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A B S T R A C T   

White mud is a solid waste from the papermaking industry, composed mainly of CaCO3 and residual alkali metal 
ions (such as Na+, Mg2+). In the current study, the feasibility of using white mud as partial replacement of slag in 
alkali activated materials is explored. The fluidity, setting time, autogenous shrinkage, mechanical properties, 
hydration products and microstructure of alkali activated slag containing different amount of white mud are 
studied. The results show that adding white mud reduces the fluidity of freshly mixed paste, setting time and 
autogenous shrinkage. The ions released from the white mud participate in the polymerization reaction, accel
erate the hydration reaction in the early stage, and promotes the precipitation of Mg-Al and the formation of 
hydrotalcite. However, excessive quantities of white mud (above 15% of the binder) leads to the reduction of 
compressive strength. As the content of white mud is enhanced, the Ca/(Si + Al) ratio of the gel increases and the 
degree of polymerization is reduced. It has been shown that white mud has potential reactivity and can partially 
replace slag to prepare new alkali activated materials.   

1. Introduction 

Cement production results in a large amount of carbon dioxide, ac
counting for approximately 8–9% of global CO2 emissions [1]. Cement 
production is also energy-intensive: production of 1 ton of cement re
quires about 110 kWh of electricity [2]. In addition, it generates a 
substantial amount of noise and dust. Consequently, there is an urgent 
need for the development of low-energy and low-carbon binders to 
reduce the use of cement clinker [3,4]. 

Alkali-activated materials (AAMs), as alternative binders to ordinary 
Portland cement (OPC), are low-carbon cementitious materials because 
they have low natural resource consumption and reduced carbon diox
ide emissions [5–7]. AAMs are composed of aluminosilicate precursors 
and alkaline activators, which can be produced without calcination. 
Different industrial by-products or solid wastes can be used as pre
cursors, including granulated blast furnace slag [8,9], metakaolin [10], 
fly ash [11], natural volcanic ash [12], waste rocks [13], flue gas 
desulfurization (FGD) residue [14], red mud [15,16], waste glass 
[17,18], tailings [19], bottom ash [20] and limestone [21–23], etc. 
Among them, ground granulated blast furnace slag (GGBFS) has high 

reactivity, allowing it to react in a mild alkaline environment [24]. 
Therefore, less strong alkali can be used in the production of alkali 
activated slag, saving costs, and solving the problem of activator caus
ticity. Therefore, alkali activated slag (AAS) has been widely studied as 
an environmentally friendly construction material. It can be used for 
backfilling, rapid pavement repair, wastewater adsorption, etc. How
ever, AAS has high shrinkage and cracking [23,25,26], which limits its 
practical use. The properties of AAS are significantly influenced by the 
incorporation of other precursors [27]. Different precursors have been 
developed and blended with slag to overcome the drawbacks of AAS. 
Najimi et al. [28] studied the engineering properties of alkali-activated 
natural pozzolan/slag concrete and provided the optimum precursor 
and activator combinations. It was reported by Egodagamage et al. [29] 
that using biochar as a partial replacement of GGBFS promoted the 
hydration reaction and increased the compressive strength of AAS. Ac
cording to Li et al. [30], incorporation of metakaolin mitigated the 
autogenous shrinkage and increased the flexural strength of AAS. 
Rakhimova et al. [21] found that introduction of limestone in AAS 
improved the physical structure and compressive strength of alkali- 
activated slag paste. Among them, limestone powder (LSP) can be 
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found almost everywhere in the world. Therefore, attention has been 
paid to apply LSP in alkali activated materials [23]. 

Limestone, mainly composed of CaCO3, can not only fill the porosity 
in the AAS system and enhance the microstructural density, but also has 
a chemical modification effect [22]. Some researchers [23,31] analyzed 
the exothermic process of AAS system blend with limestone addition by 
isothermal calorimetry and found that the application of limestone 
improved the reaction rate. Dai et al. [32] observed, through pore so
lution chemical analysis, that limestone could promote the dissolution of 
Ca2+ and Al3+ in the precursors, thus accelerating the reaction. Xiang et 
al [26] indicated that the appropriate amount of CaCO3 can improve the 
rheological properties, reduce drying shrinkage, increase the density of 
the matrix and accelerate the reaction, thus promoting the strength 
development. Marsh et al. [33] reported that limestone addition accel
erates reaction in Na2SO4-activated GGBS. 

White mud is a by-product of the alkali recovery process from the 
paper industry. The composition of white mud is similar to limestone 
whose main component is calcium carbonate. White mud also contains 
residual alkali metal ions (such as Na+, Mg2+), which is alkaline [34,35]. 
However, compared with limestone, the use of white mud in the field of 
building materials has not been extensively studied. Ingale et al. [36] 
investigated properties of fresh concrete made with white mud and 
GGBS as cement replacement and observed that white mud increased the 
water demand. Phan et al. [37] demonstrated that white mud improved 
the stability of high-water-content clays immediately after mixing owing 
to its good water absorption and retention performance. Although white 
mud can also be applied in wastewater treatment, gas adsorption, and 
bio additives, these approaches do not consume white mud on a large 
scale [38]. Most of the white mud is still landfilled, causing serious 
damage to the environment [39]. Production of 1 ton of paper products 
results in 1.63 tons of white mud [38]. As the largest papermaking 
country in the world, the annual output of white mud in China exceeds 
80 million tons [40], which makes the paper industry one of the most 
polluting industries. Therefore, the effective treatment and utilization of 
white mud is of great significance. 

To this end, the current study investigates the feasibility of utilizing 
white mud for partial replacement of slag to prepare new alkali acti
vated slag and analyzes the effect of residual ions from white mud on 
development of macroscopic properties and microstructure of AAS. It is 
expected that the that the current study can facilitate the practical 
application of white mud in AAMs. 

2. Materials and experiments 

2.1. Raw materials and mixture proportions 

The materials used are S95 ground granulated blast furnace slag 
(GGBFS) and white mud supplied by Liaocheng paper mill, Shandong 
province. Chemical compositions of GGBFS and white mud were 
determined by X-ray fluorescence, see Table 1. The GGBFS is rich in Si 
and Al and consists mainly of amorphous glass phase. The mineral 
composition and particle size distribution are shown in Fig. 1 and Fig. 2, 
respectively. It has a specific surface area of 1.339 m2/g and a median 
particle size of 17.568 μm. The main mineral component of white mud is 
calcite. The white mud is a bit finer than GGBFS and possesses a specific 
surface area of 4.628 m2/g and a median particle size of 11.482 μm. A 
scanning electron microscopy (SEM) images of GGBFS and white mud 
are shown in Fig. 3. GGBFS particles are irregular and white mud has a 
porous structure. 

The mix proportion of Alkali activated white mud/slag (AAWS) is 
shown in Table 2. Fourteen different AAWS pastes were designed. The 
adopted liquid to solid weight ratio was 0.35 and the mass ratio of Na2O 
to solid was 5.6%. The white mud addition was varied by replacing 
different amounts of GGBFS. The white mud contents of SH0, SH5 and 
SH10 were 0%, 5% and 10%, respectively. Two types of alkali activator 
were considered. SH refers to the samples activated by sodium hy
droxide solution and SS indicates the specimens activated by water glass 
solution. 

The activator was prepared by mixing anhydrous pellets of sodium 
hydroxide with distilled water and sodium silicate solution. The solution 
was allowed to cool down for 24 h to room temperature （20 ± 2 ℃) 
before mixing with the precursors. A Planetary mixer with a capacity of 
1L was used for mixing. After premixing of the raw materials for 5 min 
under low speed, the activator was added and mixed at high speed for 2 
min. The mix was used for the further test. 

2.2. Experimental methods 

2.2.1. Fluidity 
The fluidity of AAWS paste was tested according to Chinese standard 

GB/T 8077–2012. The mixed AAWS paste was poured into the truncated 
cone round mold (upper diameter: 36 mm; lower diameter: 60 mm; 
height: 60 mm). The paste was scraped with a scraper, then the mould 
was lifted in the vertical direction and the stopwatch was turned on at 
the same time. After 30 s, a ruler was used to measure the maximum 
diameter in two perpendicular directions and the average value was 
taken as the fluidity. 

2.2.2. Setting time 
Based on the Chinese standard GB/T1346-2011, the initial setting 

and final setting of AAWS paste were measured by the Vicat apparatus. 
The Vicat mould has an internal diameter of 75 mm at the base and 65 
mm at the top, with a height of 40 mm. The initial setting was defined 
when the Vicat needle sunk into 4 mm from the base plate. Final setting 
was determined as when the ring attachment starts to leave no visible 
traces on the sample. It was measured every 30 s. 

2.2.3. Compressive strength 
For the compressive strength measurements, specimens with size of 

40 mm × 40 mm × 40 mm were used. The specimens were cured in a 
room with relative humidity of 95% and temperature of 20 ± 2℃ 

Table 1 
Chemical composition of raw materials by XRF.  

Oxide (wt%) CaO SiO2 Al2O3 Na2O MgO LOI Other 

GGBFS  39.69  31.34  16.67  1.80  2.26  6.14  2.10 
White mud  47.50  2.08  0.71  2.80  2.74  42.84  1.33  

Fig. 1. XRD patterns of raw materials (C = Calcite).  
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according to the standard (Chinese standard GB/T 17671–1999) until 
testing (1d, 7d and 28d). The specimen was loaded with a constant rate 
of 1 kN/s. The average value of three specimens for each mix was taken 
as the compressive strength. 

2.2.4. X-ray diffraction test 
X-ray diffraction (XRD) measurements were conducted to examine 

the chemical phase in the pastes. A Rigaku Dmax-2500PC powder X-ray 
diffractometer with Cu Kα radiation was used. It was operated at 40 kV 
and 30 mA. A step size of 0.020◦ within the scanning range of 10-70◦was 
adopted. 

2.2.5. Fourier transform infrared spectroscopy test 
Fourier transform infrared spectroscopy (FTIR) measurement was 

performed with a Nicolet IS 10 FTIR spectrometer. The spectra were 
analyzed over the wavelength range from 600 to 2000 cm− 1 with a 
resolution of 4 cm− 1. 32 scans were acquired for each measurement. The 
spectra were analytically derived using the PerkinElmer Spectrum 100 
software. 

2.2.6. Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was conducted to identify the 

reaction products of AAWS. A TGA-5500 Thermogravimetric Analyzer 
was used. Samples were heated from room temperature (20 ◦C) to 
950 ◦C at a heating rate of 10 ◦C/min. Nitrogen with a flow rate of 60 

Fig. 2. Particle size distribution of GGBFS and white mud.  

Fig. 3. Scanning electron microscopy (SEM) image of (a) GGBFS and (b) white mud.  
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ml/min was used to create an inert environment. An empty alumina 
crucible was used as a control before the test, and the blank curve was 
subtracted to ensure accurate data. 

2.2.7. Scanning electron microscopy 
A JSM-7610F scanning electron microscope (SEM) equipped with an 

energy-dispersive X-ray spectroscopy detector was used to observe the 
morphology of AAWS using the secondary electron (SE) mode. An ac
celeration voltage of 15 kV was chosen. Before testing, the samples were 
first dried under vacuum conditions and sprayed using a high-resolution 
sputter coater with a spray layer of platinum for 360 s. Back scattered 
electron (BSE) mode and Energy dispersive spectroscopy (EDS) were 
used to characterize the microstructure of AAWS and to perform quan
titative analysis of the reaction products. Prior to the test, dried samples 
were impregnated with epoxy resin. After hardening, the specimens 
were grinded with grit silicon carbide paper of 800 grit, 1200 grit, 2000 
grit, and 4000 grit in order. They were then polished with diamond 
pastes with particle size of 9, 3, 1, and 0.25 μm. The samples were 
washed regularly in an isopropanol ultrasonic bath after each polishing 
step. In the end, the well-polished samples were dried in a vacuum oven. 

3. Results and discussion 

3.1. Fluidity 

The slump flow of the freshly mixed alkali white mud-slag paste is 
shown in Fig. 4. In general, at the same level of white mud replacement, 

the samples activated by water glass exhibited much higher fluidity. 
This is due to the silicate ions contained in the water glass, which 
enhance the charge repulsion of the liquid phase on the particle surface. 
The incorporation of white mud reduced the fluidity of the paste of alkali 
activated slag. This is the opposite of the effect caused by the addition of 
limestone powder which has a similar mineral composition, i.e. calcite 
[23,26,32]. The reasons are as follows: 1) white mud has a larger spe
cific surface area; 2) As shown in Fig. 3(b), white mud has a porous 
structure, which increases the water demand. 

3.2. Setting time 

The setting time of AAWS paste is shown in Fig. 5 and Fig. 6. In 
general, the setting time is shorter for the water glass activated systems 
compared to the sodium hydroxide activated systems. The setting time is 
relevant to the reaction rate influenced by the reactivity of the precursor 
and the alkalinity of the activator. NaOH is more alkaline than water 
glass with the same Na2O concentration, and it contributes to the 
dissolution of the vitreous structure of the slag. The amount and dis
tribution of silicate ions in the water glass is more conducive to promote 
the early reaction, generating gel products and accelerating setting and 
hardening [41]. 

The increased white mud amount leads to a shortening of both initial 
and final setting times, see Fig. 5 and Fig. 6. White mud is strongly 
alkaline [34]. Replacing GGBFS with white mud corresponds to 
strengthening the alkali environment, diluting the reactive precursors 
and therefore accelerating the reaction and reducing the setting time. 
Besides, particles smaller than 5 μm account for about 30% of the white 
mud which is about 50 % higher than that of GGBFS. These particles can 
provide nucleation sites for the formation of reaction products and 
facilitate the reaction [21,23]; 

3.3. Autogenous shrinkage 

The autogenous shrinkage of AAWS pastes prepared with different 
activators and white mud dosage over a period of 168 h are shown in 
Fig. 7 and Fig. 8. The autogenous shrinkages of all samples increase 
rapidly in first 24 h and then gradually grow up to 168 h, which is 
consistent with the results reported in literature [42]. The autogenous 
shrinkage of AAWS activated by water glass is higher than that of AAWS 
activated by NaOH. The 168-hour autogenous shrinkage of SS30 is 5806 
μs, 1.5 times that of SH30. The reason may be that water glass activated 
system has a higher degree of reaction and generates more hydration 

Table 2 
Mix proportion of AAWS.  

Code GGBFS (wt 
%) 

White mud 
(wt%) 

Na2O 
(%) 

Ms¼(SiO2/ 
Na2O) 

Liquid/ 
Solid 

SH0 100 0 5.6 – 0.35 
SH5 95 5 
SH10 90 10 
SH15 85 15 
SH20 80 20 
SH25 75 25 
SH30 70 30 
SS0 100 0 5.6 1.2 0.35 
SS5 95 5 
SS10 90 10 
SS15 85 15 
SS20 80 20 
SS25 75 25 
SS30 70 30  

Fig. 4. Slump flow of AAWS pastes.  Fig. 5. Initial setting times of AAWS pastes.  
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products. The autogenous shrinkage of AAWS decreases as the inclusion 
of white mud increases. When 30% white mud is blended, the autoge
nous shrinkage of AAWS activated by NaOH is reduced by 38% at 168 h. 
This may be attributed to the restraining effect [43] of the white mud 
which works as the microaggregate and the reduction of highly reactive 
GGBS. As shown in Fig. 8, with the incorporation of white mud, the 
samples shrink faster in the very early stage. This indicates that white 
mud accelerates the reaction in the early stage, which is consistent with 
the results of setting time above. 

3.4. Compressive strength 

The compressive strengths of AAWS at different ages (1 day, 7 days, 
28 days) are shown in Fig. 9 and Fig. 10. The compressive strength in
creases faster in the early stage. The strength at 1 day is more than 35 
MPa for all mixtures, about 40% of 28d strength. The 7 days compressive 
strength increases to more than 80% of 28 days strength. The strength 
increase slows down significantly after 7 days. The compressive strength 
of the water glass activated samples is higher than those activated by 
NaOH with the same white mud amount. The compressive strength of 
SS0 at 1 day, 7 days and 28 days are 49.51 MPa, 94.21 MPa and 114.61 

MPa respectively, which are 14.09 MPa, 24.96 MPa and 37.88 MPa 
higher than that of SH0. For NaOH activated system, GGBFS dissolves 
Ca2+, Si4+ and Al3+ due to the action of OH− . The dissolved ions 
continue to form gel products. Water glass contains Si4+, which allows 
for a rapid polymerization after the dissolution of Ca2+, generating gel 
products to fill the pores and bond the matrix, resulting in higher 
compressive strength. 

It can be found in Fig. 9 and Fig. 10 that the highest compressive 
strength is achieved when 15 wt% white mud is blended. The 
compressive strength of SS15 at 1 day, 7 days and 28 days are 58.15 
MPa, 105.48 MPa and 132.36 MPa respectively, which are 8.64 MPa, 
11.27 MPa and 17.75 MPa higher than that of SS0. Rashad et al. [44] 
found the incorporation of 15% limestone powder (LSP) increased the 7 
and 28 days compressive strength by an average of 11.41 %. In the 
current study, the incorporation of 15 % white mud increases the 7 days 
compressive strength by 11.96% and increases the 28 days compressive 
strength by 15.49%, which is 5% and 36% higher than that mentioned in 
the literature above. The white mud enhances the alkaline environment 
and a moderate inclusion of white mud dilutes the reactive precursors. 
Additionally, white mud has a porous structure and a large specific 
surface area. This facilitates the release of Ca2+, Na+, etc. and those 
small particles(<5μm) provide nucleation sites during the hydration 
reaction [21], thereby accelerating the pre-reaction rate and improving 
the mechanical strength. However, there was no obvious difference in 
terms of strength growth rates of the samples from 7 days to 28 days, 
indicating that white mud has limited influence at the later stages of the 
reaction. The compressive strength of SS30 at 1 day, 7 days and 28 days 
are 47.73 MPa, 84.73 MPa and 93.62 MPa respectively, which are 10.42 
MPa, 20.75 MPa and 38.74 MPa lower than that of SS15.The strength is 
reduced when the percentage of white mud is higher than 15 wt% for the 
following reasons: 1) The large inclusion of white mud increases the 
specific surface area of the mixture and increases the water demand, 
which makes it difficult to mix uniformly and results in particle ag
glomerations [45]; 2) The dilution effect of excessive white mud reduces 
the total amount of reaction products in the system, which affects the 
development and growth of gel products, resulting in a loose micro
structure [46]; 3) The white mud particles are poorly bound with the 
reaction products, becoming the weak spot in the matrix [47]. 

3.5. Chemical composition characterization 

3.5.1. XRD 
The XRD results of AAWS samples cured for 28 days are shown in 

Fig. 11 and Fig. 12. The broad hump at 2θ = 27 to 32◦ represents C-S-H 

Fig. 6. Final setting times of AAWS pastes.  

Fig. 7. Autogenous shrinkage of AAWS activated by NaOH.  
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which is generated by the reaction of slag and alkali activator [48–50]. 
Considering the presence of abundant Ca2+, Na+ and Al3+ in the system, 
ion exchange may occur to form C-(N)-A-S-H [51]. Diffraction peaks of 

calcite appear around 2θ = 30◦, 39◦ and 48◦ in the samples with white 
mud. The intensity of the diffraction peaks grows with the white mud 
percentage, indicating a low chemical activity of the white mud. The 
reaction products of the NaOH activated system include calcite (CaCO3), 
hydrotalcite (Mg6Al2(CO3)(OH)16⋅4H2O)), akermanite (Ca2MgSi2O7), 
hatrurite (Ca3SiO5) and vaterite (CaCO3). The presence of vaterite in
dicates that carbonation occurred during mixing or maintenance [52]. 
In the water glass activated system, only calcite and hydrotalcite are 
observed as the reaction products. 

The composition of the GGBFS, the type of activator, the alkali 
concentration and the maintenance conditions all influence the reaction 
products of AAS [50]. It has been demonstrated that the presence of 
different types of calcium crystals can be detected in CaCO3 systems 
activated by water glass, such as pirssonite (CaNa2(CO3)2⋅2H2O) and 
portlandite (Ca(OH)2) [53]. Gao et al. [23] found that Ca2+ was released 
from the fine limestone particles under alkali activation, then partici
pated in the reaction process. As CaCO3 is soluble in NaOH [54], Ca2+

released from white mud in the NaOH-activated system may be involved 
in the crystallization reaction of hatrurite (Ca3SiO5). However, none of 
these products is observed in the water glass system. This suggests that 
Si4+ from the water glass restricts the formation of the calcium crystals 
[55]. Therefore, in the water glass activated system, Ca2+ from white 
mud is more likely to undergo condensation reactions with Si4+ and Al2+

from the slag to form C-(N)-A-S-H. 
The diffraction peaks appearing at 2θ = 11.5◦ and 2θ = 23◦ represent 

the existence of hydrotalcite (Mg6Al2(CO3)(OH)16⋅4H2O)) [56] which is 
a magnesium–aluminum hydroxycarbonate with a layered crystal 
structure. It has been reported by [57–59] that, in the AAS system, the 
formation of hydrotalcite happens only when the MgO content is at least 
5%. As shown in Table 1, the content of MgO in the slag is about 2.72 wt 
% and no hydrotalcite phase is found in SS0. This suggests that the Mg2+

attached to the calcium carbonate in the white mud would be released to 
the pore solution after exposure to the activator and reacted with the 
Al3+ dissolved from the slag to produce hydrotalcite. In addition, it 
should be noted that the release of CO3

2− from CaCO3 also contributes to 
the formation of hydrotalcite [60]. 

3.5.2. FTIR 
The FTIR spectra of the GGBFS and white mud are shown in Fig. 13 

and the main FTIR vibration bands corresponding to the chemical bonds 
are shown in Table 3. The peak at 954 cm− 1 in the GGBFS spectrum 
corresponds to the asymmetric stretching vibration of Si-O-T (T =
tetrahedral Si or Al) [61]. This broad intense band indicates that the slag 
is mainly composed of amorphous silica-aluminates [62]. The main 

Fig. 8. Autogenous shrinkage of AAWS activated by water glass.  

Fig. 9. Compressive strength development of AAWS activated by NaOH.  

Fig. 10. Compressive strength development of AAWS activated by water glass.  
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vibration bands (1791 cm− 1, 1442 cm− 1, 873 cm− 1, 712 cm− 1) of white 
mud follow the asymmetric stretching vibration of C-O-C [63]. 

The FTIR spectra of AAWS at the age of 28 days are shown in Fig. 14 
(a). The bending vibrational absorption peak of the O-H bond is close to 
1640 cm− 1, representing the chemically bound water within the reac
tion product. As the amount of white mud increases, the relative content 
of the reaction products decreases, and the peak area of the O-H bond 
decreases. The disappearance of the absorption peaks at 1071 cm− 1, 
1004 cm− 1 and 847 cm− 1 in the white mud signifies the involvement of 
white mud in the reaction. The shift in the absorption peak of the Si-O-T 
bond at 954 cm− 1 in the slag towards higher wave numbers is due to the 
disruption of the silica-aluminum glass structure within the slag and the 
polymerization reaction which produces the main hydration product, e. 
g., silica-alumina gels. 

The variation of Si-O-T bond wave number for samples cured for 1, 7 
and 28 days are shown in Fig. 14(b). The wave number of the specimens 
activated by water glass is higher than that activated by NaOH due to the 
higher content of silicate ions in the water glass, which facilitates the 

Fig. 11. XRD patterns of (a) NaOH activated AAWS paste. (b) is a zoom between 2θ = 10 ~ 13◦ and (c) is a zoom between 2θ = 22.5 ~ 23.5◦ (C = Calcite, Ht =
Hydrotalcite, V = Vaterite, A = Akermanite, H = Hatrurite). 

Fig. 12. XRD patterns of (a) water glass activated AAWS paste. (b) is a zoom between 2θ = 10.5 ~ 12◦ and (c) is a zoom between 2θ = 22.5 ~ 23.5◦ (C = Calcite, Ht 
= Hydrotalcite). 

Fig. 13. FTIR spectra of raw materials.  

Table 3 
FTIR vibrational bands of AAWS corresponding to chemical bonds.  

Wavenumber（（cm¡1) Chemical bond 

654 Mg-O 
712, 873, 1424, 1486, 1798 C-O（CO3

2− ) 
950 ~ 1020 Si-O-T（T = Si, Al) 
1648 O-H  
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polymerization of the gel network. The wave number of this Si-O-T bond 
is related to the Al/Si and Ca/Si ratios. A higher wave number suggests a 
higher degree of polymerization of the Si-O-T chains. The dissolution 
rate of elements within the slag is related to the bonding energy of the 
chemical bonds. Ca-O and Al-O have weak bonding energies and 
therefore faster dissolution rates. Si-O has stronger bonding energy 
leading to a slower dissolution rate. In the early stage of the reaction, 
low polymerization gel products with high Ca/Si and Al/Si ratios are 
easily formed in the system. In the later stage of the reaction, the 
dissolution of Si rises, some of the Al in the gel structure is replaced by 
Si, and the degree of polymerization increases. Therefore, the wave 
number of Si-O-T bonds in AAS tends to reduce and then improve with 
age [51,64,65]. As shown in Fig. 14(b), the Si-O-T bond wave number of 
SS0 and SH0 gradually increases with the age, while the Si-O-T bond 
wave number of SS15 and SH15 keeps increasing until 7 days and then 
remains stable. Conversely, the Si-O-T bond wave number of SS30 and 
SH30 reduced with the age. When 15 wt% white mud was mixed, the 
reaction was accelerated, and a large amount of Al dissolved within 1 
day. Therefore, no obvious change in the wave number of the Si-O-T 
bond could be detected after 7 days. The opposite trend observed for 
SH30 and SS30 is attributed to the fact that the excess white mud is 
attached to the slag particle surface and impedes the dissolution of Si 
and Al. Besides, the white mud enhanced the Ca/Si in the gel structure, 
resulting in a lower wave number of the Si-O-T bond. 

The peak at 670 cm− 1 corresponds to the bending vibration of the 
Mg-O bond, which evolves from 654 cm− 1 in the white mud, indicating 
the presence of hydrotalcite. It grows with white mud and is more 
pronounced in the spectrum of the NaOH activated system, which is 
related to its higher hydrotalcite content. This is consistent with the 
observation from XRD measurements. In addition, there are vibration 
bands at 875 cm− 1 in the spectrum of SH0 and two overlapping bands 
between 1500 cm− 1 and 1420 cm− 1 in the spectrum of SS0, which 
correspond to the tensile vibration of O-C-O in carbonates. This shows 
that the specimens have undergone slight carbonation during mixing or 
curing. The appearance of absorption zones at 713 cm− 1, 875 cm− 1 and 
1797 cm− 1 is attributed to the presence of CaCO3 in the white mud [66]. 
The area of the O-C-O absorption bands (712 cm− 1, 873 cm− 1, 1430 
cm− 1 and 1798 cm− 1) rises with white mud addition, demonstrating that 
a substantial amount of CaCO3 remains in the system. 

3.5.3. TGA 
The results of the thermogravimetric analysis are shown in Fig. 15. 

The mass loss of the water glass activated system is higher for the same 
white mud inclusion. The mass loss fraction for SS15 is 10.6% higher 
than that of SH15. The maximum test temperature is lower than the 
decomposition temperature of slag (above 1200 ◦C). Therefore, it can be 
concluded that the water glass activated system is more reactive, which 
is consistent with the above analysis. 

Four peaks are present in the mass loss rate plots for all investigated 
mixtures. The first weight loss peak appears in 30–250 ◦C. This is caused 
by the evaporation of bound water (30–105 ◦C) and crystalline water, 
and the decomposition of the gel products (105–250 ◦C) [67]. This peak 
for the NaOH activated system is centered at 105 ◦C, while that for the 
water glass activated system is centered at higher temperature, sug
gesting that a more stable gel structure is generated. Furthermore, the 
peak areas of SS0 and SS15 are larger than in other mixtures, demon
strating a higher gel content. The significant reduction of the peak area 
in SS30 tends to confirm the aforementioned assumption that the excess 
white mud impedes the dissolution of Si and Al in slag which reduces the 
amount of gel products. 

The second weight loss peak that occurs between 300 and 450 ◦C 
generally improves with white mud. It corresponds to the decomposition 
of hydrotalcite. Specifically, the evaporation of interlayer bound water 
and CO2 at 300 ◦C leads to the complete decomposition of the layered 
structure at 450 ◦C with the following chemical expressions [60,68,69].  

Mg6Al2(CO3)(OH)16⋅4H2O → (300 ~ 450 ℃) Mg6Al2O8 (OH)2 + 7 
H2O↑+CO2↑                                                                                         

Two distinct peaks appear when the temperature exceeds 500 ◦C. 
This indicates not only the decomposition of carbonates, including so
dium, magnesium and calcium carbonate, but also the decomposition of 
silica gel [70,71]. Insignificant peak is found for SS0 and SH0 above 
500 ◦C. In this temperature range, the weight loss increases with the 
incorporation of white mud, especially for the water–glass activated 
system. The sharp heat absorption peak at 700–750 ◦C represents the 
complete decomposition of calcium carbonate [72]. This weight loss 
peak in SH0 reflects a certain degree of carbonation of the sample. The 
intensity of this weight loss peak correlates with the white mud addition, 
showing that some of the calcium carbonate from the white mud is still 
stable in the matrix and does not participate in the reaction. All samples 

Fig. 14. FTIR spectra of AAWS mixtures: (a) typical mixtures cured for 28 days, (b) Si-O-T bands of typical mixtures during 1 and 28 days.  
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showed several exothermic peaks after 800 ◦C, but there is no significant 
difference in mass loss rate, indicating that the type of activator and the 
amount of white mud almost have no influence on the peaks in this 
range. According to existing studies [73], new phases are generated at 
800 ◦C. C-A-S-H gels completely lose their bound water and the dis
rupted gel structure begins to form more ordered crystalline phases, 
such as akermanite. 

Assuming that the decomposition peaks in different intervals refer to 
the content of gel （105 ~ 250℃), hydrotalcite (300 ~ 450℃) and 
white mud (450 ~ 750℃) in the system, the mass loss rate of each 
sample is recorded, and the results are shown in Table 4. As can be seen 
from the table, the white mud has an important effect on the hydration 
reaction of the system. The appropriate amount of white mud can 
improve the overall reaction degree of the system with the promotion of 
hydrotalcite production. 

3.5.4. SEM images 
Figs. 16-21 show the microstructure and gel product morphology of 

the AAWS with different white mud contents. It can be found that the 
glass phase of the slag particles reacts and generates a substantial 
amount of gel. These gels are in the form of random network and 
amorphous globular structure, which grow interlocked with each other, 
accumulate around the unreacted particles, and fill the voids. The 
incompletely reacted slag particles with rough and well-defined angular 

surfaces can also be observed. This is related to the reaction kinetics of 
the AAS. At the beginning of the reaction, layers rich in Si and Al are 
easily formed in the surface of the slag particles, and at a later stage, the 
dissolution of Mg2+ leads to the formation of slab-like hydrotalcite [57]. 
Hydrotalcite is a kind of layered double hydroxide, in both composition 
and structure [74]. It can be observed that layered and lamellar crystals 
staggered together with gel products in SE images. The white mud 
particles are disorderly dispersed and accumulated everywhere. The 
space is mainly composed of gel products, hydrotalcite, slag and white 
mud particles, and the other crystalline products in the NaOH system are 
not accurately identified due to scale limitations. 

As can be seen in Fig. 16(a), the surface of the slag particles is 
wrapped in a fibrous C-(N)-A-S-H gel and lamellar hydrotalcite after the 
reaction in the NaOH system. The gel structure is loose and the hydro
talcite is interspersed and interlaced with the gel products. However, 
Fig. 16(b) shows that there are still numerous cracks and micropores 
within the microstructure. In Fig. 17, the amorphous gel product is 
transformed into a lamella structure when 15% of white mud is incor
porated. The generation and development of hydrotalcite is promoted 
and the layer thickness increases. In addition, the gel network structure 
becomes denser and the porosity is reduced, indicating a higher degree 
of reactivity. It corresponds to the enhanced mechanical properties of 
SH15. Less reaction products within the matrix can be observed in 
Fig. 18, suggesting that the excessive white mud hinders the reaction. 

Compared with the NaOH activated system, the gel structure of the 
water glass activated systems is denser, see Figs. 19-21. However, some 
evident pores and defects in the microstructure of SS0 can be observed in 
Fig. 19. With the incorporation of 15 wt% white mud, the angular slag 
particles are no longer visible in Fig. 20 because more slag is involved in 
the hydration reaction to form silica-aluminate gel. The gel and white 
mud particles completely encase the slag and form a continuous unity, 
resulting in a denser microstructure. The higher degree of reactivity of 
SH15 and SS15 is consistent with the above analysis, while the denser 
microstructure corresponds to the better macroscopic mechanical 
strength. As shown in Fig. 21, the excessive white mud particles found in 
SS30 restrict the growth of the gel products. The continuity of the 
microstructure is poor and there are more microscopic defects, thus the 
specimen exhibits lower mechanical properties. 

The microstructure of the water glass activated system is denser than 
that of the NaOH activated system. The presence of reactive Si in the 
water glass solution improves the degree of polymerization of the gel 
structure. The microstructure of the gel products with no white mud is 
more compact, indicating a relatively high degree of polymerization. 
Minor defects appear in the gel structure when 15 wt% white mud is 
added, as can be seen in Fig. 16 and Fig. 19. More defects appear with 
the increment of white mud content, see Fig. 17. Possible explanations 
are as follows: 1) release of Ca2+ from CaCO3 in white mud and diffusion 
of Na+, Mg2+ and K+ carried by white mud into the pore solution pro
motes the hydration reaction. 2) The excessive white mud is attached to 
the surface of the slag particles and inhibits the dissolution of Si and Al. 
The concentration of ions to form the gel structure (Si4+, Al3+) drops, 
and the number of bonds with large radius and low bond energy in the 
gel structure increases, which ultimately reduces the degree of poly
merization. This corresponds to the reduced mechanical properties and 

Fig. 15. TGA analysis for AAWS pastes with different white mud inclusion and 
alkali activator after 28 days curing (a) DTG analysis, (b) TG analysis. 

Table 4 
Mass loss rate of the AAWS at different temperature intervals (%).  

Code Temperature interval 

105 ~ 250 ℃ 300 ~ 450 ℃ 450 ~ 600 ℃ 600 ~ 750 ℃ 

SH0  3.81  1.96  0.89  0.06 
SH15  3.88  2.27  1.29  1.30 
SH30  3.54  2.32  2.52  3.47 
SS0  4.63  2.11  0.46  0.11 
SS15  4.88  2.15  0.89  1.90 
SS30  4.19  2.69  1.72  3.71  
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Fig. 16. SEM micrographs of (a) microstructure in SH0 and (b) is a partial enlarged detail of gel products.  

Fig. 17. SEM micrographs of (a) microstructure in SH15 and (b) is a partial enlarged detail of gel products.  

Fig. 18. SEM micrographs of (a) microstructure in SH30 and (b) is a partial enlarged detail of gel products.  
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the lower vibrational wave number of the Si-O-T bond. 

3.5.5. BSE-EDS 
The elemental distribution of SS0 and SS30 was analyzed by EDS line 

scan, see Fig. 22 and Fig. 23. There exists a dark rim that separates the 
GGBFS particles from the gel products. The dark rim has higher relative 
contents of Mg and Al than C-A-S-H and unhydrated GGBFS, while it has 
lower relative contents of Ca and Si. This is similar to the cement/slag 
system [75]. The presence of the dark rim is related to the enrichment of 

Mg in the outer layer of GGBFS and the formation of layered double 
hydroxide (LDH) during the hydration process of GGBFS. The most 
abundant element in the region of the gel products of SS0 and SS30 is Si 
followed by Ca and Al. The content of Si is more than 50%, which is 
determined by the structural characteristics of the amorphous C-(N)-A- 
S-H gel. The content of Al in the slag is lower than that of Mg, indicating 
that most of the Al has been dissolved and diffused into the pore solution 
to participate in the reaction. When the white mud is mixed, the content 
of Ca and Na increase in the gel region near the white mud particles. This 

Fig. 19. SEM micrographs of (a) microstructure in SS0 and (b) is a partial enlarged detail of gel products.  

Fig. 20. SEM micrographs of (a) microstructure in SS15 and (b) is a partial enlarged detail of gel products.  

Fig. 21. SEM micrographs of (a) microstructure in SS30 and (b) is a partial enlarged detail of gel products.  
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suggests that white mud dissolves Ca and Na and they are involved in the 
production of C-(N)-A-S-H gels, which is consistent with the results 
obtained in the above SEM analysis. It is noted that the content of Mg 
decreases in the region near the white mud, while the relative content of 
Mg in the dark rim increases when white mud is blended. Therefore, Mg 
dissolved from the white mud may migrate to the dark rim to form LDH. 

Point scans of the gel products in the SH0, SH30, SS0 and SS30 
specimens are carried out using Energy Dispersive Spectroscopy (EDS) 
respectively. The ratios of Ca, Si and Al are normalized and plotted in a 
ternary diagram as shown in Fig. 24. The different dashed areas in this 
ternary diagram reflect the Ca/(Si + Al) ratio for C-A-S-H, C-(N)-A-S-H 
and N-A-S-H [76–78].Fig. 25.. 

The test results show that the main gel products in the AAWS with 
different white mud admixtures all fall in the same region. The results 
above show that the main reaction product in the AAWS system is the C- 
(N)-A-S-H gel, where Na+ balances the negative ions. The Ca and Na 
released from white mud are also involved in the condensation reaction, 
replacing Al and Si, resulting in an increased Ca/(Si + Al) ratio. It should 
be noted that, due to the limited resolution of the current EDS technique, 
the depth acting on the specimen surface is about 1.0–2.5 μm at an 
accelerating voltage of 15 kV, the possibility of the coexistence of C-(N)- 
A-S-H/ (N, C)-A-S-H gel cannot be excluded. 

The Ca/Si and Si/Al ratios of the C-(N)-A-S-H play a crucial role in 
the mechanical properties of the AAWS. The water–glass introduces 
active Si into the system to further participate in the polymerization 
reaction. Besides, some of the Al is consumed during the formation of the 
hydrotalcite phase in the NaOH activated system. Therefore, the Si/Al of 
the gels in the water–glass activated system is higher, resulting in higher 
compressive strength. 

3.5.6. Discussion 
According to the model proposed by Jia et al. [57], the formation 

process of products in the AAS system consists of the following three 
main stages. 

Stage 1: When alkaline activator is blended with GGBFS, the outer 
layer of GGBFS will dissolve Ca2+, Si4+ and Al3+ rapidly due to the ac
tion of OH− . The surface of a GGBFS particle provides a nucleation site 

Fig. 22. Line analysis of GGBFS particle in SS0 mixture curing for 28 days.  

Fig. 23. Line analysis of GGBFS particle in SS30 mixture curing for 28 days.  

Fig. 24. Ternary diagram of EDX spot analysis of AAWS paste mixtures cured 
for 28 days. 
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for the hydration products and a layer of C-A-S-H gel will be formed 
immediately around the GGBFS particle due to the relatively fast initial 
reaction rate. 

Stage 2: As shown in Fig. 22, when the surface of the GGBFS particle 
is completely covered by C-A-S-H gel, the dark rim starts to be formed in 
the outer layer of the GGBFS particle. Ca, Si, Al and Mg begin to dissolve 
from the outer layer of the GGBFS. The dissolved ions continue to form 
new C-A-S-H gel and increase the layer thickness. The dissolution rate of 
Ca and Si is the highest while the dissolution rate of Mg is the lowest. 
Therefore, the gel products are relatively high in Ca and Si. When Na+

and OH− from the solution diffuse through C-A-S-H gel into the outer 
layer of GGBFS, they react with the remaining Ca, Si, Mg and Al to form 
C-(N)-A-S-H gel. At the same time, OH− will react with Al and Mg to 
form hydrotalcite, which is wrapped inside and mixed with the gel 
products to form a composite phase. 

Stage 3: With elapsed time, the reaction within the slag continues, 
and the thickness of the dark rim increases. 

In the first stage of the reaction, Ca2+, Na+, Mg2+ released by white 
mud are free in the liquid environment and participate in the reaction. 
This reduces the setting time. Excessive addition of white mud causes 
the matrix to set and harden rapidly, and limits the diffusion of Si and Al 
during the second stage of the reaction. This leads to a reduced gel 
content. Furthermore, it results in the migration of Ca2+ and Na+ due to 
charge balance, and eventually decreases the degree of polymerization. 
As it has been shown by the XRD, the NaOH activated system has more 
types of hydration products than the water–glass activated system, 
including hydrotalcite (Mg6Al2(CO3)(OH)16⋅4H2O) and hatrurite 
(Ca3SiO5). This can be attributed to the higher alkalinity of the NaOH 
solution, which facilitates the dissolution of Ca, Si, Al and Mg from the 
slag to participate in the reaction during the first stage. 

4. Conclusions 

In this study, the physical and mechanical properties including 
fluidity, setting time and compressive strength of AAWS were tested, the 
hydration products and microstructure were characterized by XRD, 
FTIR, TGA and SEM-EDS. The mechanism of white mud on the hydration 
process of AAS was explored to explain the development of macroscopic 
properties. The main conclusions are as follows:  

• The incorporation of white mud reduces the fluidity, setting time and 
autogenous shrinkage of the AAS. The compressive strength of AAS 
with white mud addition is improved when the inclusion was below 
15 wt%. When 15 wt% of white mud is blended, the 1d, 7d and 28 
days strengths of the NaOH activated system increase by 26.82%, 
12.27% and 20.92% respectively. The 1d, 7d and 28 days strengths 
of the water glass activated system increase by 17.45%, 11.96% and 
15.48% respectively. 

• The main gel product in the AAWS with different white mud ad
mixtures is C-(N)-A-S-H gel. The Ca2+ and Na+ in white mud can 
participate in the polymerization reaction to produce gels. As the 

content of white mud is increased, the Ca/(Si + Al) ratio of the gel 
increases, and the degree of polymerization of the gel structure is 
reduced.  

• The water glass activated system has a denser microstructure than 
the NaOH activated system. When 15% of white mud is used, a 
higher hydration degree is reached. The amorphous gel product is 
transformed into a lamellar structure and the formation of hydro
talcite is promoted. Excessive white mud limits the dissolution of Si 
and Al, thus impeding the hydration reaction. 

• The NaOH activated system contains more types of hydration prod
ucts than the water glass activated system, including hydrotalcite 
(Mg6Al2(CO3)(OH)16⋅4H2O) and hatrurite (Ca3SiO5). White mud can 
provide Mg2+, CO3

2− , which promotes Mg-Al precipitation and the 
formation of hydrotalcite. Mg2+ dissolved from the white mud may 
migrate to the dark rim. 

White mud has potential reactivity and can partially replace slag to 
prepare new alkali activated materials. Future research is required on 
the influences of white mud on other properties, e.g., durability of the 
materials. 
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