or Al-O
bond-related peaks to lower wavelengths at 1005 cm ™! from 1028 cm™~1; (2) the emergence
of a new wide shoulder band at around 870 cm~!; and (3) the disappearance of sodium
carbonate-related bands. In agreement with the XRD results, the first two changes can be
associated with two zeolitic crystalline reaction products, garronite (or Na(zeolite P)) as a
major phase at 1005 cm ™! and analcime as a minor phase at around 870 cm™~!. Thus, the
hydrothermal treatment at 175 °C promoted the phase transition of amorphous N-A-S-H
at 85 °C to crystalline zeolitic compounds. The results of XRD for elevated temperature
of 250 °C were also corroborated by the FTIR study. The band of analcime at 870 cm ™!
became one of the principal peaks indicating analcime becoming the major phase while the
peak intensity at 1005 cm ™! of garronite (or Na (zeolite P)) considerably decayed.
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Figure 6. Dehydrogenation reaction between hydroxylated FCS surfaces and Si-H in PMHS at ambient temperature.

3.1.2. Reactions between PMHS and SMS

Figure 7 gives FTIR spectra of “as-received” PMHS and PMHS/SMS samples cured at
85,175, and 250 °C. The PMHS’ spectrum included seven bands at 2960, 2163, 1407, 1264,
1036, 828, and 753 cm . These bands can be assigned as follows [36-38,49-51]. The 2960
and 1407 cm~! bands are anti-symmetric methyl C-H stretching (v,s c_y) and symmetric
methyl C-H bending (s ._y) vibrations in Si-CHj groups, respectively, while the bands at
2163 and 828 cm ™! are due to vg;_p and ds;_p, respectively, in the functional Si-H group.
Both 1264 and 753 cm ™! bands are from the bending mode (dg;_cp3) of the Si-CH3 group.
The 1036 cm ™! band is associated with the Si-O-Si backbone stretching (v g;_o_g;) mode in
the siloxane group.
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Figure 7. ATR-FTIR spectra of “as-received” PMHS, and PMHS/SMS samples cured at 85, 175, and 250 °C.

The spectrum of PMHS/SMS blend cured at 85 °C showed two new bands at 923
and 702 cm !, while the Si—-H bands at 2163 and 828 cm ™! vanished. There was also a
striking shift of the Si—O-Si band from 1036 cm ™! to a lower wavelength of 1006 cm ™.
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The band of Si-H disappeared because the group reacted with SMS. The two new bands at
923 and 702 cm ! are likely to belong to the reaction products. The potential contributor
to these bands is nonbridging Si-O stretching (vs;_o) in the Si-O~ Na* complex [52-54]
and Si-O stretching (v4 ;o) mode in newly precipitated silica. If this interpretation is
correct, the following dehydrogenation reactions between Si-H and SMS occurred at 85 °C:
2 =Si-H + SiO2(OH)2*~ +2Na* — 2 =5i-O~ Na* + 2Hy 1 + SiO; (precipitation) +- On the other
hand, a striking shift of the Si-O-5i band may be due to the rupture of Si-O-Si backbone
linkages by the formation of the =Si-O~ Na* complex. Some investigators reported that
the bond strength of Si-O-5i adjacent to this complex decreases, thereby resulting in the
cleavage of Si-O-5i linkage and depolymerization [55,56]. However, we observed that at
ambient temperature in the system of PMHS/SMS/FCS, PMHS preferentially reacts with
SMS-activated FCS rather than with SMS alone. So, it is likely that such a complex can
form in the case when unreacted PMHS remained at 85 °C.

Interestingly, when the 85 °C-treated sample was autoclaved at 175 °C, the Si-O-5i
band reversely shifted to a higher wavelength of 1026 cm ! from 1006 cm !, suggesting
the recovery of Si-O-Si linkages cleaved at 85 °C. The cleavage site is susceptible to
hydrothermal hydroxylation with the formation of silanol, Si-OH. The self-condensation
between silanols, =5i-OH + OH-Si= — =Si-O-5i= + H;0, results in repolymerization,
—[-5i-O-Si—]n—, in an alkali hydrothermal environment [57-60].

There are two other signs of such repolymerization. As is evident from the spectrum
at 175 °C, there was no band at 923 cm ! related to the =Si-O~ Na* complex, while the
peak intensity of Si-CHj-associated bands at 1264 cm ™! and 753 cm ™! slightly decreased
compared with that at 85 °C. In fact, the AA values at the 2163 cm~ ! band at 85° and 175 °C
were 0.017 and 0.014, respectively. These data suggest that the =Si-O~ Na* complex
underwent hydrolytic attacks in the hydrothermal environment at 175 °C, inducing the
formation of a silanol (S5i-OH) group as the hydrolysate, =Si-O~ Na* + H,O — =Si-OH
+ NaOH. The decreased intensity of Si-CH3; bands may be a result of the hydrolysis-
led scission of =Si-CHj bond in an alkali hydrothermal environment at an elevated
temperature at 175 °C [61]. This bond scission substitutes the debonded methyl (CHj3)
groups with hydroxyl (OH) groups, =Si—/CHj + H,O — =SiOH + CHy(gaseous)T wWith
the formation of silanol [62]. Furthermore, the study on the hydrothermal stability of
crosslinked liquid silicone rubber after a long time exposure to 100 °C revealed the cleavage
of the Si-O-Si backbone as the major degradation mechanism [63], suggesting that the
scission of Si-O-S5i linkages results not only from alkaline degradation with the formation
of the =Si-O~ Na* complex, but also is likely to be related to the high hydrothermal
temperature of 175 °C. Next, all newly formed silanol groups branching from Si—O chains
react with each other to produce new =Si-O-5i= linkages in self-condensation, =Si-OH +
OH-Si= — =5i-O-Si= + H,O [60]. The information above explains the repolymerization
taking place at 175 °C. A further advance of repolymerization was observed for samples
autoclaved at 250 °C. Among the major changes in the spectral feature of these samples
compared to samples cured at 175 °C was a further shift of the Si-O-Si bond to higher
wavelength at 1051 cm ™! from 1026 cm !, an increase in peak height of the Si-O-Si bond
band representing enhanced self-condensation, and very weak Si-CHj bands, implying
higher hydrolysis compared with that at 85° and 175 °C.

All these factors suggest advanced repolymerization through the formation of new
oxygen-bridged Si—O-5i linkages at 250 °C. Thus, such repolymerization may lead to in
situ hydrothermal transformation of siloxane polymer to highly crosslinked silicone-based
polymer creating a three-dimensional structure without carbon as the repolymerization-
induced product (RIP). If this postulation is reasonable, silicone RIP may possess a better
hydrothermal stability than siloxane. Figure 8 illustrates in situ hydroxylation and self-
condensation pathways at 175 and 250 °C of the ruptured Si—O main chain bond among
the PMHS/SMS reaction products at 85 °C.
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Figure 8. In situ hydroxylation and self-condensation pathways for PMHS/SMS blend at 85, 175, and 250 °C.

As is evident from a very weak peak of =Si-CHj; group-related 1264 cm ! band,
one concern at 250 °C is a substantial loss of hydrophobic =Si-CHj3 groups, while a
certain amount of this group is still present at 175 °C. Although the 250 °C hydrothermal
environment aided in achieving the in situ hydroxylation and self-condensation, the loss of
this group may reduce the extent of hydrophobicity for 250 °C-autoclaved well cements.

The thermal stability of siloxane at 85 °C and RIP formed by repolymerization at
250 °C was evaluated using thermogravimetric analyzer. Firstly, the thermal stability of
“as-received” PMHS was determined (Figure 9). The TGA curve showed two thermal
degradation regions: one starting at ~197 °C and the second one starting at ~319 °C.
The analysis of the differential thermal gravimetric (DTG) curve showed that the first
degradation occurred between about 154 and 224 °C. Since the boiling temperature of
PMHS is ~205 °C, this weight loss was due to the volatilization of an organic CHs group
in the 5i-CHj3 bond, corresponding to the weight loss of ~14%. The second region of the
major weight loss of ~36% occurred between ~319 and 467 °C and was related to the
depolymerization of PMHS through Si—O bond scission in Si-O-5i linkages [61,64,65].

Figure 10 shows TGA curves of PMHS/SMS samples cured at 85 and 250 °C. The
curve for the 85 °C-cured sample showed three decomposition regions up to ~780 °C.
The onset temperatures of these regions were ~167 °C, ~515 °C, and ~676 °C. During
the first decomposition stage, 7% of the sample’s weight was lost due to the volatilization
of organic CHj groups and depolymerization through multiple scissions of long Si—-O-Si
backbone chains. Thus, the thermal stability of PMHS with SMS increased to ~515 °C from
~319 °C for liquid PMHS. After that, there was a continuous weight loss of 2.7% up to
~676 °C. Conceivably, the second degradation can be due to the decomposition of -Si-O~
Na™ -complex, as a reaction product. If so, the reactions between PMHS and SMS at 85 °C
offered improved polymer stability. The last degradation region above ~676 °C can be
associated with weight losses from mineral salts or silica or both.
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Figure 9. TGA and DTG curves for “as-received” PMHS liquid.
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Figure 10. TGA curves of 85 °C-steam cured and 250 °C-autoclaved PMHS/SMS samples.

For the 250 °C-autoclaved sample, the first and second degradation onset points
shifted to higher temperatures of ~228° and ~600 °C. The first stage of thermal degradation
weight loss of 2.9% was lower than that for the 85 °C-cured sample and was the result
of the depolymerization of some original siloxanes, since most of the CH3 groups were
eliminated during the 250 °C autoclaving. The second decomposition could be from RIP. If
this is the case, the conversion of siloxane polymer — RIP enhances the thermal stability
of the solid polymer, increasing the degradation temperature from ~515 °C for -Si-O~
Na* complex forming at 85 to ~600 °C for RIP that forms at 250 °C. The weight loss of



Materials 2021, 14, 6679

15 of 34

1.5% at the second decomposition stage was nearly two times lower than for the complex,
suggesting that some PMHS may have leaked out during repolymerization at 250 °C.

3.1.3. Reactions between PMHS/FCS/SMS

This study was done to evaluate the effectiveness of deprotonated PMS to prevent
pozzolanic reactions of FCS in the presence of SMS through the formation of the interfacial
chemical bond: =Si-O-M-FCS (M: Si or Al). Figure 11 provides the XRD patterns and
crystalline phases identified from these patterns for samples cured at 175° and 250 °C. At
175 °C, many unreacted FCS were present, as is evident from the strong peak intensities of
mullite and silica, while the weak analcime-related peaks demonstrated that the presence
of analcime as the reaction product between FCS and SMS was small, if any. Interestingly,
there was no garronite (or Na(zeolite P)) phase that was formed in the FCS/SMS system
at the same temperature. Since zeolites are reaction products of FCS pozzolanic reactions,
this finding strongly verified that the PMHS/FCS interfacial bond was strong enough
to impede pozzolanic reactions of FCS with SMS, providing FCS chemical inertness to
these reactions at 175 °C. However, temperature increase to 250 °C engendered the loss of
the chemical inertness. The peak intensity of analcime increased significantly, while the
intensity of mullite and silica peaks decreased at 250 °C, suggesting the breakage of the
interfacial chemical bond, =Si-O-/ /-M-FCS, at 250 °C.

3
A.175°C 1. Mullite, (ICDD#04-016-1586, Al 2,Sio 75 Os so)
B. 250°C 1 2. Silica, (ICDD# 04-020-0865, SiO,)
3. Analcime, (ICDD# 01-075-8691, Na, 5, Al, 5; Si; 1605 (H0); 16)
1
3 3
1
2 ! .
1
3 3
1 3 1 1 3
1 1 1
2 3 3 2
B. 3
i ! | ! | I L |
15 20 25 30 35 40 as 50
26 (°)

Figure 11. XRD patterns for 175 °C- and 250 °C-autoclaved PMHS/FCS/SMS blend.

The features of the PMHS, SMS, and FCS blend ATR-FTIR spectra closely resembled
those of the FCS/SMS system (Figure 12). Nevertheless, there were two major differences:
One was the absence of the analcime-related band in the region between 905 and 850 cm !
for samples cured at 175 °C; the other was the appearance of analcime as a minor phase (the
shoulder band at 902 cm ') for the sample cured at 250 °C. Meanwhile, the SiO-M (M: Si or
Al) bond-related primary band at 1062 cm ™! and secondary band at 818 cm ! in FCS shifted
to lower wavelengths at 1035 and 776 cm ™! at 85 °C. A further shift of the primary band to
1017 and 1003 cm ! took place at 175° and 250 °C, respectively, while for the secondary
band, the shift was the same as at 85 °C. Since XRD data did not show the presence of
garronite in samples cured at 175° and 250 °C, all primary bands at 85°, 175°, and 250 °C
were attributed to amorphous pozzolanic reaction products: N-A-S-H. Thus, the combined
information of XRD and ATR-FTIR studies verified that the reaction products formed in
the PMHS/FCS/SMS blend at 175 °C were essentially amorphous N-A-5-H phase. On
the other hand, this finding strongly suggested that the unreacted FCSs with PMHS were
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still present in this system. At 250 °C, the reaction products included amorphous N-A-S5-H
as the major phase and analcime crystals as the minor phase. Nonetheless, compared
with that of PMHS-free FCS/SMS blend, PMHS considerably reduced the extent of FCS

pozzolanic reaction that could lead to the degradation of the FCS shell and release of
encapsulated gases.
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Figure 12. ATR-FTIR spectra for “as-received” FCS, and SMS/PMHS/FCS blends at 85, 175, and 250 °C.

Based upon the information described above, Figures 13 and 14 illustrate in situ

siloxane depolymerization and conversion to crosslinked silicon-like RIPs at 175 and
250 °C in the PMHS/FCS interfacial boundary region.

3A1,0,.25i0,

M
|

|

CH
i 4 e
CH3 CH3 CH3
CHy CH:  CH,
I

CH; O  CH,

3A1,0,.25i0,

1
r\ln (M: Al or Si)

3A1,0,.25i0, 3A1,0,.25i0,
I
M
|

M —gj-
o X
) (Hac)sES'-O-['ﬁg'O”]ﬁS'=‘C“3’3 (H,C),=Si-0-[-S-0-Si-]=Si=(CH);
H
LI SRR
: (H4C);=Si-O-{-5i-0-Si-] =Si=(CH,),
(H5C)s=Si-0-[-Si-OH]Si=(CHy), 0 0
|
M (M:Alorsi) :

|
3A1,0,.25i0,
3A1,0,.25i0,

A: Depolymerization by 1) some ruptured Si-O main chain bonds in Si-O-Si backbone linkages
and 2) some Si-//CH; bond scissions, followed by hydroxylation. B: Repolymerization by
self-condensation between silanols to form lowly crosslinked silicon-like RIP

Figure 13. Partial depolymerization and repolymerization pathway of PMHS bonded to the FCS surface at 175 °C.
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Figure 14. Depolymerization — repolymerization of PMHS debonded from the FCS surfaces at 250 °C.

3.2. Cement Slurry Properties

Figure 15 shows a photograph of cement slurry with (5% PMHS)-treated FCS and a
table that compares the density and slump values of reference and lightweight cement
slurries made with W/C ratios (where C is the total CAC and FCS weight), ranging
from 0.47 to 0.58. The water was added to the slurry until water bleeding was observed
(appearance of water at the surface). The reference cement slurry of TSRC had the density
of around 1.78 g/cm? at 0.58 W/C ratio, and 65 mm slump. The density of the lightweight
slurry with non-treated FCS (0% PMHS) was 29% lower, 1.29 g/cm?, with a W/C ratio of
0.56. The slump decreased from 65 to 55 mm for the lightweight slurry with non-treated
PMHS, suggesting the decreased workability of the slurry. Treatment of FCS with PMHS
resulted in increased slurry fluidity (increased slump) at lower W/C ratios. The slump
was 80 and 85 cm for the PMHS treatment of 3 and 5%, respectively. The changes in
the slurry properties for PMHS-treated FCS are probably due to the lubricant effect of
silicon—oil-based PMHS. The W/C ratio decreased from 0.56 for non-treated FCS to 0.47
for FCS treated with 5% PMHS. Thus, the lubricating effect of PMHS allowed good slurry
flow with decreased water content. The densities of the slurries with PMHS-treated FCS
varied between 1.24 and 1.29 g/cm?.

Cement slurry

g/cm3 ratio
TSRC control 1.78 0.58 65
0% PMHS 1.29 0.56 55
1% PMHS 1.29 0.52 65
3% PMHS 1.28 0.51 80
5% PMHS 1.24 0.47 85

Figure 15. Photograph of cement slurry with 5%-PMHS-treated FCS and a table with slurry properties
at different PMHS concentrations used to treat FCS.
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3.3. Excessive PMHS Amounts in Cement Slurries

If non-reacted PMHS remains in the cement slurry, it may interact with CAC. Samples
prepared with FCS treated with 5% PMHS underwent nearly 19% volumetric expansion
after 24 h at room temperature, while those with FCS treated with 3% PMHS did not change
in size (Figure 16). It is reasonable to assume that the expansion was caused by the reactions
of Si-H groups that remained non-reacted after the pre-treatment of FCS. To analyze the
PMHS that remains non-reacted during the treatment of FCS, the blend of FCS/SMS was
treated with 3 and 5% PMHS and left for 72 h at ambient temperature; then, the Si-H related
absorbance peak 2163 cm ™! was compared for the two PMHS concentrations (Figure 16).
The peak was clearly much higher for the blend with 5% PMHS, confirming the presence
of non-reacted Si-H groups at high PMHS concentration.

2163

Si-H bond

(o purs |
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Figure 16. Photograph of cement (CAC/FCS/SMS) volumetric expansion with the 5%-PMHS-treated FCS and comparison
of absorbance peak height at 2163 cm ™! attributed to unreacted Si-H for 3 and 5% PMHS-treated FCS samples.

This means that in the cement system that includes CAC/FCS/SMS, the unreacted
Si-H groups of PMHS interact with CAC hydrates of calcium and aluminum. To verify
the interactions of CAC with PMHS, a slurry of CAC and SMS without FCS was prepared
with 5% PMHS. Shortly after the mixing, an intensive dehydrogenation reaction between
CAC hydrates and PMHS in the presence of SMS created an aggressive foaming in the
slurry. This dehydrogenation reaction took place between Si-H and Ca®*, AI(OH);~, and
OH™ dissociated in a very early period of CAC hydration. The foamed cement slurries
were autoclaved at 175° and 250 °C for 24 h, which was followed by XRD and ATR-FTIR
analyses to obtain information on the hydrothermal reaction products.

The XRD pattern (Figure 17) revealed multiple crystalline reaction products including
boehmite, AIOOH, anorthite, CaAl,Si;Og, calcite, CaCOj3, scawtite, CaySig(CO3)O15:2H,O, and
gibbsite, AI(OH)3, coexisting with unreacted starting materials, krotite, CaAl,O4, and aluminum
oxide, Al,O3, in CAC, as well as silica, SiO,, from SMS. The quantitative data suggested that
among the major phases were boehmite (23%), anorthite (19%), and scawtite (14%). Both
anorthite and scawtite came from hydrothermal reactions of CAC with silica derived from SMS.
(Note that the high-temperature crystalline products of CAC hydration include katoite and
boehmite, and the XRD patterns of the hydrated cement can be found in [4].)
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Figure 17. XRD pattern of foam cement made by dehydrogenation reactions between CAC hydrates, PMHS, and SMS,
which was followed by autoclaving at 250 °C.
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The ATR-FTIR spectra (Figure 18) of 175 and 250 °C autoclaved CAC/PMHS/SMS
blends encompassed nine bands at 3671, 3296, 3090, 1410, 1152, 1072, 938, 865, and 741 em L
Based on the XRD identification of the major crystalline phases, the boehmite-related bands
included those at 3296, 3090, 1152, 1072, and 741 cm ™}, which were pertinent to v 0-H,
Vs 0-H, Oas Al-O-H 05 Al-O-H, a0 Vs octanedral Al06, Tespectively [66-68]. The T-O bond (T, Al,
or Si) in the aluminosilicate structure of anorthite appears at 938 cm ™! [69], while two
bands at 1410 and 865 cm ™! belong to CO3%~ in scawtite and calcite. The remaining band
at 3671 cm~! may be the v o_p in gibbsite. Thus, the band at 938 cm ! is not only assigned
to the T-O bond but also may come from § 4;_p_ in gibbsite [70]. Furthermore, this band
also comes from the 2=Si-O~ Ca?* complex as the dehydrogenation reaction product
between PMHS and CAC, 2=Si-H + Ca?* + 20H~ — 2=Si-O~ Ca?* + 2H), rather than the
Al complex, 3=Si-O~ AI**, because aluminum forms boehmite as the major phase derived
from the hydration of Ca-depleted calcium aluminate cement. The spectrum of the 250 °C
autoclaved sample shows a striking increase in peak intensity of all boehmite-related bands
compared with those in the spectrum of the 175 °C-autoclaved sample. This suggests that
the calcium complex formation is more predominant at 250 °C than at 175 °C.
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Figure 18. ATR-FTIR spectra of 175 and 250 °C autoclaved samples of CAC/PMHS/SMS.



Materials 2021, 14, 6679

20 of 34

3.4. Microcalorimetric Study of Setting Behavior of CAC Blend with SMS/PMHS-Treated FCS
at 85°C

Figure 19 shows calorimetric curves for the cement blend with SMS and PMHS-pre-
treated FCS along with the curve of the FCS that were pre-treated only with SMS. There
are some clear differences in the heat release during slurries hydration for slurries with
different amounts of PMHS. Firstly, the initial three peaks (denoted as “1” in the figure) that
appeared in the slurry without PMHS vanished from the curves of the slurries with PMHS
pre-treatment. Secondly, the major heat release peak for the slurry without PMHS (#3)
decreased in intensity and shifted to the earlier time for 1% PMHS. Thirdly, calorimetric
curves of the slurries with 3 and 5% PMHS showed a new high heat release peak (#2) that
shielded peak #3. Finally, the shoulder (#4) on the 0% PMHS curve transformed into a small
peak for 1% PMHS, a long tail for 3% PMHS, and nearly completely disappeared from
the heat curve of 5% PMHS slurry. Based on the curves” comparison, earlier calorimetric
studies of CAC/FAF/SMS blends [4], and the studies of interactions between slurries
constituents described above, we propose the following interpretation of these results. The
first three peaks (#1) of 0% PMHS slurry correspond to the initial CAC dissolution and
reactions with FCS surfaces activated by SMS pre-treatment. As the concentration of PMHS
increases and FCS surfaces become less reactive, these peaks disappear from the curves.
The large peak #3 on 0%-PMHS curve corresponds to the hydration of CAC (integrated
heat release for peaks 3 and 4-93 J/g), while the pozzolanic reactions of non-protected
FCS produce the right shoulder (#4) on the CAC hydration peak. The curve for 1% PMHS
showed an initial cement dissolution peak but no peaks from FCS reactions. The CAC
hydration peak shifted to earlier time and decreased in intensity (21 J/g), while the peak
of the pozzolanic reactions of 1% PMHS pre-treated FCS (#4) was smaller than that for
0% PMHS slurry and shifted to later hydration time because of the PMHS protection of
FCS. As the concentration of PMHS increased to 3 and then 5%, some non-reacted PMHS
remained from the pre-treatment of FCS. When mixed with CAC, the dehydrogenation
reaction between non-reacted PMHS and CAC produced an additional peak (#2) at early
hydration times. In the case of 5%-PMHS, there was a higher concentration of the remaining
polymer, so the dehydrogenation reaction started immediately after the mixing before the
calorimetric measurements began. As a result, a part of the heat peak was not registered,
causing a wider and flatter peak #2 compared with 3% PMHS slurry (63 ] /g for 3% PMHS
and 53 J/g for 5% PMHS). The dissolution and hydration reactions of CAC (#3 peak in
0 and 1% PMHS) took place continuously during the dehydrogenation. The pozzolanic
reactions of FCS were almost or completely eliminated in the 3 and 5% PMHS slurries,
respectively (tailing off heat curves). This interpretation of the heat release curves was
supported by the monitoring of cement hardening at 85 °C. In cement hardening tests, 20 g
of the slurry were poured into 30cc plastic cups, sealed, and exposed to the steam-saturated
85 °C environments. The setting time was monitored by hand mixing the slurries every 2 h.
The 0% slurry set after about 8 h, the 1% one set after about 6 h, and the slurries with 3 and
5% PMHS set after 4 h, demonstrating that the slurries set by the end of the intensive heat
release. The study shows that the set was accelerated by PMHS pre-treatment of FCS.
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Figure 19. Normalized heat-flow curves at 85 °C isothermal temperature for lightweight cement slurries prepared with 0, 1,
3, and 5% PMHS-treated FCS/SMS and CAC.

3.5. Compressive Strength and Toughness

Figure 20 shows the compressive strength and toughness before and after the TS test
for 250 °C-24 h autoclaved PMHS-treated and untreated lightweight cements. The cement
with untreated FCS developed typical volumetric expansion-induced cracks caused by
pozzolanic reactions of FCS in cement matrix (the photograph in the figure). This cement
failure demonstrates that untreated FCS are very susceptible to pozzolanic reactions during
the cyclic 250 °C heat — 25 °C water quenching TS test. These samples lost 76% and
71% of the compressive strength and toughness, respectively, during the test. Both the
initial compressive strength and toughness rose with the increase in PMHS content up
to 3%. The 3% PMHS treatment offered a strength and toughness increase of 53 and
43%, respectively, up to 9.87 Mpa and 0.43 N-mm/mm?, compared with those without
PMHS treatment, showing that the treatment not only prevented pozzolanic degradation
of FCS but also improved the cement’s mechanical properties. Since a good toughness
comes from the proper balance of strength and ductility, the silicone polymer-like RIP
formed during depolymerization — repolymerzation of PMHS at 250 °C appears to confer
excellent ductility on lightweight cement. With 5% PMHS, the strength and toughness
decreased by 45 and 53%, respectively, compared to the 3% PMHS-treated FCS-containing
samples because of the foaming of cement matrix due to the excessive unreacted PMHS
remaining after the FCS treatment. The foaming created a weak porous matrix. The
strength and toughness of 3 and 5% PMHS samples decreased after the TS test; however,
the samples’ integrity persisted, highlighting that RIP is able to withstand both thermal
and hydrothermal environments at 250 °C. Thus, all the samples with PMHS-treated FCS
displayed an excellent TS resistance.
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Figure 20. Compressive strength and toughness of 250 °C-autoclaved TSRC control and CAC
lightweight cements containing 0, 1, 3, and 5% PMHS-treated FCS before and after the TS test.

3.6. Thermal Conductivity

Figure 21 gives TC and water-saturated bulk density (WSBD) for 250 °C-24 h au-
toclaved lightweight cements before and after the TS test. Before the TS test, the TC of
the control was 1.26 W/mK, and the WSBD was 1.84 g/cm?. As expected, the value of
TC depended primarily on the value of WSBD; the TC value decreased as the density de-
creased. The PMHS-free lightweight cement (0%) had 0.76 W/mK TC, 1.54 g/cm?® WSBD,
and 1.28 g/cm3 slurry density, which was a nearly 40% decrease in TC, 16% decrease in
WSBD, and 28% lower slurry density than for the control. Importantly, the PMHS treatment
further decreased both TC and WSBD values. This decrease was more important for higher
PMHS concentrations. Hence, PMHS-treated FCSs offered the improved thermal insulation
property of the lightweight cement. There are two principal factors for this: the alkali
inertness of FCS surfaces to PR, thereby enabling the preservation of the gaseous thermal
insulators encapsulated in the FCS shell and low water absorption and transportation of
cement. The contributor to these two factors is likely to be silicone-like RIP. With regard to
the alkali inertness of FCS surfaces, as aforementioned in the PMHS/FCS/SMS system, the
siloxane oxygen-linked FCS structure, =5i-O-M-FCS (M: Si or Al) withstood at 175 °C and
protected FCS against PR. However, at 250 °C, the interfacial bonds started breaking, =Si-
O-//-M-FCS. Thus, the presence of RIP at the surface of FCS was likely helping inhibit
the PR of FCS at 250 °C. Furthermore, the lowering of WSBD by low water absorption and
transportation is due to a water-proofing effect of RIP. With 5% PMHS, the lowest WSBD
of1.29¢g/ cm? resulted in the lowest TC of 0.63 W/mK, which was 50% below that of the
control. In fact, the free water content of this formulation was 33.8%, which was 18.6% less
than that of 0% PMHS cement.
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Figure 21. Thermal conductivity and water-saturated bulk density for 250 °C-autoclaved TSRC control, and CAC lightweight
cements containing 1, 3, and 5% PMHS-treated and untreated FCSs before and after the TS test.

The TC of all the samples decreased after the TS test. The exception was the 0% PMHS
sample, which developed PR-induced cracks (see the photograph). The trends for TC and
WSBD were similar to those before the TS test; the TC and WSBD values declined with
increasing PMHS contents. The reasons for the decrease of TC and WSBD after the TS test
may be the improved waterproofing of cement by RIP. The WSBD and free water contents
also were lower after the TS test. The free water content for the 0, 1, 3, and 5% PMHS was
42,26, 25, and 22%, respectively. Consequently, the 5% PMHS sample had the lowest TC of
0.52 W/mK.

3.7. Water-Repellent Property

To evaluate the water-repellent property of cement surfaces dried in air for 7 days at
ambiance temperature before and after TS test, the contact angle of a water droplet over the
cement surface was measured and related to the surface hydrophobicity. Cement was cate-
gorized as superhydrophobic for the contact angle >150°, overhydrophobic for the angle
range between 150° and 120°, hydrophobic, for the range from 120° to 90°, and hydrophilic
for the angle <90° [26]. Figure 22 shows the changes in contact angle as a function of PMHS
content for pre- and post-TS test samples along with the photographs of the water droplets
on samples after the TS tests. As seen in the photograph, the contact angle of PMHS-free
cement (0% PMHS) was less than 20°, the water droplets were spread over the surface, and
the cement was hydrophilic with very poor water repellency. By contrast, all samples made
with PMHS-treated FCS displayed hydrophobic properties, resulting in the contact angle of
>100° for both pre-and post-TS test samples. The upward trend of contact angle value was
observed as the PMSH content increased. Furthermore, the contact angle of the post-TS
test samples was higher than that of the pre-TS samples, seemingly revealing the improved
ability of silicone-like RIP to enhance water repellency during the TS test procedure. For
pre- and post-TS test samples, 1% PMHS was classified as hydrophobic, while 3 and 5%
PMHS provided an upgraded water repellency as overhydrophobic cements. With 5%
PMHS, the contact angle of 132° for pre-TS and 143° for post-TS was 21% higher than those
of 1% PMHS. This observation of increased water repellency agrees with the results of
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TC and wet bulk density measurements, suggesting that the water-proofing property of
the silicon-like RIP decreased water absorption and transportation through the cement,
allowing the preparation of thermally insulating lightweight cement by incorporating
PMHS-treated FCS in CAC at 250 °C.
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Figure 22. Water contact angles for the control and 250 °C-autoclaved CAC samples containing 1, 3, and 5% PMHS-treated
and untreated FCS before and after TS test.

As aforementioned in the PMHS/SMS system, alkali hydrolysis-induced bond scis-
sion of the Si-CHj group at 250 °C takes place. Since the Si-CHj3 group provides the
hydrophobicity of PMHS, this bond scission may reduce the hydrophobicity of cement. To
verify this, the samples with 1, 3, and 5% PMHS-treated FCS were cured in steam at 85 °C
and then autoclaved at 175 and 250 °C for 24 h, which was followed by drying for one week
in air at ambient temperature for contact angle measurements. Figure 23 shows the changes
in contact angle as a function of the hydrothermal temperature. For all samples, the contact
angle reduced with increasing temperature. The decrease in contact angle was on average
2.5% for temperature increase between 85 and 175 °C, and it was 8.6% for temperature
increase from 175 to 250 °C. Hence, although the silicone-like RIP forms at 250 °C, this
high hydrothermal temperature is likely to impair the water repellency of cement due to
Si-CHjz bond rupture.



Materials 2021, 14, 6679

25 of 34

Contact angle, degree ( °)

160

140

100

80

60

{ Superhydrophobic
{ A

120

-
v
m— 85°C 1 )
== 175°C g
E 250°C L { Overhydrophobic
T 14
1y
1 Hydrophobic
] a
11V
] Hydrophilic

L [ ] L}

1% 3% 5%
PMHS content, %

Figure 23. Water contact angle for 85°, 175°, and 250 °C-autoclaved CAC samples containing 1, 3, and 5% PMHS-treated FCS.

3.8. XRD Phase Identification

The degradation of FCS shells in alkaline cement environments at high temperatures
was the major issue for utilizing FCS as a thermal insulator. The degradation of the shells
could be monitored by following the formation of the crystalline PR products of FCS.
On the other hand, the crystalline products of CAC hydration provide cement matrix
strength. To follow the shells’ stability and the degradation and formation of CAC reactions
products, the identification of crystalline reaction products was performed on cements with
non-treated FCS and FCS treated with PMHS, which were autoclaved at 250 °C for 24 h.

Figure 24 shows XRD patterns for CAC made with 1, 3, and 5% PMHS-treated and non-
treated FCS. A previous study of CAC/FAF/SMS blends showed that the reaction products
of CAC cement and SMS released ions (SiO,(OH),2~ and Na*) were garnet series minerals,
such as katoite (CazgAly(SiO4)3_x(OH)sx), aluminum oxide hydroxide (boehmite), and
feldspar group minerals, such as anorthite and dmisteinbergite (NaxCaj_xAly_«SizxOs),
while the crystalline products of pozzolanic reactions of FAF were calcium and sodium
zeolites and silica [4]. Based on this information and the crystalline phases analysis, it is
possible to understand whether PMHS treatment prevents FCS degradation in PR.

The PMHS-free cement encompassed ten crystalline compounds: (1) mullite from
unreacted FCS; (2) corundum from CAC; (3) grossite from unreacted CAC; (4) silica derived
from the dissolution of SMS and PR of FCS; CAC hydration products (5) boehmite; (6)
katoite (garnet series), and (7) anorthite (feldspar group); and zeolites (8) gismondine, (9)
gobbinsite, and (10) garronite-Na. Zeolites (8, 9, 10) were FCS reaction products. The strong
peaks’ intensities of zeolites suggest that they were well formed in the cement matrix. As
mentioned above, while the formation of boehmite, katoite, and anorthite strengthen the
matrix, the strong presence of zeolites indicates significant FCS shells degradation in PR.
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Figure 24. XRD patterns for 250 °C-autoclaved CAC samples containing 1, 3, and 5% PMHS-treated and untreated
FCSs: No.1 mullite (ICDD#04-016-1586, Al 2>Sig7804.89), No.2 corundum (01-073-1512, Al;O3), No.3 grossite (01-072-0767,
Ca(Al407)), No.4 boehmite (01-073-6509, AIOOH), No.5 katoite (04-014-9841, Caz Al, (SiO4)1 535 (OH)s.88), No.6 anorthite
(01-089-1477, (CaO.ggNao_oz)(All_98510.02)Si208), No.7 gismondine (01-076-8378, Ca4(AISSigO32 )(H20)19), No.8 gObbiI’lSite
(01-079-6023, (Na4,74Ca1.23)(Al5,65 5110'35 032 )(H20)10.9), No.9 garronite-Na (04-023-2956, Na3A13515 016(H20)3.6)/ No.10
dmisteinbergite (04-011-5220, CaAl,Si;Og), No.11 analcime (04-011-7963, NagAlgSi; 4048 (H20)g), and No. 12 silica (04-008-

8437, Si0y).

For the blend with 1% PMHS-treated FCS, the XRD pattern revealed a striking decay
of line intensity for these zeolite PR products as well as CAC'’s reaction products, including
katoite and anorthite. The decrease in the zeolites” peaks, owing to the partial PMHS
protection of the cenospheres’ surface, correlated with the increased intensity of unreacted
mullite peaks. The decrease of the CAC reaction products’ peaks suggests that PMHS
inhibits reactions with ionic hydrolysates from SMS and/or their crystallization. On the
other hand, two new phases, analcime zeolite as the PR product and dmisteinbergite
feldspar as CAC’s reaction product, formed. Analcime formation was due to the PR of
FCS, indicating that 1% PMHS could not sufficiently protect the surface of the lightweight
particles. In contrast, there were three noticeable differences in the pattern of the 3%
PMHS-treated FCS blend: (1) an absence of both analcime and dmisteinbergite; (2) further
enhancement of mullite-related peak intensity; and (3) the presence of a prominent peak of
grossite in CAC. The absence of zeolite products strongly demonstrated that 3% PMHS
provided better protection for FCS against PR than 1% PMHS. This is one of the reasons
why 3% PMHS offered improved mechanical properties such as compressive strength and
toughness. As for the absence of dmisteinbergite and increased intensity of grossite peaks,
3% PMHS seems to restrain the hydration or/and reaction products crystallization of CAC.
The weak peaks of two zeolites, FCS’s PR products, gismondine and gobbinsite, were
present in the pattern, which means that some FCSs appeared to undergo PR. Compared
with 3%, 5% PMHS provided further better protection of FCS against PR, showing no
significant signals from any zeolites. Conspicuous peaks of mullite and silica belonging to
FCS and grossite in CAC suggested that most of the FCS and CAC as the starting materials
remained unreacted.

The only crystalline hydration product of CAC with 5% PMHS-treated FCS samples
was boehmite. This finding agrees with the results from the study of interactions between
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excessive PMHS and CAC at 250 °C; namely, the formation of the 2 =Si-O~ Ca?* complex
might inhibit the formation of crystalline CAC hydrates. As a result, boehmite preferentially
formed from Ca-depleted CAC. The 5% PMHS-induced silicon-like RIPs exerted a better
performance in protecting FCS against PR in CAC lightweight cement than 3% PMHS.
On the other hand, the inhibition of CAC hydration by PMHS and foaming of the cement
matrix due to dehydrogenation reactions between excessive PMHS and CAC would result
in a decrease of cement’s mechanical properties. Importantly, RIP played an essential role
in strengthening cement with 3 and 5% PMHS-treated FCS.

3.9. Microstructural Characterization

The microstructural characterization of the samples with untreated FCS and those
treated with 3% PMHS was done on samples after 24 h of 250 °C autoclaving. Figure 25
shows an SEM image and EDX elemental composition for the blend with untreated FCS.
Most of the FCS suffered from PR. Large- and small-size craters developed because of
the FCS shells’ degradation in PR. Correspondingly, when the samples were fractured for
the measurements, the fractures propagated through PR-damaged shell structures. As for
PR products, the magnified photomicrograph shows two areas with different morpholo-
gies and elemental compositions. The area denoted as A represents a relatively smooth
surface. For this area, the EDX elemental composition closely resembled that of mullite,
Al 25510 780489 (not shown). Therefore, the A area belongs to an unreacted FCS shell. The
morphology of the B area was that of pseudo-tetragonal crystal aggregation. The major
elemental composition of these crystals was 9.1% Ca, 14.9% Al, and 11.8% Si. Relating
this information to the XRD results, these crystals are likely to be gismondine-type zeo-
lite [71-73]. These morphological changes indicate that the growth of crystalline zeolite PR
products of FCS engendered the volumetric expansion failure of cement in TS tests.
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Figure 25. SEM images and EDX elemental composition of CAC blend with untreated FCSs after autoclaving for 24 h at 250 °C.

In contrast, the CAC blend with 3% PMHS-treated FCS (Figure 26) revealed the
presence of unreacted FCS shells. The SEM image shows the surface of an entire FCS
hallow microsphere covered with amorphous cementitious layer and a FCS shell fractured
during the sample preparation with the smooth inner surface. The elemental composition
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of the amorphous layer on the FCS encompassed three major elements, Si, Al, and O,
and five minor elements, Na, K, Ca, Ti, and Fe. Since Ti and Na come from CAC and
SMS, respectively, this amorphous-like layer covering the FCS surface may be the reaction
product of CAC with the SMS/NayO-CaO-Al,O3-5i0,-HyO (N-C-A-S-H) system. On the
other hand, as seen in EDX of “as-received” FCS in the starting materials section, the
Si, Al, K, Ca, O, and Fe belong to underlying FCS. Additionally, Si and O may also be
implicated in the silicon-like RIP. For the FCS cracked open, the smooth inner surface
morphology obviously proved that the integrity of the FCS shell remained intact. Thus,
two major factors, the formation of amorphous N-C-A-S-H and prevention of PR of FCS by
RIP, provided improved mechanical properties of samples treated with PMHS. However,
as described in the XRD study, although FCS were treated with 3% PMHS, some PR
reaction products of FCS were present, including gismondine (Cas(AlgSigOs37)(H20)19) and
gobbinsite (Nay 74 Caj 23)(Als 65 Si1p.35 O32)(H20)10.9). The PR products can be recognized
in the image as the rough inner surface texture of one of the shell craters.
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Figure 26. SEM image and EDX elemental composition of CAC blend with 3% PMHS-treated FCS after autoclaving for 24 h

at 250 °C.

Figure 27 shows an aggregate with radial morphology of well-crystallized PR product
in the FCS crater. Its EDX elemental composition included 15.4% Al, 16.6% Si, 60% O, and
3.8% Ca as major elements and the minor presence of Na and Fe. The elemental percentage
ratios of Ca/O, Al/O, and Si/O were 0.06, 0.26, and 0.27, respectively. In contrast, the
elemental ratios in molecular formula, Cas(AlgSigO3;)(H20)19, of gismondine, obtained
from XRD were 0.08 Ca/O, 0.16 Al/O, and 0.16 Si/O. Although Al/O and Si/O ratios
of gismondine identified by XRD are 0.1 and 0.11 lower than those obtained by EDX, it
is possible to assume that this radial-like crystal aggregate is gismondine, which formed
as a PR product of mullite in FCS with Ca?* and 20H~ liberated from the hydrolysis of
CAC [71].
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Figure 27. SEM image and EDX elemental composition of CAC blend with 3% PMHS-treated fly ash cenospheres after
autoclaving for 24 h at 250 °C.

Gobbinsite could be identified by its orthorhombic crystal morphology [74,75] (Figure 28).
EDX major elemental composition included 6.23% Na, 2.92% Ca, 8.76% Al, 14.4% Si, and
66.02% O, corresponding to the elemental percentage ratios of 0.09 Na/O, 0.04 Ca/O,
0.13 Al/O, and 0.22 Si/O. These elemental ratios closely resembled ratios in the molecu-
lar formula, (Na4.74Ca1.23)(A15,65 Si10'35)032)(H20)10.9, of gobbinsite detected in the XRD
study; namely, Na/O, Ca/O, Al/O, and Si/O elemental ratios of 0.11, 0.03, 0.13, and 0.24
respectively (area B). In addition, gobbinsite crystals can be seen in area A with similar
elemental ratios.

| Element | % | %sigma M Element | B area
7.70 0.87 ’ 9% ratio

59.45 0.77

5.85 01 fj No/0 010
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Element | Aarea
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Total: 100.00

Figure 28. SEM image and EDX elemental composition of CAC blend with 3% PMHS-treated FCSs after autoclaving for
24 h at 250 °C.
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Furthermore, XRD study also identified boehmite crystals derived from CAC after
calcium reactions with PMHS. Figure 29 shows the plate-like well-formed crystals. EDX
elemental composition for this area consisted of two predominant elements, 38.6% Al and
58.3% O, attributed to the boehmite, AIOOH.

15.0kV SEI

Figure 29. SEM image and EDX elemental composition of CAC blend with 3% PMHS-treated FCSs after autoclaving for 24

hat 250 °C.

4. Conclusions

FCS were used as part of the thermal-shock-resistant lightweight cement formulation
for underground energy-storage and energy-recovery wells. To minimize the PR of FCS
shells constituted of mullite and silica in alkaline environments at hydrothermal temper-
atures ranging from 85 to 250 °C, the chemical preparation of the shells’ surfaces was
performed by blending FCS with SMS and PMHS. This treatment resulted in chemical
bonding of FCS with deprotonated PMHS (PMS), minimizing the susceptibility of FCS to
PR at up to 175 °C. The elevated temperature of 250 °C brought about a partial breakage of
the FCS-PMS interfacial chemical bond.

PMHS molecular structure alterations under high temperatures increased the thermal
stability of the FCS protective layer. The presence of original hydrophobic Si-CHj3 groups
within PMS conferred an excellent water-repellent property on lightweight cement at
175 °C. After 250 °C autoclaving, all samples with PMHS-treated FCS were hydrophobic,
showing a water droplet contact angle of >100° both before and after the TS test. The
contact angle increased with an increasing content of PMHS. Samples with 3 and 5% PMHS
were overhydrophobic.

PMHS-treated FCS aggregates were very compatible with CAC, and furthermore, a
great lubricating property of PMHS improved the fluidity of cement slurries with low
densities, ranging from 1.24 to 1.29 g/cm® and W/C ratios of 0.51-0.47.

The chemical tailoring of the FCS surface by PMHS not only alleviated PR of FCS but
also improved mechanical strengths of lightweight cements. In particular, the toughness
of 1 and 3% PMHS-treated samples was 26 and 30% higher than that of regular density
TSRC control. Although the strength and toughness of 3 and 5% PMHS samples somewhat
decreased after the TS tests, their integrity as TS-resistant well cement remained intact.

The incorporation of PMHS declined both TC and WSBD values compared with
those of the PMHS-free lightweight cement, strongly demonstrating that PMHS-treated
FCSs improved the thermal insulation property of the lightweight cement. Two principal
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factors were responsible for this: the inertness of PMHS-treated FCS surfaces to PR and
the low water absorption and transportation through the hydrophobic cement even under
water-saturated conditions of underground wells. With 5% PMHS, the lowest WSBD of
1.29 g/cm? in this test corresponded to the lowest TC of 0.63 W/mK, which was 50% lower
than that of the TSRC control. After the TS test, all samples with PMHS-treated FCS further
decreased TC; e.g., TC after the TS for 5% PMHS was 0.52 W/mK.

This technology should enable a decrease of energy losses during energy storage and
recovery from geothermal wells while providing adequate well integrity.

5. Patents

1P2020-012-01, U.S. Provisional Patent Application Serial # 63 /087,489 and Title “Super-
hydrophobic, thermally insulating, thermal-shocks resistant well cement composites for
completion of geothermal wells at hydrothermal temperatures of up to 300 °C”, filed
10 May 2020.
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