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Combined effect of coal chemical wastewater and PC on preparing of coal-to-liquids
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Abstract: Aimed to achieve “waste control by waste” of coal-to-liquids (CTL) industry, coal gasification residue
(CGR), the most typical CTL residue, and coal chemical wastewater (CCW) were used as aluminosilicate precursor
and auxiliary activator respectively to prepare alkali activated materials (AAMs). CGR-based AAMs using a less
concentrated NaOH solution than conventional, with CCW as mixing water were synthesized. The results showed
that CCW benefited the compressive strength of CGR-based AAMs significantly, but demonstrating slight reduction
over time. The combined effect of CCW and Portland cement (PC) supplied continuous increase of strength and
eliminated the strength reduction with age. The mechanisms behind the improved performance of the AAMs due to
the introduction of CCW and PC were discussed by XRD, FTIR, TG-DSC, MIP and ESEM. It was found that the
increased alkali content due to the introduction of the CCW, supplied more extensive dissolution of active
aluminosilicate and progressive geopolymerization of CGR. The coexistence of both N-A-S-H gel and C-A-S-H gel
(originated from the introduced PC) in hardened AAM pastes reduced the proportion of pores larger than 100 nm to
less than 30%, and provided denser structure.

Keywords: coal-to-liquids residue, coal gasification residue, coal chemical wastewater, AAMs, strength

1 Introduction

Coal-to-liquids (CTL) is an advanced clean technology which uses coal as the raw material to produce liquid
fuel (gasoline, diesel, jet fuel, etc.) through a series of hydrogenation reactions under a high temperature and pressure
environment facilitated by catalysts. In recent years, CTL has made great progress in the chemical industry, as well
as in the combustion and reburning to reduce NOx (Xie et al., 2010; Li and Miao, 2019). Figure 1 shows a widely
used CTL process for manufacturing liquid fuels in China. From the process, there are two types of wastes are

generated, namely, coal chemical wastewater (CCW) and CTL residues, as indicated in the Figure.



26
27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Coal chemical
wastewater(CCW

Catalysts Circulatory system

Gas

Gasoline
Diese
Jet fuel

(OLE1Y Standby- Coal slurry

preparation

Liquefaction Fractionation

4

Separation Reforming

Nitrogen Residue

Hydrogen

Air Air
separation

Gasification Purification

Oxygen
residue (CGR
Fig. 1 The widely used CTL process in China and its main wastes

As shown in Fig. 1, the CTL residues are mainly generated during the coal gasification stage, hence, is often
referred to as the coal gasification residue (CGR). The CGR usually includes coarse residue and fine residue (Aineto
et al., 2006). The coarse residue refers to the part discharged from the bottom of gasifier through melting, quenching
and condensation process under a high temperature (180~ 400°C depending on synthesis process and catalyst) and a
high pressure (2~ 4 MPa). The carbon content of the coarse residue is relatively low (mostly lower than 5%), and the
particle size distribution is 1~ 5 mm, accounting for 80% of the total CGR. The fine residue is carried by gas flowing
through the top of the gasifier, and its carbon content is generally close to 30%. Approximately 1/3 of the particles
of the fine residue are less than 80 pm, which accounts for about 20% of the total CGR. It was reported that more
than 900,000 tonnes of CGR are produced in the CTL process with every one million tonnes of coal being processed
(Xie et al., 2020). At present, the majority of CGR are stored at the landfill sites, causing serious environmental
pollution and waste of land resources (Rani and Jain, 2014), which could offset the advantages brought by the clean
development of CTL technology. To utilize the CGR, researches have been mainly on reusing the carbon in the CGR,
especially its gasification reactivity (Zhao et al., 2010; Zdeb et al., 2019). The composition and structural
characteristics of CGR have also been studied and reported that the main components of CGR are silicon, aluminium,
calcium, iron, magnesium and titanium (Matjie et al., 2008; Yuan et al., 2014; Wu et al., 2015). Since silicon,
aluminium and calcium are the main elements needed to form cementitious materials; the potential of producing
cementitious materials with CGR has also been explored. For example, Li et al. (2019b) found that CGR could
contribute to the cementitious reaction by forming ettringite, okenite and even C-S-H gel in CGR/cement blends,
indicating that CGR may possess some reactivity which can benefit the properties of cementitious materials.

On the other hand, a large quantity of CCW, which is mainly composed of ClI-, Na* and SO4? with pH >9, has
been discharged from the liquefaction, separation and reforming processes of CTL (Li et al., 2020b). Due to its high

salt concentration, the CCW is difficult to be treated. In practice, evaporation and crystallization are used methods
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for treating this wastewater. Although the salts obtained from these s processes can be used as raw materials in chlor
alkali industry and soda ash industry and therefore can generate some added value (Gai et al., 2017; Liu et al., 2019),
the process itself is too time-consuming and requires lots of resources, offsetting the added value. Some attempts
have thus been made in the literature to use industrial wastewater as mixing water for manufacturing concrete in
order to save natural water resources. However, it has been reported that some inorganic and organic compounds in
industrial and domestic wastewater could hinder the hydration process of cement, and prolong its initial and final
setting times (Babu et al., 2018). Nonetheless, the setting time of the cement paste prepared with some wastewater
could still meet the limit requirements of ASTM and BS standards (Asadollahfardi et al., 2016, 2019). Additionally,
Kaboosi et al. (2009) also indicated that the treated industrial wastewater at low concentrations can be used
satisfactorily in the production of plain concrete.

Drawing upon the previous research reported in the literature on utilizing wastewater in concrete, at the same
time, considering the potential pozzolanic property of CGR and the alkalinity of CCW (pH>9), alkali-activated
materials (AAMs), formulated with alkaline activator and industrial by-products as an aluminosilicate precursor
(Izquierdo et al., 2009; Provis et al., 2018), could provide an effective approach to the possible full recycling of CGR
and CCW. Previous researches show that, in addition to their low energy consumption, AAMs also have some
properties superior to Portland cement (PC), making it more suited for use in the repairing work (Gomaa et al., 2020;
Zhang et al., 2020), nuclear waste immobilisation (Gijbels et al., 2018), high-temperature exposure (Celikten et al.,
2019) and multifunctional materials (Tang et al., 2019). Preliminary work carried out by Chen et al. (2019) proved
that CGR can be blended with steel slag and incorporated into AAMSs owing to its amorphous content. On the other
hand, several researches on developing AAMs using seawater as mixing water have reported that the ions (Ca?*, CI-,
S04%, CO3%, etal) in seawater could significantly contribute to the alkali-activation process (Ines et al., 2010; Rashad
etal., 2013; Shi et al., 2019). Therefore, theoretically, the ions, such as Cl-, Na* and SO4%, existing in the CCW could
also be able to_contribute to the activation of CGR (Ahmed et al., 2018; Zhang et al., 2019).

In summary, the above literature review indicates that using CGR and CCW to produce AAMs could be a
potential way to address the environmental issues caused by CTL and eventually contributing to the circular economy
strategy of CTL technology. At the same time, this can also solve the raw materials shortage of AAMs. Therefore, in
this study, the CCW was used as mixing water whilst the CGR was employed as an aluminosilicate source to
manufacture AAMSs. To further improve the strength of the AAMs by increasing calcium content, 10% of the CGR
was also replaced by Portland cement. The AAMs manufactured with CGR and CCW were then characterized by
compressive strength test, X-ray diffraction, FTIR and microstructure studies. Based on the results obtained, the
mechanisms behind the improved performance of the AAMs due to the introduction of CCW and PC are then

proposed and discussed in this paper.
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2 Materials and methods

2.1 Materials
The CGR and CCW used in this study were obtained from a CTL plant in North-West of China. A Portland

cement (PC), P.O 42.5, conforming to GB175-2007 and a reagent grade sodium hydroxide (NaOH) to initiate AAMs
reactions were sourced locally. The chemical composition of the CGR and PC determined by X-ray fluorescence
(XRF) are presented in Table 1. As can be seen, the CGR mainly consists of silica, alumina and lime with their
contents being 49%, 20% and 11%, respectively. After grinding in the laboratory, the surface area of the CGR was
380 m?/kg and its average particle size determined using Laser particle size analyzer LS230 was 22.08 um. The XRD
pattern of the CGR in Fig.3 shows that the CGR mostly consists of crystal quartz (SiO2) and some amorphous phases
as indicated by the hump between 15~ 40° (26). Additionally, the morphology of the CGR particles, as observed
under Scanning Electron Microscope (SEM), revealed some diverse features, including round, flat and polyhedral
shapes. On the other hand, the CCW mainly consists of chloride, sulfate and sodium ions with a pH value of 9.6.
The SEM image and the particle size distribution of the CGR as well as the chemical composition of the CCW are

given in the supplementary document.

Table 1 Chemical composition of the raw materials (wt. %)

Compositions PC CGR
SiO2 21.78 48.75
AOs 4.21 20.05
CaO 60.88 10.69
Fe20s 2.77 9.67
MgO 2.51 2.84
Na20 0.80 1.65
K20 0.91 2.11
TiO2 0.80 1.01
SO3 2.87 0.56
LOI 2.05 1.87

2.2 Specimen preparation
The batch mix proportions (employed in this study) of the CGR-NaOH system (T1, i.e. Control Mix), the CGR-

NaOH-CCW system (T2), the CGR-NaOH-PC system (T3) and the CGR-NaOH -CCW-PC system (T4) are shown
in Table 2. The raw materials were mixed in a NJ 160A mixer and the cube samples were cast in 20 x20 x20 mm
molds which were subsequently cured at 80°C under steam for 24 hrs. Followed by this, the hardened specimens
were cooled down to room temperature and then demolded before being cured under an_ambient condition at

(23£2) °C/ (9045) %RH for 3, 7 and 28 days until being tested, respectively.

Table 2 Batch mix proportion (mass, g)
Samples CGR NaOH PC Tap water CCW

Tl 100 5 0 42 0
T2 100 5 0 0 42
T3 90 5 10 42 0
T4 90 5 10 0 42

2.3 Test methods
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Compressive strength of the cube samples was measured at the age of 3, 7 and 28 days according to the Chinese
Standard JGJ/T 70-2009. At each age, three samples were crushed and the average value was reported as the
compressive strength.

The phase composition of the powders with particle size less than 80 um was identified by a powder X-ray
diffraction method (D/max 2200VB3+/PC, Rigaku International Corporation, Japan). The measuring speed was at 5°
(20)/min in the 26 range of 5~ 80°.

Fourier transform infrared (FIIR) spectra of the ground hardened pastes were collected using a FTIR
Spectrometer Nicolet iS10 with a KBr beam splitter between the wavenumber of 500~ 4000 c¢cm™.

The thermal stability of the AAMs was tested through TG-DSC (TGA/DSC1/1600). The test parameters were
set as follows: scanning temperature range of 50~ 1000°C, heating speed of 20 °C/min with N2 as the protective
atmosphere.

Mercury Intrusion Porosimetry (MIP) with a MK-Auto Pore IV 9510 mercury porosimeter was used to
investigate the pore distribution of the hardened AAM samples. The working pressure was 414 MPa and the
measuring range was 30 A~ 1000 pum.

The microstructure of the hardened AAM samples was observed using a ZEISS Gemini SEM 300 field emission
scanning electron microscope (SEM). Sample surface was coated with gold and the observation was undertaken

under a magnification range of 2000~ 30000 times.

3 Results
3.1 Compressive strength
The compressive strengths of the CGR-based AAMs cured for 3, 7 and 28 days are shown in Fig. 2. It can be

seen that with the CGR being used as a precursor material, AAM mixes could be formulated, albeit the compressive
strength of T1 (formulated with tap water) was quite low. This indicates that the aluminosilicates in the CGR can
chemically involve in the geopolymerisation reaction of the AAM and be able to contribute to its strength.
Additionally, when the CCW was used to replace tap water, the compressive strength of the CGR-based AAM was
significantly increased compared to their counterparts with/without PC, respectively, at all the curing ages. This
indicates that the CCW can promote/accelerate the chemical reaction of CGR-based AAMs and hence increased
compressive strength. The increasing of strength could be presumably attributed to the increased alkali content due
to the introduction of the CCW, even though the ions in the CCW could have also contributed to the reaction.
However, in the absence of PC, the compressive strength of the AAM mixed with both tap water and the CCW (i.e.
Mixes T1 and T2) exhibited slight reduction at the age of 28 days, for example, from 16.3 MPa at 7 days to 13.9 MPa
at 28 days for Mix T2. As the CGR mainly consists of silica and alumina, it is anticipated that the main reaction

products should be sodium aluminosilicate hydrate (which is also confirmed by the FTIR results and further discussed
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below). As reported in the literature (Fernandez-Jiménez et al, 2005; Sindhunata et al, 2008), the reduction of the
compressive strength in AAMs over time could be the result of the continued polymerization of the sodium
aluminosilicate hydrate (N-A-S-H) gel which could lead to the formation of further densified gel and, hence,
increased porosity and reduced strength. On the contrary, when 10% of the CGR was replaced by PC, not only was
the compressive strength increased as compared to their counterparts with/without the CCW, respectively, but the
strength reduction was also eliminated. Additionally, using CCW as mixing water in Mix T4, the compressive
strength further increased at all the curing ages as compared to Mix T3 which was mixed with tap water. It has been
reported that the coexistence of N-A-S-H and calcium aluminosilicate hydrate (C-A-S-H) gels can eliminate the
strength reduction of AAMs and promote the long-term strength gain due to the continued formation of C-A-S-H gel
(Kumar et al, 2010). The improved strength performance of T3 and T4 could, thus, be the results of the coexistence
of N-A-S-H and C-A-S-H gels in the AAMs as confirmed by the FTIR results below.

To identify the quantitative effects that the CCW and PC may have on the compressive strength of the CGR-
based AAMs, the relative compressive strengths of Mixes T2, T3 and T4 (relative to the compressive strength of Mix
T1 at each age, respectively) are presented in Table 3. It can be seen that the compressive strength of the CGR-based
AAMs was improved by more than 100% when the CCW was used as the mixing water (Mix T2) as compared to
using tap water (Mix T1). In contrast, with 10% of the CGR replaced by PC (Mix T3), the AAM mixed with tap
water exhibited less increase in compressive strength, which is only 8~ 45% higher than that of the control specimen
(Mix T1). However, it should be noted that compared with the compressive strength at 3 and 7 days, PC eliminated
the strength reduction at 28 days.

More importantly, the combined effects of the CCW and PC (as revealed in Mix T4) on the compressive strength
of the CGR-based AAM are extremely noticeable. The strength enhancing rates of the CGR-based AAM at the age
of 3 and 7 days are more than 200%, and the strength raising rate at 28 days is even as high as 462% times compared
to that of the Mix T1.

The above results showed that the combined application of the CCW and PC not only can greatly improve the
compressive strength of AAMs, especially at 28 days, but can also eliminate the strength reduction. In the following
sections, the mechanism of individual and combined effects of the CCW and PC on the strength behavior of the

CGR-based AAMs are further investigated and discussed.
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Fig. 2 Influence of the CCW and PC on the compressive strength of the CGR-based AAMs

Table 3 Effects of the CCW and PC on the relative compressive strength of the CGR-based AAMs (%)

Relative Compressive Strength (%)

Mix ID Influencing Factor

3 days 7 days 28 days
T2 CCW 143.1 129.58 139.66
T3 PC 13.79 8.45 44.83
T4 Combined effect of CCW and PC 268.97 222.54 462.07

3.2 X-ray diffraction

The cementitious properties of AAMs are predominantly provided through the geopolymerization, which refers
to the chemical reaction between “Si-O-" and “Al-O-" after the “Si-O- Si” and “Al-O- Al” in the raw materials are
broken down by strong alkaline when the OH- dissolved in water. This is then followed by the polycondensation of
the dissolved phases (lIzquierdo et al., 2009). The geopolymerization products formed in the CGR-based AAMs at
the age of 28 days, together with the CGR, were characterized by XRD in the region of 10°~ 50° (26), and are shown
in Fig. 3. It is evident that the CGR mostly consisted of quartz (i.e. crystalline SiO) and amorphous phase as indicated
by a hump at around 15°~ 40°. The quartz and iron from the CGR were the main crystalline phases identified in the
control AAM (i.e. Mix T1). In addition, the hump of the CGR in Mix T1 significantly decreased, which indicates
that the aluminosilicates in the amorphous phases of the CGR might have involved in the geopolymerization reaction
with sodium hydroxide. This again implies that the CGR is chemically reactive and can effectively contribute to the
formation of AAMs.

On the other hand, in the AAM formulated with the CCW (i.e., Mix T2), additional calcium silicate hydrate C-
S-H(I) with low Ca/Si ratio was detected, indicating that the introduction of the CCW can further enhance the
chemical reaction. This could be attributed to the increased alkalinity by the CCW which might have increased the
break-down of Si-O bonds in the CGR (because Si-O bond is stronger than the AI-O bond) (Ismail et al., 2009),
leading to the precipitation of C-S-H (I). Moreover, a crystalline phase of halite (NaCl) from the CCW is also

remarkable in the XRD pattern of Mix T2, which could be the results of the precipitation of NaCl from the Cl ions
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existing in the CCW (as shown in the chemical analysis of the CCW in the Supplementary document). When 10%
CGR was replaced by PC (Mix T3), the C-S-H(I), C-A-H gel and C-A-S-H gel were detected. Compared to Mix T1,
it can be seen that more C-S-H (1) was formed. It is usually anticipated that the hydration of PC should form C-S-H
(1) with a higher Ca/Si (Gard and Taylor, 1976.). The formation of additional low Ca/Si C-S-H (I) gel indicates that
the introduction of PC into the CGR-based AAMs can further promote the dissolution of the CGR and hence increase
the amounts of silica, leading to the formation of low Ca/Si C-S-H (I). Similarly, it seems that the formation of C-A-
H and C-A-S-H gels could be attributed the calcium from PC as well as calcium released from CGR enhanced by PC.
Furthermore, under the combined action of the CCW and PC (i.e. Mix T4), the intensity of the C-S-H (I) peak is
further increased which could be attributed to the extra alkalis provided by the CCW and, hence, the increased
formation of C-S-H(D).

It should be noted that while the hydration products like C-S-H(l), C-A-H and C-A-S-H can be identified in
XRD, the geopolymerisation product, N-A-S-H gel, cannot be recognized by XRD. However, N-A-S-H gel can be
clearly identified by FTIR which will be discussed in the following section, demonstrating the hydration of CGR-
based AAM is further promoted. Meanwhile, some peaks referring to the complex salts of magnesium and chlorine
or sulfate appeared at 33°~ 35° (20) in the XRD pattern of Mix T4. This could be due to the reaction between the
magnesium ions from the CCW and/or released from the CGR with the chloride ions in the CCW. Overall, from the
above results, it can be tentatively concluded that both the CCW and PC can promote the chemical reactions of AAMs
In particular, the combination of the CCW and PC shows greater effect in promoting these reactions than the

individual effect of each.
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Fig. 3 XRD patterns of CGR-based AAMs at age of 28 days
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3.3 Fourier transform infrared spectroscopy
The FTIR spectra of the raw CGR particles and the CGR-based AAMs cured for 28 days are shown in Fig. 4. It

is evident that the band in the region of 3400~ 3500 cm™ due to stretching vibrations of O-H groups in H2O or
hydroxyls and the band centered around 1600 cm due to the H-O-H bending vibration of molecular H-O can be
clearly identified in all the samples. The typical bands of the asymmetric stretching vibrations of C-O bonds were
also observed at 1300~ 1400 cm*. Most importantly, it can be seen that the band centered at 1096 cm in the raw
CGR due to the asymmetric stretching vibration of T-O-Si (T=Al or Si) becomes sharper and shifted to the lower
frequencies (996~ 1011 cm) in the Mixes T1-T4, which could be attributed to the formation of the amorphous N-
A-S-H gels (Garci'a-Lodeiro et al., 2008). Especially, compared to Mix T1, this band becomes even sharper when
tap water was replaced by the CCW in Mix T2, indicating an increased formation and enhanced geopolymerisation
of the N-A-S-H gels. In contrast, when 10% of the CGR was replaced by PC in both Mixes T3 and T4, the band
associated to the N-A-S-H gel became flatter and broader. Actually, even in the case of Mixes T1 and T2, shoulder
at around 1100 cm could also be identified. It has been reported that the addition of Ca into the N-A-S-H can not
only modify the N-A-S-H gel, but may also lead to the formation of C-A-S-H gel. In particular, at high pH (>12), the
presence of Ca may even degrade N-A-S-H in favour of the formation of C-(A)-S-H gel (Walkley et al., 2016). In
the current study, the CGR contains around 10% CaO. In addition, 10% CGR was replaced by PC (which contains
around 60% CaO). Therefore, the increased broad nature of the band between 900~ 1200 cm™ could be the
consequence the combined effects of N-A-S-H and C-(A)-S-H gels. Previous research has shown that by
deconvoluting the spectra in this wavenumber range, the C-(A)-S-H gel can be clearly distinguished from the N-A-
S-H gel (Garcia-Lodeiro et al, 2008). The peak fitting was, thus, adopted in the current research to acquire a better
understanding of the products formed in the CGR-based AAM pastes. The wavenumber and the respective area of
each of the band identified from the deconvolution of the main band between 900~ 1200 cm are shown in Fig.5 and
Table 4.

As can be seen in Fig. 5, two components, represented by band 1 and band 2 at 986~ 999 cm and 1073~ 1099
cmt, were clearly revealed after the deconvolution of the main band between 900~ 1200 cm™. It has been widely
accepted that when the C-(A)-S-H and N-A-S-H gels co-existed in a system, the Si-O stretching band in the C-(A)-
S-H gel should be centered at around 975 cm™* (when Ca/Si ratio is 1), whilst the N-A-S-H gel at around 1006 cm™!
(when Si/Al ratio is 1). Therefore, the band 1 and band 2 identified in Fig. 5 are associated to the C-(A)-S-H and N-
A-S-H, respectively. Additionally, it can be observed that the band corresponding to T-O (T = Si or Al) stretching
vibrations in the C-(A)-S-H gel shifted toward higher wavenumbers, namely from 986 cm™ (T1), to 992 cm (T2),
997 cm* (T3), 999 cm™* (T4). This indicates that the Ca/Si ratio decreases from T1 to T4, which could be attributed

to the progressive polymerization of silicates chains (Yu et al., 1999). On the other hand, the associated band in the
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N-A-S-H gel also shifted toward higher wavenumbers, namely from 1073 cm (T1), to 1086 cm™ (T2), 1091 cm*
(T3), 1099 cm (T4), indicating an increase in Si/Al ratio from T1 throughout to T4 which could be possibly due to
the progressive polymerization of aluminosilicates (Yip and Deventer, 2003). Furthermore, from Table 4, it can be
seen that by integrating the area of band 1 of these four mixes, some interesting features can be observed: the CCW
increased the proportion of the C-(A)-S-H gel from 23.13% to 39.5% when the tap water in Mix T1 was replaced by
the CCW, indicating that the CCW could enhance the activation of the CGR and, thus, promoted the chemical reaction
between calcium and reactive aluminosilicate released from the CGR. PC further increased the proportion of C-(A)-
S-H gel due to its hydration, and the improvement of CCW and PC are superimposed when they are combined. Ismail
et al. found that C-S-H gel coexisting with N-A-S-H gel resulted in higher compressive strength with slag addition
in alkali activated fly ash system, so it can be concluded that C-(A)-S-H gel plays an important role in eliminating

the strength reduction of CGR-based AAMs at 28 days in this study.
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Fig. 4 FTIR spectra of CGR -based AAMs at age of 28 days
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Fig. 5 DE convolution of selected FTIR spectra (900~1200 cm™) in Fig. 4

Table 4 Bands fitted and their integral intensity showed in Fig.7 (%)

Bands T1 T2 T3 T4
V(cm!)  Area (%) V(em!)  Area (%) V(em!)  Area (%) V(em!)  Area (%)
Band 1 986 23.13 992 39.51 997 44.27 999 57.08
Band 2 1073 76.87 1086 60.49 1091 55.73 1099 42.92
Area (band 1)/area (band2) 0.3 0.65 0.79 1.33

3.4 Differential thermogravimetry
The differential thermograms (DTG) patterns of CGR-based AAMSs are shown in Fig. 6. The characteristic peak

below 200 °C (R1) represents the release of physically bound water in the gel structure (mainly in the pore network)
(Alarcon-Ruiz et al., 2005). Using CCW as the mixing water, the peak in this temperature range become sharper and
the corresponding mass loss rate calculated from the TG curves increased from 3.14% (Mix T1) to 5.16% (Mix T2)
and 5.83% (Mix T4) respectively, as shown in Table 5, meaning again that CCW promoted the formation of gels in

CGR-based AAMs. When CGR was replaced by 10% PC, Table 5 shows a weight loss corresponding to
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decomposition of Ca(OH) (R2 in Fig. 6), a common hydration product of PC, increased from 1.22% (Mix T3) to

1.77% (Mix T4)
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Fig. 6 DTG patterns of CGR-based AAMs.

Table 5 Peaks attributions on the DTG patterns and mass loss rates of CGS-based AAMs

Region Temperature /°C Attribution Mass loss rates (%)
T1 T2 T3 T4
R1 below 200 Evaporation of hydrate water 3.14 5.16 3.67 5.83
R2 400~ 600 Decomposition of Ca (OH)2 0.57 0.87 1.22 1.77
R3 650~ 850 Decomposition of calcite 0.54 2.09 0.82 2.31
R4 850~ 1000 Crystallization of gels 0.125 2.01 0.74 2.58

3.5 Pore size distribution by mercury intrusion porosimetry
The pore size distributions of CGR-based AAM s at age of 28 days are shown in Fig. 7. It is well recognized that

the pore size of hardened cement paste can be divided into four grades, namely, gel pores (<10 nm), transition pores
(10~ 100 nm), capillaries (100~ 1000 nm) and macropores (>1000 nm) (Kaufmann, 2004). The cumulative pore
volume of samples in this study according to the above classification is shown in Table 6.

When mixed with CCW, the cumulative pore size of Mix T2 decreased sharply, from 40.88% to 17.25%
compared with the control AAM (Mix T1). While the proportions of transition pores and capillaries remained similar
to that of the control specimen, the capillary pores shifted toward smaller pore diameter (Fig.7) . The major changes
observed was increasing of the gel pores (from 6% to 13.35%) and reducing of the macropores (from 20.92% to
9.28%). As revealed by XRD and FTIR results, the CCW promoted the polymerization of CGR to form more gel,
the pores plugging effect of precipitated chloride (Janina et al., 2008), leading to the reduction of total porosity in
AAMs. However, the main reaction product of CGR-based AAM mixed with CCW is dominated by N-A-S-H
(confirmed by FTIR), which brings a large number of transition pores and capillaries (Sindhunata et al, 2008).

Although PC alone has little effect on the cumulative porosity of AAMs, Mix T3 shows largely increasing the
proportion of transition pores and reducing the proportion of capillaries and macropores, Its pore size distribution

curve shows a doublet feature, (Xie et al, 2019). With combined effect of PC and CCW (Mix T4), the doublet feature
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of PC is still visible but shifts further towards smaller pore diameter in the Fig 7, while the peak between 100nm and
1000nm significantly reduces. This is mainly attributed to the higher proportion of C-(A)-S-H gel formed and
gradually densified with aged (Bahafid et al, 2014) as shown by the XRD and FTIR results. Mix T4 developed the
smallest average pore size (15.2 nm), the largest gel pore ratio (27.11%) and the smallest capillary ratio, making it
the optimal of the four mixes. As gels are main strength given component in PC both PC hydration products and
AAM products, the pore size distribution results well explain the compressive strength results reported in section 3.1
as well as by other researchers (Li et al., 2019a; Hu et al., 2020).

Additionally, the reducing of pore size to form dense gel products could greatly reduce permeability of AAMs,

therefore increase immobilization of hazardous substances originated from the waste raw materials, such as CGR and

CCW.
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Fig. 7. Pore size distribution of CGR-based AAMs at age of 28 days

Table 5 Total porosity and pore size distribution of AAMs

Sample Porosity  Average pore diameter Pore size distribution/%
/% /nm <l0nm 10~100 nm _ 100~1000 nm _>1000 nm
Tl 40.88 57.7 6 16.24 56.84 20.92
T2 17.25 30 13.35 225 54.87 9.28
T3 42.70 33.7 7.58 44.06 42.23 6.13
T4 32.90 15.2 27.11 43.2 21.34 8.33

3.6 Scanning electron microscopy
Fig. 8 shows the micromorphological characteristic of CGR-based AAMs pastes at 28 days. Further enlarged

images (x 30,000) with detailed features are displayed in Fig 9, while Fig 9(a) and Fig 9(b) focus on unreacted and
reacted CGR particles respectively. In Fig 8, for the control sample (Mix T1) a large number of unreacted CGR
particles can be observed, together with the reaction products -scattered on the surface of or formed between unreacted
CGR particles. When CCW used as mixing water (Mix T2), the surface of CGR particles was corroded, showing lots
of hollows due to dissolution of active aluminosilicate components, illustrated by XRD and FTIR results earlier.

Signs of reaction can be observed on the surface of CGR particle (Mix T2 in Fig 9(a)) and the formed porous gels
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are denser than the control sample (Mix T2 in Fig.9(b)). When 10% PC replacement was added, majority CGR
particles were reacted, mostly wrapped by reaction products layers (Mix T3) as demonstrated in Fig.8. Different from
the CGR particles in the control sample, the CGR surfaces in Mix T3 were covered by the agglomerates of adhesion
products. Moreover, the connection between reaction products became denser because of the hydration of PC and
formation of C-A-S-H gel, which is consistent with the results of MIP and FTIR. Under the combined effect of CCW
and PC, the micromorphology of AAM shows the geopolymerisation was further advanced, that is, the gels were
more compact and the corrosion on the surface of CGR particles were more intensive (Mix T4 in Fig.9), indicating

the reaction of CGR raw material was promoted significantly.
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Fig. 9. SEM images of (a) CGR particles surface and (b) reaction products with the magnification at 30,000 times

4 Discussions

Abundant research has been done on the synthesis of AAM using industry residues containing active
aluminosilicate as precursor material. This study is a feasibility study and —confirms that CGR from CTL technology
has latent chemical activity and can be involved in the geopolymerisation reaction with alkali activators. XRD results
show that the amorphous phase hump around 15°~ 40° (20) in CGR decreased obviously in the XRD pattern of the
CGR-NaOH AAM paste through the polymerization between the amorphous phase in the CGR and alkali activators.

CCW form the same CTL technology can be used as an auxiliary activator together with the less concentrated
NaOH solution to stimulate the activity of CGS. Three reasons can be concluded: (i) Alkalinity from CCW results
in faster and more extensive dissolution of active silicon and aluminum than tap water, especially the Si-O bonds
with higher force constant in the CGR (Ismail et al., 2009), so that a higher extent and degree of geopolymerization
takes place (as shown by XRD and FTIR results), leading to the generation of more geopolymeric N-A-S-H gel,
which can also be obtained from SEM pictures. (ii) It was proved that the appropriate amount of sodium chloride
(Guerrero et al., 2009) and sulfate (Deng et al., 2020) promoted the hydration of fly ash, accordingly, the dissolution
and geopolymerization of CGR may be intensified under the effect of sodium chloride and sulfate in CCW. Both
XRD and FTIR results indicate that the formation of C-S-H (I) with lower Ca/Si ratio is also promoted, and the
higher surface areas of C-S-H phase with lower Ca/Si ratio was considered to contribute to the increase of
compressive strength (Puertas and Fernandez-Jiménez, 2003). (iii) Sodium chloride, rich in CCW, crystallizes and
precipitates in the AAM pastes as shown by XRD analysis, which significantly decreases the total porosity of AAM
pastes together with the formation of gels. In addition, for the optimal CGR-NaOH -CCW-PC system (Mix T4) in
this manuscript, the influence of CCW on PC hydration cannot be ignored. It is well known that chloride plays a
catalytic role with calcium oxychloride as the intermediate product to enhance the transport of calcium hydroxide,
thus promoting the hydration of PC and the forming of dense C-S-H gel (Cheeseman and Asavapisit, 1999). Moreover,
the rich sulfate in CCW also promotes the early hydration of PC, mainly due to that the rate of aluminate phase

consumption was influenced significantly by the solubility of the sulphate (Tang and Glasser, 1988). All these
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findings provide a basis for improving the application of CCW in cementitious materials and achieving “waste control
by waste”.

The strength development in conventional alkali-activated aluminosilicate binders such as Mix T1 and Mix T2
is provided by the formation of a three-dimensional N-A-S-H gel as the main reaction product. However, the
continued polymerization of N-A-S-H gel could lead to the formation of further densified gel and, hence, increased
porosity and reduced strength over time (Fernandez-Jiménez et al, 2005; Sindhunata et al, 2008). The greatest
significance of introducing PC into the CGR-based AAM s is to increase the Ca content within the reaction mixture
and promote greater formation of C-A-S-H gels, thus forming the coexistence of both N-A-S-H and C-A-S-H gels,
so as to eliminate the reduction of strength over time and improve the pore size distribution of hardened pastes.
Although the viewpoint that the coexistence of N-A-S-H and C-A-S-H gels inevitably affects the properties and
performance of AAMs has been proposed, the previous approaches to this problem mainly involved synthesis of
AAM synthesized with laboratory reagents (Na20O, CaO, Al,Os, SiO; and H20). In this study, the application of PC
as calcium source additive in the CGR-NaOH-CCW system makes it possible to achieve “waste control by waste”
for CTL technology in practice. Moreover, the C-A-S-H gel remained relatively unchanged compared with the N-
A-S-H gel in the toxicity characteristic leaching procedure (lzquierdo ea al., 2009). So, the CGR-NaOH-CCW-PC
system adopted in this manuscript provides an idea about precursor chemistry controls for inhibiting the leaching of

contaminants.

5 Conclusions and prospect

Abundant research has been done on the synthesis of AAM using industry residues containing active
aluminosilicate as precursor material. This study is a feasibility study and confirms that CGR from CTL process has
latent chemical activity and can be activated by alkali activators to form AAMs. XRD results show that the amorphous
phase hump around 15°~ 40° (20) in CGR decreased obviously in the XRD pattern of the CGR-NaOH AAM paste
through the polymerization between the amorphous phase in the CGR and alkali activators.

CCW from the same CTL process can be used as an auxiliary activator together with a less concentrated NaOH
solution to stimulate the activity of CGR. In addition, it benefits the compressive strength of CGR-based AAMs
significantly, which could be attributed to faster and more extensive dissolution of active aluminosilicon and
progressive geopolymerisation of CGR. However, the AAM with CGR-NaOH-CCW system shows slight strength
reduction over time, as a result of the continued polymerization of N-A-S-H gel (the main reaction products in theses
mixtures) leading to the proportion of pores larger than 100 nm more than 60% at 28 days.

When 10% of the CGR was replaced by PC, not only was the compressive strength increased, but the strength
reduction was also eliminated. Especially, in the Mix using CCW and PC together, the compressive strength further

increased noticeably at all the curing ages as compared to the mixture without PC. The strength development is
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provided by the coexistence of both N-A-S-H gel and C-(A)-S-H gel (originated from the introduced PC) in hardened
AAM pastes, and the continued formation of C-(A)-S-H gel reduces the proportion of pores larger than 100 nm to
less than 30%. The refinement of C-A-S-H gel on the pore size distribution is not only conducive to the development
of strength, but also expected to reduce the leaching of hazard contaminants.

This study confirms that using CGR and CCW, two wastes from the CTL process, to produce AAMs for
construction industry could be a promising way to address the environmental issues caused by CTL, converting risk
to resources. It could eventually contribute to the circular economy strategy of CTL technology.

This study shows that when CCW and PC added together, MMAs show significant improvement than added
individually. Mathematical proof is needed to further understand the possible synergy of CCW and PC. Moreover,
attention should also be paid on the long-time strength development and durability of the proposed CGR based AAMs.
Due to the nature of reusing wastes as raw materials, the environment impact of CGR-based AAMs mixed with CCW

should be investigated profoundly.
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