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Abstract
[bookmark: OLE_LINK174][bookmark: OLE_LINK181][bookmark: OLE_LINK75][bookmark: OLE_LINK73][bookmark: _Hlk125547664][bookmark: OLE_LINK72]The disposal of wastewater sludge is one of the most challenging environmental problems for large cities. Wastewater sludge may be utilized as a feasible substitute for clay to sinter ceramics, given their similar mineralogical composition. However, the organics in sludge will be wasted, while their release during sintering will leave cracks in the ceramic products. In this research, after the thermal treatment for effective organic recovery, the thermally hydrolyzed sludge (THS) is incorporated with clay for the sintering of construction ceramics. The experimental results showed that a THS dosing ratio up to 40% can be achieved for mixing with montmorillonite clay to make ceramic tiles. The sintered tiles (THS‒40) had an intact shape and structure, and the tile performance was close to that made from single montmorillonite (THS‒0), with water absorption of 0.4% vs. 0.2%, compressive strength of 136.8 vs. 140.7 MPa, and undetected heavy metal leaching. Further addition of THS would lead to a considerable deterioration of the quality of the tiles to a compressive strength of as low as 5.0 MPa for the THS only product (THS‒100). Comparing with the tiles incorporated with raw sludge (RS‒40), the THS‒40 tiles had a more intact and denser structure with a 10% improved compressive strength. Cristobalite, aluminum phosphate, mullite, and hematite dominated in the THS-born ceramics, which are typical components of ceramics, and the amount of hematite increased with the THS dosing ratio. Sintering at a high temperature of 1200 oC enabled efficient phase transformation from quartz to cristobalite and from muscovite to mullite, which ensured the toughness and compactness of the THS-born ceramic tiles. 

[bookmark: OLE_LINK86]Keywords: thermally hydrolyzed sludge; montmorillonite; ceramic; phase transformation; sludge disposal; heavy metals  
1. Introduction
[bookmark: OLE_LINK20][bookmark: OLE_LINK40][bookmark: _Hlk125547069][bookmark: OLE_LINK1][bookmark: OLE_LINK21][bookmark: OLE_LINK118][bookmark: _Hlk128491274][bookmark: OLE_LINK117]A large amount of sludge is produced during municipal wastewater treatment in metropolis (~1 ton dewatered sludge/1000 m3 sewage). The daily sludge production reaches above 17.8 thousand tons in Europe countries and around 63.0 thousand tons in China (Guo et al., 2013; Wei et al., 2020). Treatment and disposal of wastewater sludge have been one of the most challenging and expensive environmental problems for large cities. The nuisance and pathogens of the sludge pose a serious threat to the urban environment and public health (Ding et al., 2021). Conventional ways of wastewater sludge disposal include land application, landfills, and incineration (Zhang et al., 2017b). However, agricultural application of sludge is prohibited in many countries, including China, owing to soil pollution and food safety concerns (Tauqeer et al., 2022; Zhang et al., 2016a). Landfilling often causes long-term land and groundwater contaminations, not to mention the lasting landfill leachate generation and discharge (Turan et al., 2018; Yang et al., 2017). Incineration seems a simple and straightforward method, but it is not only a costly facility to build but also considered to be environmentally unfriendly in the urban environment (Wei et al., 2020). 
[bookmark: OLE_LINK24][bookmark: OLE_LINK26][bookmark: OLE_LINK25][bookmark: OLE_LINK31][bookmark: OLE_LINK27][bookmark: OLE_LINK2]Incorporation and stabilization of wastewater sludge into clay to make ceramic tiles as the building and construction materials has attracted great interest in recent years for sludge disposal (Chang et al., 2020). Wastewater sludge and clay are found to be of a high similarity in terms of the mineralogical composition that primarily contains oxides of silicon, aluminum, calcium, iron, and magnesium (Benlalla et al., 2015; Gomes et al., 2019). Many countries are already protecting loam clay and restricting its usage, given its high soil fertility and long-term beneficial effect on farming (Monteiro and Vieira, 2014). During the sintering process, foul organics in sludge are fully oxidized and vaporized, while heavy metals and inorganic residues are fixed in the crystal lattice of ceramics (Vashistha et al., 2019). On the other hand, the release of organics would leave pores and cracks in the ceramic products, weakening the ceramic structure; hence, the ratio of sludge addition in the clay-based precursors is limited (Zhang et al., 2016b). A sludge dosing ratio ranging 5‒30% in the precursor mixture has been reported for fabricating ceramics without significantly deteriorating the product quality (Chang et al., 2020; Gomes et al., 2019). The sintering temperature varies from 800 to 1300 oC for various construction purposes with the different densification degrees and mechanical strengths (Chang et al., 2020; Luo et al., 2021; Vashistha et al., 2019). 
[bookmark: OLE_LINK58]While sludge can be sintered with clay into the ceramic products, the high organic content of the sludge is totally wasted (Gomes et al., 2019; Lynn et al., 2018). In the age of sustainable development, the organics and nutrients in sludge are considered as valuable resources for valorization before the final sludge disposal. In fact, thermal hydrolysis (TH) has been increasingly adopted in recent years as an effective means of sludge treatment to extract organics and nutrients for energy and resource recovery (Barber, 2016; Taboada-Santos et al., 2019). Hundreds of TH facilities for sludge treatment have been installed and operated worldwide, mostly in European countries, United States, Japan, and China (Kor-Bicakci and Eskicioglu, 2019). By the TH treatment at no more than 180 oC for up to 1 h, more than 50% organics in sludge can be hydrolyzed and dissolved into the liquid phase, increasing the sludge biodegradability and benefiting the subsequent fermentation and digestion processes (Barber, 2016). The thermally hydrolyzed sludge (THS) also bears greatly improved dewaterability compared to the raw sludge (RS) (Wang et al., 2020). TH treatment followed by separate processing of the liquor and solids can reduce the sludge treatment time and promote the utilization of valuable organic and nutrient resources (Lu et al., 2020; Wen and Li, 2022). Nevertheless, there is little research on the use and disposal of the THS solid residues. 
[bookmark: OLE_LINK10][bookmark: _Hlk128044807]In light of the similar mineralogical nature of the wastewater sludge and clay, the THS solids appears to be a good substitution of clay for fabricating construction ceramic materials. The decreased organic content would make THS a more favorable precursor than RS for ceramics. In this research, experimental studies were conducted on the incorporation of THS with clay into the ceramic products for the sludge stabilization. Different THS dosing ratios and sintering schemes were tested to produce the ceramic tiles, and the properties of the sintered tiles were evaluated, including the macroscopic structure, densification degree, mechanical strength, and heavy metal leaching potentials. The sintering behavior and product performance were compared between the tiles incorporated with THS and RS, while the phase transformation and crystallization of minerals during the sintering process were also elucidated. 

2. Materials and Methods
[bookmark: OLE_LINK8]2.1 Thermally hydrolyzed sludge and montmorillonite clay
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK57][bookmark: OLE_LINK30][bookmark: OLE_LINK11][bookmark: OLE_LINK5][bookmark: OLE_LINK15][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK7]Raw wastewater sludge was collected from Stanley Sewage Treatment Works, Hong Kong, which is a conventional activated sludge-based secondary domestic wastewater treatment plant. After sedimentation overnight, the thickened sludge (pH = 6.8 ± 0.2, total solids (TS) = 21,775 ± 480 mg/L, volatile solids (VS) = 18,200 ± 565 mg/L, and total chemical organic demand (TCOD) = 23120 ± 420 mg/L) was treated by thermal hydrolysis in an airtight kettle in a furnace (FCF-1, Tian Heng Instrument, China) by heating at 180 °C and 0.82 MPa for 60 min (Zhang et al., 2017a). The sludge after the thermal treatment exhibited its significant improvement in dewaterability and biodegradability (Fig. S1), as previously reported (Barber, 2016; Wang et al., 2020). The hydrolyzed sludge mixture was then centrifugated for solids-liquid separation at 4000 rpm for 10 min. The supernatant with a high dissolved organic content (COD = 11,800 ± 244 mg/L) was collected for the supposed recovery of organic and nutrient resources via acidogenic fermentation (Wen et al., 2022). The dewatered sludge was obtained as THS after drying to a constant weight at 105 oC, followed by homogenizing with a crusher (Y400, Boou Hardware, China) till 99% of the solids could pass through a 60-mesh standard sieve. The mean particle diameter of dry THS was 87 ± 2 µm. A commercial montmorillonite K10 powder (Sigma-Aldrich, USA), with a size of 205 ± 10 µm and rich silicate and aluminum minerals, was chosen as the model clay in this experimental study. The model montmorillonite is known to possess a large surface area, good affinity to cations, and highly plastic property, suitable for the preparation of ceramic products (Alamudy and Cho, 2018; Heimann, 2010). The main chemical compositions and loss on ignition (LOI), of the dry RS, THS, and montmorillonite are given in Table 1.

2.2 Preparation of ceramic tiles with the sludge addition
[bookmark: OLE_LINK6][bookmark: _Hlk129004674][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14]The THS powder was mixed into the precursor montmorillonite at dosing proportions of 0, 20, 40, 60, 80, and 100 wt%, labeled as THS‒0, THS‒20, THS‒40, THS‒60, THS‒80, and THS‒100, respectively. The powder mixtures were fully mixed by ball milling (QM-QX, Nanjing Nanda Instrument, China) with a ball-powder mass ratio of 10:1 at 500 rpm for 60 min (Luo et al., 2021). For each of the mixtures, 4 g sample was placed in the 20-mm cylindrical mold of a hydraulic press (Die-SP20, Jiaxinhai Machinery Equipment, China) and consolidated under the pressure of 10 MPa for 2 min, forming a 20-mm green compact. For comparison with THS in terms of the quality and performance of the sintered tiles, the dry RS powder was also applied to make the green compacts following the same procedure and dosing ratios.
[bookmark: OLE_LINK9][bookmark: _Hlk127971388]The green compacts were sintered in an electrical furnace (LHT 01/17D, Neueste Nachrichten, Germany) in accordance to the following temperature program to produce the ceramic tiles (Fig. S2) (Benlalla et al., 2015): (i) heating from room temperature to 550 oC at a rate of 5 oC /min, (ii) holding at 550 oC for 30 min, (iii) heating from 550 oC to the target sintering temperature of 1200 oC at 5 oC /min, (iv) holding at 1200 oC for 120 min, and (v) cooling naturally in the furnace. To investigate the effect of sintering temperature on the morphology and properties of the ceramic tiles, the target temperature in steps iii and iv was set at 550, 800, 900, 1000, and 1100 oC, while the other steps and conditions remained the same. The respective products were labeled as T‒550, T‒800, T‒900, T‒1000, T‒1100, and T‒1200, plus a control which was the green compact at room temperature (T‒25, without sintering).

[bookmark: OLE_LINK34]2.3 Measurement and characterization
[bookmark: _Hlk129004706][bookmark: OLE_LINK93][bookmark: OLE_LINK19][bookmark: _Hlk129004735]Measurements of the TS, VS, and COD of the sludge were performed following the Standard Methods (Eaton et al., 2005). For the powder materials of the dry sludge and montmorillonite, their chemical compositions were determined by X-ray fluorescence spectrometer (XRF, PANalytical, The Netherlands) (Igarashi et al., 2020). Heavy metals were detected using the inductively coupled plasma optical emission spectroscopy (ICP-OES, Optima 8000, PerkinElmer, United States) (Ottosen et al., 2020). For the ICP-OES detection, the powder sample (1.0 g) was digested by dissolving in 20.0 ml 7.3 M HNO3 and heating at 120 oC for 30 min for prior digestion, and the supernatant was filtered through a 0.45-µm membrane before the measurement. The thermogravimetry analysis and differential scanning calorimetry (TGA-DSC, Model STA 449 C, NETZSCH, Germany) characterization were carried out on the solid samples in the air, simulating the sintering procedure of ceramic preparation at a heating rate of 5 oC/min from room temperature to 1200 oC (Luo et al., 2017). 
[bookmark: _Hlk114844734]For the sintered tiles, the properties including macroscopic morphology, densification degree, mechanical strength, and leaching potential of heavy metals were analyzed. The macroscopic morphology related properties include the shape and color, linear shrinkage (LS), and LOI of the products. LS was expressed as the change of the diameter from the green compact (Dg) to the sintered tile specimen (Ds):
   .				     (1)
LOI described the change of mass from the green compact (Mg) to the sintered (Ms) tile specimen: 
 .				    (2)
[bookmark: OLE_LINK39]The densification degree was depicted by the water absorption (WA), bulk density (Db), and open porosity (P0), following the ASTM C373 protocol on the basis of Archimedes principle (Luo et al., 2021), where the sintered tile specimen was totally immersed in boiling water until the water absorption was saturated, and water cooled down to room temperature afterwards:
 , 				   (3)
 ,					          (4)
 .				    (5)
[bookmark: _Hlk129004766][bookmark: OLE_LINK63]where M1 and M2 are the masses of the water-saturated tile specimen weighed in water and in air, respectively; ρ0 is the water density (0.998 g/cm3) at room temperature. The mechanical strength of each ceramic tile specimen was measured by the maximum compressive strength, which is the failure load that breaks the ceramic tile (Eliche-Quesada et al., 2011). The loading test was conducted using the Instron universal testing machine (Model 3369, Instron, United States) with a vertical loading force of up to 50 kN and a loading speed was 0.1 mm/min (Loutou et al., 2013). The quality of the ceramic tile products was then evaluated according to the aforementioned tile characterization and performance. 
[bookmark: _Hlk127973935][bookmark: OLE_LINK33][bookmark: OLE_LINK74][bookmark: OLE_LINK43]The leaching potential of heavy metals from the ceramic material was determined following the standard procedure (TCLP 1311) of US EPA, for which the crushed specimens (<9.5 mm) were immersed in the extraction liquid of acetic acid (pH = 2.9) for 18 h, and the ratio of the extraction liquid to the dry solid sample was 20 mL/g (EPA, 1992). Moreover, the leaching tests were carried out continuously for 64 days on the sintered tiles in a nitric acid solution (pH = 4.0), which is required for the construction applications and has been widely conducted as the NEN 7345 Standard in European countries (NEN, 1995). Afterwards, the supernatant was filtered and the concentrations of As, Ba, Cd, Cr, Cu, Ni, Pb, and Zn in the filtrate were quantified by the above ICP-OES measurement.
[bookmark: _Hlk127979757]To comprehend the impact of THS introduced into montmorillonite on the phase transformation during the sintering process, the composition of crystalline minerals was characterized by X-ray diffractometry (XRD, Rigaku Ultima IV, Japan) at a speed of 1.0 °/min with Cu-Kα radiation generated at 40 kV and 50 mA (Li et al., 2022). Scanning electron microscopy (SEM, Hitachi S-3400N, Japan) at 25 kV coupled with an energy dispersive spectroscope (EDS, INCA ENERGY 300) was used to investigate the microstructures and element constituents of the sintered tiles, for which backscattered electron imaging was applied for the sample morphology and crystallography, and the tile samples were further etched with 20 wt% HF for 30 s to expose more crystal components (Luo et al., 2021).

3. Results and Discussion
[bookmark: OLE_LINK52]3.1 Characterization of the powder materials
[bookmark: _Hlk125040343][bookmark: _Hlk125040848]Upon the TH treatment, the total volatile content in sludge decreased from 83.7% to 74.8% (Table 1). Meanwhile, the ratio of soluble organics, i.e., liquid-phase COD/TCOD, increased from 5.2% to 53.6%. As expected, a large portion of the organics was dissolved and transformed during the TH process from the solid form in the wastewater sludge to the soluble organics in the supernatant. The rich organic content in the sludge liquor is highly biodegradable that can be readily converted to biogas via anaerobic digestion for energy production (Kor-Bicakci and Eskicioglu, 2019) or to volatile fatty acids via acidogenic fermentation for organic utilization (Wen et al., 2022) (Fig. S1). Thus, in addition to the significant improvement in sludge dewaterability, the prior TH treatment can effectively facilitate the recovery of organic and nutrient resources from the wastewater sludge before its final disposal (Barber, 2016). 



Table 1. Chemical composition analysis (wt%) of RS, THS, and montmorillonite. 
	Sample
	SiO2
	Al2O3
	Fe2O3
	P2O5
	CaO
	MgO
	K2O
	LOI

	RS
	4.4
	2.0
	2.9
	4.6
	1.4
	0.6
	0.4
	83.7

	THS
	6.8
	3.0
	4.5
	7.1
	2.2
	0.9
	0.7
	74.8

	Montmorillonite
	75.1
	17.6
	3.0
	-
	0.3
	1.3
	1.5
	16.2



[bookmark: OLE_LINK53][bookmark: OLE_LINK36][bookmark: OLE_LINK67][bookmark: OLE_LINK41][bookmark: OLE_LINK38][bookmark: OLE_LINK37][bookmark: OLE_LINK35]The TH-treated THS contained a wide range of oxides, dominated with SiO2, P2O5, Fe2O3, and Al2O3, and their fractions were considerably higher than that of RS (Table 1). Silicate is known to be prevalent in dust and soil, and phosphorus originates from microbes, organic substances, and inorganic materials in wastewater (Yu et al., 2021). Iron and aluminum are abundant elements on earth, and they are commonly present in wastewater and sludge in Hong Kong and elsewhere (Ahmad et al., 2016; Zhou et al., 2020). More silicate and aluminate contents benefit the compression resistance of the sintered ceramic products (Tsai et al., 2006). Fe2O3 together with other minor oxides of alkali and alkaline-earth metals help to lower the melting point of the glassy phase (Acchar et al., 2013; Tsai et al., 2006). In general, amorphous components were dominant in THS, and quartz was the only detected crystalline species (Fig. 1a), which is similar to the reported findings (Yang et al., 2008). By comparison, rich in aluminosilicate, montmorillonite clay had more than 92% of SiO2 and Al2O3, and the identified crystals were quartz and muscovite KAl2(AlSi3O10)(OH)2. Muscovite is a crucial silicate mineral for ceramic tile preparation (Ojo et al., 2019).
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Fig. 1. XRD patterns (a) and thermal (TGA-DSC) behavior of (b) THS and (c) montmorillonite powders.

The thermal behaviors of THS and montmorillonite from the room temperature (25 oC) to 1200 oC are illustrated in Figs. 1b and c. The two powder materials show the entirely different trends of TGA and DSC. As for THS, a slight mass loss was recorded between room temperature and 200 oC, which is associated with the loss of adsorbed and crystal water. Afterwards and until 550 oC, the total mass loss reached the peak, indicating the loss of organics by oxidation. Furthermore, a clear bimodal and exothermic pattern appeared at around 315 oC and 425 oC, attributing to the degradation of carbohydrates and aliphatic compounds at a lower temperature and the aromatic and polyphenols compounds at the other higher temperature (Fernandez et al., 2012). An intense exothermic peak was observed at 1136 oC, which is related to the crystallization process by inorganic minerals in the THS. By contrast, the montmorillonite had a total mass loss of less than 15% from the apparent evaporation of absorbed water below 100 oC. No obvious exothermic peak was detected in DSC curve, implying the negligible amount of residual carbon in montmorillonite (Qi et al., 2010). Crystallization occurred at 990 oC, relatively lower than that of THS. Thus, to make use of THS as the substitute of montmorillonite for ceramic production but not to greatly increase the energy input, the sintering temperature can be set at no more than 1200 oC. Holding at 550 oC for 30 min could fully remove the organics via oxidation and gas release. Other volatile substances such as carbonate and sulfate are rare in the powder materials, as indicated by the minimum weight loss around their decomposition temperatures of around 819 oC and 1080 oC (Loutou et al., 2013; Scheidema and Taskinen, 2011).

3.2 Properties of the ceramic tiles at the different THS dosing ratios and sintering temperatures
3.2.1 Macroscopic morphology and structure
[bookmark: OLE_LINK42][bookmark: OLE_LINK32][bookmark: OLE_LINK55][bookmark: OLE_LINK92]From the appearances of the sintered tiles, as the proportion of THS dosing in montmorillonite increased, the size of the tile specimens was smaller, and the color became darker (Fig. 2a). When the THS dosing ratio was at 60% or higher, cracks emerged and even the original shape of green compact could not be sustained, and the supposed tile of THS‒100 collapsed into a mound. Hence, 40% is apparently the reliable maximum THS ratio in the precursor mixture. Organic matters in THS would leave pores in the sintered products, causing ruptures in the ceramic tiles (Zhang et al., 2016b). Increase of the sintering temperature made the tiles smaller in size and darker in color, with less cracks (Fig. 2b). The evident reddish brown and dark brown color appeared to be inferred to ferric oxide minerals (Monteiro et al., 2008). As the mass loss already reached the peak at 550 oC according to the TGA analysis (Figs. 1b and c), the phase transformation and crystallization process above this sintering temperature would be largely independent of the organic content in THS. The LS and LOI values of the mixture during the sintering process, shown in Figs. 2c and d, are consistent with the thermal behaviors of the precursor powders of THS and montmorillonite (Figs. 1b and c).

[image: ]
Fig. 2. The photographs (a and b) and measured LS and LOI values (c and d) of the sintered tile specimens: (a) and (c) different THS dosing ratios (THS‒0 to THS‒100), and (b) and (d) different sintering temperatures (T‒550 to T‒1200).

3.2.2 Densification degree and mechanical strength
[bookmark: OLE_LINK44][bookmark: OLE_LINK77]In terms of the degree of densification, water absorption was significantly low at only 0.4% for the THS‒40 tile specimen sintered at 1200 oC (Fig. 3a), which is close to 0.2% of the tile made of pure montmorillonite (i.e., THS‒0). The products met the first-class level of ceramic tiles classified in the Chinese standard of GB/T 4100‒2006 (I<3%, 3%<II<10%, 10%<III) (GB/T 4100, 2006). If the sintering temperature decreased to 1100 oC or lower, the water absorption of the ceramic products would be specified as the third-class grade (Fig. 3b). The calculated open porosity, which depicts the ratio of pore volume to the whole tile volume, exhibited the similar trend as that of water absorption. Also, the bulk density of the sintered tiles at 1200 oC was close to 1.8 g/cm3 of the conventional ceramic materials (Katzer, 2013), and the density increased generally with the sintering temperature. 
[bookmark: _Hlk117433489][bookmark: _Hlk117433553][bookmark: OLE_LINK69][bookmark: _Hlk117433573]The mechanical strength of ceramic products is a crucial parameter evaluated in the construction industry. For the control of THS‒0 without THS addition, the compressive strength was 140.7 MPa (Fig. 3c). Increasing the THS ratio up to 40% (THS‒40) still maintained a high strength value at 136.8 MPa, which can be classified into the first-class grade according to the standard of GB/T 4100‒2006 (I>30 MPa, 30 MPa>II>18 MPa, 18 MPa>III>15 MPa) (GB/T 4100, 2006). However, further increase of the THS ratio led to a sharp decrease of the compressive strength until <5.0 MPa for the THS only product (i.e., THS‒100). For THS‒40, a high sintering temperature of 1200 oC ensured the toughness and strength of the ceramic tiles (Fig. 3d). In recent reports, a proportion of 5% to 30% waste sludge has been mixed into clay precursors to produce ceramic tiles with a sufficient mechanical strength (Chang et al., 2020; Cusidó et al., 2015; Gomes et al., 2019; Vashistha et al., 2019). The present research corroborated that the dosing ratio of THS can be further increased to 40% to still make the ceramic products of satisfactory quality and performance for construction applications. Meanwhile, using the low-cost and uniform montmorillonite also minimized the impact of natural clay’s diversity in composition on the sintered products. 



Fig. 3. The densification degrees (a and b) and compressive strengths (c and d) of the sintered tile specimens: (a) and (c) different THS dosing ratios (THS‒0 to THS‒100), and (b) and (d) different sintering temperatures (T‒550 to T‒1200).

3.2.3 Comparison between the tiles incorporated with RS and THS
The results showed that 40% THS (THS‒40) is the maximum incorporation ratio for sintering the ceramic tiles. Similarly, using the same preparation procedure, the tiles were also made from the powder mixture consisting of 40% raw sludge and 60% montmorillonite (RS‒40). The RS‒40 tiles had water absorption of around 0.4% (Fig. 4), which is similar to that of the THS‒40 tiles and below the water absorption of 3% in the Chinese standard. The low water absorption of both tiles suggested their restricted erosion and high stability in long-term usage. However, the compressive strength of RS‒40 is lower than that of THS‒40 by about 10% (123.2 vs. 136.8 MPa). In other words, the THS‒40 ceramic tile possessed a higher strength and better quality than RS‒40, owing to the less organic content in THS after the TH treatment (Fig S1). Hence, in view of the extraction of organics and nutrients by TH from the wastewater sludge for resource recovery and the improved quality and performance of the ceramic tiles, the prior TH process followed by sintering TH-treated sludge with clay for ceramic products is a more favorable approach for the sludge stabilization.


Fig. 4. Comparison of water absorption and compressive strength between the RS‒40 and THS‒40 tiles.

3.2.4 Leaching of heavy metals
[bookmark: OLE_LINK16][bookmark: _Hlk128560237][bookmark: OLE_LINK46][bookmark: OLE_LINK45][bookmark: OLE_LINK59][bookmark: OLE_LINK66][bookmark: OLE_LINK68]The wastewater sludge contained a trace amount of heavy metals, mainly As, Ba, Cr, Cu, Pb, and Zn (Table S1), and its land application and disposal, without proper treatment, may cause potential soil contamination and long-term food safety concerns (Turan, 2021; Zhang et al., 2016a; Zubair et al., 2021). These heavy metals were not detected in montmorillonite. The leaching potentials of heavy metals from THS in the sintered ceramic products were thoroughly evaluated following the TCLP 1311 method (Table 2). When sintered at 1200 oC, the tiles of the different THS dosing ratios all had limited leaching. Actually, for the tile specimens with a THS dosing ratio of 40% or lower, no metal leaching was detected by the TCLP tests. As expected, the leaching potential of heavy metals from the sintered tiles decreased as the temperature increased and thus, a temperature of 1200 oC is recommended for the sintering process. In term of the leaching risk of a range of heavy metals, mainly As, Cd, and Pb, the ceramic products sintered at 1200 oC can well meet both the regulation of domestic waste disposal by Chinese GB 16889 (GB 16889, 2008) and identification of hazardous wastes by U.S. EPA 261 (EPA, 1991). In other words, sintering the THS waste with clay at 1200 oC can fully restrict the potential leaching of heavy metals. When applying the sintered tiles as the construction materials, according to the tests of European NEN standard, referring to the 64-d placement in the acid environment at pH 4 (NEN, 1995), the leaching of heavy metals followed the similar trend as that of the TCLP measurement. The concentrations of all detected heavy metals are far below the regulation limits, which further confirmed the reliable stabilization of THS heavy metals in the ceramic materials. The superb control of heavy metals in the sintered products agrees well with the results of previous studies (Cusidó and Cremades, 2012; Cusidó et al., 2015; Qi et al., 2010; Vashistha et al., 2019). In general, a higher THS incorporation ratio increased the probability of tile collapse and metal leaching, as indicated by the leaching concentrations of dominant anions such as Al, Fe, and Mg (Table S2), while a higher sintering temperature effectively strengthened the tile structure and restrict the metal leaching potential. By sintering at 1200 oC with a THS dosing ratio of 40% with montmorillonite, the ceramic tiles in construction applications pose no hazard risk to the consumers, public, and environment. 

[bookmark: _Hlk117433885][bookmark: _Hlk116413581]Table 2. Leaching potentials of heavy metals from the sintered ceramic tiles with the different THS dosing ratios and the different sintering temperatures, tested in accordance with the TCLP 1311 method and the NEN 7345 standard.
	[bookmark: _Hlk116413301]Sample
	As
	Ba
	Cd
	Cr
	Cu
	Ni
	Pb
	Zn

	Tiles with different THS addition (TCLP 1311 method) 1

	THS‒0
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	THS‒20
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	THS‒40
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	THS‒60
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	0.1

	THS‒80
	n.d.
	0.1
	n.d.
	n.d.
	0.1
	n.d.
	n.d.
	0.2

	THS‒100
	n.d.
	0.3
	n.d.
	n.d.
	0.3
	n.d.
	n.d.
	2.2

	Tiles with different sintering temperature (TCLP 1311 method) 1

	T‒550
	n.d.
	0.2
	n.d.
	0.1
	1.7
	n.d.
	n.d.
	1.5

	T‒800
	n.d.
	0.2
	n.d.
	n.d.
	0.4
	n.d.
	n.d.
	2.0

	T‒900
	0.1
	0.2
	n.d.
	n.d.
	0.2
	n.d.
	n.d.
	0.1

	T‒1000
	0.1
	0.2
	n.d.
	n.d.
	0.1
	n.d.
	n.d.
	0.1

	T‒1100
	n.d.
	0.1
	n.d.
	n.d.
	0.1
	n.d.
	n.d.
	0.2

	T‒1200
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	Limits set by the Chinese and American TCLP standard 1

	[bookmark: OLE_LINK51]GB 16889
	0.3
	25.0
	0.6
	15.0
	40.0
	1.5
	0.25
	100.0

	[bookmark: OLE_LINK49]EPA 261
	5.0
	100.0
	1.0
	5.0
	-
	-
	5.0
	-

	[bookmark: _Hlk120200921]Tiles with different THS addition (NEN 7345 standard) 2

	THS‒0
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	THS‒20
	n.d.
	n.d.
	n.d.
	n.d.
	0.4
	n.d.
	n.d.
	n.d.

	THS‒40
	n.d.
	n.d.
	n.d.
	n.d.
	0.4
	n.d.
	n.d.
	n.d.

	THS‒60
	n.d.
	n.d.
	n.d.
	n.d.
	0.5
	n.d.
	n.d.
	n.d.

	THS‒80
	n.d.
	n.d.
	n.d.
	n.d.
	0.6
	n.d.
	n.d.
	n.d.

	THS‒100
	n.d.
	1.5
	n.d.
	n.d.
	3.1
	n.d.
	n.d.
	6.1

	[bookmark: OLE_LINK47]Tiles with different sintering temperature (NEN 7345 standard) 2

	T‒550
	0.7
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	T‒800
	1.3
	n.d.
	n.d.
	0.3
	n.d.
	n.d.
	n.d.
	n.d.

	T‒900
	0.3
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	T‒1000
	2.3
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	T‒1100
	0.3
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	T‒1200
	n.d.
	n.d.
	n.d.
	n.d.
	0.4
	n.d.
	n.d.
	n.d.

	[bookmark: OLE_LINK48]Limits set by the European Leaching Test (NEN 7345 standard) 2

	U1
	40
	600
	1
	150
	50
	50
	100
	200

	U2
	300
	4500
	7
	950
	350
	350
	800
	1500


[bookmark: _Hlk117010960][bookmark: _Hlk117503121]Notes: 1‒ Unit is mg/L; 2‒ Unit is mg/m2; n.d.‒ not detected.

[bookmark: OLE_LINK3]3.3 Phase transformation and microstructure of the sintered tiles
[bookmark: _Hlk118104922]To comprehend the impact of THS incorporation on the mineral phase and crystalline state of the sintered tiles, the XRD patterns of the ceramic products were detected (Fig. 5a). As the THS ratio increased from 0% to 40%, the dominant diffraction peak can be referred to cristobalite. Its intensity weakened slightly, followed by a sharp decrease, as the THS proportion increased to 60%, 80%, and 100%. Similar tendency also occurred to the XRD peaks of aluminum phosphate, mullite, and quartz. On the contrary, the portion of hematite increased progressively with the increasing THS ratio. With the ratio of THS addition increased, the relative content of Si decreased in the green compact, counter to that of Fe, P, and alkali and alkaline-earth metals, while Al had little changes (Table 1). Sintered quartz apparently turned to be of more cristobalite, another tetragonal and SiO2 based mineral, which has been reported to be synthesized at a high temperature with softening and shrinkage of the cores (Liang et al., 2017; Pagliari et al., 2013). Aluminum phosphate, hematite, and mullite are key components in the ceramic tiles, which benefits the product toughness, compactness, and erosion resistance (Chen et al., 2013; Schneider et al., 2008; Wang et al., 2019). Hematite and oxides of alkali and alkaline-earth metals help to lower the melting point of the glassy phase (Acchar et al., 2013; Tsai et al., 2006). However, a too high THS ratio would promote the fluidity of the powder materials and hinder the inorganic crystallization after the organic release, even though some tenacious minerals were formed. Hence, the THS addition should be controlled at an appropriate ratio, i.e., 40%, to maintain a sufficient mineral content for the intact structure and superior performance of the sintered tiles (Fig. 3).
[bookmark: OLE_LINK60]The sintering process and related phase transformation of THS‒40 tiles were also investigated (Fig. 5b). At the lowest temperature (550 oC), when majority of the organics in the precursor powders had been released as vaporized gas (Figs. 1b and c), quartz and muscovite were the only detected crystal components in the tiles. The overall XRD patterns barely changed in comparison with the green compact (T‒25). With the increase of the sintering temperature, quartz was gradually transformed into cristobalite, conforming to the results in Fig. 5a. Also, the main aluminosilicate minerals changed from muscovite to mullite, improving the compactness and mechanical strength of the ceramic products (Schneider et al., 2008). Furthermore, from 550 to 1200 oC, the elevated hematite intensity brought forth the color change of the tiles from grey to reddish brown and even dark brown (Fig. 2). A higher temperature guaranteed the mineral transformation, crystallization, and ceramic formation, beneficial to the tile structure and performance (Fig. 3), and cristobalite, aluminum phosphate, hematite, and mullite all reached the highest level in the ceramic tiles sintered at 1200 oC.

[image: 图示

描述已自动生成]
Fig. 5. XRD patterns of the sintered ceramic tiles: (a) different THS dosing ratios (THS‒0 to THS‒100), and (b) different sintering temperatures (T‒550 to T‒1200).

[bookmark: _Hlk120127344][bookmark: OLE_LINK17][bookmark: OLE_LINK18]From the microstructure analysis, with more THS incorporated into montmorillonite, the sintered tiles had more and bigger pores than that of single montmorillonite (Fig. 6a), which was resulted from the organic oxidation and vaporization (Fig. 2c). The matrix was dominated with SiO2 and silicates (zoom-in individual frames and points 1 in Fig. 6a), together with the widespread hematite and growing Fe proportions, according to the EDS analysis (Points 2 in THS‒40, 60, and 80 of Fig. 6a). With the increase of the sintering temperature to 1200 oC, the loose and messy texture turned dense and neat up (Fig. S3), which effectively compensated the potential formation of pores and cracks from the ignition of organics. The etched samples displayed the change of glass matrix (Fig. 6b). From 550 to 900 oC, muscovite with a higher Al content co-exited with quartz and silicates; from 1000 to 1200 oC (Points 2 in Fig. 6b), Fe was increasingly incorporated to form hematite, evolving from the cluster form to widespread and smaller ones; mullite was a binary aluminosilicate mineral, and its intact phase was clearly displayed in the tiles sintered at 1200 oC (Point 1 in T‒1200 of Fig. 6b). Temperature rise has been confirmed to enhance the transformation of aluminosilicate to mullite in the matrix (Liang et al., 2019).
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[bookmark: _Hlk120127594]Fig. 6. SEM-backscattered electron images of the sintered ceramic tiles: (a) different THS dosing ratios (THS‒0 to THS‒100), and (b) different sintering temperatures (T‒550 to T‒1200). Samples in group b were etched via HF before observation.

[bookmark: OLE_LINK50][bookmark: OLE_LINK4][bookmark: OLE_LINK70][bookmark: OLE_LINK61][bookmark: OLE_LINK71]Based on the material identification and structural analysis, the following mechanism can be inferred. Particles of montmorillonite are negatively charged due to isomorphic substitutions, and each of them is mainly attracted by Van der Waals force and capillary interactions (Luo et al., 2017; Tombacz and Szekeres, 2004). The THS incorporation with smaller particle sizes increases the contact area and cation exchange, and the wide size distribution benefits the particle arrangement and contacts (Wonisch et al., 2009). However, such a positive effect would to a certain extent counteract the organic release and structure weakness. During the sintering, particles grow to approach others and form grain boundary with new phases, followed by continuous growth and material diffusion until eventual vacancy annihilation (Tikare et al., 2003). Cristobalite primarily contributes to the product toughness and compactness, together with the increasing contents of aluminum phosphate, hematite, and mullite derived from THS. Muscovite in montmorillonite, hematite and oxides of alkali and alkaline-earth metals from THS function as the fluxing agents in the mixture, reducing the melting barrier and facilitating the phase transformation (Acchar et al., 2013; Tsai et al., 2006; Zhou et al., 2013). At a higher temperature, fusion of particles and elimination of interfacial pores are accelerated. Quartz is transformed into cristobalite, accompanied by the sintering of aluminum phosphate, hematite, and mullite at 1200 oC, forming the well-structured functional materials in the ceramic products.

4. Conclusions
[bookmark: OLE_LINK62][bookmark: _Hlk128391057][bookmark: _Hlk128561626][bookmark: _Hlk125548586]Wastewater sludge has a similar mineralogical composition to clay and hence, sludge can be sintered with clay to produce construction ceramic materials and realize sludge stabilization. After the treatment of thermal hydrolysis for the recovery of organics and nutrients from the sludge, the THS with a reduced organic content was proven to be a more feasible substitute of clay than the raw sludge for the sintering of construction ceramics. A high THS dosing ratio of up to 40% can be achieved with montmorillonite clay for the fabrication of ceramic tiles (THS‒40). The tiles sintered at 1200 oC exhibited the performance close to the tiles made from single montmorillonite (THS‒0) in terms of the densification degree and mechanical strength, while the leaching of heavy metals was below the detection limit. Beyond this dosing level (i.e., >40%), the quality and performance of the tiles began deteriorate with more cracks formed. Under the same conditions, the THS‒40 tiles showed a more intact and denser structure with 10% improved compressive strength (136.8 vs. 123.2 MPa) over the tiles with raw sludge (RS‒40). The XRD patterns revealed that the composition of sludge incorporated tiles was dominated by cristobalite and a small amount of aluminum phosphate and mullite. Hematite increased with an increasing THS dosing ratio, coupled with the tile color change from grey to brown. Increasing the sintering temperature to 1200 oC guaranteed the transformation of principal quartz to cristobalite and the sintering of mullite and hematite. The incorporation and stabilization of THS into montmorillonite can be readily extended to other types of clay for sintering construction ceramics, endowed with different colors, shapes, and sizes, catering to different application scenarios. The research demonstrates that sintering of THS instead of raw sludge brings more benefits to the sludge utilization and disposal, as the prior thermal hydrolysis enables valorization of the sludge organics, allows a higher sludge dosing ratio, and produces the ceramics of improved quality, contributing to the circular economy and urban sustainability. 
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