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Fig. 1 Preparation process of semi-dry carbonated Portland cement



5455 5 W

JABEE: S5 P TIERAO RERR £ K Je KA SO E5 K4 R i + 1503 -

1.43 W4 KA Bruker DS ADVANCE 7
X HHRATHFN(Cu Ky 40KV, 40 mA), L2 (°)/min
I 5°~65°20) 30 [l I £ 1k s B Ry KR o
Highscore plus # LA XRD 3%, KA 7M#1%E(TiO,
AR AT BARFR R (Rietveld) € & 73 HT o

KH STA 449C B[FRP I HTAAER TS T
WK O &b OB B R R BE L, IR S B
35~950 ‘C, FHEHEZF AN 10 C/min, HHALELES
KA A (CH) R & &R,

F]F Thermo-Scientific Nicolet IS10 Y&ii{%, %
F KBr J& ik llisom R i 204, R
N 4000~400 e !, 73 3EE A 4 em .
144 FLIEWIREE  SRAB RV AEAH NRg 9 X
H AL, IR 3 kN/s, [k /734 800 kN
JEfRE 10 min. HEFLIFRE 0.45 pm £k 9E, B
2mLIE pHAE, HEL2 mL hn 73 pL Ik ERER 1L,
FAikE 50 155 FH PS-6 B! HLBGE & 56 B TR R 56
AR Nay K B0 .
145 FLEEH B3RP 28 d R RNE R BRI B R
#) 5 mmx5 mmx5 mm [FIR0RL, SR S5 ARERIE 7 d
Ja B TEREE, KA Autopore IV 9500 A
R TRACI A A4 2 AR FLEEHE
1.4.6 WMIES  RH Nova Nano SEM 450 %4
Fii FL - S5 AR 55 5 S /K T K A SO R Y SR i 1
WIS, SRR 1.4.5 75,

0.10

o
_ @
T L C4
o 008 S
&
S 006
B

Sum
£ 004 P
g
&=
§ 0.02 |- //\ -— Calcite
0.00 L= St A -
0 200 400 600 800 1000

Temperature/C
(a) DTG curves

2 HEXRE5®

2.1 FEFEBRUIICRIMC R 20T

2.1.1  WAHLA R HE 2 AT 0L, B v o A
(DTG) 2k L 100~150 °C 2 [8] FyUEAE X B A & 5
K, 400~450 CHJUEE NN CH B35 1E
M 500~750 °C Ay e B U)X I e B 5 1) 4 g (210
B2 B FRAS & B AT K [ B R AR A W T
FEirEDS20 n(1). RQ)FTR.

100
Weaco, =(Msgg ¢ = Mysyc) % a x100% (1)

_ Msgoc — M50 «100% 2)
M350

KA wegco, RV RIBRIRES 55, %, EIDY
s msgy o T mygy o 73 HRKIELE 500 ‘CAI 750 “C
IR, 85 Reo, sequestmion JVRTBIIFEIRRE, %. 45
BRM, A SE KV AAE o RIS, RIRES
fplgsgog, XUHAEZSYE TR IrE Kile
FEGHIHELT CH MR, X2 H TR
R A T BUKLRY, MmN T CH
P& 8(C2 C4), B 7K. BbAh, 7K
Ve F B R4 TV 20 4. 8 h 5 A4y ik F|
1.60%- 2.27%- 3.62%, FEAEH A AL 3.64%- 5.16%-
8.23% MK FREY -

CO, sequestration

10

823
Q
(=)

Content/%

CO, sequestration

CaCO;, CH

(b) Analytical results

B2 FRURRIBRAL KU A 3 A 45 2R
Fig. 2 TGA results of untreated and carbonated Portland cement
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Extended Abstract

Introduction With the ongoing expansion of global housing and infrastructure, cement as an essential component of concrete is
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projected to reach a global demand of 468 million tonnes by 2050, contributing approximately 6%—7% of total CO2 emissions.
Reducing carbon emissions in cement and concrete production is thus critical for achieving carbon neutrality goals. In the central and
western regions of China, a growing demand for large infrastructure projects such as dams, tunnels, and mountain bridges
increasingly relies on the use of mass concrete. However, a great heat release from cement hydration with a low thermal conductivity
leads to internal heat accumulation and significant temperature differentials. These thermal gradients increase cracking risk and
compromise long-term durability. Conventional strategies like low-heat cement, mineral admixtures, and chemical retarders are
adopted to mitigate early hydration heat. Nevertheless, these approaches are limited due to high production costs, reduced strength, or
insufficient control over heat evolution rate. Recently, carbon capture, utilization, and storage (CCUS) technologies, particularly
semi-dry carbonation, show a promising potential for reducing carbon emissions and regulating hydration heat, especially for
high-alkaline materials. In this study, semi-dry carbonation pretreatment was applied to Portland cement, forming a surface layer of
CaCO:s that serves as a physical barrier to suppress early hydration. The effect of semi-dry carbonation on the hydration behavior and
microstructure was investigated. The results could provide some insights into applying CCUS technology for hydration heat control
in cement-based materials.

Methods A P-I 42.5 Portland cement (Fushun Cement Co., Ltd., China) was used. Semi-dry carbonation was performed in a
NELD-CAO070 carbonation chamber using simulated kiln gas containing 20% COz at a RH of (70% + 5%) and a temperature of
(20+2) “C. The cement was loosely spread in trays and carbonated for 2, 4 h, or 8 h, respectively, under manually stirring for every
30 min. The resulting samples were designated as C2, C4, and C8, respectively, while the uncarbonated sample was labeled as C0. All
the samples were dried at 40 °C for 24 h after carbonation.

Cement pastes were prepared at a water-to-cement ratio of 0.4 and cured under standard conditions (i.e., 20+ 1 C, 95 + 5% RH).
For the determination of compressive strength, cube specimens (40 x 40 X 40 mm) were tested at 1, 3, 7 d, and 28 d, respectively. For
the microstructural analysis, fresh pastes were cast in sealed vials, demolded after 24 h, immersed in water, and cured until the
specified age. Hydration was stopped by solvent exchange with isopropanol, followed by vacuum drying and grinding to a fine
powder with the particle size below 80 um.

The early hydration heat evolution was measured by isothermal calorimetry (TAM Air). The phase composition was determined
by isothermal calorimetry, thermogravimetric analysis (TGA), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy
(FTIR). The pore solution alkalinity was assessed through pH measurement and elemental analysis by inductively coupled plasma
optical emission spectrometry (ICP-OES). The pore structure was characterized by mercury intrusion porosimetry (MIP), and the
microstructure was determined by scanning electron microscopy (SEM).

Results and discussion The semi-dry carbonation alters the phase composition and microstructure of cement. The TG analysis
shows a weakened gypsum decomposition peak and an intensified CaCOs decomposition, indicating that gypsum participates in
carbonation. The mild carbonation (i.e., 2—4 h) increases CH content due to enhanced pre-hydration. CO: sequestration reaches 1.60%,
2.27%, and 3.62% after 2, 4 h, and 8 h, corresponding to 3.62%, 5.16%, and 8.23% CaCOs formation, respectively. As carbonation
progresses, C3S, C2S, C3A, C4AF, and gypsum decrease, while calcite and amorphous silica increase, driven by reactions with CO2
and moisture. The FTIR spectra show strengthened C—O stretching (1410 cm™), weakened H20 peaks (3527 cm™), and intensified
SO4>~ bands (1124 cm™ and 1197 cm™), indicating interactions among gypsum, COa, and alkali oxides. The SEM images reveal
roughened clinker surfaces caused by the deposition of carbonation products such as calcite and silica gel.

The semi-dry carbonation significantly reduces early compressive strength, with 1-d reductions of 31.2%, 77.5%, and 89.6%
after 2, 4 h, and 8 h, respectively. However, this effect diminishes over time, with less than 5.4% strength loss at 28 d. Carbonation
extends the induction period and reduces hydration heat, lowering cumulative heat by 67.2% at 10 h. Early hydration degrees and
chemically bound water also decrease, corresponding to reduced CH content and early strength. Despite this, hydration products at <
400 °C are largely unaffected, having the minimal difference in 28-d strength. Early-age pore solution alkalinity declines significantly.
In the C8 group, Na" and K* concentrations at 1 d are reduced by 60% and 40.7%, and the pH value is decreased from 13.52 to 13.18.
At 28 d, the pH value becomes 13.5, indicating no risk to reinforcement passivation. At this age, total porosity increases slightly from
21.1% to 22.8%, with a minor rise in capillary and gel pores. The SEM images and MIP analyses confirm similarly dense
microstructures across all the samples, indicating that the calcite layer is eventually penetrated and has no adverse long-term effect.

Conclusions This study showed that emi-dry carbonation could alter the phase composition and microstructure of Portland cement.
After 2-h, 4-h, and 8 h-carbonation, CO2 sequestration increased to 1.60%, 2.27%, and 3.62%, respectively, accompanied by a
reduction in clinker minerals and gypsum and formation of amorphous silica and calcite layers on cement particle surfaces. These
calcite layers could effectively suppress early hydration by reducing the contact area between water and reactive clinker phases. As a
result, cumulative heat release at 3 d was decreased by 14.7%, 35.1%, and 58.1%, respectively, leading to a lower early compressive
strength, a pore solution alkalinity, and a looser microstructure. However, the long-term effect was limited. At 28 d, the continuous
formation of hydration products penetrated the calcite layer, and hydration degree and product quantity were reduced by less than 7%,
and the compressive strength, pH value, and porosity were altered by no more than 5.4%, 0.1, and 8.1%, respectively.
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