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The introduction of soluble calcium additives contributes to forming calcium-containing geopolymer (N,C)-A-S-H and/or
calcium (alumino)silicate hydration C-(A)-S-H in alkali-activated fly ash-based composites (AAFCs). However, the quantitative
determination of the final gel product has yet been unclear due to the different chemical components, which influences the
prediction of mechanical strength and microstructure. This study aims to propose a method to clarify the gel products in AAFCs
by the critical elemental compositions in gel products. Furthermore, the AAFCs were prepared (by casting method) using soda
residue (SR) as the calcium additive, fly ash as the aluminosilicate precursor, and sodium silicate solution as the alkaline activator.
The compressive strengths of the AAFCs with different SR contents were recorded. The microstructures and gel products of
AAFCs were detected through scanning electron microscope (SEM), energy-dispersive spectroscopy (EDS), X-ray diffraction
(XRD), and **Si nuclear magnetic resonance spectrometer (*’Si NMR). Finally, the proposed determination method was verified
with the experimental results. The new proposed quantitative method refers to a limit value of 2Ca/Al =1.00 about the critical
chemical elements in gel products, which helps to determine the calcium-containing geopolymer (N,C)-A-S-H or/and calcium
(alumino)silicate hydration C-(A)-S-H in stable AAFCs. Results show that the gel products are determined as single (N,C)-A-S-H
gels when 2Ca/Al is lower than 1.00; meanwhile, (N,C)-A-S-H and C-(A)-S-H gels coexist when 2Ca/Al is higher than 1.00 by the
above proposed quantitative determination method. Furthermore, it works that the industrial solid waste SRs regarded as calcium
additive are applied in the AAFCs to verify the gel products by 2Ca/Al = 1.00 as the limit value. The results provide the theoretical
and experimental basis for the performance prediction and microstructural determination.

1. Introduction

Geopolymer is detected as a network amorphous polymer
gel with three-dimensional structure, and it is usually pre-
pared using alkali-activated aluminosilicate materials.
Moreover, the geopolymer possesses a more stable structure
and higher mechanical properties than that of Ordinary
Portland Cement (OPC) [1]. Nowadays, the aluminosilicate
materials include two types of low calcium and high calcium.
When low-calcium materials are employed, such as low-

calcium fly ash (CaO, <10%), metakaolin, and so on, the gel
products obtained from alkali-activated composites are
geopolymer gel N-A-S-H or calcium-containing geopolymer
gel (N,C)-A-S-H [2]. And while high-calcium materials are
employed, such as high-calcium fly ash (CaO, >10%) and
blast furnace slag, and so on, the gel products turn to calcium
(alumino) silicate hydration C-(A)-S-H [2]. In general, N-A-
S-H and (N,C)-A-S-H gels have higher chemical bond en-
ergies and superior mechanical properties than those of
C-(A)-S-H gels [3, 4], evenly higher strength [5] and higher
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resistance to chemical attack [6]. The main gel product
compositions directly affect the macroscopic properties and
microstructures of alkali-activated aluminosilicate com-
posites. Therefore, it is of great significance to clarify the gel
products of alkali-activated aluminosilicate composites
through a fast and convenient method.

Low-calcium fly ash (F class) is one of the more
available aluminosilicate sources, and it possesses more
referenced experimental results in the application of
building materials. Usually, the low-calcium fly ash is
gradually eroded and then geopolymerized to form
polymeric gels when activated by high concentration of
NaOH and/or Na,SiO; solutions [3]. In particular, in-
organic calcium additives affect the physical and me-
chanical properties and chemical products of alkali-
activated fly ash-based composites (AAFCs) [7, 8]. The
previous study reported that the proper dosage of in-
organic calcium additives, such as CaO, Ca(OH),, CaCl,,
and so on, contributed to the property enhancement of
AAFC [8]. The 0%, 1%, and 3% CaO were, respectively,
incorporated as calcium additives to manufacture AAFCs
by using F class fly ash and Na,SiO; solution at room
temperature. The results demonstrated that the glassy
microspheres in fly ash dissolute with the increment of
CaO, and the composites possessed more compact
structure and higher compressive strength (up to
21.0 MPa) [9]. Moreover, as CaO content increased, the
gel products in AAFCs varied from stage one (N-A-S-H)
to stage two ((N,C)-A-S-H), and then to stage three
(coexistence of (N,C)-A-S-H and C-(A)-S-H)), and fi-
nally came to stage four (mixture of C-A-S-H and C-S-H).
The compressive strength in stage four (10.0 MPa) was
less than that in stage three (40.0 MPa) [10]. Particularly,
the apparent phase separation occurred at the coexistence
stage of (N,C)-A-S-H and C-(A)-S-H [11], and the re-
sistance to acid attack decreased due to C-A-S-H and/or
C-S-H gels [6]. Considering the optimization of the
mechanical and durability performances of AAFCs, it is
of great theoretical significance to determine the critical
calcium content about the phase transition point, where
(N,C)-A-S-H changes into the coexistence of C-(A)-S-H
and (N,C)-A-S-H. Currently, the gel products (geo-
polymer or coexistence with C-(A)-S-H) are distin-
guished by a series of microstructural and compositional
characterization techniques (SEM, EDS, XRD, FTIR, etc.)
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for AAFCs incorporating calcium additives. The current
multitechnical characterization brings great inconve-
nience to product determination. No quantitative de-
termination method is directly proposed based on the
chemical components in products.

Furthermore, the soda residue (SR), from the chemically
industrial Na,COj; process, is a calcium-containing solid
waste composed of Ca(OH),, CaCOs3, CaCl,, and CaSO,.
Previous studies showed that SR improved the physical,
mechanical, and microscopic properties of F class fly ash-
based geopolymers [5]. The materials have the character-
istics of early strength, low shrinkage, high porosity, and
better compactness owing to the change of gel products.
Therefore, it is of great significance that soda residue as an
inorganic calcium additive is used to verify the gel products
in AAFCs by chemical components considering the deeper
recycling utilization of solid wastes.

The objective of this paper is to propose a
determination method for the gel products of AAFCs
incorporating inorganic calcium additives. The alkali-
activated soda residue fly ash-based composites (pastes)
were prepared to investigate the compressive strength.
Furthermore, the microstructures and gel products were
characterized by a series of advanced techniques (SEM-
EDS, XRD, FTIR, and *’Si NMR). The applicability of
soda residue as a calcium additive was verified by the
proposed determination method based on the ratio of
calcium to aluminum. The results provide a theoretical
basis for the application of many calcium-containing
solid wastes in alkali-activated materials in a larger scale.

2. Determination of Gel Products in Alkali-
Activated Fly Ash-Based Composites

2.1. Effect of Calcium Additives on the Geopolymeric Process.
The chemical structural composition about the geopolymer
gel was proposed as the following empirical expression:
M -[-(SiO,),-AlO,-],, where M refers to alkali metal cations
(e.g, K", Na*, Ca®", etc.), x is a reaction parameter, and z is the
Si/Al ratio (usually 1, 2, or 3) [9, 12]. The M" cations including
Na*, K*, and Ca’" play a role in balancing the negative
charges caused by Al-O tetrahedrons in the structure, which
keeps the microstructure stable and neutral [13, 14]. The
geopolymeric processes are presented as the following for-
mulae (1) and (2) [15-18]. x is a reaction parameter.

x (81,05, ALO;) + 2x8i0, + 4xH,0 + (Na",K",Ca*") + OH"

(1)

— (Na*,K",Ca’") + x(OH); - Si - O — Al" (OH), - O - Si — (OH),

x(OH); - Si— O - A" (OH), - O - Si — (OH); + (Na",K*,Ca’") + OH"

(2)

— (Na",K", Ca™) - [Si(OH), - O — Al” (OH), - O - Si - (OH); - O-], + 4xH,0

All of the above expressions support for the charge balance
between Al and M" cations. Therefore, the equation

(Na+ K+ 2Ca)/Al=1.00 (atomic ratio, %) is always satisfied in
the geopolymer gel owing to the divalent Ca®". The equation
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(Na+K+2Ca)/Al=1.00 was verified in different AAFCs
[15, 16]. Considering the lower calcium of F class fly ash in
AAFCs, these results of Na/Al [19, 20], (Na+K)/Al [21],
(Na+ K+ Ca)/Al [22], and (Na+K+2Ca)/Al [15, 16] are very
close to 1.00. The equation (Na+K+2Ca)/Al=1.00 becomes
the key elemental feature in the geopolymer gel of AAFCs.

The calcium additives affect the final products of AAFCs.
The soluble calcium additives together with CaO in fly ash are
dissolved as free Ca®" in the high alkaline environment. It was
revealed that the Al monomers (derived from the amorphous
phases in fly ash) prefer to occur geopolymerization rather
than undergo hydration reaction [16]. The free Ca®" prefers to
balance the negative charges in Si-O-Al bonds. However, as a
cation of changing structure, the excessive Ca”* makes the gel
products form C-A-S-H or C-S-H (both are marked as C-(A)-
S-H) that are directly probed by a series of testing techniques.
The Al (mainly attributed to C-A-S-H and N-A-S-H gels)
plays an essential role in the generation of Si-O-Al network.
Furthermore, the free Ca®" cations balance the negative
charge prior to Na* and K" cations due to the smaller di-
ameter [23, 24]. If excessive Ca** exists, some Ca*" cations will
participate in the geopolymerization, and while others will
integrate with Si monomers to generate C-S-H gels.

If ensuring that all of Al take part in geopolymerization
(Si/Al>1.00), the elemental relationship among Na, K, Ca,
and Al can be quantified. To determine and form the
geopolymer gel, the calcium limits in the gel product satisfy
formula (3) [16]:

2Ca
——< 1.00,
Al

Si
—>1.00,
Al

(3)

which are established based on the charge-balance equation
(Na+ K +2Ca)/Al=1.00, whereas the formula Si/Al>1.00
has usually been satisfied for the high-silicon fly ash (mainly
Q*, structure unit and Si/Al=1.00 [5, 15] in geopolymer
gels). Additionally, Somna et al. [25] and Rattanasak et al.
[26] detected that the dissolution concentration of AI>* was
always less than that of Si*" for different types of fly ash
activated by different alkaline solutions. If Na or K-silicate is
employed as an alkaline activator, the ions $iO;>~ are added
so that Si/Al is still higher than 1.00. Therefore, formula (3) is
simplified as formula (4) [16]:
2Ca
7 < Lo 4)
Reversely, the excessive cations Ca®* (2Ca/Al>1.00) are
required for geopolymerization, and besides C-A-S-H or C-S-
H gels are also formed in the products (here, both are marked
as C-(A)-S-H). The theoretical formulae need to be further
verified through simulation results and experimental results.

2.2. Verification by Molecular Dynamics Simulation.
Molecular dynamics simulation technology can provide the
convenient means to verify the above conclusions mentioned
in Section 2.1. Wang et al. [27] used the simulation software
(Material Studio) to construct the structural models of Na, Ca,

H,O, OH, and Si,AlO,, (Si-Al-Si) in the Material Visualizer
module, and the built structural models were geometrically
optimized in the DMol® module. The structural models of
C-A-S-H, N-A-S-H, and the mixture were simulated. During
simulation, the different Ca/Si and 2Ca/Al ratios of alkali-
activated aluminosilicate composites were compared for the
gel product compositions, structural features, and XRD
patterns. Here, the Ca/Si ratio is 0.00, 0.20, 0.25, 0.33, 0.50,
and 1.00 (corresponding to 0.00, 0.80, 1.00, 1.33, 2.00, and
4.00 in 2Ca/Al ratios), respectively (Table 1).

Under the premise of Si/Al=2.00 and (Na+2Ca)/
Al>1.00 in each system, the gel products of low-calcium
system (CaO < 16.70%) are confirmed as N-A-S-H by 2Ca/
Al <1.00. In the medium-calcium system (CaO =16.70%~
21.00%), the products are the mixtures of C-A-S-H and N-A-
S-H by 2Ca/Al from 1.00 to 1.33. Evenly, for the high-
calcium system (CaO >30%), the product is the mixtures
(N-A-S-H and main C-A-S-H) according to 2Ca/Al > 1.33.
Emphatically, Si/Al=2.00 ensures that Al is totally involved
in the reaction, and (Na+2Ca)/Al>1.00 ensures the suffi-
cient sodium alkaline solution [27]. These simulated results
provide a theoretical support for the formulae in Section 2.1.

2.3. Proposal of the Quantitative Determination of Gel
Products. For the AAFCs incorporating inorganic calcium
additives, the quantitative determination of gel products is
proposed based on the chemical components in products:
2Ca/Al < 1.00 for a single geopolymer gel (also called “tra-
ditional geopolymer”), and but 2Ca/Al>1.00 for the co-
existence of geopolymer gel and C-(A)-S-H gel (also called
“modern geopolymer”). 2Ca/Al=1.00 is regarded as the
transition value between the above two cases (Table 2).

The different contents of reagent Ca(OH), as additives
were added into the AAFC in the previous research by Zhao
et al. [15]. The 2Ca/Al values for reactants and products are
shown in Figure 1(a). It is revealed that the gel products
detected by experimental techniques are also completely
consistent with the results calculated by the proposed de-
termination method based on 2Ca/Al ratio in products.
Therefore, it is effective to rapidly determine the gel products
of the AAFC incorporating inorganic calcium additives by
2Ca/Al ratio in products. Rakhimova and Rakhimov [2]
pointed out that the chemical distinctness and division using
Ca and Al contents were made for alkali-activated materials,
inorganic polymers, and geopolymers (Figure 1(b)). The
geopolymer gel (called “traditional geopolymer”) is just a
small fraction of alkali-activated materials according to their
definition. Therefore, the boundary value of geopolymer gel
is quantified about Ca and Al by using the established de-
termination method (Table 2) for the chemical distinctness
and division of gel products in AAFCs.

Rakhimova and Rakhimov [2] pointed out that the
chemical distinctness and division using Ca and Al contents
were made for alkali-activated materials, inorganic poly-
mers, and geopolymers (Figure 1(b)). Therefore, Al content
is a critical limit in geopolymers. Moreover, from Davido-
vits’ point of view, geopolymer definition is first an inorganic
gel product; namely, aluminosilicate precursors alkali-acti-
vated by strong alkaline solution (including alkali metal
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TasLE 1: Elemental composition, structural characteristics, and product identification of alkali-activated aluminosilicate systems based on

molecular dynamics simulation.

Name CaO content' (%) Ca/Si Si/Al (Na +2Ca)/Al 2Ca/Al Gel products
No calcium 0.00 0.00 2.00 1.00 0.00 N-A-S-H
Low calcium <16.70 <0.25 2.00 1.00~1.75 <1.00 N-A-S-H
Medium calcium 16.70~21.00 0.25~0.33 2.00 1.75~2.00 1.00~1.33 Mixture?
High calcium >30.00 >0.33 2.00 2.00 >1.33 Mixture?
High calcium >30.00 1.00 2.00 4.00 4.00 Mixture”

!Ca0 content refers to the mass percentage of CaO/(CaO + SiO, + AL,O3), (%). Data are from Wang et al. [27].

“Mixture refers to the coexistence of N-A-S-H and C-A-S-H.

cations Na* or K") generate 3D-network structure product
with stable Si-O-Al chemical bonds [28]. After that, the
structural alkali metal cations also include Ca** cation with
the development of geopolymer.

In addition, the calcium components are not essential for
the form of geopolymeric reaction, but they affect the final
product compositions of AAFCs. The soluble calcium ad-
ditives or CaO from fly ash are dissolved as free Ca** into the
high-alkaline environment. And the amorphous phases in
fly ash become Si and Al monomers by alkali activation. The
Al monomers prefer to undergo geopolymerization rather
than occur hydration [16]. The dissolved cations Ca** prefer
to balance the negative charges in Si-O-Al bonds. But, as one
of structure-changing cations, the excessive Ca®* makes the
gel products form C-A-S-H or C-S-H that are directly
probed. The Al (mainly attributed to C-A-S-H and N-A-S-H
gels) plays an essential role in the generation of Si-O-Al
network bonds. Furthermore, the Ca®* cations balance the
negative charge prior to Na* and K* cations owing to the
smaller cation’s diameter [23, 24]. If the excessive Ca®"
cations exist, some Ca®" cations will participate in the
geopolymerization, while the others will combine with Si
monomers to generate C-S-H gels.

If ensuring that all of Al take part in geopolymerization (Si/
Al>1.00), the elemental relationship among Na, K, Ca, and Al
can be quantified. In order to determine and form the geo-
polymer gel, the calcium limit in the gel product satisfies the
formulae 2Ca/Al < 1.00 based on the charge-balance equation.

3. Materials and Methods

Although the quantitative determination of the gel products
is proposed, it still needs to be further verified by industrial
solid wastes as inorganic calcium additives at a larger ap-
plication scale. Here, the AAFCs incorporating industrial
solid waste soda residues were manufactured by casting
method and the formed gel products were characterized by a
series of advanced chemical techniques.

3.1. Materials. The AAFCs were prepared using F class fly
ash powder (FFA, aluminosilicate source), soda residue
powder (SR, calcium additive), and Na,SiO; solution (NS,
alkaline activator).

3.1.1. Solid Powders (SR and FFA). The solid powders uti-
lized to synthesize alkali-activated composites are SR
(Sanyou Company, Tangshan, Hebei, China) and FFA
(Sanyou Company, Tangshan, Hebei, China). The chemical

components of SR and FFA are tested by X-ray fluorescence
(XRF) in Table 3.

After being dried at 40°C, the SR was ground to the
amount passing the #325 sieve of 77% (specific gravity 2.35
and pH value 10.78 with 100% water content). The micro-
structure of the dried SR powder shows the loose structure
and low cementation. The SR possesses 83% of inorganic
calcium components (including CaCO;, Ca(OH),, CaCl,, and
CaS0,). Here, the main crystals of SR are calcite, gypsum, and
halite according to the previous XRD patterns [5].

The FFA with 6.67% CaO was used without any pre-
treatment (specific gravity 2.43, specific surface area 509 m?/
kg, and pH value 8.50). The FFA also mainly consists of
amorphous SiO, and AlL,O; from glassy microspheres at
19°~29° 20 in the XRD patterns [15]. And the main crystal
phases of FFA are quartz and mullite.

3.1.2. Alkaline Activator (NS). The adopted 2.00 mol/L so-
dium silicate NS solution (specific gravity of 1.24, modulus
ratio SiO,/Na,O =1.00, as well as 9.44% SiO,, 9.44% Na,O,
and 81.12% H,O by mass ratio) was prepared by sodium
silicate pellets (Kemiou Company, Tianjin, China). The NS
was cooled to room temperature before being adopted.

3.2. Preparation of Alkali-Activated Composites. Due to the
independence of geopolymeric mechanism on curing condition
and preparation method [29, 30], the alkali-activated com-
posites (pastes) were prepared with three different compositions
using SR powder, FFA powder, and NS solution under the
designed curing conditions (T1, T2, and T3) compared with the
controls using FFA powder and NS solution (Table 4). Liquid-
to-solid (L/S) refers to the mass ratio of alkaline solution to
powders [15]. And all of L/S in the samples were set as 0.75 to
obtain the good fluidity. Here, different designed curing con-
ditions were used to fasten the hardening rate and enhance the
compressive strength. The better curing conditions were se-
lected to prepare the AAFCs, which helps to clearly distinguish
and detect the formed gel products. Regarding the fact that the
longer resting period before high temperature contributes to the
higher strength of alkali-activated materials [31] and the proper
curing temperature positively influences on the mechanical
strength [5, 15, 16, 32], the controlled conditions (T1, T2, and
T3) were designed as shown in Figure 2. The synthesis was
carried out by first blending the powders (SR and FFA) for three
minutes. And the NS solution was evenly blended with the
powder mixture for another ten minutes. Then, the fresh pastes
were cast into prismatic steel moulds (sample size:
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TaBLE 2: The quantitative determination of the gel products for alkali-activated fly ash-based composites (AAFC) with calcium additives by

the chemical components in products.

Components in products

Stage Si/AL 2Ca/Al Type of gel products Name

1) >1.00 <1.00 Single geopolymer gel Traditional geopolymer
2) >1.00 1.00 Transition value Limit

(3) >1.00 >1.00 Mixture of geopolymer and C-(A)-S-H' Modern geopolymer

"The “C-(A)-S-H” refers to C-A-S-H, C-S-H or mixture of them.

3.0 = 4
r-———~"~"77 \
Coexistence of !
Portland-based
25 4 (N.C)-A-S-H cements : oo 1
P and C-(A)-S-H = ! i Calcium sulfo- |
g I | aluminate :
2 2.0 - = ! cements |
) . S O
£ S| TR A TV T
2 1.5 - % i Alkali-activated materials i
g . | |
= Transition value & | T g w—
T O g ! §anic polymers |,
< —
& . | 2Ca/Al=1.00 |i
N : |
n |
0.5 4 A (N,C)-A-S-H ! ‘g !
- sua® i = i
0.0 s T T T T T .
0.0 0.5 1.0 L5 2.0 25 3.0 Increasing Al content

2Ca/Al ratios in reactants

(a)

(b)

FIGURE 1: (a) Verification of gel products by 2Ca/Al ratios in products and (b) quantitative boundary of geopolymer gel.

40 mm x 40 mm X 160 mm) to get samples according to GB/T
17671-1999 (ISO). Moreover, all samples were initially grouped
and then sealed with plastic films for curing under the con-
ditions (T1, T2, and T3) to avoid moisture evaporation.
However, the samples under the designed T1 were unsealed
from 40d to 60d, while the other samples were still sealed
during curing (Figure 2). The samples were demoulded at 30d
owing to the slow hardening rate at room temperature. After
demould, the designed curing conditions were continued until
60d.

3.3. Testing Methods

3.3.1. Determination of Compressive Strength. The 60-day
compressive strength (UCS) of the samples was measured
employing a 200 T auto compressive machine (DYE-2000,
Lucheng Yiqi, Cangzhou, Hebei, China) at 2400N/s in
compression rate. The solidifications and failure modes of
the samples were observed under compression. The com-
pressive strength and solidification were used to analyse the
effect of SR and the influence of curing conditions, which
helps to select the better curing condition and SR contents
for AAFCs. Here, six identical samples were measured re-
peatedly to obtain the average compressive strength results.

3.3.2. Characterization of Microstructures and Gel Products.
To characterize the final gel products, all samples at 60d
were used to detect the gel products owing to the relatively

stable performance and composition along with the controls
in the previous study [5, 15, 16, 33], as shown in Table 5. The
specimens for microscopic tests were taken from the
compressed samples. The SEM-EDS, XRD, FTIR, and 296
NMR tests were performed to characterize the micro-
structures, mineralogy phases, and gel products.

(1) SEM-EDS Test. The morphology and elemental com-
ponents of the gel products were measured by SEM and EDS
tests for the samples PNTI, PST1, PST2, and PST3. The
micro-area mapping technique was utilized to detect the
elemental components of the formed gel products. The el-
emental results of the gel products were averaged from the
mapping area. The scanning electron microscopic coupled
with energy-dispersive spectroscopy (Quanta FEG 450,
Hillsboro, OR, USA) was adopted.

(2) XRD Test. Compared with the controls of raw materials,
the XRD patterns of the samples PNT1 and PST3 were
measured with the scanning rate of 2°/min from 10° to 70° 26.
The X-ray diffraction spectroscopy (D/MAX-2500, Rigaku,
Japan) was adopted (with CuK radiation) to detect the
mineral compositions.

(3) FTIR Test. The FTIR spectra were performed for raw
materials, PNT3 and PST3, to illustrate the change in chemical
bonds before and after alkali activation. After that, the samples
were air-dried for 48h and ground. Then, the samples
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TaBLE 3: The chemical compositions of soda residue (SR) and F class fly ash (FFA) by XRF test. Loss on ignition refers to the mass loss on

ignition at 1000°C (wt.%).

SR CaCO3 Ca(OH), CaCl, NaCl CaSO, Si0, AlL,O3 Acid insoluble
64.00 10.00 6.00 4.00 3.00 3.00 2.00 8.00
FFA SiO, Al,O5 CaO Fe, O3 FeO MgO Others Loss on ignition
48.37 20.90 6.67 7.00 2.31 3.46 5.34 5.95
TaBLE 4: The designed mixing proportions and curing conditions for the AAFCs.
No. FFA (%) SR (%) Na,SiO; (mol/L)  2Ca/Al in reactant  Si/Al in reactant  Curing conditions’ Curing time (d)
PST1 93.5 6.67 2.00 0.43 2.98 T1 60
PST2 93.5 6.67 2.00 0.43 2.98 T2 60
PST3 93.5 6.67 2.00 0.43 2.98 T3 60
PNTI 100.0 — 2.00 0.38 2.98 Tl 60
PNT2  100.0 — 2.00 0.38 2.98 T2 60
PNT3  100.0 — 2.00 0.38 2.98 T3 60
"The designed curing conditions are presented in Figure 2.
70 Figure 3(a) shows that the upper segregation layer of alkali-
activated sample PNTI disappears due to the addition of
60 1 6.67% soda residue (SR). The positive improvement effect of
50 _ Unsealed SR on the solidification of AAFC is consistent with that
O s ] Sealed §/T3 (reducing the shrinkage of the casting height) reported in
&?i/ 40 Sealed T2 previous references [5, 16]. Moreover, 60-day compressive
E ; i strengths (UCSs) increase from 9.1 MPa (PNT1) to 11.8 MPa
o) i 0 i -
2 30 {sealed | Sealed ' (PST1) by adding 6..67/0 SR under T1 (Figure 3(b)). The 60
8 25 ' ’ Tl day UCS of PSTI increases by 29.67% over that of PNT1,
20 A Sealed Sealed which shows that the addition of 6.67% SR has a positive
effect on the enhancement of UCS at room temperature.
101 Although PNT?2 (44.0 MPa) and PNT3 (53.7 MPa) possess a
0 higher UCS than that of PNTI (9.1 MPa), PNT2 and PNT3
0 10 20 30 40 50 60 70 (similar to PNT1) obtain worse surficial solidification affecting

Curing time (d)

FIGURE 2: The designed curing conditions for AAFC incorporating
SR.

(1.3 £0.001 mg) were blended with potassium bromide (KBr)
pellets (130 mg) to manufacture the tested specimens. The
Fourier transform infrared spectroscopy (Nexus 8, Bruker,
Karlsruhe, Germany) was adopted to measure FTIR spectra in
the wavenumber range from 400 cm™" to 2000 cm ™.

(4) °Si NMR Test. The tested specimens were further ob-
tained from PST3 compared with the controls. The nuclear
magnetic resonance spectrometer (Varian Infinity Plus
300 MHz, Varian, CA, USA) was adopted to obtain the *°Si
NMR spectra. The 6 mm diameter of zirconia rotor (sample
tube) and the solid double resonance probe were adopted. The
resonance frequencies of 'H (299.84MHz) and %Si
(59.57 MHz) were used. The rotation speed of 4000 1/s and the
pulse width of 5 us were set along with the cycle delay time of
10s and the sampling number of 440.

4. Results and Discussion

4.1. Compressive Strength and Failure Mode. The mechanical
strength is analysed together with the solidification and
failure modes of the samples, as shown in Figure 3.

the engineering application of building materials due to the 10-
day setting at room temperature. It illustrates that the
appropriate higher-temperature curing (e.g., curing at 45°C)
greatly contributes to the enhancement of 60-day UCS.
Moreover, the 60-day UCSs of well-hardened samples (PST2
and PST3) reach 31.7 MPa and 43.2 MPa under T2 and T3,
respectively. After compressed, it can be seen that the sample
PST3 presents a mode of brittle failure with 45° angle of diagonal
cracks and shows small failure pieces (Figure 3(c)).

The designed curing condition T3 provides the sufficient
water environment for a long time of 10 d to dissolve fly ash
particles [31]. Furthermore, the curing condition for 20 d at
45°C for unsealed samples guarantees the loss of some water
and the formation of gel products owing to the little water
environment required for dehydration condensation [5, 32].
Therefore, the designed condition T3 is recommended as the
curing method to obtain higher UCS of AAFC incorporating
SR.

4.2. Microstructure and Morphology. After cured for 60 d at
room temperature, PST1 presents the higher dissolution
degree in the glassy microspheres of fly ash and the higher
compactness in microstructure than that of PNT1 with the
morphology (Figures 4(a) and 4(b)). It is also revealed that
the surficial solidification of PSTI is better than that of PNT1
(Figure 3). For the designed curing conditions, the formed
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TaBLE 5: The designed samples and controls for AAFCs detected through characterization tests.

Style No. FFA (g) SR (g) Ca(OH), (%) Na,SiO; (mol/L) NaOH (mol/L) L/S  Sand (g) Curing age (d)
PST3 420 30 — 2 — 0.75 — 60
Designs PST1 420 30 — 2 — 0.75 — 60
PNT3 450 — — 2 — 0.75 — 60
P9 360 90 — — 8 0.75 — 180
M9 360 90 — — 8 0.75 1350 180
Controls P3 450 — — — 8 0.75 — 180
HCP8 450 — 70 — 8 0.75 — 28
S2F3NS 60 40 — 2 — 1.20 — 180
GPS3 50 50 — — 2 0.52 — 90

gel products of PST2 and PST3 exhibit a granular mor-
phology at 60 d (Figures 4(c) and 4(d)), which is similar to
the granular morphology of the alkali-activated soda residue
fly ash-based geopolymer mortar mentioned in the previous
study [5]. Thus, the gel products of PST2 and PST3 are also
presumed to be (Na,Ca)-containing geopolymer gels (N,C)-
A-S-H. Furthermore, according to the EDS testing, the main
elements of O, Na, Al, and Si with less Ca and Cl are detected
in the gel products of PST2 and PST3 (Figures 4(e) and 4(f)),
which exhibits a verification of the formed (N,C)-A-S-H
gels. Here, the average Si/Al, (Na+2Ca)/Al, and 2Ca/Al in
gel products of PST3 with higher strength measure 1.10,
0.88, and 0.34 at spectrum 2, respectively. Therefore, under
T3, the sample PST3 with well solidification obtains the
higher compactness owing to the formed (N,C)-A-S-H gels.

4.3. Characterization of Mineralogy and Gel Product. The gel
products of the samples are inferred by the chemical ele-
ments from SEM-EDS tests. Furthermore, the XRD, FTIR,
and *’Si NMR spectra are investigated to verify the specific
gel products through the mineralogy and chemical bonds
about the structure units of **Si.

The XRD patterns of PST1 and PST3 were investigated to
analyse the mineralogy (Figure 5). Compared with 8 mol/L
NaOH-activated F class fly ash geopolymer pastes (P3
without SR and P9 with 20.0% SR) from the previous study
[5], the PST1 and PST3 include quartz, mullite, and halite
crystals and also present amorphous aluminosilicate gels
with the broad humps at 17°~38" 26. From the intensity of
humps, the amorphous product contents in PST3 are more
than those in P3 and P9 at room temperature, but no dif-
fraction peaks of zeolites appear in PST3. Therefore, the gel
products of PST3 are amorphous after alkali activation
under T3.

In addition, the FTIR spectra of sample PST3 and
controls were investigated to detect the chemical bonds. The
asymmetric stretching vibration absorption peaks (ASVAP)
attributed to Si-O-T (Si or Al) bonds are in the range of
1000~1100 cm ™" [14, 17]. Comparing with the raw materials
SR and FFA, the corresponding wavenumber of ASVAP on
Si-O-T bond in PST3 happens to shift, which displays that
the new chemical products form after alkali activation
(Figure 6(a)). Moreover, the ASVAP of Si-O-T bond in PST3
shifts to the lower wavenumber compared to that in PNT3.
The change in absorption peak from 1033 cm ™" to 1022 cm™"

results from the change of polymeric degree and gel product.
It demonstrates that the introduction of SR as calcium
additive promotes the polymerization of Si-O-Si and Si-O-
Al chains due to the alkalinity and Ca** cations in the system
[5].

Furthermore, the *°Si NMR spectrum of PST3 was
performed to clarify the gel products (Figure 6(b)).
Compared with NaOH-activated fly ash-based geo-
polymer incorporating SR (labelled as M9) in [5] and
NaOH-activated fly ash-based paste incorporating
Ca(OH), (labelled as HCP8) in [15], there are the same
strong peaks at close chemical shifts: —84.80 ppm (HCP8),
—-84.37 ppm (M9), and —84.32 ppm (PST3). All of them
correspond to Q*(4Al) structural unit in network (N,C)-
A-S-H gels. Moreover, the weak peak at —95.76 ppm
corresponds to Q?(0Al) from mullite in PST3, and the
peak at —106.17 ppm corresponds to Q*(0Al) from quartz
in PST3. However, no weak peak exists at —65.79 ppm
attributed to Q'(0Al) from C-S-H gel in PST3 [15], which
demonstrates that no C-S-H gel forms in PST3. The CaCl,,
Ca(OH),, and CaSO, from SR dissolve the cations Ca**
into the alkaline environment, and the cations Ca>* along
with Na* balance the negative charges from the substi-
tution of Al-O to Si-O tetrahedron [5], forming the
amorphous network (N,C)-A-S-H gels with Q*(4Al) units.

4.4. Discussion. According to the previous literature
[13, 29, 34], the essential mechanism of geopolymerization is
independent of the factors about the mixing ratio of reactants,
moisture content, alkali-solution type and concentration, as well
as curing condition (temperature and age), and so on. There-
fore, the 2Ca/Al, Si/Al, and gel products are derived from the
data of published research articles [10, 20, 29, 35-49] on Elsevier
website, as shown in Figure 7. The average chemical compo-
sitions of gel products in micro-areas are measured by EDS (for
products). From the data, the 2Ca/Al ratios in gel products from
AAFCs were verified by the limit value 1.00. Therefore, 2Ca/
Al <1.00 is used to determine as single geopolymer gel in the gel
products according to the detected result in literature, while
2Ca/Al>1.00 is utilized to determine as the coexistence of
(N,C)-A-S-H and C-(A)-S-H gels. The experimental results in
the literature are consistent with the theoretical limit value 1.00.

The SR is a solid waste including various inorganic
calcium-containing components, and it should be feasible
and effective to determine the gel products in the AAFC with
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FIGURE 3: (a) Hardening behaviour, (b) compressive strength, and (c) failure mode of the samples cured for 60 d under three designed curing

conditions.

SR additive. The solubility of CaSO, and CaCOs is extremely
low (almost 20 ppm) by NaOH activation, which can be
ignored about Ca** dissolution [50-52]. The solubility of
CaCOj; is extremely low, but CaSO, is reactive when
Na,SiOj solution is an alkaline activator. In addition, CaCl,
and Ca(OH), from SR can easily dissolve the cations Ca**in
the alkaline environment.

Moreover, for the different AAFCs incorporating SR,
2Ca/Al and Si/Al in the products were detected by a series of
testing technologies to clarify the gel products and verify the
proposed quantitative determination method in Section 2.3.
The elemental components results were presented in Table 6.

Based on the alkali-activated mechanism and the de-
termination method of gel products, the reaction mecha-
nism for the green composites using F class fly ash (Si/
Al>1.00) and SR is expressed as follows: the cations Ca®* are
released from the soluble inorganic salts CaCl,, Ca(OH),,
and CaSO, of SR into the alkaline and water environment.
Coupled with the cations Na* provided by the activators,
Ca®* (2Ca/Al < 1.00 in products) and Na* jointly participate

in balancing the negative charges in the geopolymeric re-
action to form a stable structural (N,C)-A-S-H gel. While the
2Ca/Al ratio exceeds 1.00 in products, the excessive Ca**
reacts with Si monomers to generate some C-S-H gels
[5, 15, 16].

From the result of compressive strength and solidifi-
cation, owing to the relatively coarse particle of SR and the
relatively less amount of soluble calcium components, the
enhancement effect of compressive strength is not signifi-
cant for application of the alkali-activated fly ash-based
materials. The 6.67% SR only improves the solidification and
structure uniformity. If SR was pretreated for the thinner
particle, the optimal contents of SR in alkali-activated fly
ash-based materials will change. Therefore, in the future, the
influence of the SR particle size on compressive strength and
solidification need to investigate under different curing
temperatures.

In order to prepare the single geopolymer gel without
C-(A)-S-H (where C-(A)-S-H refers to C-A-S-H, C-S-Hor a
mixture of them), the 2Ca/Al in products must satisfy the
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FIGURE 4: The SEM images of (a) PNTIL, (b) PSTI, (c) PST2, (d) PST3, and the EDS spectra of (e) spectrum 1 and (f) spectrum 2 in gel

products of PST2 and PST3 at 60d.

formula 2Ca/Al < 1.00 and Si/Al > 1.00. That is conducive to
predict the gel products in alkali-activated fly ash-based
materials and helps in the optimization of mixing ratios
responding to early anticipation.

The experimental investigation shows that inorganic
calcium sources make significant effect on the properties of
alkali-activated fly ash-based materials. It reflects that other
soluble inorganic calcium may be used to improve the
properties and microstructure of alkali-activated fly ash-

based materials. However, it is difficult to determine the gel
product compositions from the blending aluminosilicate
precursors of fly ash, blast furnace slag, red mud, and
metakaolin which are alkali-activated to prepare the geo-
polymer materials with calcium sources, owing to the
complex chemical components and reaction degrees.

In summary, the SRs are used as calcium additives to
prepare the AAFC. The determination of the gel products
in the alkali-activated soda residue-fly ash-based
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composites is verified rightly by the 2Ca/Al ratio in  proposed determination method reduces the blindness in
products. The chemical components of the materials di-  the mixing ratio design and technological characterization
rectly affect the difference in gel products for AAFC. This  of the AAFCs incorporating calcium additives, and it is
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TaBLE 6: The 2Ca/Al ratios in products and the detected gel products of PST3 and controls.

Samples SR content 2Ca/Al in product Si/Al in product Detected gel products1
PST3 6.67% 0.24 (<1.00) 1.28 (>1.00) S
P3 [5] — 0.00 (<1.00) 1.75 (>1.00) S
P9 [5] 20.00% 0.38 (<1.00) 1.83 (>1.00) S
S2F3NS [16] 40.00% 1.54 (>1.00) 1.69 (>1.00) C
GPS3 [33] 50.00% 1.52 (>1.00) 1.29 (>1.00) C

""The marked “S” refers to the produced single geopolymer gel (N,C)-A-S-H, while the marked “C” refers to the coexistence of geopolymer gel (N,C)-A-S-H

and hydration gel C-(A)-S-H.

also critical for the combination of theory analysis and
practical application based on chemical components in
products.

5. Conclusions

The objective of this paper is to propose a quantitative
determination method of gel products based on the chemical
components in the products of alkali-activated fly ash-based
composites (AAFCs) incorporating inorganic calcium ad-
ditives, and then the gel products of the AAFC incorporating
solid waste soda residue (SR) were detected and charac-
terized. Last, the feasibility of the proposed determination
method was verified for SR as calcium additives applied in
the AAFCs. The main conclusions are drawn:

(1) Based on the charge balance in geopolymeric pro-
cess, the 2Ca/Al ratios in products are proposed as a
quantitative method for determining the gel prod-
ucts of the AAFCs incorporating calcium additives.
The new proposed quantitative determination
method refers to a limit value 2Ca/Al=1.00 about
the critical chemical elements in gel products, which
helps to determine the calcium-containing geo-
polymer (N,C)-A-S-H or/and calcium (alumino)
silicate hydration C-(A)-S-H in stable AAFCs. In the
AAFCs system, when the 2Ca/Al ratio is lower than
1.00 in products, the gel products are determined as a
single geopolymer gel, and while the geopolymer gel

and C-(A)-S-H gel coexist in the system when the
2Ca/Al ratio is higher than 1.00 in products.

(2) The designed curing condition T3 provides the proper
water environment to dissolve fly ash particles and form
the gel products during dehydration condensation.
Thus, the condition T3 is recommended to obtain
higher compressive strength of the AAFC incorporating
SR. Moreover, the well-solidified AAFC incorporating
6.67% SR (labelled as PST3) obtains the better com-
pactness and higher compressive strength when cured
under T3.

(3) It is feasible that the SR as a calcium additive is verified
to be applied in the AAFC, and it is effective that the gel
products in the AAFC incorporating SR are determined
by using 2Ca/Al=1.00 in products as a limit value.

In summary, the proposed determination method
saves economic and material resources and quantifies the
boundary of the geopolymer gel by chemical components.
The research result about a limit value 2Ca/Al =1.00 in gel
products provides a theoretical reference for the mixing
ratio design, technique characterization, performance
optimization of geopolymer materials, and scientific
reutilization of solid waste soda residue. Currently, not
enough evidence proves the applicability of other alkali-
activated aluminosilicate systems except for the fly ash-
based systems, and that needs to be further explored. In
the next stage, it is necessary to further theoretically
determine the gel products for the alkali-activated
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aluminosilicate composites of fly ash, metakaolin and
blast furnace slag, and so on.
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