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KEYWORDS Abstract As an indispensable part of cement slurry for high temperature and high pressure oil and
Ol el comei-base o gas wells, weighting materials have a significant impact on the carbon dioxide corrosion of oil well
posites; cement-based composites.This paper studied the carbonation process of cement with three weight-
Carbonation; ing agents, and evaluated the compressive strength and carbonation depth of cement at 150 C.
Weighting materials; XRD, SEM and MIP were used to study the carbonation mechanism of cement. When 21 days
High temperature; of carbonation, the carbonation depth growth rate of hausmannite cement was 0.21 mm/d, hematite
Carbon dioxide cement was 0.24 mm/d, and barite cement was 0.31 mm/d. The compressive strength of cement

decreased after carbonation,and the carbonation had a minor influence on the compressive strength
of hausmannite cement and the most significant impact on barite cement. The carbonation product
of oil well cement was mainly calcite. Unstable vaterite mainly existed in the barite cement sample,
indicating that the barite cement sample was the most serious corrosion. In the carbonation zone,
the number of pores smaller than 10 nm increased the most in the hausmannite cement sample.
Pores with a diameter greater than 100 nm accounted for 1.9 % in the hausmannite cement,
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3.0 % in hematite cement, and 4.8 % in barite cement. The result shows that hausmannite is the
most conducive to the corrosion resistance of oil well cement.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cementing operation plays a vital role in the development of oil and
gas wells.Cement slurry is injected into the annulus between the casing
and the wellbore in cementing operations. The cement slurry sets to
form a cement sheath. The cement sheath supports the casing, seals
the leakage zone, and prevents cross-flow of fluids (oil, gas, and water)
between the formations. So the integrity of cement sheath is critical to
ensure the production safety of oil and gas wells. Chemical reactions
are a common factor affecting the integrity of the cement sheath.
Because Portland cement is commonly used in well cement, the hydra-
tion products of the cement are rich in alkaline substances, so they are
vulnerable to acid fluid erosion (Kiran et al., 2017). Common acidic
fluids in the formation are CO, and H,S, of which CO, is the main fac-
tor leading to cement sheath corrosion (Krilov et al., 2000). Although
CO, gas is not corrosive, it reacts with water to form carbonic acid,
which may lead to the carbonation and dissolution process of cemen-
titious phases, followed by the leaching of carbonate and increasing
porosity and permeability, finally creating pathways through a casing
surface. Upon leakage of CO, aqueous solution into the casing surface,
corrosion processes, including localized and pitting, can occur. This
can dramatically reduce the life of oil and gas wells (Hoa et al., 2021).

There are two primary sources of CO, near-wellbore: artificial
injection and inorganic origin. Artificial injection mainly occurs in in
carbon capture and storage (CCS) wells, CO; is injected into deep sal-
ine, coal beds, and depleted reservoirs to store it for long-term storage
(Bachu, 2000; Lesti et al., 2013; Vishal et al., 2021). In addition, in
terms of enhanced oil recovery, CO, flooding technology (Lu et al.,
2021), CO, fracturing technology (Nianyin et al., 2021), and CO,
replacement technology (Wang et al., 2021) have broad application
prospects due to the unique physical and chemical characteristics of
CO, fluid. Inorganic CO, in the strata is mainly derived from the
degassing of the mantle and volcanic rock, which is migrated and accu-
mulated to form CO, gas reservoirs (Guang et al., 2011), which will be

Table 1 Test conditions of cement carbonation experiment.

mined together when mixed with oil and gas. When CO, is abundant
near the wellbore, the integrity of the cement sheath is severely tested.
The design difficulty of the cement slurry is how to reduce the corro-
sion of CO,; on oil well cement-based composites.

Researchers have done many studies on cement slurry in the envi-
ronment where carbon dioxide exists, and some scholars have written
relevant reviews (Bagheri et al., 2018; Teodoriu and Bello, 2020).
Table. 1 shows the experimental conditions of laboratory experiments
of oil well cement in a carbonic acid environment conducted by some
scholars in recent years. The carbonation experiment of oil well cement
under high temperature is relatively few, and the carbonation experi-
ment of cement under high temperature and high pressure is relatively
few involving the influence of weighting materials on the carbonation
of cement. However, the carbonation of oil well cement in high-
temperature and high-pressure environments cannot be ignored.
CO,-rich high temperature reservoirs are found in the Krishna Goda-
vari basin on the east coast of India (Shah et al., 2012), Persian Gulf
Basin (Abed et al., 2010), Oman salt basin in South Sudan (Fakhr
Eldin et al., 2009), Northern Kuwait (Abdel-Basset et al., 2021),
Sichuan Basin (Wei et al., 2015), and Yinggehai Basin in the South
China Sea (Jihai and Huang, b., 2019). Taking the South China Sea
as an example, its maximum pressure coefficient is 2.38, seabed temper-
ature is 480°C, and CO, concentration is 50 % (Shujie et al., 2020). Due
to the different hydration mechanisms of cement at different tempera-
tures, the influence on carbonation is also different (Omosebi et al.,
2015). At the same time, high temperature will promote the carbona-
tion rate of oil well cement-based composites (Drouet et al., 2019),
and CO, solubility increases with the increase of pressure (Allen
et al., 2005). These factors make the carbonation of cement under high
temperature and high pressure more complicated.

Applying a high-density cement slurry to balance formation pres-
sure is often necessary for high temperature and high pressure oil
and gas wells. Generally, increase the slurry density by adding weight-
ing agents. Weighting agents used in oil well cement are usually inert

Data sources

Test conditions

Maximum temperature (‘C) Maximum pressure (MPa)

Mei et al. (2021) (Mei et al., 2022)

Ponzi et al. (2021) (Ponzi et al., 2021)

Tiong et al. (2020) (Tiong et al. 2020)

(Costa et al. (2021) Costa et al., 2021)

Engelke et al. (2017) (Engelke et al., 2017)
Contreras (2021) (Contreras and Santra, 2021)
Yang et al. (2016) (Yang et al., 2016)

Ledesma et al. (2019) (Ledesma et al., 2020)
Batista et al. (2020) (Batista et al. , 2021)

Xu et al. (2019) (Xu et al., 2019)

Sedic et al. (2020) (Sedic et al., 2020)

Xin et al. (2020) (Xin et al., 2020)

Jani et al. (2021) (Jani and Imgam, 2021)
Bjorge et al. (2019) (Bjorge et al., 2019)
Elkatatny (2020) (Elkatatny, 2021)

Ridha et al. (2021) (Ridha et al., 2021)
Mahmoud et al. (2020) (Mahmoud and Elkatatny, 2020)
Srivastava et al. (2019) (Srivastava et al., 2019)
Omosebi et al. (2015) (Omosebi et al., 2015)

62 17
65 15
70 24
70 13
74 24
82 20
85 20
90 15
90 15
90 20
100 7

100 5

110 10
120 28
130 10
130 24
130 10
221 63
221 62
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materials, which significantly impact the rheology, fluid loss, and com-
pressive strength of the cement slurry. As a result, the design of high-
density cement slurry is more complex than that of conventional
cement slurry. In terms of the selection of weighting agent, the weight-
ing materials used in oil well cement-based composites to improve the
density of cement slurry mainly include barite, hausmannite and hema-
tite. Under higher temperatures such as geothermal steam injection
and ultra-deep Wells, hematite, hausmannite, and ilmenite are no
longer inert in cement slurries with temperatures above 302 “C, while
barite is still inert under such conditions (Ramazanova et al., 2021;
Caritey and Brady, 2013). To obtain a higher filling amount, some
scholars selected spherical particle Micromax weighting agent, reduced
iron, and hematite to combine to improve the rheological properties of
cement slurry and achieve a tighter stacking effect, and further
obtained ultra-high-density cement slurry with a density of 2.7 ~ 3.0
g/em? (Shiming et al., 2013). As weighting material is an essential com-
ponent of high temperature resistant and high density cement slurry,
for oil and gas wells containing carbon dioxide acid gas, it is necessary
to study the effect of weighting agent on carbon dioxide corrosion of
oil well cement-based composites.

There are few studies on the application of cement weighting agents
in oil wells under the condition of high temperature and rich CO,.
Considering the different fillers under the environment of high temper-
ature of oil well cement’s carbonation resistance ability may produce a
different effect, so this paper analyzes three kinds of commonly used
fillers: hausmannite (Mn;0,4), hematite (Fe,O;), and barite (BaSOy),
for evaluation of slurry for adding different weighting agents under
the environment of high temperature and high CO, concentration car-
bonation resistance, and the influence mechanism of cement carbona-
tion of weighting materials.

2. Materials and methods

2.1. Materials

Class-G oil well cement was used from Sichuan Jiahua Special
Cement Factory (Chengdu, China). Table. 2 shows the chem-
ical composition of cement. 35 wt% silica sand was added to
avoid the compressive strength decline of oil well cement-
based composites at high temperatures. The fluid loss additive,
defoamer, and dispersant used in the experiment came from
Jingzhou Jiahua Technology Co., 1td. Dispersant is used to
ensure the fluidity of the cement slurry when too much weight-

Table 2 Chemical composition of Class-G cement.

Chemical composition (wt%)
CaO SlOz F6203 A1203 MgO SO3 Others
64.15 22.93 4.55 2.88 1.45 2.11 1.93

Hematite

gausmannlte

s

Fig. 1

ing agent is added. The microscopic morphology of hausman-
nite (Mn30y4), hematite (Fe>O3), and barite (BaSOy,) are shown
in Fig. 1. Table 3 shows the composition of different cement
slurries.

2.2. Methods

2.2.1. Sample preparation

The solid material was weighed before mixing with the liquid
and mixed evenly. The liquid admixture was first added to
water and was stirred evenly at a speed of 3800 ~ 4200r/mi
n, and then the solid material was added slowly in the 30 s.
After adding the ingredients, put the lid on the mixing cup
and continue to stir for 35 s at 11,000-12,000r /min. Due to
the large volume of cubic cement sample with an API standard
side length of 2in, the carbonation reaction is not obvious in a
relatively short time, cylindrical cement samples with a small
volume can be selected for the carbonation experiment
(Bruckdorfer, 1986). The mixed cement slurry was poured into
a cylindrical metal mold with a bottom diameter of 25 mm and
a height of 25 mm as shown in Fig. 2 and manually stirred for
defoaming. Then put the slurry mold into a curing kettle for
three days. The temperature of the curing kettle was set as
150 °C and the pressure as 21 MPa. The temperature and pres-
sure rise rate was set as 0.63 ‘C/min and 0.09 MPa/min.

2.2.2. Carbon dioxide corrosion test of cement samples

Put the sample used for carbonation into the carbonation test
reaction vessel, as shown in Fig. 3, and fill the carbonation
instrument with 70 % CO, and 30 % N,. The carbonation
temperature was 150 °C, and the pressure in the reaction vessel
was 30 MPa.

2.2.3. Compressive strength test

The cement sample was placed on the supporting block of the
mechanical testing machine and ensured that the supporting
block with a spherical base was balanced and could be tilted
freely. The loading rate was set at 1.2kN/s to measure the
unconfined compressive strength of the cement sample.

2.2.4. Carbonation depth

The circular corrosion profile was obtained by cutting the
cylinder cement in the middle of the side. Because the car-
bonized zone was depleted of alkaline materials and the uncar-
bonized middle part is rich in alkaline materials, the
carbonation part could be distinguished from the uncar-
bonized part by phenolphthalein reagent titration. The uncar-

SEM images of weighting agent.
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Table 3 The composition of different cement slurries.
Mixes(wt. %)
OPC Silica powder Fresh water Filtrate reducer Defoamer Dispersant Hausmannite Hematite Barite
NWC 100 35 44 5 1
MC 100 35 44 5 1 50
FC 100 35 44 S 1 50
BC 100 35 44 5 1 50
MC25 100 35 44 5 1 2.5 25
MC50 100 35 44 5 1 2.5 50
MCT75 100 35 44 5 1 2.5 75
Fig. 2 Diagram of metal mold and cylindrical cement samples.
bonized zone of cement was calculated by ImageJ] image pro- D S,
cessing software. Eq. (1) is used to calculate the carbonation d= 2 Vo 2
area of cement. By Eq. (2), Eq. (3), and Eq. (4), the average
carbonation depth, the proportion of carbonation zone, and S,
. : P=_—"2_x100% 3)
the carbonation rate of cement are calculated, respectively. S,+S,
D\ 2
S =n{=) -8 1 d
1=x(3) - O @
As shown in Fig. 4, D is the diameter of the cement rock
bottom; S, is the carbonation zone; S; is the zone of the uncar-
bonized zone; d is the average carbonation depth; P is the pro-
Thermostat 150°C Pressure gauge portion of carbonized zone; v is the carbonation rate; ¢ is
e<00 / carbonation time.
N2 . COZ 2.2.5. X-ray diffraction analysis
-

Fresh water

Cement sample

Thermocouple

Fig. 3 Carbonation test reaction vessel.

The Bruker D8-Advance X-ray diffractometer was used to
analyze the phase composition of cement samples. After car-
bonation for 30 days, the carbonized zone and the uncar-
bonized zone of cement were sampled, ground into powder,

Simplification

L d

Fig. 4 Carbonation depth simplified diagram.
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and dried in an oven of 60 C for 24 h. The experiment was
conducted with Cu-Kao radiation, and the angle range was
5°~90°.

2.2.6. Scanning electron microscope test

The SU8010 scanning electron microscope was used to analyze
the microstructure. The cement sample was dried after carbon-
ation for 30 days. After drying, the sample surface was sprayed
with gold to obtain better image quality.

2.2.7. Pore diameter distribution

The Autoporell9220 mercury intrusion porosimetry from
Micromertics was uesd to measure the pore size distribution
of cement-based materials. Small pieces of cement in car-
bonized and uncarbonized areas were selected. To avoid the
residual moisture in tiny pores influencing the test results, sam-
ples were dried in 105 °C ovens for 24 h before the test.

3. Results and discussion

3.1. Effect of weighting agent on the properties of corroded
cement paste

3.1.1. Effect of different weighting agents on carbonation depth

The carbonation degree of cement can be evaluated according
to the carbonation depth, which is determined using phenolph-
thalein indicator. Carbonation depth is the most intuitive evi-

Hausmannite

No weighting agent

3d

9d

21d

dence to measure the carbonation rate of oil well cement-based
composites (Ponzi et al., 2021; Costa et al., 2021; Mi et al.,
2021). Fig. 5 shows the cross-sections of cement carbonation
for 3, 9, and 21 days. With the increase of carbonation time,
the carbonation depth of cement samples gradually becomes
more extensive. When the carbonation time reaches 21 days,
the carbonation zone of different types of cement samples
can be observed by visual significantly different. The uncar-
bonized area S1, the average carbonation depth d, and the pro-
portion of carbonized zone P were calculated after 21 days of
carbonation of cement, as shown in Table 4. Among them, the
carbonation depth of cement with a weighting agent is less
than that without weighting agents. Among the cement con-
taining weighting agents, the carbonation depth of hausman-
nite cement is the lowest, followed by hematite cement, and
barite cement carbonation depth is the largest. The carbona-
tion depth of barite cement is 50.2 % larger than that of haus-
mannite cement and 31.3 % larger than that of hematite
cement. The carbonation zone of barite cement accounted
for 77.3 % of the whole cross-section zone, while the hausman-
nite cement was only 57.6 %.

Table 5 shows the carbonation rate of cement in different
periods. It can be known that the carbonation rate of cement
in the first three days is the largest, and the carbonation rate
of cement in the later period is far less than the carbonation
rate of the first three days. Pores with larger diameter play a
dominant role in carbon dioxide diffusion. The faster carbon-
ation reaction mainly occurred in the early carbonization

Hematite Barite

Fig. 5 Section diagrams of cement carbonation for 3, 9, and 21 days.
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Table 4 Cement carbonation 21 days of carbonation data.

Weighting agents S; (mm?) D (mm) P (%)
No weighting agent 93.6 7.04 80.9
Hausmannite 208.1 4.36 57.6
Hematite 177.3 4.99 63.9
Barite 111.4 6.55 77.3

Table S Carbonation rate of cement in different periods.

Weighting agents v; (mm/ V3o (mm/ vy, (mm/ v,y (mm/
d) d) d) d)

No weighting 0.91 0.30 0.21 0.34

agent

Hausmannite 0.79 0.16 0.08 0.21

Hematite 0.78 0.13 0.16 0.24

Barite 0.81 0.25 0.22 0.31

stage, while the subsequent carbonation curing was unprof-
itable to the carbonation effect due to the generation of cal-
cium carbonate prevents the diffusion of CO,, making the
subsequent carbonation become difficult (Wang et al., 2019).
The overall trend of the carbonation rate of the cement was
decreasing, except that the carbonation rate of hematite
cement on the 9th to 12th day was slightly higher than that
on the 3rd to the ninth day. In the carbonation time of 21 days,
the carbonation rate of hausmannite cement was the lowest,
and the carbonation rate of cement without weighting agents
was the highest.

3.1.2. Effect of weighting agent on compressive strength after
corrosion

Compressive strength is an essential property of oil well
cement. Fig. 6 shows the influence of carbonation on the com-
pressive strength of cement. The cement curing for three days
was used as the base sample. Then the cement was divided into
two batches, respectively, continuing for two weeks of curing
(no COy) and carbonation test. With the continuous hydration
reaction, the compressive strength of cement after two weeks
of continuous curing was improved compared with the com-

90

[ No weighting agent cement
r I Hausmannite cement

80 | [ Hematite cement

[ Barite cement

Compressive strength (MPa)
[ w B W
(=] (=] (=} (=]

—_
(=]

(=}

14(curing)

14(carbonation test)

Curing and carbonation test time (d)

Fig. 6 Change of cement compressive strength.

pressive strength of the base samples. Among them, the com-
pressive strength of hausmannite cement increased most
significantly by 45.7 %; the compressive strength of hematite
cement increased by 14.7 %; the compressive strength of barite
increased the least and had no noticeable change. The further
hydration of cement is the main reason for the increase in com-
pressive strength of the cement set. The change of compressive
strength reflects the early hydration rate of different cement
sets. It can be known that the early hydration rate of hausman-
nite cement is slow, and the compressive strength is greatly
improved with the extension of curing time. However, the early
hydration rate of barite is faster, and the compressive strength
is close to the peak after curing for three days. Hydration
products of Portland cement are alkaline. When the hydration
time is short, Portland cement has not generated many hydra-
tion products and CO, medium reactions (Costa et al., 2018).
The faster hydration speed may be the reason for the faster
carbonation rate of barite cement. After carbonation for two
weeks, the compressive strength of cement decreased to differ-
ent degrees compared with cement cured for the same time.
The compressive strength of the hausmannite cement
decreased the least, while that of the barite cement decreased
significantly.

3.2. Effect of weighting agent on microstructure of corroded
cement paste

3.2.1. X-ray diffraction analysis of cement sample

Fig. 7 shows that in the physical phase of cement, the unre-
acted SiO,, the carbonized product CaCOs, and the weighting
material itself (Mn3;04, Fe,0s3, and BaSO,) had prominent
characteristic peaks. Compared with the uncarbonized zone,
the carbonized zone was rich in carbonized product CaCOs,
which mainly existed in the carbonized zone in three forms,
namely calcite, aragonite, and vaterite. Calcite widely existed
in all kinds of cement and is the main carbonation product,
aragonite mainly existed in cement without a weighting agent
(Fig. 7a), hausmannite cement (Fig. 7b), and hematite cement
(Fig. 7c), vaterite mainly existed in barite cement (Fig. 7d).
Aragonite formed by reaction under high-temperature condi-
tions is converted to vaterite when the pH value in the cement
matrix drops to a level conducive to vaterite formation (Bjorge
et al., 2019). At the beginning of the carbonation reaction, the
calcium carbonate content increases with the reaction time, but
after a longer time, the calcium carbonate content will appear
to decrease, which may be related to the leaching of carbonate
(Ledesma et al., 2020; Bjorge et al., 2019; Zhang et al., 2018).
The cement stone containing weighting agent is rich in many
non-alkaline substances, coupled with the rapid carbonation
rate of barite cement stone, carbonation reaction constantly
consumes alkaline hydration products in the cement matrix.
These factors may cause the barite cement carbonation zone
to be rich in vaterite. The peak value of calcite in cement with-
out a weighting agent decreased significantly after carbonation
for nine days compared with 30 days, indicating that the bicar-
bonate reaction began to take place in large quantities. On the
contrary, the peak value of barite cement calcite increased sig-
nificantly, indicating that the carbonation reaction was still in
large quantities, which further indicated that the carbonation
products generated by barite cement could not effectively inhi-
bit the carbonation rate cement.
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Fig. 7 XRD patterns of cement carbonation on the 9th and 30th day.

Fig. 8 Cement without weighting agent (a is in the uncarbonized zone, b and ¢ are in the carbonized zone).

3.2.2. Scanning electron microscopy test of cement sample

The microstructure of cement before and after carbonation
can be observed by scanning an electron microscope. Fig. §,
Fig. 9, Fig. 10, and Fig. 11 show SEM images of the uncar-

bonized zone and carbonized zone of cement set after 30 days
of carbonation. The uncarbonized layer of cement was rich in
calcium silicate hydrate (CSH), and the presence of CSH can
provide strength for cement (Zhang et al., 2023). The carbon-
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/ Va?erite :
i A

|

Fig. 11

ation reaction consumes CSH, which is a process of volume
shrinkage (Shen et al., 2016). Therefore, compared with
CaCO;, CSH is more conducive to the densification of cement
structures. Carbonation generated amorphous SiO, after CSH
reaction, as shown in Fig. 8c. The cement carbonation zone
structure was looser, with more pores. Unlike irregularly
shaped hematite and barite, spherical Mn;O,4 (Fig. 9) has a
more vital mixing ability and is more evenly dispersed in
cement. If the mineral materials are not evenly dispersed, it
is easy to see the phenomenon of particle aggregation, as
shown in Fig. 10c. A large amount of vaterite could be found
in the barite cement carbonation zone (Fig. 11c), consistent
with the conclusion in Fig. 7d. The formation of vaterite
proved that the carbonization rate of barite cement was fast.

3.2.3. Pore diameter distribution of cement sample

The Mercury injection method is used to analyze the pore
diameter distribution of cement after carbonation, and the
influence of carbonation on the pore structure of cement can
be learned. The pore diameter of cement paste falls into four
categories: gel pores (diameter < 10 nm), transitional pores
(diameter, 10 ~ 100 nm), capillary pores (diameter,

Barite

Spm

Cement with Barite (a is in the uncarbonized zone, b and c are in the carbonized zone).

100 ~ 1000 nm) and macropores (diameter > 1000 nm) in
light of the natural distribution of the pore structure. Pores lar-
ger than 50 nm in diameter can be regarded as harmful pores
(Wang et al., 2020; Zhang et al., 2017). As can be seen from the
pore size distribution of cement stones in Fig. 12, the pore
diameter distribution of all cement stones is mainly concen-
trated within 100 nm. Unlike barite cement, the pore diameter
distribution of other cement has a similar trend after carbona-
tion. That is, the pore diameter of the most distributed pore
becomes small. It is worth noting that although barite cement
has a faster carbonation rate, the pores with the most extensive
distribution of uncarbonized zones have the most minor pore
diameters (Fig. 12d). It indicates that under initial conditions
(without carbonation), more small pore size does not mean a
slower carbonation rate.

Fig. 13 shows the volume distribution of different types of
pores in different cement samples. Compared with cement
without adding a weighting agent, the volume of uncarbonized
zone pore of cement with a weighting agent was smaller. Add-
ing weight agent can effectively reduce the porosity of cement
stone (Ahmed et al., 2019). Compared with the uncarbonized
zone, the pore volume of all cement increased significantly.
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Fig. 13  Pore volume distribution after carbonation for 30 days.

The pore volume of cement without weighting agent increased
by 59.6 %, that of hausmannite cement increased by 79.6 %,
that of hematite cement increased by 82.3 %, and that of barite
cement increased by 104.6 %. The pore volume of cement
without a weighting agent had the slightest change; the pore
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Differential pore-size distributions of the specimens after carbonation for 30 days.

volume of the uncarbonized zone and the carbonation zone
was the largest. The change of pore volume of hausmannite
cement was the least in the cement with a weighting agent.
According to the proportions of different pores in not car-
bonation zones (NCZ) and carbonation zones (CZ) of the
cement samples in Table 6, it can be seen that more than
95 % of the pore diameter of cement pore was less than
100 nm. There are a lot of pores in hardened oil well cement
slurry. These are mainly composed of capillaries less than
10 nm in diameter and gel pores. The porosity with large diam-
eter has a destructive effect on the strength of cement stone
(Zhang et al., 2018; Wang et al., 2017). The pore diameter
changes of different cement had similar rules. The pores with
diameters smaller than 10 nm increased, and those with pore
diameters between 10 nm and 100 nm decreased. The differ-
ence was that barite cement pores with pore diameter greater
than 100 nm increased while other cement decreased. Of all
types of cement, the proportion of pore volume with large
pores size (diameter greater than 100 nm) of hausmannite
cement decreased the most, which might be an important rea-
son for its lowest carbonation rate. It is worth noting that
although the proportion of the number of pores less than
10 nm in the uncarbonized zone of barite cement was the lar-
gest, the proportion of the number of pores less than 10 nm in
the carbonation zone was the smallest. The rapid carbonation
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Table 6 Percentage of pore size of different types of cement.
Type of weighting agent Different types of pore volume (%)

<10 nm 10-100 nm > 100 nm

NCZzZ Ccz NCz CczZ NCZ Ccz
No weighting agent 12.8 59.3 83.3 39.0 3.9 1.7
Hausmannite 12.1 38.9 83.1 59.2 4.8 1.9
Hematite 13.8 39.1 81.9 57.9 4.4 3.0
Barite 23.9 27.8 72.0 67.4 4.1 4.8

rate of cement without a weighting agent might be due to its
sizeable initial pore volume. However, the poor ability of bar-
ite cement to generate tiny pores (pore diameter less than
10 nm) after carbonation may be the reason for its rapid car-
bonation rate.

3.3. Discussion on carbonation mechanism of cement sample

Commonly used oil well cement belongs to the Portland
cement series, silicate mineral mass fraction accounts for about
80 %, its main mineral composition is C3S and C,S (Mei et al.,
2020). The hydration reaction occurs, and corresponding
hydration products are generated (Eq.5) when various cement
components are in contact with water. Currently, it is generally
accepted that the reaction process of cement carbonization is
divided into four regions with cement as the matrix
(Kutchko et al., 2007; Mason et al., 2013), as shown in
Fig. 14. Cement is in an acidic environment rich in carbonic
acid (Eq.6). The outermost region is the area rich in silica, in
which the hydration products and carbonation products are
consumed, and amorphous SiO2 remains. Eq. (9) reacts at
the interface of I and I, and the generated bicarbonate ion is
transported outward. At the same time, the generated Ca
(HCOs3), will further consume Ca ", resulting in reaction Eq.

Direction of
corrosion

H,COs(aq)

Unaltered
Cement

Fig. 14 Reaction process of CO, corroding cement.

(10), which promotes the carbonation reaction. II is the undis-
solved calcium carbonate zone, and III is the Ca(OH), deple-
tion zone. In region 3, under the action of concentration
difference, hydration product Ca(OH), dissolves preferen-
tially, Ca™ migrates outward, and a carbonation reaction
occurs (Eq. (7)). Ca(OH), is consumed, and CSH that has
not participated in the carbonation reaction remains. Region
2 continues to develop internally, further consuming CSH
and producing a reaction (Eq.8). IV is the unreacted zone, in
which the physical and chemical properties of cement have
not changed.

C38(C,S) +xH — CSH+yCH (5)
CO, + H,0 2 H,COy =2 H" + HCOZ (6)
Ca(OH), + H" + HCO; — CaCO; + 2H,0 (7)
CSH + H* + HCO; — CaCO; + SiO,(gel) + H,0 (8)
CO, + H,0 + CaCO; — Ca(HCOs3), (9)
Ca(HCO3), + Ca(OH), — 2CaCO; + H,0 (10)

The carbonation of cement is a complex process, and the
carbonization of oil well cement is also affected by many fac-
tors. The carbonation mechanism may differ under different
conditions. In the carbonation process of high-temperature
sand cement, due to the addition of many siliceous materials,
cement hydration products at high temperatures do not con-
tain Ca(OH),. Therefore, there is no Ca(OH), dissolution pro-
cess (Costa and d. S., Freitas, J. C. d. O., Santos, P. H. S.,
Melo, D. M. d. A., Araujo, R. G. d. S., Oliveira, Y. H. d., ,
2018; Jiang et al., 2021). Therefore, the carbonation front of
cement with silica sand may be different from that without sil-
ica sand (Bjorge et al., 2019). In this paper, the admixture of
cement slurry has many weighting materials besides silica sand.
Although the weighting material only plays the role of filling
and weighting and does not participate in cement’s hydration
and carbonation reaction, different weighting agents have dif-
ferent effects on the carbonation of cement.

When adding a large number of foreign admixtures that do
not participate in the reaction, the carbonization rate of
cement needs to consider the influence of foreign admixtures
on the cement hydration rate (Briki et al., 2021). In laboratory
tests, cement is often chosen to be cured for 3-7 days before
carbonation reaction, but in fact, cement slurry begins to solid-
ify when it is injected underground. At the same time, it is also
necessary to consider whether cement carbonization can form
a more dense carbonation zone. There may be many factors
affecting the formation of dense carbonation zone after the
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Fig. 15 Schematic diagram of pore structure change after carbonation of cement with different fillers.

carbonation of cement. In comparing the carbonation rate of
cement without a weighting agent and cement with a weighting
agent, the water—solid ratio is the main factor (Mu et al., 2017).
Because the weighting agent increases the density of cement
slurry and plays a role in filling pores, under the same water
consumption condition, the pore volume of three kinds of
cement with weighting agents is smaller than that without a
weighting agent. Secondly, the influence of pore volume of
the cement carbide layer may also be related to the dispersion
degree of weighting agent particles in the cement slurry system.
As shown in Fig. 15, hausmannite particles are more evenly
distributed in the cement slurry system because of their spher-
ical shape, which better mixing ability than the irregularly
shaped weighting agent. As weighting agent itself does not par-
ticipate in the carbonation reaction but mainly plays a filling
role. Therefore, when the carbonation reaction consumes
CSH, the spherical weighting agent with more uniform disper-
sion forms relatively small pores. Smaller pores are also more
likely to retain CaCO; generated by carbonization, thus reduc-
ing the formation of large pores.

4. Conclusion

According to the experimental results, the following are conclusions in
this study.

(1) Different weighting agents have different effects on the hydra-
tion rate of cement. Barite cement stone hydration rate is the
fastest, hausmannite cement stone hydration rate is the slowest.
Although the rapid hydration rate is beneficial to the develop-
ment of compressive strength, it will harm the carbonation of
cement.

(2) Cement carbide mainly exists in three forms, namely, calcite,
aragonite, and vaterite. Among them, calcite is the main car-
bonation product of all cement, and vaterite mainly exists in
the carbonation zone of barite cement. Aragonite is less con-
tained in the carbonation zone of barite cement, while it is more
in the carbonation zone of hausmannite cement and hematite
cement. The mass production of vaterite is the manifestation
of the high carbonation rate of barite cement.

(3) In the process of carbonation, the pore structure of cement is
mainly reflected in the increase of the number of pores with
pores diameter less than 10 nm, and the proportion of the num-
ber of pores with pores diameter greater than 100 nm decreases.
The pore size larger than 100 nm occupies the least proportion
in hausmanite cement and the highest proportion in barite
cement. The formation of tiny pores whose diameters are less
than 10 nm is an important reason to reduce the carbonation
rate. The pore structure changes are different after the carbon-
ation of cement with different weighting agents. The cement
with a more dense carbonation zone has a slower carbonation
rate. Among the three weighting agents (hausmannite, hema-
tite, and barite), hausmannite has the best effect on slowing
down the carbonation rate of cement.
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