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As a kind of granular waste with complex composition and alkali corrosiveness, concrete
slurry waste (CSW) has severe recycling limitations in the ordinary Portland cement (OPC).
Considering this, a new type of geopolymer, prepared by granulated blast furnace slag/fly
ash, concrete slurry waste, and powdered activators (sodium carbonate and different
silicon sources including sodium metasilicate pentahydrate and silica fume), was adopted
to conduct a comparative study with the OPC counterpart. In this study, the homogenized
CSWwas mixed in the OPC and geopolymer with a constant ratio of 50 wt%, respectively.
Then the properties were studied in terms of the flowability, setting times, mechanical
strengths, and microstructures. The results showed that better flowability (200 mm) could
be achieved in the obtained geopolymer than in the OPC reference group (95 mm) by
increasing the powdered activators. The setting time of the OPC was significantly
shortened due to the addition of CSW. The strengths of geopolymer were supported
by the produced C-A-S-H and carbonates, with less chemically bonded water than the
hydration products in the reference group. The dominant size of pores in the hardened
geopolymer was much smaller than that in the OPC group which was 80 nm. Silica fume
could be the alternate of the sodium metasilicate pentahydrate and had an insignificant
negative impact on the fresh and hardened properties and microstructures of the
geopolymer when the incorporation rate was within 5%.

Keywords: concrete slurry waste, fly ash, slag, geopolymer, properties

INTRODUCTION

As an energy-intensity industry, the production of ordinary Portland cement is accompanied by a
massive amount of CO2 emission and has left a large amount of hardened or unhardened waste (Ali
et al., 2011; Singh et al., 2015; Miller et al., 2016; Shen et al., 2017). Among these, the reuse of the
unhardened waste generated from the concrete batching plant (CBP) in China is greatly restricted,
especially for concrete slurry waste (CSW). Concrete slurry waste is an unhardened residue of
returned fresh concrete that has been treated by washing and aggregate recycling systems due to
excess supply or unsatisfactory performance. According to the previous studies, concrete waste is
produced every day in CBP (about 165–350 million tonnes), and most of it is deposited in landfills,
which not only results in a detrimental effect on the ecosystem but also occupy many free lands for its
storage (Vieira and Figueiredo, 2016; Xuan et al., 2016; Iizuka et al., 2017). It has been revealed that
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the incorporation of CSW into mortar or concrete is an efficient
stabilization method in terms of the heavy metals’ leaching
behavior (Audo et al., 2018). However, the activity of CSW is
very low owing to the long storage period in the sediment pit with
high alkalinity (pH normally ranging from 11.0 to 13.0) (Vieira
and Figueiredo, 2016). Thus, it is reasonable to consider CSW as
aggregate or filler substitutes in concrete productions after
dewatering, drying, crushing, and sieving. The relevant studies
highlighted that the substitute rate should not exceed 30%
because of its poor qualities (high porosity, weak adhesion of
the old mortar, and low strength), which can cause the
degradations of the workability, strengths, fire resistance, and
durability (Correia et al., 2009; Kou S.-c. et al., 2012, Kou et al.,
2012 S.-C.; Audo et al., 2016; Rughooputh et al., 2017). A similar
situation is also observed when the CSW is used for cement or fly
ash substitute after drying, dry milling, or calcination. The dried
CSW powder can replace about 0–6% cement with little
degradation of the strengths and workability (Zervaki et al.,
2013; Férriz-Papia, 2014). Generally, the CSW may not be
suitable to use in new concrete productions. Thus, a new
cementitious system is desired to solve the disposal problem of
the CSW.

CSW is rich in calcium and silicate components and can act as
an alkaline substance. Based on this, it is understandable to
consider CSW as a raw material in geopolymer (Elyamany
et al., 2018; Thakur et al., 2019). At present, there are two
kinds of geopolymers that have been described by researchers
in their studies: one is called conventional geopolymer, the other
is named as “one-part” geopolymer (Luukkonen et al., 2018a; Ng
et al., 2018; Askarian et al., 2019). However, considering the safety
problems and the impracticalities related to handling large
amounts of viscous, corrosive, and hazardous alkaline

solutions, conventional geopolymer might not be suitable to
combine with the original alkaline CSW. Accordingly, the
“one-part” geopolymer is proposed to solve the mentioned
worries.

So far, there is little study conducting experiments about the
recycling of CSW in the “one-part” geopolymer, but the
advantages of it are outstanding: Firstly, it only needs dry
mixtures that consist of solid aluminosilicate and activator
powders rather than using alkaline solutions; Secondly, the
water is regarded as the initial reaction trigger in the “one-
part” AAMs, which is similar to that of OPC (Duxson and
Provis, 2008; Adesanya et al., 2018). The experimental idea is
shown in Figure 1. Specifically, granulated blast-furnace slag/fly
ash were regarded as the supplements of precursors in the
geopolymer, and powdered sodium carbonate was chosen as
the primary activator because its buffer capacity can moderate
the corrosive of the CSW-composite and improve the handling
safety for the researchers (Peng et al., 2017; Ishwarya et al., 2019).
Besides, sodium metasilicate pentahydrate, as an auxiliary
activator, was adopted to enhance the properties of
geopolymer, and the silica fume was expected to substitute it
to expand the environmental benefits (Sturm et al., 2016; Ye et al.,
2016).

This paper aimed to provide a new preparation method of
cementitious materials containing CSW and the basic properties
(flowability, setting times, and mechanical strengths) and
microstructures (including X-ray diffraction/XRD, Fourier
transform Infrared spectroscopy/FTIR, Thermal gravity
analysis/TG-DTG, and Mercury intrusion porosimetry/MIP) of
the geopolymer and the cement reference group were
investigated. Then, the advantages and disadvantages of these
two cementitious composites were discussed. The obtained

FIGURE 1 | Experimental idea of this study.
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geopolymer mixed with concrete slurry waste in this study
provides new ideas and references for preparing a new type of
cementitious material and is beneficial to recycling various wastes.

MATERIALS AND METHODS

Materials
Blast-furnace slag (BFS), fly ash (FA), silica fume (SF), and P.O
42.5 ordinary Portland cement (OPC) were provided by China
West Construction Hunan Group Co., Ltd., and the concrete
slurry waste (CSW) with solid to water ratio of 1:1 was collected
from the concrete mixing plant of the same company (CSW
sedimented within 1 week). The particle size distributions of the
raw materials are shown in Figure 2A), and the chemical
compositions of these raw materials were determined by the
X-ray fluorescence spectrometer (XRF), as shown in Table 1. As
can be seen, there is high content of SiO2 and LOI value in the
CSW, which implies that CSW contains much sand and some
carbon particles/organic components (He et al., 2020). This is in
line with the results of X-ray diffraction (XRD) and Fourier

transform infrared spectroscopy (FTIR), as shown by Figure 2B).
CSW is a well-crystallized substance with complex components,
and there are complex bands ranging from 469 to 875 cm−1. It is
worth noticing that the bands at approximately 1,089, 1,092, and
967 cm−1 in the CSW, FA, and BFS, respectively, represent the
asymmetric stretching vibration of Si-O-T (T � Al or Si) and are

FIGURE 2 | Basic characteristics of raw materials.

TABLE 1 | Chemical compositions of raw materials by XRF.

Main chemical
oxides

BFS (%) FA (%) SF (%) Cement (%) CSW (%)

SiO2 32.80 57.53 95.5 23.35 39.35
Al2O3 14.30 31.30 1.15 5.42 10.09
CaO 39.50 2.73 0.4 61.18 23.11
MgO 9.20 0.81 0.75 2.64 1.74
Fe2O3 0.88 5.04 0.72 2.78 6.29
Na2O 0.20 0.08 1.2 0.07 0.33
K2O 0.63 1.33 0.6 0.69 1.54
MnO 0.07 0.03 — — 0.10
SO3 1.32 0.45 0.55 2.42 1.12
LOI 1.1 0.7 — 1.45 16.38
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closely related to the alkaline activation process
(Hajimohammadi and van Deventer, 2017; Kaja et al., 2018).
The commercial powdered activators used in this study were
sodium carbonate anhydrous (Na2CO3/SC, AR, Purity≥99.8%)
and sodium metasilicate pentahydrate (Na2SiO3•5H2O/SM, AR,
modulus of 0.93). Silica fume (SF) with ultra-fine particle size, as
depicted in Figure 2A), was expected to substitute the
commercial silicon source (SM).

Preparation of Homogenized Concrete
Slurry Waste
To develop the filling effect of CSW, as reported by He et al. (He
et al., 2020), and obtain a CSW-composite with dense
microstructures, CSW was treated by wet-grinding before being
added into the geopolymer and OPC(Tan et al., 2018). The grinding
balls were made of zirconium silicate, and the mass ratio of the balls
with different diameters (3 mm:2.5 mm:0.7 mm) equaled to 2:5:3.
Moreover, the mass ratio of the balls and CSW (weight of the solids
content) was 2.5:1. Then the grinding balls and CSW were poured
into the machine for grinding (45min). The parameters of the
control cabinet were as follows: electric current for 7–10 A, voltage
for 380 V, and frequency for 35–45 Hz. The wet-grinding CSW (pH
� 11.0) with uniform particle size distribution was obtained when
the separation of the balls and slurry was completed. The target size
of homogenized CSW was consistent with the previous studies, D50

≈ 3–5 μm (Tan et al., 2018; He et al., 2020).
Figure 3 shows the particle size distribution and SEM

morphology of the homogenized CSW. It can be seen that the
uniform particle size was obtained in the CSW, with a D50 of
3.757 μm. The SEMmorphology shows thatmany fine particles with
an angular shape and clusters scatter randomly, and there are many
pores on the surface of those clusters. Besides, many smooth flake
particles, identified as SiO2, embedded in those observed clusters.

Mix Proportions and Mixing Procedures
Mix proportions of one reference group (cement + CSW, CCSW)
and 11 geopolymer groups (geopolymer + CSW, GCSW) are
shown in Table 2. The water to binder ratio (W/B) was kept at 0.5
in all specimens. The mass ratio of binders and CSW was 1:1, and
the ratio of sodium carbonate and silicon sources (sodium
metasilicate pentahydrate + silica fume) was kept at 1.5:1
(Ishwarya et al., 2019). Specifically, in the GCSW groups of
No.1 to No.4, 9% sodium carbonate and 6% sodium
metasilicate (total 15%, mass ratio of the binders) were utilized
as the activators, and the effect of different binder proportions (fly
ash and slag) was evaluated. The effect of activator dosages
(10–25%) was investigated in GCSW groups of No.5 to No.8,
and the influence of silica fume substitution for sodium
metasilicate was explored in GCSW groups of No.8 to No.11.

A cement mixer was used to prepare all the specimens. Firstly,
the homogenized CSW was poured into the container and then
mixed for 1 min at a rotation speed of 140 ± 5 r/min and
revolution speed of 62 ± 5 r/min. Afterward, fly ash and slag
were added into the CSW and mixed for another 2 min at a
rotation speed of 280 ± 10 r/min and revolution speed of 125 ±
10 r/min. Secondly, the activators were wet mixed with the matrix
obtained from above for 2 min. Finally, the homogenized matrix
was completed and cast into 40 × 40 × 160 mm detachable steel
prism molds immediately. Each specimen was prepared in
triplicate. A vibrating table (1 × 60 shocks, one shock/s) was
used to improve compactness and eliminate the air bubbles in the
matrix. All the specimens were de-molded after 24 h and cured at
20 ± 1°C and 90% relative humidity for 3, 7, and 28-days tests.

Test Methods
Flowability of mixtures was tested by a conical mold (36 mm,
60 mm, and 36 mm) and a smooth glass plate. Before the
homogenized matrix that got from the mixer was cast, it

FIGURE 3 | Particle size distribution and SEM morphology of the homogenized CSW.
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would be poured into the conical mold. When the conical mold
was full of the matrix, the top surface of it would be scraped flat,
and then the conical mold was lifted so that the matrix could flow
freely on the surface of the plate. The flow diameter was defined as
the mean values of two perpendicular directions. Setting times of
the CCSW and GCSW were measured by a Vicat apparatus
according to the standard ASTM C191. Compressive and flexural
strengths were tested according to the standard ASTM C349. The
flexural strength was measured on three specimens for each
group, and the compressive strength was further measured on
the rest of the six broken half-specimens. After completing the
tests of 28-days, the pieces within dimensions of 15 mm × 15 mm
× 15 mm were collected and immersed into the anhydrous
ethanol for 3 days to stop the reactions. Then the pieces were
dried at 40°C in a vacuum environment for 24 h. Thereafter, some
of the pieces were ground and passed the 0.75 mm sieve for XRD,
FTIR, and TG-DTG analysis.

FTIR was taken using Nicolet Nexus 410 FTIR Spectrometer
Spectrum, and the data was collected in transmittance mode from
4,000 cm−1 to 500 cm−1 with an accuracy of 0.01 cm−1. The
mineral phase analysis was launched with X-ray diffraction
with Cu(Kα) source (XRD, German BRUKERD8 ADVANCE
Diffractometer) at a scanning rate of 2°/min with the 2θ ranging
from 5° to 80°. Thermal gravity analysis experiments (TGA,
TGA5500) were conducted with 20 ± 2 mg powder under the
nitrogen atmosphere and heated at 10°C/min from ambient
temperature to 1,000°C. Besides, pore size characteristics of the
CCSW and GCSWwere tested by Mercury intrusion porosimetry
(MIP, AutoPore IV 9500, America). The surface tension of
Mercury was 485 mN/m, and the contact angle was 140°.

RESULTS AND DISCUSSIONS

Flowability
Figure 4 shows the flow diameters of CSW-composites. As can be
seen, the flow diameter of CCSW is only 95mm, which is
significantly lower than that of the GCSW groups. This may be

related to the morphology of CSW and the reaction characteristics
between the two kinds of cementitious materials. In other words,
CSW is mainly composed of many extremely porous, absorbent,
and coarse clusters, as shown in Preparation of homogenized CSW.
These clusters in the CSW can increase the friction between
particles and reduce the local water-binder ratio by absorbing
part of free water, thus weakening the flow performance of CCSW
(He et al., 2020). Besides, due to the cement hydration, the free
water was consumed, and the flow diameter of CCSW decreased
furtherly. The flow diameters of GCSW groups fluctuate between
93 and 200 mm. When the level of activators is fixed at 15%, and
the SF incorporation rate kept at 0%, the flow diameters of GCSW
gradually decrease from 192 to 165 mm with the increase of BFS,
which can be attributed to the existence of CaO and rough
morphology of BFS (Ismail and El-Hassan, 2018). On the
contrary, the flow diameters of GCSW are proportional to the
dosages of activators. With the activators increase from 10 to 25%,
the flow diameters of GCSW increase from 130 to 200 mm. As
reported, with the increase of activators, more BFS and FA particles
could be dissolved, and the particle concentration in the GCSW
decreased accordingly. Thus the flow diameters of GCSW were
improved (Ishwarya et al., 2019). Besides, when the SF
incorporation rate keeps within 2.5%, the flowability of GCSW
has an insignificant decrease. However, when the incorporation
rate of SF reaches over 5%, a significant decrease in the flow
diameter of GCSW could be observed. In particular, when SF
completely replaces the SM (10% SF incorporation rate), the flow
diameter of GCSW is almost equal to that of the CCSW. Ultra-fine
SF particles have a large specific surface area, and the increase of SF
content would increase the water requirement for the GCSW to
reach the same flow diameter. Therefore, when the SF substitution
rate exceeds a certain range, the flow performance of GCSWwould
suffer a significant loss. This result is consistent with the
experimental conclusions obtained by Liu et al., 2020.

Setting Times
The results of the setting time are presented in Figure 5. After
adding CSW to the OPC, the initial and final setting times of

TABLE 2 | Mix proportions of the 12 groups.

Target No Labelled Binders (g) CSW (g) Activator (%)

FA BFS OPC SC SM SF

Reference 0 CCSW 0 0 900 900 (water to solid ratio � 1:1) — — —

GCSW: influence of binder proportions 1 1:0 15% (0%) 900 0 — 9% 6% 0%
2 4:1 15% (0%) 720 180
3 2:1 15% (0%) 600 300
4 1:1 15% (0%) 450 450

GCSW: Influence of activators and different silicon sources 5 1:1 10% (0%) 450 450 — 6% 4%
6 1:1 15% (0%) 9% 6%
7 1:1 20% (0%) 12% 8%
8 1:1 25% (0%) 15% 10% 0%
9 1:1 25% (2.5%) 15% 7.5% 2.5%
10 1:1 25% (5%) 15% 5% 5%
11 1:1 15% (10%) 15% 0% 10%

1.CSW-concrete slurry waste; FA-fly ash; BFS-slag; OPC-cement; SC-sodium carbonate; SM-sodium metasilicate pentahydrate; SF-silica fume; CCSW-“Cement + CSW” for reference;
GCSW-“Geopolymer + CSW”.
2.Labelled explanations of GCSW: for example, “1:1 15% (0%)” means: FA: BFS � 1:1, content of total activators � 15%, SF incorporation rate � 0%.
3.W/B � 0.5, SC:(SM + SF) � 1.5:1, CSW: binder � 1:1.
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CCSW are reduced to about 80 and 145 min, respectively. As
reported by Liu et al. (2019), He et al. (2020), the setting time of
the cementitious systemwas greatly influenced by the filling effect
and nucleation effect of CSW. On the one hand, CSW would
replace the unhydrated substances in the CCSW to fill the pores
inside the structure at an early stage, densifying the internal
structure and facilitating the skeleton formation. On the other
hand, CSW could also act as a nucleation site to provide contact
sites for the connection of hydration products, while some of the
hydration products contained in the CSW could induce and
accelerate the reaction process of the OPC, thus accelerating
the initial and final setting times (Soliman and Nehdi, 2011).
Compared to CCSW, the initial and final setting times of GCSW
fluctuate between 70-255 min and 115–300 min, respectively. For
example, when the activator’s dosage is fixed at 15%, and the SF
incorporation rate keeps at 0%, the setting times of GCSW are
gradually shortened with the increase of BFS. This is due to the
higher activity of BFS than FA, and the addition of BFS provides
more CaO to GCSW, which can accelerate the reaction rate
(Figure 5A). A similar situation can also be observed when the
dosage of activators is increased. It can be seen from Figure 5B),
when the dosage of activators is increased from 10 to 25%, the
initial and final setting times of GCSW are shortened by about
63.16 and 53.06%, respectively. Increasing the dosage of the
activators is equivalent to providing more Na2O to GCSW,
which results in a higher pH value of pore solution in the
GCSW groups, thereby increasing the dissolution and reaction
rate of the raw materials (Yousefi Oderji et al., 2019). However, it
is worth noticing that the setting times of GCSW can be gradually
prolonged as the SF incorporation rate increases (0–10%),
especially when the rate of SF exceeds 5%. The initial and
final setting times of GCSW are almost equal to that of the
pure OPC, reaching 180 and 215 min, respectively. On the one
hand, it is speculated that, compared to SM, SF cannot provide
additional Na2O, resulting in lower alkalinity of pore solutions.
On the other hand, SF may have weaker solubility than SM under
alkaline conditions, leading to more undissolved SF particles and
hindering the connection of the generated alkali-activated
products (Luukkonen et al., 2018a). Moreover, this

phenomenon also explains the decrease of flow diameters of
GCSW with high SF incorporation rates.

Mechanical Strengths
Figure 6 shows the compressive and flexural strengths of the
hardened CSW-composites at 3, 7, and 28 days, respectively. For
CCSW, the 3-days strength reaches 32.5 MPa with the addition of
CSW to the cement, and increases to 40.2 and 43.6 MPa at 7 and
28 days, respectively. Moreover, the compressive strength of
CCSW only increases by 8.46% during the curing period from
7 to 28 days. In the case of GCSW, the compressive strength
increases with the increase of BFS. The 3, 7 and 28 days
compressive strengths of GCSW without adding BFS are only
0.9, 3.4, and 4.9 MPa, respectively, whereas, when the mass ratio
of FA to BFS reaches 1:1, the corresponding compressive
strengths of GCSW increases to 19.4, 28.9, and 38.7 MPa,
respectively, and its 28 days strength is almost the same as
that of the CCSW. This indicates that the sodium carbonate
type activator cannot effectively activate the precursors consisting
of only FA and CSW particles under ambient temperatures, while
the incorporation of BFS greatly enhances the reactivity of
GCSW. According to the previous studies, the mechanical
properties of geopolymer usually reach a more satisfactory
level when FA: BFS is equal to 1:1 (Chen et al., 2015;
Abdalqader et al., 2016). Besides, when the FA: BFS keeps at
1:1, and the SF incorporation rate is 0%, the variation of the
activators also significantly affects the compressive strengths of
GCSW groups. For instance, when the activators are reduced
from 15 to 10%, the 3, 7, and 28 days strengths of GCSW decrease
by 26.29, 29.41, and 24.40%, respectively. They reach 29, 41.1, and
60 MPa when the activators are increased from 15 to 25%, and the
corresponding improvement rate reaches nearly 55.04%. The
change in the strengths of GCSW is mainly attributed to the
alkaline equivalent provided by the activators. With the increase
of pH values, the dissolution of reactive species in FA and BFS
increases, thus generating more products to improve specimens’
early and late strengths (Jeong et al., 2019). In addition, the type of
additional silica source (activator) is also one of the most
important parameters affecting the strength development of

FIGURE 4 | Flowability of the CCSW and GCSW (A: influence of slag; B: influence of activator and silica fume).
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FIGURE 5 | Setting times of the CCSW and GCSW (A: influence of slag; B: influence of activator and silica fume).

FIGURE 6 | Mechanical performances of CCSW and GCSW composites.
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GCSW (Luukkonen et al., 2018b). It is worth noting that there is
almost no adverse effect on the early strength of the GCSW group
(3 and 7 days) with FA: BFS of 1:1 and activator dosage of 25%,
when the SF incorporation rate reaches 2.5%. However, when the
SF incorporation rate exceeds 5%, a significant reduction in the
compressive strengths of GCSW is observed at all ages. This
phenomenon is not difficult to be understood by combining the
results of flow diameters and setting times of the corresponding
specimens. Compared to commercial SM, the ability of SF to
provide a soluble silicon source in an alkaline environment is
limited, and its substitution rate should be kept within 5%
(Luukkonen et al., 2018a).

The development of flexural strength is similar to that of
compressive strength. The flexural strength could be effectively
improved by increasing the content of BFS and activators. The
28 days flexural strength of GCSW increases to approximately
7MPa when the FA: BFS is 1:1, and the dosage of activators is 25%.
In this study, the set ratio of FA and BFS is scientific and reasonable
because it was reported that the high-level content of BFS may
cause severe shrinkage, which could leavemanymicrocracks inside
the specimen and have a negative effect on the flexural strength
(Yousefi Oderji et al., 2019). Besides, the 28 days flexural strength
of GCSW reaches the same level as CCSWwhen the FA: BFS is 1:1,
and the activator’s dosage reaches 20%.

X-Ray Diffraction Analysis
Figure 7 presents the XRD patterns of CCSW and typical GCSW,
in which the main crystalline products of the CSW-composites can
be observed when the 2θ ranged from 5 to 70° (Pan et al., 2018).
Although the peak intensities of theminerals can reflect the relative
content of particular phases, the XRD results were mainly used for
qualitative analysis rather than quantitative analysis. Firstly, it
needs to be noted that the peaks of quartz, calcium carbonate,
and calcium-silica with different Ca/Si ratios in the CSW are still
detectable in the CCSW and GCSW, which is consistent with the
high crystallinity of CSW. For the CCSW, no new crystalline
phases are observed, except for the cement hydration products
(e.g., ettringite, gypsum, calcium silicate hydrate, and calcium
hydroxide). In the GCSW, the XRD patterns show slight
differences under the influence of BFS and activators. As for the
GCSWwith 15% activator, 0%BFS and 0% SF incorporation rate, a
broad diffuse hump, and crystalline peaks of mullite and quartz are
observed in the range of 20–40°2θ, which are mainly attributed to
the nature of BFS and FA in the raw materials. Referring to the
lowest mechanical strengths of the GCSW specimen, “1:0 15%
(0%) ”, it can be inferred that the reaction degree of this specimen is
still low at 28 days. Also, a high-intensity peak is detected at
28.8°2θ, which is identified as gaylussite (Na2Ca(CO3)25H2O)
(Bernal et al., 2014). The formation of this phase indicates that
a precipitate is preferentially formed due to the reaction between
the carbonate and sodium ions released from the activators and the
calcium ions dissolved from the precursors (FA, BFS, and CSW).
However, such phases do not effectively enhance the strength of the
GCSW, as shown by the mechanical strength of “1:1 15%, 0%”
(Abdalqader et al., 2016). It is worth noticing that the peak
intensities of both the mullite and gaylussite in the range of
25.0–30.0°2θ decrease as the content of BFS and activators

increases, while the peak at 29.5°2θ increases significantly,
suggesting a change in the composition of the main products in
the GCSW groups. In particular, the peak at 29.5°2θ is identified as
the calcium silicate hydrate (C-S-H) and calcium carbonate phases.
The gaylussite’s intensity decrease may suggest the involvement of
sodium and calcium ions in the formation of C-S-H
(Samantasinghar and Singh, 2018). According to the previous
studies, the formation of the C-(A)-S-H phase plays a key role
in the early and final strength development of the geopolymer with
FA-BFS as the main precursors (Ben Haha et al., 2011a). For
instance, when the dosage of activators reaches 25%, and the SF
incorporation rate is within 5%, the intensity of the peak located at
29.5°2θ is evenmore than that of the quartz peak located at 26.7°2θ,
which is also in good agreement with the excellent mechanical
strengths exhibited by the corresponding GCSW groups.When the
SM is completely substituted by SF, the intensity of the C-S-H peak
decreases and it is generally consistent with the reduction in the
28 days compressive and flexural strengths for the “1:1 25% (10%)”
GCSW specimen. Furthermore, the hydrotalcite phase is usually
detected in sodium carbonate-activated slag or slag/fly ash
mixtures with a 2θ of 11.7°, however, it is difficult to be
observed here, considering that the peak intensity of the
hydrotalcite phase is too weak to determine its presence (Ben
Haha et al., 2011b).

FT-IR Characterization
Figure 8 illustrates the FT IR spectra of CCSW and typical GCSW
groups. All specimens exhibit similar band characteristics,
indicating a similar product composition. Major bands are
detected at approximately 3,450, 1,650, 1,450, 1,080, 995, and
875 cm−1. The structure of interlayer water in GCSW and CCSW
is characterized by the O-H stretching band located at around
3,450 cm−1, whereas the bending of the chemically bonded H-O-
H is located at approximately 1,650 cm−1 owing to the water
capture effect and surface absorption of the gel cavities (Ishwarya
et al., 2019). Compared to CCSW, the absorption band due to
chemically bonded water is barely visible in the GCSW specimen
of “1:0 15% (0%)", suggesting that less alkali-activated products
are produced, and the corresponding mechanical strengths of the
specimen are the lowest. With the increase of BFS and activators,
the absorption band of GCSW at 1,650 cm−1 is enhanced but still
generally lower than that of the CCSW. The absorption bands at
1,450 cm−1 and 875 cm−1 are mainly caused by carbonates: In
CCSW, it is mainly due to the existed calcium carbonate in the
CSW and a small proportion of carbonized hydration products.
As for the GCSW, these bands could be attributed to the presence
of calcium carbonate and gaylussite detected in the XRD, and the
excessive carbonate ions from the activators. It is worth noticing
that the GCSW specimen of “1:0 15% (0%)" has a stronger
absorption band at 875 cm−1 than that of the other GCSW
specimens, and the intensity of this band gradually decreases
with the increase of BFS and activators. Combined with the XRD
results, it seems that the absorption band at such wavenumbers
may be related to the formation and transformation of gaylussite.
It is well known that the bands located at 950 cm−1 - 995 cm−1 are
assigned to the Si-O vibration in C-S-H and also imply the
formation of C-A-S-H (Puertas and Fernández-Jiménez, 2003).
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As can be seen from GCSW: On the one hand, the absorption
band of C-A-S-H gradually shifts towards lower wavenumbers
with the increase of BFS and activators, which is possibly affected
by calcium ions and tetrahedral aluminum in the BFS or the more
formation of C-A-S-H with short chains that could decease the
network connectivity of alkali-activated products (Yang et al.,
2012). On the other hand, the gradual enhancement of the C-A-S-
H absorption band directly leads to a significant improvement in
the mechanical properties of the GCSW specimens. Furthermore,
it is interesting to notice that the characteristic absorption band of
CSW at 1,080 cm−1, which could still be observed in CCSW,

gradually disappears in GCSW with the continuous generation of
C-A-S-H, as shown in the corresponding band of “1:1 25% (0%)”.
It is speculated that some minerals in the CSW are also involved
in the formation of alkali-activated products, such as mica-like
minerals (Bassani et al., 2019). However, further investigation is
still needed to be conducted.

TG-DTG Analysis
Figure 9 shows four typical TG and DTG curves of CCSW and
GCSW. There are mainly two mass losses in the DTG curves of
GCSW composites, while three losses in CCSW, suggesting the

FIGURE 7 | XRD for CCSW and GCSW composite.

FIGURE 8 | FTIR analysis for CCSW and GCSW composites.

Frontiers in Materials | www.frontiersin.org November 2021 | Volume 8 | Article 7515859

Gao et al. Fly Ash-Slurry Based Geopolymer

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


difference in the production components of these two
cementitious systems. As shown by the specimens of GCSW,
two kinds of productions match well with two weight losses. The
first mass loss is mainly at 110°C and ascribed to the evaporation
of water existing in the pores of C-(A)-S-H gel (Ismail et al.,
2013). The mass loss between 690°C and 727°C is owing to the
decomposition of the bonded water in the stable carbonates,
which come from the CSW and alkali-activated products, such as
calcium carbonate and gaylussite detected by XRD and FTIR (Jin
et al., 2014). Meanwhile, it should be noticed that the mass losses
appearing in the CCSW are quite different from the GCSW.
Firstly, the decomposition temperature of C-(A)-S-H gel in the
CCSW (approximately 100°C) was lower than that of the GCSW
(111°C–118°C). The evaporation of the bonded water in the AFm
often occurs at around 160°C–200°C in the CCSW, whereas there
is no mass loss in the same temperature range of GCSW.
Secondly, the mass loss at 350–500°C is the typical sign belong

to OPC, resulting from the decomposition of Ca(OH)2 (Suraneni
et al., 2019). The mass loss at around 700°C in CCSW is primarily
due to the decomposition of the carbonates from CSW, and a
small part is attributed to the carbonized hydration products. It
should be mentioned that, according to the TG curves, the mass
loss of GCSW is basically less than that of CCSW, suggesting that
the amount of chemically bonded water in GCSW is less than that
of the CCSW, and it is in line with the corresponding analysis of
FTIR section.

It is worth noticing that the mass-loss rate associated with C-
(A)-S-H gel becomes sharper in “1:1 25% (0%)” than that of the
“1:1 15% (0%)”. The mass loss percentage of the main production
gel increases from 6.72% in “1:1 15% (0%)” to 10.27% in “1:1 25%
(0%)” as shown by the small graph in Figure 9B, indicating a
great number of C-(A)-S-H gel is produced, which is well in line
with the best mechanical properties of the “1:1 25% (0%)” GCSW
group. Besides, the outstanding mechanical performance is not

FIGURE 9 | TG-DTG results of CCSW and GCSW composites (A: TG curves, B: DTG curves).

FIGURE 10 | Pore characteristics of CCSW and GCSW composites (A: pore distribution, B: pore volume fraction).
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only due to the increase of C-(A)-S-H gel, but also the increase of
carbonates with high crystallinity and stability, as shown in the
increase mass loss from the decomposition of the carbonates,
which is from 10.99% in “1:1 15% (0%)” to 11.93% in “1:1 25%
(0%)”. Moreover, a significant reduction of the mechanical
properties in “1:1 25% (10%)” can also be explained by its
DTG curve. The complete substitution of SF leads to a
decrease of C-(A)-S-H gel dehydration, which is from 10.27%
in “1:1 25% (0%)” to 7.35% in “1:1 25% (10%)”, as well as the
decomposition of the carbonates, which is from 11.93 to 9.49%.
The nearly overlapping TG curves and the similar C-A-S-H mass
loss percentage of “1:1 15% (0%)” and “1:1 25% (10%) “also
suggest that these two groups have similar mechanical properties.
The weight loss may be closely related to the mechanical
properties of GCSW.

Pore Size Characteristics
The pore structure has been reported to be closely related to
some basic properties of cementitious materials, such as
mechanical properties and durability (Ahmad and Chen,
2018). Therefore, the pore structure distribution
characteristics of CCSW and GCSW were tested, and the
results are shown in Figure 10. It can be seen that the most
probable aperture of CCSW and GCSW is significantly different
from each other. GCSW specimens present the most probable
apertures around 10 nm, while CCSW is mainly around 80 nm.
This suggests that a denser pore structure is more likely to be
obtained by combining CSW with the geopolymer prepared in
this study. Although this result cannot imply that the GCSW
always achieves higher mechanical strengths than that of the
CCSW, it is still an essential reference for the later durability
investigation of CSW-composites (Tan et al., 2019; He et al.,
2020). The pore sizes of CSW-composites can be classified into
the following four types: harmless pores less than 20 nm, less
harmful pores of 20–50 nm, harmful pores of 50–200 nm, and
much harmful pores of more than 200 nm (Tan et al., 2018). As
can be seen from the percentages of the pore size distribution,
44.84% of the pores in CCSW belong to the harmful pores, and
the percentage of the much harmful pores is also high, reaching
31.46%, which may explain the limitations of CSW recycling in
the OPC system. On the contrary, most of the pore sizes in
GCSW belong to the less harmful pores with the fluctuating
percentage between 25.81 and 49.68%, which depends on the
geopolymer’s design parameters. When the dosage of the
activators is increased, the proportion of pores less than
20 nm in GCSW rises accordingly, and these pores mainly
belong to the gel pores in C-A-S-H and play a major role in
supporting the strengths of GCSW. The increase of the SF
incorporation rate makes the pore structure of GCSW more
complex. When the SF incorporation rate reaches 5%, the most
probable aperture of GCSW becomes finer. However, as the rate
reaches 10%, the most probable aperture develops towards
coarse pores (40.36 nm). Overall, with the increase of SF, the
proportion of gel pores appears to decrease, while the
proportion of harmful pores tends to increase. And its
corresponding decrease in the mechanical strengths of
GCSW specimens can also be explained by the pore changes.

Reaction Mechanism
Combined with the results of macroscopic and microscopic tests,
this study clarified the reaction characteristics of CSW-based
geopolymer. The properties of the prepared geopolymer were
mainly related to the ratio of fly ash/slag, the amount of activator,
and the type of silicon sources. The combined activator composed
of sodium carbonate and sodium metasilicate is much moderate
than the sodium hydroxide type. It is because when sodium
carbonate touches the water-containing slurry, the carbonate ion
is first released. At this time, the alkalinity of the reaction system
is low, and the alkaline environment required for the early
reaction is supported only by sodium metasilicate. Therefore,
fly ash, as the dominant active raw material, is difficult to be
stimulated. And the role of CSW particles is only to provide
nucleation sites and fill the pores, which cannot facilitate strength
development substantially. However, when the slag content and
activator content increase, the activity of the raw material and the
alkali equivalent of the system is improved, thus the reaction
degree is intensified. The hydration of slag is accelerated, and the
reaction rate of fly ash is improved. On the other hand, when
silica fume is used in place of sodium metasilicate pentahydrate,
the ultra-fine silica fume provides a soluble silicon source with the
system in an alkaline environment forming C-A-S-H with
calcium ions. But unlike the sodium silicate, silica fume does
not provide additional sodium oxide, and its dissolution rate in
the alkaline environment is much slower than that of commercial
sodium silicate. Accordingly, the excessive replacement of silica
fume will result in a lower alkali equivalent and higher particle
concentration of the system, which leads to a decrease in the
strength and flow diameter, and a prolonged setting time.

CONCLUSION

This paper showed an innovative way to recycle CSW, and a
comparative study was made between the GCSW and CCSW in
terms of the flowability, setting times, mechanical strengths, and
microstructures (XRD, FTIR, TG-DTG, and MIP). The main
conclusions are as follows:

1. With the addition of homogenized CSW into OPC and
geopolymer, the flow diameter of CCSW is only 95 mm, while the
GCSW could achieve higher flow diameters by adjusting the
dosage of BFS and powdered activators (∼200 mm), and the flow
diameter increases with the increase of the powdered activators.
The negative effect on the flowability of the cementitious
materials caused by CSW could be mitigated in the GCSW.

2. The setting time of the OPC is greatly shortened by the
incorporation of CSW, with the initial setting time reduced from
165 to 80 min and the final setting time reduced from 215 min to
145 min. This is mainly due to the filling and nucleation effects of
CSW. The setting time of GCSW is mainly affected by the content
of BFS and activators. The initial and final setting times fluctuate
between 70-255 min and 115–300 min, respectively, and the
increase in both BFS and activators shortens the setting times
of GCSW.

3. When BFS: FA keeps at 1:1, and the activator content
reaches 15–20%, GCSW could achieve comparable mechanical
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strengths as the CCSW did at 28 days. The gained strengths of
CCSW mainly come from the cement hydration products, while
the GCSW is mainly supported by C-A-S-H and carbonates
(calcium carbonate and gaylussite). The amount of chemically
bonded water in the products of GCSW is lower than that of
the CCSW.

4. Compared to CCSW, it is easier to obtain a dense
microstructure by mixing the homogenized CSW with
geopolymers prepared in this study. Increasing the dosage of
BFS and activators could effectively increase the proportion of
gel pores (< 20 nm) in the GCSW (25.81–49.68%). SF has a
certain ability to replace SM, but the recommended
incorporation rate for SF should be less than 5% without
significantly affecting the fresh and hardened properties of
GCSW.

5. In this study, the slag content is limited. Further
increasing the slag content will greatly improve the
mechanics and shorten the setting time. For satisfactory
properties, the dosage of the activator should be 10–20% of
the total amount of slag and fly ash, because excessive activator
may cause the problems such as efflorescence and worried
durability. If the silica fume substitution (0–10%) is
considered, the activator content should not exceed 25%. It
is an innovative attempt to recycle CSW into alkali-activated
materials, which shows advantages compared with traditional
cement materials.
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