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Abstract: Cement, phosphorous slag (PS), and steel slag (SS) were used to prepare low-carbon 
cementitious materials, and triisopropanolamine (TIPA) was used to improve the mechanical properties by 
controlling the hydration process. The experimental results show that, by using 0.06% TIPA, the compressive 
strength of cement containing 60% PS or 60% SS could be enhanced by 12% or 18% at 28 d. The presence of 
TIPA significantly affected the hydration process of PS and SS in cement. In the early stage, TIPA accelerated 
the dissolution of Al in PS, and the formation of carboaluminate hydrate was facilitated, which could induce 
the hydration; TIPA promoted the dissolution of Fe in SS, and the formation of Fe-monocarbonate, which was 
precipitated on the surface of SS, resulting in the postponement of hydration, especially for the high SS content. 
In the later stage, under the continuous solubilization effect of TIPA, the hydration of PS and SS could refine the 
pore structure. It was noted that compared with portland cement, the carbon emissions of cement-PS-TIPA and 
cement-SS-TIPA was reduced by 52% and 49%, respectively.
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1 Introduction 

Global warming caused by the massive emission 
of greenhouse gas (i e, CO2) has attracted more and 
more attention from all over the world[1,2]. Cement, the 
most widely used building material, accounts for 7% of 
global anthropogenic CO2 emissions, while it accounts 
for 13.75% in China[3-5].The preparation of cementitious 
materials using fly ash[6], ground granulated blast fur-
nace slag[7] and other by-products[8] as supplementary 
cementitious materials (SCMs) instead of cement is an 
important method of directly reduce CO2 emissions[9-11].

Phosphorous slag (PS) and steel slag (SS) are 
industrial by-products produced in producing yellow 

phosphorus and steelmaking, respectively[12,13]. PS is 
mainly composed of CaO and SiO2 with more than 85% 
glassy-phase content, proving that PS has potential ac-
tivity[14]. SS comprises calcium silicates (mainly C2S), 
which confirms SS has hydraulic activity[15]. However, 
the utilization rate of PS and SS is only 20%, and most 
of them are treated by stockpiling, which wastes re-
sources, occupies land and pollutes environment[15,16]. 
There are some reasons that limit the large-scale uti-
lization of PS and SS as SCMs, including retarding/
inhibiting effect (because of the existence of P2O5, 
causing to the delay in setting time and the reduction in 
early strength) of PS and SS[17,18], and poor grindability 
(because of the existence of RO phase)[19,20], soundness 
issue (because of the existence of MgO and free CaO, 
and leading to the potential volumetric expansion in the 
later hydration period)[21,22] of SS.

Mechanical activation[12], nano-modification[23,24], 
chemical activation[25-27] and high temperature cur-
ing[28,29] are effective methods to improve the utilization 
of PS and SS and enhance the strength development in 
cementitious materials. Among them, chemical activa-
tion is often used due to its advantages of not increasing 
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CO2 emissions and affordability. Triisopropanolamine 
(TIPA), a kind of alkanolamines, promotes ionic disso-
lution by forming TIPA-Fe chelates, and then improves 
the hydration degree of cement and SCMs, resulting in 
an increase in strength[30-32]. Therefore, combining TIPA 
with PS/SS may be an effective approach to increase 
PS/SS content in cementitious materials.

In this paper, various dosages of TIPA were add-
ed into cement-PS system and cement-SS system, and 
compressive strength was tested. Hydration process 
was measured by isothermal calorimeter. Hydration 
products were characterized by X-ray diffractometer 
(XRD) and thermogravimetric analysis (TGA). Micro-
structure was assessed by mercury intrusion porosime-
try (MIP). The impact of TIPA on the ions dissolution 
of PS and SS was assessed by inductive coupled plas-
ma emission spectrometer (ICP) and scanning electron 
microscope (SEM). The primary objective of this study 
is to offer ideas for improving the mechanical prop-
erties of low-carbon cementitious materials with high 
content of PS and SS.

2 Experimental

2.1 Materials
Ordinary portland cement (PI 42.5) meeting GB 

175-2007 was used. Phosphorous slag (PS) and steel 
slag (SS) (produced in Hubei Province, China) were 
used, and ground with a ball mill (f 500 mm×500 
mm) for 30 and 40 min before use respectively. A re-
agent-grade TIPA ([CH3CH(OH)CH2]3N, ≥ 95.0% 
purity) was used as an admixture. Besides, properties 
and particle size distribution of raw materials are shown 
in Table 1 and Fig.1, respectively. XRD patterns of PS 
and SS are shown in Fig.2, and it is proved that the 
mineral composition of PS is mainly amorphous, except 
some calcium carbonate (CaCO3) and magnesium oxide 
(MgO), and that of SS is C2S, C3S, and RO phase, etc. 
SEM images of PS and SS are presented in Fig.3.

2.2 Preparation of specimens
The ratio of PS/SS was 0%-60% with 30% inter-

val replacing cement by mass, and the content of TIPA 
was 0.03%, 0.06%, and 0.09% of cementitious mate-
rials, respectively. The mixture proportions of ternary 
cement pastes containing PS/SS and TIPA maintaining 
a water/cement ratio of 0.4 are shown in Table 2. The 
freshly mixture were cast into molds with side length 
of 40 mm, and put these in a curing room (20℃, ≥ 
90% RH). Demolded after 24 h and then cured further 
to 7, 28, and 60 d. The compressive strength of speci-

Table 1  The properties of raw materials

Cement PS SS

Chemical composition/wt%

CaO 62.58 46.78 41.18

SiO2 20.99 35.65 14.65

Al2O3 5.07 4.60 3.78

Fe2O3 3.27 0.39 25.31

SO3 2.34 1.47 0.51

MgO 1.90 1.34 6.19

Na2O 0.19 0.40 0.08

K2O 0.61 1.58 0.03

P2O5 0.27 3.15 1.53

MnO 0.24 - 1.42

F - 3.23 0.51

Loss 1.91 0.56 3.45

Physical properties

D50/μm 11.326 11.913 12.171

Density/(g/cm3) 3.05 2.95 3.91

Specific surface area/(m2/kg) 365 346 428

Fig.1  Particle size distribution of cement and PS

Fig.2  XRD patterns of PS and SS

Fig.3  SEM images of (a) PS and (b) SS
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mens was tested, and the broken pieces were immersed 
in anhydrous ethanol 7 d to stop hydration. Then the 
samples were removed from anhydrous ethanol and 
dried in a vacuum oven at 50 ℃. A portion was ground 
to below 75 μm for XRD and TGA, and the remainder 
was used for MIP.

2.3 Methods
2.3.1 Compressive strength

Paste specimens with 40 mm side length were 
used to test the compressive strength at different curing 
ages. The final value was the average of three speci-
mens.
2.3.2 Hydration heat

Isothermal Calorimeter with eight channels (TAM 
AIR, SETARAM, France) was used to test the change 
in heat flow during hydration of pastes over a 240 h pe-
riod. 7 g pastes were continuously tested at 20 ℃.
2.3.3 Hydration products

The mineral phases of pastes were measured by 
XRD (D8 Advance, Germany, Cu-Kα radiation (λ = 
0.154 nm), the step of 0.02o, 4 o/min from 5o to 70o). 
The hydration products of pastes were analyzed by 
TGA (STA449F3, Germany, room temperature -1 000 
℃, 10 ℃/min, nitrogen atmosphere).
2.3.4 Pore structure

The pore structure of hardened pastes was charac-
terized by MIP (Poremaster GT-60, Kangta Instrument 
Company, USA, ≤ 210 MPa, 140o).
2.3.5 Solubility of PS and SS

The simulated pore solution was prepared with 
NaOH and KOH (Na+ / K+ = 1:1, pH = 13.0), and dif-
ferent content of TIPA (0 and 8 g/L) were added. PS/SS 
powders were immersed in the solution at a solid-liquid 
ratio of 1:20, and then left at 20 ℃ for 1, 3, 7, and 28 
d. After centrifugation, the supernatant was taken, and 
Al and Fe contents of the supernatant was measured by 
ICP (Prodigy 7, USA). The solids were dried in a vacu-

Fig.4  Compressive strength of hardened pastes

Table 2  Mixture proportions of the pastes

Notation
Mixture components/%

Cement PS SS TIPA Water

OPC 100 0 0 0 40

P30T0 70 30 0 0 40

P30T3 70 30 0 0.03 40

P30T6 70 30 0 0.06 40

P30T9 70 30 0 0.09 40

P60T0 40 60 0 0 40

P60T3 40 60 0 0.03 40

P60T6 40 60 0 0.06 40

P60T9 40 60 0 0.09 40

S30T0 70 0 30 0 40

S30T3 70 0 30 0.03 40

S30T6 70 0 30 0.06 40

S30T9 70 0 30 0.09 40

S60T0 40 0 60 0 40

S60T3 40 0 60 0.03 40

S60T6 40 0 60 0.06 40

S60T9 40 0 60 0.09 40
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um oven at 50 ℃, and the micromorphology of PS and 
SS was characterized by SEM (QUANTA FEG 4500, 
FEI, 15 kV), respectively.

3 Results and discussion

3.1 Compressive strength
Fig.4 reveals the strength development of hard-

ened specimens. Obviously, the addition of PS and SS 
reduces the compressive strength of pure cement (41.8 
MPa at 7 d, 66.8 MPa at 28 d, and 68.6 MPa at 60 d), 
which decreases with increasing dosage, in addition the 
compressive strength increases with increasing curing 
time. At 7 d, specimens containing SS has a greater 
compressive strength than those containing PS under 
the same amount of SCMs. However, the rule is re-
versed at 28 and 60 d. For instance, the specimens with 
30% PS, 60% PS, 30%SS and 60%SS exhibit a 34%, 
80%, 29%, and 70% reduction in compressive strength 
at 7 d and 10%, 33%, 29%, and 56% reduction at 60 
d compared to OPC, respectively. The results demon-
strate the early activity of PS is inferior to that of SS 
and the later activity is superior to that of SS.

As can be observed from Fig.4, adding TIPA can 
enhance the compressive strength of specimens of ce-
ment-SCMs system, except for specimens containing 
60% SS and TIPA at 7 d and those containing 60% SS 
and 0.09% TIPA at 28 d. For cement-PS system, that of 
specimens increases with increasing TIPA content, ex-
cluding specimens with 60% PS and 0.09% TIPA at 7 
d. Moreover, specimens containing 30% PS excess the 
compressive strength of pure cement after 60 d when-
ever TIPA is present at a level greater than 0.06%. In 
comparison with specimens with 60% PS, the addition 
of 0.06% TIPA increases the compressive strength by 
12% at 28 d and 19% at 60 d. For cement-SS system, 
the compressive strength increases with increasing 
TIPA content at 7, 28, and 60 d when SS content is 
30%. However, when SS content is 60%, the compres-
sive strength gradually decreases at 7 d, increases (TIPA 
content ≤ 0.06%) and then decreases (TIPA content > 
0.06%) at 28 d, and progressively increases at 60 d as 
the amount of TIPA increases. For instance, compared 
with 60% SS specimens, adding 0.06% TIPA increases 
the compressive strength by 18% at 28 d and 3% at 60 
d, respectively. Therefore, it can be concluded that the 
proper dosage of TIPA favours strength development in 
cement-PS system, and TIPA is detrimental to the early 
strength development in cement-SS system and favours 
the later strength development.

The above discussions show that incorporating 
TIPA can improve the strength of cementitious mate-
rials containing large amounts of PS and SS, and the 
specific details will be discussed in the following.
3.2 Hydration heat

Fig. 5 illustrates heat flow and cumulative heat 
of OPC, P60T0, P60T6, P60T9, S60T0, S60T6, and 
S60T9 within 240 h of paste hydration. From Figs.5(a), 
5(c) and 5(e), the hydration process for all samples 
consists of five periods: pre-induction, induction, accel-
eration, deceleration and stable periods, and five differ-
ent exothermic peaks can be observed, associated with 
I: C3A hydration, II: C3S hydration, III: SS hydration, 
IV: renewed ettringite (AFt) formation and V: AFt to 
monosulphate (AFm) conversion[33, 34]. In pre-induction 
period, the reaction peak (peak I) of C3A hydration ap-
pears within a few minutes and AFt is generated, which 
makes it difficult to distinguish the exothermic rate of 
pastes[35]. Therefore, the pre-induction stage is not dis-
cussed.

In Fig.5(a), as for cement-SCMs system, 60wt% 
PS and SS extends the deadline for induction period by 
5.20 and 1.82 h, respectively. The reaction peak (peak 
II) of C3S hydration occurs during acceleration period, 
and the maximum heat flow of P60T0 (18.95 h, 1.19 
mW/g) and S60T0 (12.26 h, 0.96 mW/g) are delayed 
and reduced in comparison to OPC (11.05 h, 2.86 mW/
g). The main cause of the phenomenon is the diluting 
and retarding effects of PS and SS, which partially 
replaces cement resulting in a low clinker content in 
cementitious system[15,17]. In contrast, the dilution ef-
fect of SS is stronger than that of PS, and the retarding 
effect is weaker. In addition, S60T0 appears the exo-
thermic peak (peak III) of SS hydration at approximate 
33 h in deceleration period. In Fig. 5(b), compared to 
the 168 h cumulative heat of OPC (287.95 J/g), that 
of P60T0 (143.85 J/g) and S60T0 (154.71 J/g) is re-
duced by 50.04% and 46.27%, respectively, both lower 
than 60wt% replacement rate. This is attributed to the 
dilution effect of PS and SS increasing the effective 
water-cement ratio, and the nucleation effect providing 
nucleation sites, which accelerate cement hydration and 
produce more heat[36].

According to Figs.5(c) and 5(e), adding TIPA to 
cement-SCMs system causes a significantly change in 
hydration process, and the influences of TIPA on ce-
ment-PS system and cement-SS system are discussed 
separately below:

(1) Cement-PS system
In induction period, the heat flow of P60T0 is 
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lower than that of P60T6, and higher than that of 
P60T9. In acceleration period, the peak IV appears in 
P60T6 at 20.63 h with 1.54 mW/g and P60T9 at 20.36 
h with 1.66 mW/g, demonstrating that TIPA facilitates 
secondary AFt formation[37]. This causes that depletion 
of sulphate in the pore solution[6]. Therefore, the exo-
thermic peak (peak V) of reaction between AFt and C3A 
to form AFm appears at around 31 h in deceleration pe-
riod[38]. Then hydration reaction goes to stable period. 
In Fig.5(d), the cumulative heat of P60T6 and P60T9 

before 240 h hydration is higher than that of P60T0 
with a decreasing trend according to P60T6 > P60T9 > 
P60T0, which is in agreement with the strength pattern 
of specimens at 7 d. The results demonstrate that TIPA 
promotes the hydration of cement-PS system, and a 
suitable dosage of TIPA accelerates it.

(2) Cement-SS system
In contrast to S60T0, TIPA reduces the flow heat 

during induction period and prolongs it. In acceleration 
period, the maximum heat flow of S60T6 and S60T9 

Fig. 5  Hydration heat of different pastes during 240 h
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is 0.95 mW/g at 12.92 h and 0.94 mW/g at 13.26 h, 
respectively. S60T6 and S60T9 do not exhibit peak III 
during deceleration period, but a broad peak about SS 
hydration occurs during stable period at approximately 
186 h and 207 h, respectively. It is worth from Fig.5(f) 
that the cumulative heat of S60T6 and S60T9 is always 
lower than that of S60T0 before 240 h with a decreas-
ing trend in order: S60T0 > P60T6 > P60T9, which is 
comsistent with the strength pattern of specimens at 7 
d. However, that of S60T6 and S60T9 increases rapidly 
at about 130 h and 150 h, respectively, and narrows the 
gap with that of S60T0. This demonstrates that TIPA 
inhibits the early hydration of cement-SS system.
3.3 Hydrates analysis
3.3.1 XRD analysis

Fig.6 presents XRD patterns of samples, revealing 
that unhydrated alite (C3S) and belite (C2S), hydrated 
portlandite (CH), and carbonated CH forming calcite 
(CaCO3) are present in each curing age of each sample. 
The intensity of unhydrated peaks decrease and the in-
tensity of hydrated peaks increase with longer curing. 
In contrast to OPC, some different hydration product 
peaks can be observed owing to the addition of other 
materials.

For cement-PS-TIPA system, at 7 d (Fig.6(a)), 
the hydrated peaks of ettringite (AFt, generated by the 
reaction of C3A and gypsum) and hemicarbonate (Hc, 
formed by the reaction of C3A and CaCO3) occur in 
P60T0[39]. By comparison, the peaks of AFt disappear, 
and the peaks of monosulphate (Ms, AFm, generated by 
the reaction of C3A and AFt) and monocarbonate (Mc, 
generated by the reaction of C3A and CaCO3) appear in 
P60T6[38]. This demonstrates that TIPA facilitated the 
transition from AFt to AFm[40], and also proves the law 

of Fig.5(c). It is worth noting that C4AF peak cannot 
be observed in P60T6, which verifies the promotion 
of C4AF hydration by TIPA. C4AF and C3A of mineral 
phase of clinker have similar hydration reactions and 
products, reacting with gypsum in the presence of gyp-
sum to generate AFt, and reacting with AFt on the de-
pletion of gypsum to form AFm[41,42]. TIPA accelerates 
the amount of dissolved Al and Fe, thus promoting the 
production of renewed AFt (produced by C4AF), result-
ing in the depletion of gypsum and the transformation 
from AFt to AFm. At 60 d (Fig.6(b)), Ht appears in 
P60T0 owing to the liberation of MgO from PS[43]. Ms 
disappears and Hc occurs in P60T6.

For cement-SS-TIPA system, the intensity of 
Fe-monocarbonate (Fe-Mc) and Mc peaks in S60T6 
are higher than that in S60T0 at 7 d (Fig.6(a)), while 
the intensity of Mc peak is lower than that in S60T0 at 
60 d (Fig.6 (b)). C4AF appears in P60T6 at 7 d and dis-
appears at 60 d. The mineral phases magnetite (Fe3O4) 
and RO phase are also observed in S60T0 and S60T6. 
Based on previous research[44], the Fe-Mc diffraction 
peaks were detected in the presence of calcite and rich 
iron. In this experiment, calcite present in SS and rich 
iron ions generated by TIPA to promote SS dissolution, 
thus Fe-Mc is generated in specimens with high SS 
content.
3.3.2 TG-DTG analysis

Fig.7 gives TG-DTG analysis of samples. The 
endothermic peaks in different temperature ranges on 
the DTG curves correspond to the dehydration or de-
composition of different substances, specifically peak 
around 100 ℃ refers to the decomposition of C-S-H or 
AFt, peak around 150 ℃ relates to the decomposition 
of carboaluminate/Fe-Mc or AFm phase, peak around 

Fig.6 XRD patterns of samples. (E: ettringite, Ms: monosulphate, Hc: hemicarbonate, Ht: hydrotalcite, Mc:monocarbonate, Fe-Mc: Fe-
monocarbonate,P: portlandite, C: calcite, A: alite, B: belite, F: ferrite, M: magnetite, R: RO phase)
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440℃ (380-500 ℃) belongs to the dehydration of CH, 
and peak around 650 ℃ (520-770 ℃) attributes to the 
decomposition of less crystalline CaCO3 formed in 
the course of sample preparation due to CH carbon-
ation[44-48]. Mass loss in different temperature ranges 
and CH content calculated in light of TG results and 
Eq.(1) are listed in Table 3[48].

CHcontent=m3580-500℃×
74
18

+m520-770℃×
74
44

           (1)

For cement-SCMs system, the mass loss at less 
than 230 ℃ is 4.86% and 4.82% for P60T0 and S60T0 
respectively at 7 d, both lower than 7.64% for OPC. 
Furthermore, the CH content of P60T0 and S60T0 is 
also less than that of OPC. When curing for 60 d, there 
is the same rule. This is mainly because PS and SS are 
less reactive than cement.

When 0.06% TIPA is added to the cement-PS 
and cement-SS systems, a clear endothermic peak of 
carboaluminate/Fe-Mc can be observed, indicating that 

TIPA is helpful for forming production of carboalumi-
nate/Fe-Mc. The CH content of P60T6 is higher than 
that of P60T0 in the early stage, but lower than that of 
P60T0 in the later stage. For sample containing SS, the 
rule is reversed when TIPA is added. This is because 
PS has hydration and pozzolanic activities, which will 
generate C-S-H in the presence of CH and consume CH 
to generate C-S-H[49,50]. SS contains the mineral phase 
of clinker, which will hydrate to form CH. This further 
verifies TIPA promotes hydration of PS and SS.
3.4 MIP analysis

The pore structure of hardened pastes is intimate-
ly associated with strength, therefore those of OPC, 
P60T0, P60T6, S60T0, and S60T6 cured for 60 d were 
measured using MIP. Fig.8(a) gives the cumulative 
porosity of samples. Compared to OPC with a poros-
ity of 0.0917 mL/g, the porosity of P60T0 and S60T0 
increases by 20.39% and 110.80%, respectively. For 
blended pastes with 0.06% TIPA, the porosity of P60T6 
decreases by 38.59% in comparison with that of P60T0, 
and that of S60T6 decreases by 6.10% in comparison 
with that of S60T0. These results are in accordance 
with the rules of strength (shown in Fig.4(c)) in order: 
OPC > P60T0 > S60T0, P60T6 > P60T0, and S60T6 > 
S60T0.

Fig.8(b) gives the pore size distribution of pastes. 
Most probable aperture (MPA), the highest peak corre-
sponding to the pore size in graph, for OPC, P60T0 and 
S60T0 are 40.87, 8.12, and 70.25 nm respectively, indi-
cating that PS enhances the amount of small pores and 
refines pore structure, and SS reduces that and deterio-
rates pore structure[23,51]. MPA of P60T6 is less than 7.08 
nm, below that of P60T0. MPA of S60T0 is 70.91 nm, 
which is approximately equal to that of S60T0. To im-

Fig.7  TGA curves of samples at (a) 7 d and (b) 60 d

Table 3  Mass loss of pastes/wt%

Sample Less than 230 ℃ 380-500 ℃ 520-770 ℃ CH content

7 d

OPC 7.64 4.93 1.92 23.48

P60T0 4.86 2.48 1.79 13.21

P60T6 3.20 2.56 2.02 13.91

S60T0 4.82 3.34 2.66 18.20

S60T6 5.89 3.04 2.29 16.35

60 d

OPC 8.73 5.71 2.69 28.00

P60T0 7.35 2.89 2.41 15.95

P60T6 10.48 2.90 2.23 15.66

S60T0 3.98 3.73 3.23 20.75

S60T6 7.13 3.77 3.32 21.09
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prove understanding of the influence of TIPA on pastes 
mixed with PS or SS, the pores are classified according 
to as gel, fine-capillary, middle-capillary, large-capil-
lary and macro pores, as in Fig.8(a)[51,52].
The pore volume proportion of pastes was calculated 
and is shown in Fig.9. In comparison with OPC, 60% 
PS increases the volume fraction of gel pores and 
decreases that of fine-capillary pores, while 60% SS 
reduces that of gel and fine-capillary pores. It can be 
deduced that fine-capillary pores are transformed into 
gel pores owning to continuous hydration in cement-PS 
system, while a large amount of SS reduces hydration 
products in cement-SS system.

When adding 0.06% TIPA into cement-SCMs 
system, pore structure of pastes is refined. The vol-
ume fraction of gel pores in P60T6 is increased from 
38.64% to 49.84%, and that of fine-capillary pores 
is decreased from 51.47% to 37.60% compared to 
P60T0. That of gel and fine-capillary pores in S60T6 
is increased from 9.33% to 12.48% and from 32.33% 

to 32.44% respectively, compared with S60T0. Ac-
cording to the Ref.[52], pore sizes over 50 nm are not 
conducive to strength development. The results prove 
that TIPA accelerates the hydration of cement-SCMs 
system, and further refines the microstructure of pastes. 
These reaffirm the strength results.
3.5 Dissolution of PS and SS

To further explore the impact of TIPA on PS and 
SS, dissolved Al and Fe in PS and SS were measured in 
stimulated pore solutions, and the results are present-
ed in Fig.10 and Fig.11, respectively. In Fig. 10, TIPA 
strongly increases dissolved amounts of Al and Fe ions 
from PS. Compared with the control group (without 
TIPA), Al ion concentration in the solution with TIPA is 
1.05, 2.05, 2.68, and 6.26 times higher at 1, 3, 7, and 28 
d, respectively. However, there is only a small amount 
of Fe ions in the control group. When TIPA is added, 
the amount of dissolved Fe ions steadily increases over 
3 d, and then remains stable. 

As shown in Fig. 11, without TIPA, there is no 
significant amount of dissolved Al and Fe ions in SS. 
With TIPA the dissolution concentration of Al ions 
rapidly reaches a maximum value, and then decreases 
continuously indicating that Al ions participate in the 
hydration reaction. Contrary to Al ions, the dissolution 
concentration of Fe ions reaches to 352.39 mg/L at 1 d, 
and then continuous increases to 831.78 mg/L at 28 d, 
while without TIPA the dissolution concentration of Fe 
ions is 1.97 mg/L at 1 d and 2.06 mg/L at 28 d.

Without TIPA, Al and Fe ions in PS and SS are 
not easily dissolved into the pore solution during hy-
dration. TIPA accelerates the dissolution of Al and Fe 
ions in PS and SS, facilitates the erosion of surface of 
particles. Therefore, TIPA has a facilitating effect on 
pozzolanic and hydration reactivities of PS and SS.

Fig.8  (a) Cumulative porosity and (b) pore size distribution of specimens at 60 d

Fig.9  Pore volume proportion of pastes at 60 d
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3.6 Reaction mechanism
In light of these results, the addition of TIPA has 

a significant contributor on the strength of high PS 
content pastes, but for high SS content pastes, the ear-
ly strength is inhibited and the late is promoted. The 
hydration of cement-PS system and cement-SS system 
by TIPA is different, mainly because the chemical com-
positions of PS and SS are distinct, and the dissolution 
amount of ions promoted by TIPA in PS and SS is very 
different, which results in inconsistent hydration prod-
ucts and hydration mechanisms.

At the initial hydration stage, cement particles 
dissolve in water making the aqueous solution immedi-
ately become a solution containing multiple ions (such 
as Ca2+, Al(OH)4

-, SO4
2-, OH-, etc). By now, AFt gen-

eration reaction occurs, as shown in Eq. (2)[44]. Mean-
while, P2O5 and F in PS[17,53-55] and MgO, MnO and 
P2O5 in SS[26,56,57] inhibit cement hydration extending 
the induction period (as in Fig.5(a)). Then the hydration 
enters the acceleration period with C3S hydrating to 
form C-S-H gels and CH (as in Eq.(3)). During the de-
celeration period, reactions between  and  generated by 
SS hydrolysis and Ca2+,  and OH- in the paste generate 

small amounts of C-S-H gels and AFt, as in Eq.(4) and 
Eq.(2)[58]. Finally, the hydration enters the stable period. 
At the late hydration stage, the pozzolanic reaction of 
PS occurs, as in Eq.(5), and hydration reaction Eq.(2) 
and Eq.(4) continue to occur. Due to the higher activity 
of PS than SS, specimens with high PS content has a 
higher late strength than those with the same content of 
SS:

6Ca2++2Al(OH)4
-+3SO4

2-+4OH-+26H2O→Ca6Al2

(SO4)3(OH)12•26H2O(AFt)                                         (2)

C3S+nH2O→C-S-H+(3-x)CH              (3)

2Ca2++SO4
4-+2H2O→C-S-H+Ca2+2OH-        (4)

Amorphus SiO2(PS)+CH→C-S-H           (5)

There is general belief that TIPA accelerates the 
hydration of cement by forming Fe-TIPA chelates to 
promote the dissolution of mineral phases[38,47]. For 
improve the strength of specimens with high SCMs 
content, TIPA is introduced. At the early hydration 
stage, According to Section 3.5, TIPA promotes the dis-
solution of Al ions in PS (as in Fig.10(a)), which leads 

Fig.10  Ion dissolution of (a) Al and (b) Fe from PS

Fig.11  Ion dissolution of (a) Al and (b) Fe from SS
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to the accelerated consumption of SO4
2- in cement-PS 

system and the generation of secondary AFt (as in 
Eq.(2)) in the acceleration period. The premature de-
pletion of  results in AFm generation during the decel-
eration period, as in Eq.(6). The CO3

2- dissolved in raw 
materials also react with Ca2+ and Al(OH)4

- to form 
Mc and Hc, as in Eq.(7) and Eq.(8)[38, 59]. In cement-SS 
system, TIPA promotes the substantial leaching of Fe 
ions in SS (in Fig.11(b)), thus facilitating the reaction 
of Fe(OH)4

- with Ca2+, CO3
2- and OH- to form Fe-Mc, 

as in Eq.(9)[44]. Combined with Fig.5(e) and Fig.6(a), it 
can be analyzed that Fe-Mc precipitates on the surface 
of SS particles and hinders SS hydration[44]. At the late 
hydration stage, TIPA continuous to promotes the ions 
dissolution in cementitious system, accelerating the 
hydration of cement, PS and SS. With the interpenetra-
tion and lapping of hydration products, the specimens 
gradually become compact, which is beneficial to the 
strength improvement.

4 C a 2 ++ 2 A l ( O H ) 4
-+ S O 4

2-+ 4 O H -+ 6 H 2O → 
Ca4Al2(SO4)(OH)12•6H2O(AFm)                                (6)

4 C a 2 ++ 2 A l ( O H ) 4
-+ C O 3

2-+ 4 O H -+ 5 H 2O → 
Ca4Al2(CO3)(OH)12•5H2O(Mc)                                   (7)

4Ca2++2Al(OH)4
-+0.5CO3

2-+5OH-+5.5H2O→ 
Ca4Al2(CO3)0.5(OH)12•6H2O(Hc)                                 (8)

4 C a 2 ++ 2 F e ( O H ) 4
-+ C O 3

2-+ 4 O H -+ 6 H 2O → 
Ca4Fe2(CO3)(OH)12•6H2O(Fe-Mc)                              (9)

3.7 Carbon emission assessment
To assess the environment benefits of different ce-

mentitious materials, CO2 emissions is calculated. Table 
4 lists CO2 emissions of raw materials. CO2 emissions 
of cement is 840 kg/t[60, 61]. PS and SS are industrial 
wastes, and therefore CO2 emissions owing to grinding 
process are solely considered. CO2 emissions of PS and 
SS are 118 and 157 kg/t, respectively. Besides, that of 
TIPA is 418 kg/t[62].

Fig.12 illustrates CO2 emissions of different ce-
mentitious material. CO2 emissions for single cement 
is 840.0 kg/t, and that for blends containing 60% PS 
and SS are 406.8 and 430.2 kg/t, respectively. Further 
addition of TIPA has little effect on CO2 emissions of 

the blends. Therefore, it can be calculated that CO2 
emissions of 60% PS or 60% SS blends with TIPA have 
a reduction of 51.54% or 48.75%, compared to that of 
single cement. It has been proved that the use of PS and 
SS can greatly reduce CO2 emissions of cementitious 
materials.

4 Conclusions

In this study, low-carbon cementitious materials 
were prepared by incorporating high content of PS 
and SS, and the effect of TIPA on hydration process of 
cement-PS and cement-SS systems were studied. The 
conclusions are shown as follows:

a) The replacement of cement with 60% PS 
or 60% SS significantly decreased the compressive 
strength of specimens, and a reduction of 57% or 67% 
at 28 d. Fortunately, the incorporation of TIPA compen-
sated for the strength deficiencies caused by the high 
content of PS and SS. The compressive strength of ce-
ment containing 60% PS or 60% SS was enhanced by 
12% or 18% at 28 d. However, TIPA is unfavorable for 
early strength of cement with 60% SS.

b) AS for cement-PS-TIPA system, in the early 
stage, TIPA accelerated the dissolution of Al ions in PS, 
and the formation of carboaluminate hydrate was fa-
cilitated, which could induce the hydration; and in the 
later stage, the pozzolanic reaction of PS was promoted 
under the continuous solubilization effect of TIPA, and 
more C-S-H gels were generated, resulting in a refine-
ment of pore structure of specimens and a reduction in 
MPA from 8.12 nm to less than 7.08 nm.

c) As for cement-SS-TIPA system, in the early 
stage, TIPA promoted the dissolution of Fe ions in SS, 
and the formation of Fe-Mc, which is precipitated on 
the surface of SS, resulting in the postponement of hy-
dration, especially for the high SS content; and in the 
later stage, TIPA promoted the hydraulic reactions of 
SS due to its solubilization effect, and more CH were 

Fig.12  CO2 emissions of different cementitious materials

Table 4  CO2 emissions of raw materials/(kg/t)

Material Cement PS SS TIPA

CO2 emission 840 118 157 418
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generated, leading to lower porosity from 0.1933 mL/g 
to 0.1815 mL/g.

d) Compared with Portland cement, the carbon 
emissions of cement-PS-TIPA and cement-SS-TIPA 
was reduced by 52% and 49%, respectively. Thereby, 
PS and SS could be expected to be used to prepare 
low-carbon cementitious materials when used in con-
junction with TIPA.
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