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11  Abstract: In this paper, the soluble salts from the air pollution control (APC) residues of a sewage
12 sludge incinerator and solid sodium silicate were used as a hybrid activator to prepare alkali-
13 activated materials (AAMs) using slag and waste glass powder (GP) as the precursors. The effect
14 of'the hybrid activator on the mechanical properties and its reaction mechanism was discussed. The
15  experimental results showed that the APC residues obviously decreased the early compressive
16  strength of the AAMs due to its lower activity, but a steady growth of later compressive strength
17  was achieved due to the dense microstructure. The alkali-activated slag and GP/slag suffered from
18  severe drying shrinkage, but the drying shrinkage of the AAMs reduced by 30%~50% when the
19  20% APC residues were added. In addition, when the APC residues and GP was used, the
20  insufficient aluminum and calcium contents restrained the formation of the C-(A)-S-H gels in the
21  alkali-activated GP/slag, and the N-(C)-A-S-H gels were formed until the available Ca was
22 exhausted. Some crystalline materials including the ettringite, hydrotalcite, albite and Friedel’s
23 salts were detected in the alkali-activated slag/GP after the incorporation of the APC residues in
24 addition to the N-S-H gels.

25

26  Keywords: Alkali activated materials; Waste glass powder; Slag; APC residues; Drying

27  shrinkage.

28
29 1. Introduction
30 It has been acknowledged that alkali-activated materials (AAMs) can be designed to achieve

31  excellent mechanical characteristics and durability with a low carbon footprint. Such
32  environmental-friendly materials can be produced using various industrial by-products or waste
33  materials as precursors [1-3]. The precursors usually require highly alkaline solutions such as

34  sodium hydroxide and sodium silicate solution (or water glass) for their activation [4]. These strong
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and corrosive alkaline solutions are necessary to obtain high pH environment for precursor
dissolution and strength development. But this results in an undesirable rapid setting, high
shrinkage and consequently microcracks, and problems with efflorescence [5-7]. In addition, the
on-site production of AAMs is still limited by its fast setting and lack of suitable retarders [8].

Waste incineration is an efficient technique used to treat dewatered sewage sludge with its
significant advantages for reducing the volume and mass as well as energy recovery [9]. However,
air pollution control (APC) residues, a by-product of this technology, still requires a new recycling
route. Depending on the characteristics of sewage sludge that it is treating, the APC residues may
contain high levels of chlorides, sulfates and heavy metals [10, 11]. The high chloride and sulfates
contents are most due to the use of seawater in wastewater flushing in a city such as Hong Kong
[12]. The previous studies [13] also confirmed that the risk of heavy metals leaching from the APC
residues of the sewage sludge incinerator in Hong Kong was relatively low because of the stringent
control of industrial effluent in the city.

Several studies reported the physical properties of the AAMs produced and the reaction
mechanism of sulfate-activated slag. Cristelo et al. developed a one-part geopolymer from fly ash
and slag activated by the Na,SO4 and NaCl [14]. The results showed that the Na,SO4 had a positive
effect on the mechanical properties of alkali-activated fly ash/slag since it accelerated the
precipitation of ettringite as a secondary reaction product, but the presence of NaCl delayed the
reaction rate and setting time. The Na,SO4 manufacturing uses a lower amount of energy compared
with that of waterglass and sodium hydroxide [15-17]. But the compressive strength of Na,SO4-
activated slag was lower than those using sodium hydroxide and waterglass as the activator.
Therefore, it seems that the APC residues can be utilized as an activator to formulate AAMs.
Lampris et al. [ 18] reported that slag can be successfully activated by adding 50 wt.% APC residues
and attained a compressive strength of 20.6 MPa. Ren et al. [19] found that using the washed
municipal solid waste incineration fly ash with rich sulfate as an activator for the slag was harmless
to the environment, and the formation of ettringite was responsible for the early compressive
strength development. Therefore, the rich sodium sulfate from the APC residues can be utilised as
activator for slag binder, but the effect of using the APC residues with sodium silicate as a hybrid
activator to formulate AAM and their reaction mechanisms have not been studied previously.

The precursor of AAMs should be available locally to reduce the transportation cost, industrial
wastes, and environmental impacts. In Hong Kong, waste glass contributes to a high percentage of
the municipal solid waste stream, and its recycling rate was less than 20%. Recently, waste glass
powder has been investigated as a possible precursor to produce the AAMs [20-22]. A significant

strength reduction of the alkali-activated waste glass powder was reported as compared to using
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slag as the precursor. The combined use of glass powder and slag could provide Ca and Al sources
to form the stable C-(N)-A-S-H gel and compensate for the strength loss [23]. In addition, adding
glass powder would reduce the water loss of the alkali-activated metakaolin under drying condition,
leading to a low drying shrinkage [24]. Zhang et al., developed a novel way to incorporate waste
glass cullet and glass powder into AAMs, and the drying shrinkage level could be controlled to less
than 1000pe [25]. Therefore, as a potential alkali-siliceous material, the waste glass powder can be
used as raw materials to improve the physical properties of the AAMs.

To maximize the recycling of waste glass and APC residues, this study aimed to explore the
potential of using the APC residues with solid sodium silicate as a hybrid activator to produce one-
part AAMs using slag and glass powder as the precursors. The effect of the APC residues on the
compressive strength and drying shrinkage of the alkali-activated slag/glass powder mortar were
evaluated. Meanwhile, the reaction products in the alkali-activated slag/glass powders were
characterized by the X-ray diffraction (XRD), heat evolution, nuclear magnetic resonance (NMR),

and SEM tests.

2. Experimental program
2.1 Materials

The combination of ground granulated blast-furnace slag and waste glass powder (GP) as
precursors was employed to produce the one-part alkali-activated materials (AAMs), and a solid
sodium silicate anhydrous powder and APC residues were used as activators. The Na,SiO;-
anhydrous powder with 35.8% Na,O and 62.9% SiO, content by weight was procured from China.
The APC residues was collected from a local sewage sludge incinerator which burns about 1200
tonnes of dewatered sewage sludge by fluidised bed furnaces (Sludge Treatment Facilities, T-park,
Hong Kong) [12] and the waste glass was collected from a local beverage bottle recycler. The APC
residues and waste glass were dried in an oven at 105 °C for 48 hours and then ground separately
in a ball mill for 2 hours and 90 min. The mineral compositions and particle size distributions of
the raw materials are shown in Fig.l. Referring to XRD, the waste GP and slag showed an
amorphous hump, while crystalline Na,SO4 and NaCl were found in the APC residues. The oxide
compositions (determined by the XRF) of APC residues, waste GP, and slag are shown in Table 1.
From Table 1, the waste GP and APC residues contained a lower amount of calcium and aluminium
and higher amount of sodium when compared with that of the slag. The high sodium sulphate
content in the APC residues was resulted from that the removal of gaseous SO, accomplished by
using sodium bicarbonate in the flue gas treatment process. Besides, the amount of 4.11 wt.% Cl

and 5.12% of Fe;O; in the APC residues was attributed to the use of seawater in toilet flushing and
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the use of FeCls in the chemically enhanced primary treatment process at the sewage treatment
plants in Hong Kong.
The aggregate used for preparing the mortars was a river quartz sand sourced from China. The

particle size distribution of the sand is shown in Fig. 2 and the fineness modulus of the river sand

was 2.1.
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Fig.1 Particles size distribution and XRD pattern of raw materials
Table 1 Chemical compositions of materials used
Nazo MgO A1203 SiOz PzOs SO3 Cl Kzo CaO F6203 Others
Slag - 744 164 340 0.14 2.18 0.04 0.65 36.6 052 203
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Fig.2 Particle size distribution of river quartz sand
2.2 Sample preparation
The one-part alkali-activated paste and mortar were produced by just adding water into the pre-
mixed dry precursors and solid activators. The alkali-activated mortar was prepared with a fixed
water/precursor ratio of 0.3 and a sand/binder ratio of 1.0. Usually, the equivalent Na,O or the mass

ratio of alkali/precursors was used to determine the content of activator in AAMs. In this study, the
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hybrid activator was prepared by mixing the APC residues and the commercially sourced sodium
silicate with mass ratios of 0:1, 1:1, and 2:1, and the content of sodium silicate/precursors was set
as 10%. The mix proportion of the one-part alkali-activated mortar are shown in Table 2. The two
precursor powders, hybrid activators and the rive quartz sand were firstly mixed for 3 min in a
mechanical mixer, and then the water were directly added into the dry powders to mix for the other
3 min. The fresh alkali-activated paste and mortar were cast into moulds and vibrated to reduce air
bubbles. The alkali-activated mortars were cast into 40 mmx>40mmx40 mm plastic moulds for the
compressive strength test and 25 mmx25 mmx285 mm steel moulds for the drying shrinkage
determination. The same water/precursors ratio but without the river sand was used to prepare the
alkali-activated paste for the microstructure tests. All the specimens were transferred into a curing
room (25°C and RH 95%) for curing. After one day, these specimens were demoulded and cured

in same curing room until the test ages.

Table 2 Mixing proportions of alkali-activated mortars

NO. Precursors A§tivator . Water Sand
(APC residues:Na,Si0;)  /Precursors  /Precursors
S100-A0 0:1
S100-A1 100% slag 1:1
S100-A2 2:1
S70G30-A0 0:1
S70G30-A1 70% slag + 30% GP 1:1
$70G30-A2 2:1 o 1
S50G50-A0 0:1
S50G50-Al 50% slag + 50% GP 1:1
S50G50-A2 2:1
23 Experimental methods

2.3.1 Flowability and compressive strength

The workability of the alkali-activated mortar were assessed by a slump flow test using a
truncated conical mould in compliance with the ASTM C1437 [26]. The truncated conical mould
(top diameter=70 mm, bottom diameter=100 mm, height=60 mm) was filled with the one-part
AAMs mortar. After 1 min, the mould was lifted vertically, and the self-flow diameter of the AAMs
mortar was recorded along with two perpendicular directions. After the 25 vibrations, the slump-

flow diameter of the AAM mortar was recorded. The compressive strength of AAMs mortar was
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conducted by a hydraulic compressive machine with a loading rate of 0.6 MPa/s following ASTM
C 109 [27].
2.3.2  Drying shrinkage

The drying shrinkage of the AAMs was tested according to the ASTM C596 [28]. After
demoulded, the specimens were first immersed in 25°C water for 2 days. The initial length of the
specimens was recorded by the comparator and then moved into a chamber with 25+2 °C and
relative humidity of 50%. The specimens' length changes and mass loss were continuously recorded
for 3 months.

2.3.3  Isothermal calorimetry

The rate of heat evolution of AAMs during the first 80 h after casting was monitored using an
isothermal calorimeter (TAM Air [-Cal 4000) at 25 °C. The alkali-activated pastes with a
water/precursor ratio of 0.3 were mixed, and an amount of 15+0.1g paste was placed in the
isothermal calorimeter.

2.3.4 X-ray diffraction (XRD)

In order to follow the evolution of hydration products of the AAMs, the XRD measurements
were conducted. The dried fragments of AAMs were crushed and ground until passing a sieve of
45 um. The AAM powders were scanned from 5° to 70° at a in step width of 0.02° using XRD test
(Rigaku SmartLab 9 kW-Advance).

2.3.5  Solid-state MAS-NMR

The solid-state MAS-NMR spectra (Bruker AV 400 spectrometer) were acquired at 9.4T
magnet and a resonance frequency of 104.3 MHz for 2’Al and 79.5 MHz for ?°Si. The *’Al spectra
was recoded using 4.0 mm probe with zirconia rotors spinning rate of 14 kHz, a 4 us excitation
pulse, a 5 s relaxation delay and a minimum of 7000 scans. The #’Si spectra was recoded using 6.0
mm probe with zirconia rotors spinning rate of 6.8 kHz, a 0.75 ps excitation pulse, an 8 s relaxation
delay and a minimum of 3000 scans. The tetramethylsilane and KAI(SO4), were used as *Si and
2TAl chemical shift reference standards, respectively. The Gaussian method was used to
deconvolute the ??Si MAS NMR spectra. The >’ Al MAS NMR spectra were simulated by the Czjzek
Gaussian model to obtain a reasonable fit to the data.

2.3.6 SEM/EDS

After the compression test, small fragments from the central part of the pastes were soaked in
ethyl alcohol to stop the reaction and then dried at 40°C for a week in a vacuum oven. Afterward,
these dried fragments were used for SEM examination. The gold-coated fragments were observed
using an SEM (TESCAN VEGA3) with an energy-dispersive X-ray spectroscopy detector.

2.3.7 Toxicity characteristic leaching procedure for heavy metals
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The Toxicity Characteristic Leaching Procedure (TCLP) was conducted in accordance with
the USEPA Method 1311. The AAMs samples at 28 days were crushed and sieved with the size of
2 mm-3 mm sieve. The particles about 1+0.1g were mixed with a glacial acetic acid (pH=2.88) at
the liquid/solid ratio of 20:1. The AAM samples were tumbled in polypropylene bottles for 18+2 h
at 30+2 rpm, and then the leaching solutions were filtrated through 0.45pum membrane filters. The
solutions were digested with concentrated nitric acid and then diluted with 5% nitric acid. The
concentration of heavy metals was tested using an inductively coupled plasma/optical emission

spectroscopy (ICP-OES, FMX36, SPECTROBLUE).

3. Results and discussion
3.1 Flowability

Fig.3 shows the effect of the APC residues on the flowability of the AAM mortar. Without the
use of GP, the slump-flow and self-flow of the alkali-activated slag decreased with the increase of
the APC residues. A reduction of the slump-flow and self-flow of 14% were resulted when 20%
APC residues were added into the alkali-activated slag. For the alkali-activated slag/GP, the slump-
flow and self-flow were reduced by 11%~14% and 16%~18% after the addition of 20% APC
residues. The slump-flow and self-flow reduction can be explained by the irregular morphology of
the APC residue particles. Incorporation of GP could increase the slump-flow and self-flow of the
AAMs, indicating an improvement of the flowability. An increase of 10% and 23% of the self-flow
and 13% and 24% of the slump-flow can be seen when 30% and 50% GP are added into the alkali-
activated slag. The intrinsically smooth surface and non-absorbent nature of GP meant more free
water was available for inter-particle lubrication [29, 30]. In addition, for the freshly AAMs mortar
prepared without the APC residues, the dissolution of silicate and aluminum units from the
precursors was slow. Only the Van der Waals force dominated which was easily broken by the
vibration motion of the testing equipment and gave rise to a higher relative flow value. When the
APC residues were added, a lower relative slump value was recorded, indicating that the fresh
AAMs mortar became sticky. The sodium ions with a strong polarization effect could be associated
with nonbridging oxygens that tended to form silica-rich gels or alkali rich gels, which had been
reported in the soda-lime-silica glass [31]. The rich sodium ions from the APC residues accelerated
the Si-O bond breakage from the precursor, and so the higher concentration of silicate units resulted
in a rapid gelation reaction when the APC residues was added. The stronger bonding of initial gels
increased the cohesiveness and reduced the relative flow value of the fresh AAMs mortar. From
the above analysis, the inferior flowability of AAMs prepared with the APC residues can be

compensated by the incorporation of GP.
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Fig.3 Effect of APC residues on the fluidity of alkali-activated materials

3.2 Compressive strength

The effect of APC residues on the compressive strength of AAMs mortar is shown in Fig.4.
The compressive strength increased with the increase of curing period, but the compressive strength
of S100-A0 and S70G30-A0 slightly decreased after 28 days, which was similar to those reported
in previous studies [25, 32, 33]. The reason for the reduction may be attributed to the formation of
the microcracks in AAMs, which were observed by scanning electron microscopy. The
compressive strength of AAMs mortar decreased with increase of the APC residues and GP due to
their lower reactivity than that of slag. In the presence of the APC residues, the AAMs exhibited a
lower compressive strength, especially the early compressive strength. The compressive strength
of S100-A0, S70G30-A0 and S50G50-A0 mortar at 1 day was decreased by 28.3%, 50.7% and
66.4% when 20% APC residues were added. A pronounced reduction of early compressive strength
was linked to the retardation effect of Na,SO4 from the APC residues on the early reaction of AAMs.
However, almost the same compressive strength of alkali-activated slag/GP at 56 days can be
achieved when 10% APC residues was used. The stable growth of the compressive strength of the
AAMs mortar with the APC residues could be accounted for the greater contribution of lower
reaction heat and shrinkage microcracks. The lower reaction heat of the AAMs prepared with the
APC residues reduced the thermal stress and formation of shrinkage microcracks, and the resulting
compact structure contributed to the development of the compressive strength. It was showed that
the contribution of APC residues on the early strength improvement was smaller, but more
comparable compressive strength was seen in AAMs mortar with addition of the APC residues
after 28 days. At 56 days, a comparable strength development of the AAMs mortars prepared with
10% and 20% APC residue to that of the control samples revealed that a certain amount APC
residues and sodium silicate as hybrids activator was needed for obtaining a desired later

compressive strength.
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3.3 Drying shrinkage

Fig.5 shows the time-dependent length and mass changes of the AAMs prepared with and
without the APC residues. The drying shrinkage of all the specimens undergoes a sharper increase
before 20 days, which corresponds to the sharp loss of moisture, and S100-A0 showed the highest
drying shrinkage (about 8000 microstrain). The same drying shrinkage magnitude of AAMs were
observed when 30% GP was used, but incorporation of 50% glass powder decreased the drying
shrinkage, suggesting that increasing the GP content beyond a certain level might restrain the
drying shrinkage. A reduction of 30.8% of the drying shrinkage at 90 days were seen when 20%
APC residues was added into the alkali-activated slag (S100-A0). When 20% APC residues was
used, a reduction of 41.9% and 51.8% of the drying shrinkage at 90 days were seen in the alkali-
activated slag/GP mortar (S70G30-A0 and S50G50-A0). The lowest drying shrinkage was about
3100 microstrain when 20% APC residues and sodium silicate were used as the hybrid activator.
The results showed that incorporation of the APC residues further decreased the drying shrinkage
of alkali-activated slag and slag/GP due to the formation of expandable reaction products. The rich
sulfate ion from APC residue would react with the dissolved aluminum from the precursors to form
expandable ettringite and compensate for the drying shrinkage. On the other hand, the inhibiting
effect of the APC residues for the drying shrinkage of the AAMs was due to the residue sodium
sulfate, and the transformation of anhydrous sodium sulfate to its hydrous form yields an increase
in crystal volume of 315 %. In addition, rapid moisture losses occurred during the early ages of the
drying process but only marginal differences in the total moisture loss were found in the AAMs.
The S100-A0 and S70G30-A0 exhibited the most considerable moisture loss, approximately 4%~6%
by mass, and the APC residue could slightly reduce the moisture loss of AAMs.

The drying shrinkage of cement-based materials usually occurs due to the removal of moisture.
During the drying procedure, a large capillary stress would be generated to cause the shrinkage
deformation, and the relation of the degree of saturation and length change in cement-based

materials was linear [34]. For the AAMs, two distinct slopes in the drying shrinkage-moisture loss
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curve were observed. A steeper slope was found when the moisture loss was more than 5%,
meaning that the drying shrinkage dramatically increased per unit moisture loss at the later ages of
drying, which was consistent with the previous studies [24, 35]. The AAMs would re-absorb
moisture from the environment to achieve a re-saturation of partly gels pore and a drying shrinkage
deformation could be partly restored after soaking the specimens for 3 hours in water. From Fig.4,
after soaking, 85% drying shrinkage was irreversible for the alkali-activated slag (S100-A0), and
73% and 75% irreversible drying shrinkage were observed when the 30% and 50% GP were used
(S70G30-A0 and S50G50-A0). The result illustrated that the incorporation of GP slightly decreased
the re-absorption potential of moisture of the alkali-activated slag and reduced the magnitude of
the irreversible shrinkage induced by drying. In addition, the re-absorption potential of the alkali-
activated slag and slag/GP increased with the increase of APC residues, illustrated that the APC
residues reduced the irreversible shrinkage. Approximately 45%~65% drying shrinkage in the
alkali-activated slag and slag/GP was irreversible when the APC residues was added, and the lowest
drying shrinkage and irreversible shrinkage were found in S50G50-A2. Fig.6 showed the
appearance of the AAMs. From Fig.6, many visible macrocracks occurred on the surface of the
alkali-activated slag (S100-A0) and the obvious bending deformation were found of the sample
without the APC residues alkali-activated slag/GP (S70G30-A0), while the other specimens with
the APC residues and GP remained intact shape.
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Fig.5 Drying shrinkage and moisture loss of AAMs

' el
Fig.6 Appearance of AAMs specimens after 90 days

Ye et al., [36, 37] reported that the capillary pressure induced by loss of interlayer moisture
drove the gels particles closer and a reduction of interlayer spacing of C-(N)-A-S-H gels, which
lead to a microstructural rearrangement and reorganization of C-(N)-A-S-H gels during the drying
process. After soaking, the C-(N)-A-S-H gels original structure would fail to be rebuilt once the
microstructural rearrangement and reorganization occurred, namely the irreversible shrinkage.
Therefore, the lower drying shrinkage and irreversible shrinkage of AAMs with APC residues and
GP was closely related to the structure and type of reaction products. Because of the GP and APC
residues with a lower content of aluminum and calcium, the lower drying shrinkage and irreversible
shrinkage of AAMs was attributed to the reduction of the C-(N)-A-S-H gels content due to the
lower dissolution of aluminum and calcium from the precursors [33, 38]. The more alkali cations
from the APC residues and GP could be incorporated into the chains of the aluminosilicate structure
or absorbed on the surface to balance the charges, which improved the stacking regularity of C-
(N)-A-S-H gels, and the gels easily occurred the rearrangement and reorganization. In addition, the
dissolution of silicate from the soda-lime-silica glass powder was preferred to the formation of
sodium silicate gels (N-S-H) with a higher sorption property in alkali solution, which resulted in a

lower the irreversible shrinkage in alkali-activated slag/GP.

3.4 XRD

Fig.7 and Fig.8 illustrates the effect of APC residues and glass powders on the XRD pattern
of the AAMs after 3-days and 28-days. At 3-days, the XRD patterns of alkali-activated slag and
slag/GP were dominated by a broad scattering characteristic of its amorphous nature and a small

amount of hydrotalcite. In addition, the remnant anorthite from unreacted slag was identified,
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implying its strong stability in strong alkali solutions. For S100-A0 samples, a broad hump feature
at about 29° was exhibited corresponding to the low crystallinity of C-(N)-A-S-H gels. With
increase of the GP content, some crystalline peak (11.3° and 21.2°) disappeared or decreased, and
this could be attributed to that the amorphous silica species from the GP increased the more difficult
transition of the amorphous gel to crystalline materials, which was consistent well with a previous
study [39]. When the APC residues was used, a new crystalline phase of ettringite and Friedel's
salts as secondary reaction products were found in the alkali-activated slag and slag/GP. The result
showed that the sulfate and chloride ions from the APC residues reacted with the aluminum phase
dissolution to form the ettringite and Friedel's, which could result in crystallization stress to reduce
the drying shrinkage of the alkali-activated materials as shown in Fig.5. However, the formation of
ettringite was governed by the alkalinity and molar ratio of [CaO][SO3]/[Al>O3] in the pore solution.
With increase of GP, the limited content of [Al,O;] from slag could be rapidly exhausted by forming
poorly crystalline AFm or hydrotalcite phases. Therefore, these minor crystalline phases were not
identified by the XRD in the S50G50-A2 and S50G50-A4 samples and the similar results were
reported in a previous study [40]. From Fig.8, the same peaks at 28days, were found in these AAMs
samples, implying no new reaction products were formed, but the lower intensity of Na,SO4 peak

illustrated that smaller sulphate from the APC residues was consumed.
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Fig.7 Effects of the APC residues on the XRD pattern of alkali-activated materials at 3 days
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Fig.8 Effects of the APC residues on the XRD pattern of alkali-activated materials at 28 days

3.5 Reaction heat
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The heat flow of the one-part alkali-activated materials is illustrated in Fig.9. Two exothermic
peaks can be observed for the alkali-activated slag (S100-A0) and slag/GP (S70A30-A0 and
S50G50-A0). A long induction period varying from 6 h to 10 h between the first and second peak
(peak I and II) was found in AAMs without the APC residues. The initial exothermic peak occurred
after mixing with water due to the wetting and dissolution of the precursor and solid alkali, and the
second peak was attributed to the formation and precipitation of initial gels. These initial gels
phases on the surface of unreacted precursors as protective layer can inhibit the further alkali
activation reaction, which resulted in induction period. The main reaction product in alkali-
activated slag was a mixed crosslinked/non-crosslinked C-(N)-A-S-H gels, while the addition of
N-S-H gels was found in the alkali-activated slag/glass [33, 41]. When the APC residues was used,
three exothermic peaks were observed in AAMs. The initial peaks (peak I) immediately appeared
just after the addition of the water, followed by a short induction period, second peak (peak II)
between about 2.5 h and 10 h, a dormant period between about 5 h-15 h and another small
exothermic peak (peak III). The AAMs paste with a rapid reaction gave a high second reaction peak
(Peak IT) and the intensity of peak Il of AAMs decreased with the increase of the APC residues.
The APC residues shortened the induction period between the peaks I and II. The reason was mainly
that the alkali metal ions from the APC residues accelerated the dissolution of the precursors due
to its strong polarization effect and increased the concentration of aluminum and silicon units in
the pore solution. The acceleration of the alkali metal ions from APC residues contributed to a rapid
reaction process, which reduced the flowability of AAMs, as shown in Fig.3. These precipitation
of initial gels products on the surface of the precursor retarded the further alkali activation reaction,
so the longer dormant periods with low heat evolution period between peaks II and III were found
in the AAMs with APC residues. During this stage, the sulfate of the APC residues could steady-
state diffuse and gradually react to form ettringite, corresponding to peak III. In addition, the rate
of heat release in the induction period decreased with the increase of the APC residues. The sodium
sulfate (Na,SO4) could be present in the form of sodium sulfate decahydrate (Na,SO4-10H,0) in
water, so the Na,SO4- 10H,O could serve as an endothermic agent to absorbed the heat generated
from the alkali reaction and decomposed to yield anhydrous sodium sulfate and a saturated solution

of Na,SO4 [15].
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Fig.9 Effects of APC residues on the heat flow of the alkali-activated materials

The effect of APC residue on the cumulative heat of the alkali-activated materials are
illustrated in Fig.10. From Fig.10, the total cumulative heat of the AAMs paste decreased with the
replacement of slag by the lower activity APC residues and GP. As shown in Tablel, the AAMs
gradually transformed into a low calcium system with the increase of GP and APC residues, and
fewer calcium ions were available from the slag resulting in a slower reaction [42, 43]. Besides,
the reason can be attributed to the retarding effect of a high concentration of sodium chloride in the
system. A high level of sodium chloride had been found to almost stop the reaction of the alkali-

activated slag in previous studies [44, 45].
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Fig.10 Effects of APC residues on cumulative heat of the alkali-activated materials

In the Na,SOs-activiated slag, the sulfate would react with the Ca and Al released from the
hydrolysis of slag to produce the gypsum, ettringite or layered double hydroxides (hydrotalcite and
AFm type). However, for construction purposes, the sole Na,SOy as activator in this system was
seldom used due to the low early strength. In this study, the APC residues and anhydrous sodium
silicate were used as hybrid activators to produce the AAMs, and the solid alkali would first
dissolve to provide a solution with high pH, which contributed to the breaking of the Ca-O, Si-O
and Al-O bond of precursors. More Ca easily entered the solution than the Al and Si because of the
weaker Ca-O bond, and these Ca could react with the SiO4 and AlO4 to form the hydrotalcite-like
phases and amorphous gels with a low Ca/Si ratio. Simultaneously, the presence of more alkali
cation from the APC residues accelerated the breaking of the Si-O and Al-O bond due to its strong
polarization effect. The high concentration of the aluminium and silicate units gave rise to the rapid

formation of small amounts of hydrotalcite and ettringite although the main products were C-A-S-
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H gels. In addition, the residual Na,SOys in the forms of the thenardite was identified by XRD, but
the gypsum was not observed in the AAM samples (S50G50). This indicates that the sulfate from
the APC residues could directly reacted with the available Ca and Al released by the hydrolysis of
slag to form the ettringite or hydrotalcite. Therefore, the hybrid activators of the alkaline and APC
residues made it possible to formulate the one-part AAMs for reducing the drying shrinkage and
improving of the compressive strength.
3.6 MAS NMR
3.6.1 %Si MAS NMR

Fig.11 depicts the effect of APC residues on the *Si MAS NMR spectra of the alkali-activated
materials. The chemical shift of the 2’Si NMR could interpret the different Si species within the
reaction products, and the resonances contained various contributions of Q"(mAl) (0<m<n<4) from
-60 ppm to -100 ppm with different degrees of polymerization or Al substitution [46]. From Fig.§,
a broad *’Si NMR can be seen in the alkali-activated materials, illustrated that Si species dominated
the contributions with a higher degree of polymerization, which corresponded to the poorly
crystallinity nature of the C-(N)-A-S-H gels. After deconvolution, seven peaks of the alkali-
activated slag and slag/GP were obtained. The unreacted slag exhibited a resonance around -71.5
ppm for QY sites, and the unreacted glass powder was corresponded to the resonance at around -89
ppm for Q? sites and -101 ppm for Q* sites, as described in our previous paper [41]. When the APC
residues was added, a noticeable reduction in the intensity of the Q°, Q? and Q* resonances was
observed, illustrating a higher reaction degree of slag and GP.

The C-(N)-A-S-H gels in the alkali-activated slag was a short-range ordering structure similar
to the tobermorite, and the resonances at -79.0 ppm, -82.6 ppm, and -87.9 ppm were attributed to
the Q!, Q*(1Al), and Q? sites within the silicate group of the C-(N)-A-S-H gels [47]. The silicate
tetrahedra of gels were chain mid-members (Q?), and there was a strong thermodynamics
preference for Al substitution for Si in the gels interlayer. The Al substitution for Si resulted in
local distortions and reduced the stacking regularity of gels structure, which would generate excess
charges due to the difference of the Al and Si pairing tetrahedra. The Q*(1Al) resonances were
more intense in the alkali-activated slag and slag/GP when the APC residues was used, indicating
a higher substitution for Si in the gels interlayer. The Q'(I) and Q'(II) resonances were attributed
to Q! species charge-balanced by Ca*" and Na'/H" based on molecular dynamics and previous *Si
MAS NMR studies of alkali-activated slag [48-50]. The APC residues reduced the intensity of Q'(I)
resonances, but the Q'(I) resonances had slightly increases, showing that the more Na*or H' shield

the silicate chain of the C-(N)-A-S-H gels to a greater extent than Ca?".
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For the alkali-activated slag, two peaks were observed locating at -87 ppm and -90 ppm
corresponding to the Q3(1Al) and Q*(3Al) resonances. The identification of the Q*(1Al) resonances
indicated a significant extent of cross-linking structure within the C-(N)-A-S-H gels [48, 51]. The
Q*(1Al) and Q*(3Al) resonances in the alkali-activated slag exhibited a much higher intensity when
the APC residues were used, indicating the continuous consumption of slag and the formation of
the aluminum silicate structure. The Q*(3Al) resonances at -90 ppm in the alkali-activated slag/GP
may be attributed to the formation of the N-(C)-A-S-H gels, but these resonances were not observed
in the alkali-activated slag/GP because the Q* and Q* resonances contained contributions from
overlapping resonances from Q3(1Al) and Q*(3Al) environments of the N-(C)-A-S-H gels. The role
of Ca and Al in the silicates/aluminosilicates gels could displace the Na and Si, which degraded the
N-(C)-A-S-H gels in favour of C-(N)-A-S-H gels formation, and the N-(C)-A-S-H gels could form
until the available Ca was exhausted. For the alkali-activated slag/GP, the higher amount of Na
from GP and APC residues incorporated into C-A-S-H gels indicated that a lesser amount of Ca
was released from the slag, which might form N-(C)-A-S-H gels in S50G50 samples.
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Fig. 11. ¥Si MAS-NMR spectra for alkali-activated materials at 28days.
3.6.2 Al MAS NMR
Fig.12 shows the ??Al MAS NMR spectra for the alkali-activated materials. All alkali-
activated materials exhibited a broad and asymmetrical tetrahedral Al resonance (A1) with a low
intensity between 40 ppm and 90 ppm and a sharp octahedral Al resonance (A1'") between -20 ppm
and 40 ppm. According to the quadrupolar effect, the significantly ordered sites of Al-containing
crystalline phases exhibited at the chemical shift form -20 ppm to 40 ppm [50]. The broad and
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asymmetry resonance between 40 ppm and 90 ppm denoted the presence of overlapping
components, and this resonance was assigned to a lower crystallinity degree and local disorder of
the aluminosilicate glassy fraction in the C-(N)-A-S-H gels and the remnant of the precursor. When
APC residues was added, a lower intensity in the first resonance but a higher intensity in the second
resonance were noted, indicating that the contents of poorly crystallinity gels decreased and the
amount of crystalline phase increased in S100-A4 and S50G50-A4. The results illustrated that the
APC residues contributed to the formation of Al-containing crystalline phases (e.g., the ettringite
and monosulfate) [52], but the glass powder might reduce the C-(N)-A-S-H gels content due to the
limited dissolution of Al,Os and CaO from the precursors. In addition, the 2’Si NMR result showed
the presence of Q*(1Al), Q*(1Al) and Q*(3Al) in the samples, so these Al'Y resonance corresponded
to the Al q*(3Si) and Al q*(4Si).

Deconvolution of the ??’Al NMR data between 30 ppm and 90 ppm showed five different
tetrahedral Al sites. The distribution of Si sites in the slag was dominated by species with higher
Al substitution and lower polymerization, which was reported in previous studies [48, 52]. The
strong alkali solution increased the absorption of Na on the surface of the precursor and reacted
with the dissolution of the SiO4 units. The remnant unreacted slag at 52.3 ppm was observed, and
the intensity of the resonance decreased with the addition of APC residues due to the accelerated
effect for the hydrolysis of Si-O linkages in slag. The resonance at 67.2 ppm assigned as g’ is
attributed to Al in cross-linked bridging tetrahedra within the aluminosilicate chains in the C-(N)-
A-S-H gels. The presence of g° in the alkali-activated slag indicated a perturbation of the local
electric field gradient and a high level of aluminosilicate chain cross-linking in the gel's structure,
aligning with the previous studies [50, 53]. The resonance at 58.7 ppm assigned as q*(II) was
attributed to the bridging tetrahedra of Al, and the resonance at 74.3 ppm assigned as q*(I) was
attributed to the different clustering cations to balance the excess charge, which led to the local
distortion of Al bridging sites in C-S-H gels structure [48]. According to the thermodynamic theory,
the Al showed preferred substitution for Si in the tetrahedra of C-A-S-H gels, so the intensity of
q*(I) and g*(IT) resonance could be used to describe the Al from substituting for Si in the pairing
tetrahedra in the C-A-S-H gels structure. The resonance ¢*(I) in the alkali-activated slag was
slightly lower than that of the sample with the addition of the APC residues, suggesting more Al
bridging site charge-balanced by Na* instead of Ca®" due to its lower electron density than calcium
[54]. A similar trend was obtained in the alkali-activated slag/glass powder when the APC residues
was used. The ¢*(Il) resonance of the alkali-activated slag/GP increased with the addition of the
APC residues, illustrating the formation of more bridging tetrahedra of Al and less disorder of the

C-(N)-A-S-H gels chain.
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A single AlY resonance at 38.5 ppm were identified in the Al NMR spectra, which was
attributed to the charge-balancing of C-(N)-A-S-H gels interlayers [48, 55]. The intensity of AlY
resonance slightly decreased with the addition of APC residues and GP. The part of dissolved Al
could react with sulfate ions from the APC residues to form the AFm/AFt and hydrotalcite. The GP
provided a high silicate concentration and decreased the substitution of Al for Si in C-(N)-A-S-H
gels. These reasons led to the reduction of excess Al species in gels to balance the charge.

After deconvolution, three distinct tetrahedral Al sites were identified between -20 ppm~40
ppm. The resonance at 2.3 ppm was assigned to octahedral Al atoms in the third aluminate hydrate
(TAH), which were found in the alkali-activated slags [48, 52]. The resonance at 14.4 ppm (HT(I))
and 8.3 ppm (HT(I)) in the alkali-activated slag and slag/GP (S100-A0 and S50G50-A0) were
assigned to the Al in a layered double hydroxides (in AFm or hydrotalcite phase), which
corresponded to the A1V coordinated to OH™ and CO5* [56]. As previously stated, the sulfate from
the APC residue reacted with the aluminum to form the ettringite as a secondary reaction product
in the alkali-activated slag, and this was consistent with the XRD results. Therefore, the two AIV!
resonances at 12.9 ppm and 7.6 ppm in S100-A2 and S50G50-A2 were attributed to the formation
of the AFt and AFm/hydrotalcite with the Al octahedral coordination, which were observed in
NaySOs-activated slags [52].
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Fig.12. 2?Al MAS-NMR spectra for alkali-activated materials at 28days.
3.7 SEM-EDS
The SEM images of the alkali-activated materials at 28 days are shown in Fig.13 and the

element constitution of the alkali-activated materials are summarised in Table 3. The image of
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S100-A0 showed obvious microcracks, and a smaller content of microcracks were found in
Fig.13(a). When the GP and APC residues was used, the residual GP particles were wrapped by a
continuous amorphous phase (Fig.13(c)), and the hollow and irregular of remnant Na,SO4 was
found in Fig.13(f), illustrating that the sulfate was consumed. In addition, the plate-like structures
were identified as the crystalline of albite (NaAlSizOg) contained a low Ca and high Si and Al
content in Fig.13(c), (d) and (e), which also identified by the XRD. The microcracks in Fig.13 (a)
and (b) were closely related to the higher reaction heat and larger drying shrinkage. Microcracks
were found in the S100-A0 and S70G30-A0 (as shown in Fig.13 (a) and (b)) due to the thermal
stress incurred by the excessive reaction heat [57, 58]. These reaction products of the Si-rich gels
and Al-rich gels in the AAMs contained a higher uncombine water content, causing substantial
shrinkage and therefore microcracking [59]. In the presence of the APC residues, the AAMs
exhibited lower reaction heat and drying shrinkage resulting in less microcracking. Incorporating
GP would decrease the reaction heat due to their lower activity than that of slag, as discussed earlier.
Therefore, the reaction products of the alkali-activated slag have a dense microstructure as a result
of a stable development of later compressive strength was achieved when the APC residues was

used.
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Fig.13 SEM-EDS images of alkali-activated materials at 28days

According to the ESD results, the element of Ca, Si, Al and Na was found in the alkali-
activated slag (S100-A0), illustrating that the main products were the hydrated calcium silicate (C-
S-H) gels containing varying levels of Al and Na. The average values of the Na/Al, Ca/Si and Al/Si
ratio of the gels in S100-A0 were 1.61, 1.28 and 0.39, respectively. The elementary composition of
gels phase had been greatly altered: a reduction of Ca/Si and Al/Si ratio, and an increase of Na/Al
ratio of the gels were seen with the incorporation of the APC residues. The changes of the Na/Al,
Ca/Si and Al/Si ratios of the C-(N)-A-S-H gels phase was attributed to the slag replaced by the



522 APC residues with rich sodium and lower calcium contents. The smaller amount of Al can be
523  incorporated into the poorly crystalline C-S-H gels to form C-A-S-H gels, meanwhile, the presence
524  of a higher amount of Na from the APC residues in the gels suggested the C-S-H gels intermixing
525  with C-(N)-A-S-H gels in which the Na cations served as negative charge balance. In addition, the
526  eclemental analysis of the amorphous gels showed higher Si and Na amounts in S50G50-A2,
527  indicating the formation of the sodium silicate gels (N-S-H) with traces of Al. The formation of N-
528  S-H gels in S50G50-A2 was also a factor for increasing the reversible drying shrinkage, as
529  discussed above in Fig.5.

530 For the alkali-activated slag/GP, the Ca/Si ratio decreased, and the Na/Al and Al/Si ratios
531  increased when the APC residues was used. The decrease of the Al/Si and Ca/Si ratios was mainly
532 due to sodium from APC residues accelerated the breakage of the Si-O bond of GP and released
533  silicate units. This change in the Na/Al and Al/Si ratios contribute to the formation of a stable bond
534  for the alkali ions from the GP and APC residues, and also caused internal stresses in the local
535  microstructure, which degraded the early compressive strength of AAMs mortar [7, 37]. The higher
536  cross-linking of gels offered by the presence of Al was expected to form a stable microstructure
537  because this replacement of Si*" with AI** immobilized more alkali ions [60]. Therefore, the low
538  Ca content and high Na content in the gel phases inferred the presence of N-(C)-A-S-H gels. The
539  N-(C)-A-S-H gels with a higher Al/Si was usually present in the low calcium alkali-activated
540  material system and regarded as a zeolite precursor, which was an aluminosilicate network with a
541  three-dimensional structure [48]. Due to the low crystallinity of these gels in the AAMs, it was hard
542  to be distinguished by XRD, but the coexistence of the C-(A)-S-H and N-(C)-A-S-H gels in the
543  alkali-activated materials has been reported previously [51, 61]. In addition, the sufficient levels of
544  alkali were provided with the increase of the APC residues and GP and resulted in increased
545  formation of the N-(C)-A-S-H gels. In fact, the Al and Ca in the silicates/aluminosilicates gels
546  could displace Si and Na, which degraded the N-(C)-A-S-H gels in favour of C-(A)-S-H gels
547  formation. The insufficient Ca and Al by replacing slag by GP and APC residue restrained the
548  formation of the C-(A)-S-H gels, and the N-(C)-A-S-H gels were formed in the AAMs until the
549  available Ca was exhausted. With increase of APC residues, the increase of Al/Si ratio in the gels
550  might lead to some dissolved Al from the APC residues diffused into the N-(C)-A-S-H gels’

551 structure.

552 Table 3 Average values of molar ratios of the alkali-activated materials at 28 days
SI00 Na Al Si Ca  Ca/Si Na/Al AlUSi  S100 Na Al Si Ca  CalSi NaAl AlSi
43 761 1509 168 678  3.63 2229 17.02
236 626 1404 14.66 831 401 2281 1651 076 2.0 0.22
A0 127 31 964 19 2 LD 03 A 598 158 2524 1624

33 1.1 5.44 9.99 6.85 439 2094 1599



0.01 3.63 7.69 8.94 6.02 833 16.55 15.03

143 257 484 6.4 7.5 13.49 18.57 13.61

S70G30 Na Al Si Ca Ca/Si  Na/Al Al/Si  S70G30 Na Al Si Ca Ca/Si  Na/Al  Al/Si
923 562 1635 1345 6.94 996 10.89 6.32
922 561 1633 1343 9.35 243 1352 6.25
4.16 155 2923 13.22 8.43 759 1245  6.09

A0 954 591 18.16 13.02 070 1.92 027 A2 9.15 4.62 17.68 6.0 045 219 042
1046 5.18 1828 12.48 6.04 1.81 1525 545
9.64 24 1999 11.98 5.45 2.67 1147 531

S50G50 Na Al Si Ca Ca/Si  Na/Al Al/Si  S50G50 Na Al Si Ca Ca/Si  Na/Al  Al/Si
4.44 43 9.96 2.65 5.74 1.24 3.09 2.61
9.08 423 15.64 2.63 7.67 1.4 3.39 1.54
10.09 143 1431 735 5.55 3.6 8.61 0.83

A0 1188 441 1245 ) 0.36 2.78 0.32 A2 1784 817 1273 12 0.35 3.48 0.44
526 541 1275  6.27 17.89  5.02 16.2 -
923 3.06 17.51 7.15 9.9 4.02 10.16  10.1
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3.8 TCLP test

The safe disposal of the contaminated APC residues, such as immobilization of heavy metals,
is an essential task of environment protection. Table 4 summarized the concentration of the heavy
metals leaching from AAMs with the APC residues. From Table 4, the AAMs with the APC
residues released a relatively higher concentrations of Ag, Pb and Sb, followed by Co, Cr and Zn,
but the concentrations of all heavy metals were below the regulatory limits advised by the U.S.
EPA. The result illustrated that the heavy metals in AAMs could be encapsulated by the physical
adsorption to balance the excess negative charge and chemical immobilisation into the reaction
products. Besides, the alkaline of the TCLP extraction solution increased with the increase of the
APC residues, and its pH value was located between 7.78 and 9.97. The high alkaline of pore
solution in the AAMs also ensured that the solubility of heavy metal was kept low.

Table 4 The TCLP results of the AAMs with APC residues at 28 days (mg/L)

Ag As Ba Cd Co Cr Mn Ni Pb Sb Se Zn

S100-A1 340 0.13 0.18 0.13 034 1.02 0.09 0.02 228 268 026 0.46
S100-A2 3.18 0.13 0.16 0.13 076 097 0.10 0.04 236 274 0.56 0.54
S70G30-A1 334 0.15 0.15 0.15 047 099 0.03 0.05 228 280 0.90 0.21
S70G30-A2 3.16 0.14 0.15 0.14 0.75 097 0.06 0.04 232 282 0.82 049
S50G50-A1  3.28 0.15 0.17 0.15 045 1.08 0.10 0.06 234 290 0.66 0.48
S50G50-A2  3.28 0.14 0.16 0.14 076 091 0.09 0.04 238 280 0.66 0.45

U.'SZ EI.)A 5 100 1 1 5 - - 5 - 1 100
Limitation

4. Conclusions
This paper presented the results of a study on the reaction mechanisms, compressive strength,
and drying shrinkage of alkali-activated materials prepared by using a hybrid of APC residues and

sodium silicate as an activator. The major conclusions are listed below:
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The rich soluble salts of the APC residues and solid sodium silicate can be used as a hybrid
activator to prepare alkali-activated materials. The APC residues reduced the flowability of
AAMs mortar, but the inferior flowability could be improved by the incorporation of GP. The
AAMs prepared with APC residues exhibited a lower early compressive strength, but the
stable development of later compressive strength was improved due to the formation of a more
compact structure.

The alkali-activated slag showed the highest drying shrinkage (about 8000 microstrain), and
the 85% drying shrinkage was irreversible. Incorporation of the APC residues reduced the
drying shrinkage (to about 3100 microstrain) and irreversible shrinkage in the alkali-activated
slag and slag/GP, which was closely related to the formation of N-S-H gels and reduction of
C-(N)-A-S-H gels content.

The APC residue decreased the total reaction heat of the alkali-activated slag and slag/GP and
three exothermic peaks were observed. The sulfate and chloride from the APC residues could
react with the aluminum from the precursors to form ettringite and Friedel’s salt as secondary
reaction products in the alkali-activated slag and slag/GP.

With replacing of slag by the GP, the insufficient Ca and Al restrained the formation of the C-
(A)-S-H gels, and the N-(C)-A-S-H gels were formed in the AAMs until the available Ca was
exhausted. Upon the incorporation of the APC residue, the amorphous C-(N)-A-S-H gels were
formed in addition to N-(C)-A-S-H and N-S-H gels in the alkali-activated slag/GP.
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