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Table 1 Chemical composition of raw materials w/%

Component Na,O(eq) MgO  ALO; SiO, P,0s SO;3

K>,O CaO TiO, V105 MnO Fe,O3  Others LOI

Red mud 2.45 2.89 18.85 21.42 0.18 3.30
Cement 0.22 3.28 4.11 18.77 0.08 3.85
GBFS 0.46 9.11 16.32 30.52 0.02 227

0.09 13.56 3.21 1.71 0.03 22.63 0.95 8.62
0.88 62.82 0.36 0.06 3.36 0.24 1.96
0.40 38.44 0.82 0.52 0.31 0.12 0.68

w is mass fraction. LOI is loss on ignition. eq is equivalent.
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Fig. 1 XRD pattern of red mud
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Fig. 4 Life cycle system boundary diagram of AACM production process
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Table 2 Unit CO; emissions of raw materials

Raw materials Clinker Na,CO; NaOH  Na,O-SiO; Na,0-2SiO,

Unit product/
(kg CO, per t)

878 798 3343 1680 1314

2) JEM KIS HF B

s B ST N (EAE A s
B MIE5E) KISKBE B A OS, H Arisiid fE
H A BRI R B S IE R AT L BRI R 2R AR
K, B (b E ) iR 24 0.010 kg
CO/(t'km), MEHEAB ¥ 325 TP A G,
BARRRHEA F 2% GB/T 51366—20191281,
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Fig. 5 Carbon emissions during the production cycle of AACM
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B E (L NaO i1, X)) RSB ECR)F/KESEWX)
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KEZIKFERIBE: —1, 0, +D)SEIRMERE, Hikz
ok BILER 3, IV 5N R R 4.

R HAE AT 2 o0 EA T, AL 28 d
PR 9P 1 — ik 22 T Bl A AR Y
Y=-621.925 00+213.675 00.X;+3.885 00X>+6.382 50X3—

0.005 000 00.X1.X2—-0.320 00X 1.X3—0.044 500X2X3—

19.200 00.X;2-0.048 750X>>—0.196 00.X3?

PR R B IS (W3R 5)iEaw, BIAGFE F AR
PAE<0.01, UESSZAM HA it 5 3% M (0=0.01).
77 Z (LR 6)FR B : thE 3 R?=0.967 4,
R IE W 5E 280 Adjusted R?=0.992 56, 1l 96.74%)
Wi B A% S T AR Y AR, LR AL TME 5 S PR
PR, A5 R C.V.=3.23%(<10%) 515 Bt
12.0254) LA 3E T il RE B AR = E M
LiREwE .

% 3 Box-Behnken iX ¥ % it E &EKFE
Table 3 Level of design factors of Box-Behnken experiment

Level Xi/% Xo/% X3/%
-1 5.0 30 0
0 5.5 40 5
1 6.0 50 10

x4 BITEMAER
Table 4 Design and results

Number Xi X5 X; Y: 28 d compressive strength/MPa
1 0 0 58.1
2 0 0 58.1
3 -1 1 0 45.1
4 -1 -1 0 50.1
5 0 0 0 58.1
6 0 1 -1 419
7 0 0 0 58.1
8 1 0 1 50.4
9 0 1 1 49.2
10 1 -1 0 51.8
11 -1 0 1 523
12 -1 0 -1 44.8
13 0 -1 -1 43.0
14 1 1 0 46.7
15 1 0 -1 46.1
16 0 0 0 58.1
17 0 -1 1 59.2

&S5 [EYIEE ANOVA S#f
Table S ANOVA analysis of regression model

Sum of Mean

Source DF F-value  P-value Significance
squares square
Model 568.46 9 63.16 23.10 0.0002 *
X 0.57 1 0.57 0.21 0.6617
X2 63.37 1 63.37 23.18 0.0019 *
X3 27.00 1 27.00 9.88 0.0163 *
XX 0.0025 1 0.0025 0.0009144 0.9767
XX 2.56 1 2.56 0.94 0.3654
XX 19.80 1 19.80 7.24 0.0310 *
X2 97.01 1 97.01 35.48 0.0006 *
X? 100.07 1 100.07 36.60 0.0005 *
X3? 101.09 1 101.09 36.98 0.0005 *
Partial error 19.14 7 2.73
Missing fit 19.14 3 6.38
Pure error 0 4 0
Total 587.60 16

* indicates a significant impact (P<<0.05). ** indicates a highly significant
impact(P<<0.01). DF is degree of freedom.

*6 WMARBEMBESNER

Table 6 Results of variance analysis of fitted models

Response  C.V./% R>  Adjusted R? Adeq precision Source model

Y 3.23 0.967 4 0.925 6 12.025 Quadratic

C.V. is coefficient of variation.

3.2 MaRImE5#hr

ST B AR, 2 28 d PUESRE S =K
ZHAERE 3D e i A 4 m A (LA 6~
Kl 8)o [ EAE— R T 0 KRS, BhTHRE
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. HE 6T, XMKEBEREET 5%X=0)k,
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Fig. 6 Interaction effect of Na2COs and red mud on 28 d compressive strength
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Extended Abstract

Introduction As the second largest global carbon dioxide emission source, the cement industry contributes approximately 8% of
total anthropogenic carbon emissions. Under the “dual-carbon” strategic framework, developing novel low-carbon cementitious
materials emerges as a research priority in civil engineering. Alkali-activated cementitious materials (AACM) are regarded as a
promising alternative to conventional Portland cement due to their advantages of eliminating high-temperature calcination and
utilizing industrial solid wastes. However, the existing research predominantly focuses on material performance optimization, while
the definition of their "low-carbon" attributes remains limited to raw material substitution, lacking a systematic life cycle carbon
emission accounting framework. No scientific evaluation methods or quantitative models are established to assess carbon footprint
disparities among different activator systems (i.e., carbonate, hydroxide, and silicate). Furthermore, red mud-a massive solid waste
generated by the alumina industry with global annual emissions exceeding 150 million tons exhibits natural compatibility with
alkali-activated systems due to its high alkali metal content. Nevertheless, the existing studies predominantly emphasize its reactivity
activation, while neglecting the development of integrated low-carbon processing technologies. Establishing systematic carbon
accounting methodologies and elucidating the coupling mechanisms among activators, carbon emissions, and mechanical properties
become critical scientific challenges for advancing the engineering applications of alkali-activated materials.

Methods In the AACM production framework, the study defined a “cradle-to-gate” system boundary spanning from raw material
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acquisition to final product formation. This boundary was divided into three distinct phases, i.e., raw material acquisition stage (Am),
encompasses processes such as raw material production, mining, and extraction, and raw material transportation stage (At). Accounts
for carbon emissions generate during the transportation of all required raw materials. Production stage (Ap) includes operational steps
such as drying, homogenization, grinding, storage, and packaging. The investigation specifically employed red mud as an intrinsic
alkali source, focusing on elucidating the influence patterns of both red mud and external alkalis (i.e., Na2CO3, NaOH, and
Na20-2Si0z2) on the carbon emissions of AACM. Response surface methodology (RSM) with the Box-Behnken design was employed
to optimize mix parameters (i.e., Na2CO3 dosage, red mud content, and cement content), conducting multi-factor interaction analysis
with dual objectives, i.e., 28-d compressive strength and carbon emissions.

To compare the life cycle carbon emissions of AACM production in the same production line with industrial solid waste (i.e., red
mud), granulated blast furnace slag, and ordinary Portland cement clinker as precursors, as well as Na2COs3, NaOH, and Na,0-2SiO2
as activators and to design low-carbon AACM, the following parameters were established. For the raw material transportation phase,
heavy-duty diesel trucks (46-ton payload) with a carbon emission factor of 0.057 kg CO2/(t-km) were selected, assuming a default
transportation distance of 1000 km. For the production phase, the carbon emissions from drying red mud and granulated blast furnace
slag were estimated based on electricity consumption of drying equipment and exhaust fans. The field data indicated that drying
granulated blast furnace slag with 10%-13% moisture content required approximately 11.5 kW-h per ton of wet material. For
high-moisture red mud drying (using a @3 mx28 m rotary dryer with 2.45-4.20 r/min rotation speed and 3.5% slope), the energy
consumption reached 35.0 kW-h per ton of wet material (data from Shanghai Bai Ao Heng New Materials Co., Ltd., China). Carbon
emissions from material batching, grinding, and homogenization processes were estimated using reference power consumption data
(i.e., =33 kW-h per ton of cement) from a plant of Southwest Cement Co., Ltd., China. The average carbon emission factor of China's
regional power grids was adopted as 0.5366 kg CO2/(kW-h) (2022 national average electricity CO2 emission factor).

Results and discussion This study proposes a life cycle carbon footprint accounting model for AACM production, reveals the
synergistic regulation mechanism of activator types and mix proportions on the material low-carbon characteristics and mechanical
performance through response surface methodology-based optimization design and establishes a cradle-to-gate carbon footprint
accounting system covering raw material acquisition, transportation, and production stages. The contribution weights of red
mud-based AACM precursors and activator types to carbon emissions are quantified, providing a quantitative basis for evaluating
low-carbon cementitious materials. As an endogenous alkali source, red mud can effectively reduce the dosage of external activators.
Coupled with the low-carbon characteristics of Na2CO3 (carbon emission factor: 0.79 t CO2/t), this significantly reduces the system’s
carbon emissions. At a red mud content of <50% and a cement clinker dosage of <10%, the material’s carbon emissions can
reduce to below 280 kg CO2 per ton of AACM, validating a feasibility of the synergistic pathway of solid waste recycling—low-carbon
process. The low-carbon design based on the RSM demonstrates that in the optimal mix proportion of the red mud-slag system (with
5.54% Na>COs dosage, 35.56% red mud, 57.22% slag, and 7.22% cement), the cementitious material achieves a 28-d compressive
strength of 58.5 MPa and a carbon emission of 228 kg COxz per ton of AACM. This system exhibits both high strength and low-carbon
characteristics, with performance comparable to Portland cement P-O 42.5R. In this mix proportion, red mud with a high alkali
content provides abundant endogenous alkali to the system, reducing reliance on exogenous alkali. The amorphous phase structure of
blast furnace slag endows it with a high alkali reactivity, enabling a rapid release of Ca?" and SiO4* under NaxCO; activation to
promote gel formation and enhance strength. The hydration of minerals such as C3S and CzS in cement generates additional Ca(OH)z,
further elevating the pH value of the system. This accelerates the depolymerization of slag vitreous phases and enhances the
compactness of the matrix interfacial transition zone, thereby ensuring the mechanical performance of the AACM.

Conclusions This study could pioneer the integration of red mud’s intrinsic alkali properties with low-carbon activators, proposing
a holistic “low-carbon design—carbon accounting—performance optimization” methodology. The framework provided a theoretical
support for industrial applications of alkali-activated materials, offering dual benefits, i.e., large-scale red mud consumption in the
alumina industry and a technical pathway for achieving the “dual carbon” goals in construction materials.

Keywords alkali-activated cementitious materials; red mud; carbon footprint accounting; mechanical properties; response surface
methodology



