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Abstract: Nickel-laden electroplating sludge (Ni sludge) has always been a critical concern due to its potential hazards to the environment. This study proposed a strategy to stabilize nickel (Ni) via phase transformation into stable crystal structures through ceramic sintering. The Ni sludge was collected, and then fired with two ceramic precursors (-Fe2O3 and γ-Al2O3) within a temperature range of 700-1400 °C for 5 h. After sintering scheme, phase identification was performed on the products, showing the NiFe2O4 and NiAl2O4 spinels as predominant Ni-hosting phases respectively in -Fe2O3 and γ-Al2O3 series. Then, the Rietveld refinement was applied to quantify weight fractions of all phases (including crystal and amorphous phases), and the quantification results showed that the weight fractions of NiFe2O4 or NiAl2O4 spinels can reach around 87.7% and 83.1%, respectively in 1200 °C sintered products of both series. The transformation ratio (TR) of Ni was calculated as 99.9% and 99.7% accordingly, showing almost complete incorporation of Ni into the spinel structures. With a prolonged leaching procedure, the Ni stabilization effect after sintering was evaluated. The Ni leachability was dramatically decreased with the development of spinel structure under sintering processes, and the Ni leached ratio from the sintered products can reach lower than 0.06% even after 20-d prolonged leaching. Through this study, a promising and quantitative method was proposed for controllable Ni stabilization of the hazardous industrial sludge via developing spinel structures in the sintered products, which may provide a feasible strategy for the treatment and beneficial utilization of heavy metal-laden solid wastes.
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1. Introduction

Nickel (Ni) electroplating technology has been widely applied in many industries due to the special advantages of superior resistance to wear, corrosion, and fatigue through producing uniform surface deposits (Benvenuti et al., 2014; Martinez Stagnaro et al., 2019; Wang et al., 2019). However, the Ni plating process would also generate large quantities of Ni-containing effluents, resulting in abundant plating sludge with high contents of Ni (Dermentzis, 2010; Lu et al., 2015). As the high Ni-containing electroplating sludge (Ni sludge) can pose serious problems for human health and surrounding environment, extensive attention has been paid for the disposal of the Ni sludge (Coman et al., 2013; Sulaiman and Othman, 2017). The annual electroplating sludge production in China was over 10 million tons, which would waste about one million tons of Ni resources (Li et al., 2010). Metal extraction methods including acid/alkaline leaching and bioleaching have been proposed for Ni recovery from the Ni sludge (Chou et al., 2011; Li et al., 2010; Rastegar et al., 2014). Although relatively high Ni recovery efficiencies can be achieved by using the extraction methods above, the rest solid waste also contains a certain amount of heavy metals even after Ni extraction and should be considered for further treatment. The stabilization/solidification (S/S) methods can convert some hazardous wastes to some types of stable solids by encapsulating the Ni plating sludge with cement materials prior to landfill (Chen et al., 2009; Roy and Stegemann, 2017). However, during this process, heavy metals are usually physically trapped in the cement solids, which are easily leached out especially in the acidic environment (Li et al., 2014; Roy and Stegemann, 2017). In addition, the S/S treatment can increase the waste volume, which requires larger landfilling capability. The limited landfills capable of dealing with the S/S substances as well as their negative environmental impacts inspired the researchers to seek more advanced techniques for the disposal of Ni sludge. Recent studies have proposed a promising ceramic sintering technique for effective incorporation of heavy metals into stable structures through thermally treating the target hazardous wastes with some ceramic precursors such as hematite (-Fe2O3), gamma alumina (γ-Al2O3), kaolinite and mullite (Lu et al., 2013; Su et al., 2015, 2019a, 2019b). After reaction, the fabricated ceramic products exhibited excellent performance for remarkable reduction in heavy metal leachability under acidic environment, which was mainly due to the formation of robust well-crystallized metal-containing phases during the sintering process. Therefore, the ceramic sintering method will result in the alleviation or even extermination of secondary pollution risks of the disposal of heavy metal-containing wastes (Lu et al., 2013, 2019; Tang et al., 2013). Besides that, the Ni content in the electroplating sludge is usually high, and it is possible to make a variety of ceramic products like pigments, (Carneiro et al., 2018), clay bricks (Mao et al., 2019), ceramic membrane (Wang et al., 2020), via bending the Ni-electroplating sludge into ceramic reaction series. 

[bookmark: OLE_LINK12]Spinel crystals can be developed through thermal solid reaction, which has been proved to be a feasible crystalline structure for heavy metal incorporation with promising resistance to acid attack (Tang et al., 2011a). As reported by previous studies, heavy metals like zinc (Zn), Ni, and copper (Cu) can be stabilized in the ceramic products via the formation of spinels after sintering the metal oxides with alumina/hematite precursors (Li et al., 2011; Su et al., 2018; Tang et al., 2011b). However, until now, most of the studies have focused on oxide forms as the metal-simulated system rather than the real electroplating sludge, which in some extent cannot reflect the exact transformation behavior of the heavy metals. Moreover, energy consumption during the thermal treatment process has also been regarded as a critical concern for the practical application of the sintering technique. For example, the formation of ZnAl2O4 spinel can only be initiated at a temperature higher than 1150 °C when ZnO was sintered with aluminum oxides (Tang et al., 2011b). The NiAl2O4 spinel can also be generated by sintering NiO and aluminum oxide, but the temperature for this reaction is as high as 1400 °C (Shih et al., 2006). Compared with the mixture of pure chemicals, more complicated components are contained in the real industrial sludges. The multiple components may act as impurities in the systems, and the existence of impurities can reduce the energy needed for thermal reaction to some extent and cause a preferable metal incorporation under a relatively lower sintering temperature (Tang et al., 2018). Some other studies also reported that in the complicated sintering systems, impurities might be involved in the incorporation of heavy metals apart from the predominated Fe or Al-containing components (Lu et al., 2013; Ma et al., 2019; Mao et al., 2018). Therefore, compared with pure NiO, the Ni-electroplating sludge exhibits a more complicated background matrix, which may reduce the reaction temperature needed for the simulated system. Moreover, the complicated components may be involved in the reaction pathways, causing influences on the mechanisms of Ni transformation. Therefore, it is urgent to develop a relatively lower sintering system to bend the Ni-electroplating sludge into ceramic products, with simultaneous stabilization and incorporation of the hazardous Ni into the spinel structure. 

[bookmark: OLE_LINK4]X-ray diffraction (XRD) technique combined with the Rietveld refinement technique is strongly beneficial to track the phases evolutions and quantitatively determine the weight proportions of the component in the as-prepared ceramic products when thermally sintering the mixtures of metal-containing wastes and ceramic precursors (Liao et al., 2015; Liu et al., 2020). Specifically, quantitative phase compositions can be achieved by fitting the experimental XRD patterns with those related model profiles of the identified crystal structures by the assistance of TOPAS 5.0 software, which was useful to further elucidate the heavy metal incorporation mechanisms in the solid wastes during the well-designed thermal treatment process (Tang et al., 2014; 2018). Currently, this method has been widely used in phase quantification for natural or industrial solid materials, and it has been proved as reliable and repeatable regarding to the quantification results (Liao et al., 2015). For example, Tang et al quantitatively analyzed the generated CuAl2O4 spinel phase in the sintered products via sintering simulated or practical Cu sludge from electronic production industry with aluminum-rich precursors such as -Al2O3 and γ-Al2O3, kaolinite and mullite by using the Quantitative X-ray Diffraction (QXRD) technique (Tang et al., 2011a; Tang and Shih, 2013). Evidences from the previous studies also confirmed that the QXRD analysis was able to be employed in the analysis of heavy metals immobilization effect in cathode ray tube funnel glass (Pb-containing waste) (Zhou et al., 2018), spent Ni-Cd batteries (Su et al., 2018) and chromite ore processing residues (Liao et al., 2017). Inspired by the possible function of spinel structure for metal stabilization and the application of QXRD technique, a strategy is proposed in this study, aiming to develop a relatively lower sintering scheme for incorporating Ni in the electroplating sludge into spinel structure and to explore reaction mechanisms and efficiencies for Ni transformation. 

Therefore, in this study, Ni sludge was thermally treated with additive of -Fe2O3 and γ-Al2O3 as two types of typical ceramic precursors. Although there are some other types of Al and Fe hydroxides or oxides, one reason for choosing -Fe2O3 and γ-Al2O3 is that the hydroxides may transform to oxide forms when they were heated at high temperatures (Mohamed et al., 2020; Choudhary et al., 2021; Li et al., 2017), and another reason is that the Al and Fe oxides such as α-Fe2O3/γ-Al2O3 are the most common used ceramic precursors for metal stabilization in simulated systems (Tang et al., 2019; Shih et al., 2006). A systematic investigation on Ni stabilization in the sintered products was carried out by multiple characterizations and quantification methods, with special purpose of exploring the transformation process and incorporation mechanisms of Ni into the spinel structure. With assistance of the QXRD technique, the phase transformation behaviors and Ni incorporation mechanisms with elevated sintering temperatures were explicated in ceramic matrices of different ceramic precursors. The stabilization efficiency of Ni in the sintered products can also be quantified in terms of the Ni transformation proportions under different reaction conditions. Furthermore, a leaching procedure will be applied to evaluate the stabilization effect of Ni after the thermal treatment. From this study, an attainable temperature range for thermally stabilization of Ni-electroplating sludge is expected to be obtained. By successful stabilization of Ni due to the formation of Ni spinels after thermal processes, the as-prepared Ni-incorporated ceramic products can be potentially regarded as stable and reliable Ni resources.

2. Experimental Section

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Nickel electroplating sludge was collected from a solid waste treatment plant of Shenzhen, Guangdong province in China. The collected Ni sludge was dried at 105 °C for 24 h and then ground into powder for further experiments in this study. The elemental compositions in the dried Ni sludge were presented in Table S1 of the Supporting Information (SI), showing that silicon and Ni are two major element compositions. Other elements such as Ca, Al, Fe and heavy metals like Cr and Cu were also observed in the Ni sludge. Ceramic precursors such as hematite (-Fe2O3) and γ-alumina (γ-Al2O3) were used in this study. The -Fe2O3 was purchased from Aladdin, while the γ-Al2O3 was obtained after the calcination of boehmite (AlOOH, HiQ-7223, Alcoa Corp) at 650 °C for 3 h (Tang et al., 2011b). All the chemicals used in this experiment were of analytical grade. The dried Ni sludge powder was mixed with -Fe2O3 or γ-Al2O3 at the mole ratio of Ni:Al/Fe of 1:2, respectively. The mixtures were then homogenized by mortar grinding and pressed into 20-mm pellets at 20 MPa to make sure adequate compaction for the following sintering process. The prepared pellets were thermally treated at a series of target temperature (700 °C to 1400 °C) for 5 h (Su et al., 2015; Zhou et al., 2018) with a speed of 5 °C/min in a high temperature furnace (Nabertherm Inc., Germany). The fired samples were cooled down and divided into two parts for further experiments, including one-part ground into powders and the other part remaining as pellets.

XRD technique was used to detect the phase transformation during sintering processes. The XRD pattern of each powder sample was recorded by an X-ray powder diffractometer (Rigaku Smartlab, Japan) equipped with a Cu-Kα X-ray radiation source (45 kV, 200 mA). The sample powder was scanned from 10° to 90° with a step size 0.02° and a scan speed of 0.12 s/step. Phase identifications were performed with MDI Jade 6.0 by matching the experimental XRD patterns with those retrieved from the standard powder diffraction database published by the International Centre for Diffraction Data (ICDD PDF, Release 2004). To obtain the weight fractions of crystalline and amorphous phases, the samples were mixed with 20 wt% of CaF2 (449717-25g, Merck, Germany) as the internal standard for the quantitative XRD analysis via the employment of the Rietveld refinement method using a TOPAS V5.0 program (Zhou et al., 2018). A scanning electron microscopy (SEM, Zeiss Merlin) was also used to characterize the microstructures and element distribution of the sintered pellets which were polished by diamond-based pastes with decreasing grain sizes. 

The powder of samples before and after sintering were further adopted for the evaluation of Ni stabilization effect through a prolonged leaching procedure modified from the U.S. EPA SW-846 method 1311 toxicity characteristic leaching procedure (TCLP) (Liao et al., 2016; Liu et al., 2019; Tang et al., 2013). The glacial acetic acid solution (pH ~ 2.9) was used as extraction solution. The extraction period was ranging from 0.75 d to 20 d with a solid to liquid ratio of 1: 20 (W/V). Briefly, each leaching vail was filled with 5 mL of extraction fluid and 0.25 g sintered sample powder, and then rotated end-over-end at 30 rpm for 0.75 d to 20 d. After that, the final leachates were filtered with 0.22-μm syringe filters. The pH value of each leachate was measured by a pH meter (Thermo, Origin Star A111, USA), and the metal concentrations in the leachates were determined by the inductively coupled plasma-optical emission spectrometry (ICP-OES, Optima 8000, PerkinElmer, USA).

3. Results and Discussion

3.1 Phases Compositions after Sintering Ni Sludge with α-Fe2O3 and γ-Al2O3 Precursors 

Fig. S1 presents the XRD patterns of the Ni electroplating sludge, indicating that majority of the Ni sludge is composed of amorphous phases except kaolinite as the only observed crystal phase. Then, Fig. 1 illustrates the XRD patterns of the Ni sludge+α-Fe2O3/γ-Al2O3 raw mixture and the sample after being sintered at 700-1400 °C for 5 h. Fig. 1a shows the reaction system of Ni sludge+α-Fe2O3. Only α-Fe2O3 phase was observed in the raw mixture without any Ni-containing crystal phases detected. However, the peak of NiO phase was first detected in the mixture sintered at 700 °C, and then continued to exist in the 800-1000 °C sintered products. Meanwhile, the NiFe2O4, as a phase with spinel structure, was formed and observed at 700 °C via the reaction of Ni and iron components in the samples. Then, a significant growth in peak intensity of NiFe2O4 was observed when the sintering temperature was increased to 1000 °C (Fig. 1a). By contrast, the depletion of peak intensities was observed for the α-Fe2O3 and NiO phases when the temperature was increased from 700 to 1000 °C. Further increase in sintering temperature resulted in the disappearance of the α-Fe2O3 and NiO signals, indicating the formation of NiFe2O4 phase at higher temperatures. Besides, a minor peak of grossular (Ca3Al2(SiO4)3) was found in the products sintered all through the temperature range, while the quartz (SiO2) phase can only be observed at temperatures above 900 °C. Therefore, the phase transformation behavior of the Ni components in iron-rich reaction matrix can be stated as below. The Ni-containing amorphous phase(s) was transformed to NiO after sintering at lower temperature range, and then the generated NiO together with the remaining Ni amorphous phase(s) continue to be incorporated into the NiFe2O4 spinel structure. Moreover, the significant growth in NiFe2O4 XRD signals with continuous sintering indicates that the temperature plays a critical role to facilitate the NiFe2O4 formation in the reaction systems. 

Fig. 1b collates the XRD patterns of the Ni sludge+γ-Al2O3 reaction series within the temperature range of 700-1400 °C. Only peaks of the γ-Al2O3 phase were found in the raw mixture, but disappeared after being sintered at 700 °C. Meanwhile, the NiO phase was generated in the 700 °C-sintered mixture, similar phenomenon was also observed in iron-rich reaction series. But differently, the peaks of NiO shows an increasing trend when the sintering temperature grows from 700 °C to 1000 °C due to its increasing crystallinity with elevated temperature. Meanwhile, the NiAl2O4 phase also with a spinel structure was detected at 700 °C, and a substantial increase of the NiAl2O4 signals was observed when the sample was sintered within the temperature range of 700 °C-1200 °C, which might be formed through the reaction between the γ-Al2O3 precursor and the as-formed NiO. At  1200 °C, the NiAl2O4 spinel was increased but with a slower speed, owing to the continuous depletion of the γ-Al2O3 and NiO. The γ-Al2O3 was reported to usually exist in a relatively lower temperature range (700-1000 °C) with weak signals due to its poor crystallinity (Tang and Shih, 2013). The transformation of the γ-Al2O3 to α-Al2O3 can occur at temperatures above 1000 °C according to previous studies (Shih et al., 2006; Tang and Shih, 2013), which was also evidenced by the peaks of the α-Al2O3 phase in the XRD patterns of Fig. S2 of the SI. However, the peaks of α-Al2O3 gradually declined with further sintering at elevated temperatures and finally disappeared at 1400 °C, indicating the continuous crystallization of the NiAl2O4 spinel via chemical reactions between NiO and the newly formed α-Al2O3. Moreover, both the peaks of quartz (SiO2) and grossular (Ca3Al2(SiO4)3) were also observed in all sintered products, and their peaks were similarly increased until 1100 °C but declined at higher temperatures. The decline in signals of Ca3Al2(SiO4)3 phase at higher temperature may provide more Al for the NiAl2O4 generation. In addition, as shown in Fig. 1b, smaller peaks of gehlenite (Ca2Al2SiO7) were generated in the γ-Al2O3 series sintered at  700 °C, which was probably ascribed to the involvement of available aluminum during the reaction processes (Tang et al., 2013; Tang and Shih, 2013).

Furthermore, the microstructure of the sintered products was observed, and Fig. S3 illustrates the SEM images of the 800 °C, 1000 °C and 1200 °C sintered products of Ni sludge with α-Fe2O3 or γ-Al2O3. It was clearly found that the morphologies of the products were critically influenced by the sintering temperatures. The 800 °C sintered products of both precursor systems were porous and loosely packed with particles, which is probably due to the insufficient reaction among the reactants. However, after sintering at 1000 °C, the crystalline grains become much larger, resulting in a more tightly compacted microstructure. After that, the morphologies of the sintered products changed slightly regardless of the increased heating temperature, indicating the nearly complete incorporation of Ni into the product phases.

3.2 Incorporation Mechanisms and Efficiency of Ni during Sintering Processes

[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Figs. 2a&b summarize the weight fractions of the phase components in the products sintered at different temperatures. For the system using α-Fe2O3 precursor (Fig. 2a), 10.6% of NiO was crystallized after heating the sample mixture at 700 °C, but this value was dramatically declined to 2.6% when the mixture was further sintered at 1000 °C. Meanwhile, a decrease trend in the weight fraction of α-Fe2O3 was also identified, from 35.6% to 17.4% within the temperature range of 700-1000 °C. Moreover, the weight fraction of the NiFe2O4 phase is 42.8% at 700 °C, and a remarkable growth was observed with the increase of heating temperature until reaching 82.1% at 1100 °C. After that, the amount of NiFe2O4 was slightly increased until reaching around 90% at the high temperature range (1200-1400 °C). As indicated in the XRD patterns of the sintered products (Fig. 1), the formation of NiO at lower sintering temperature is due to the oxidation of Ni-containing amorphous phase(s) in the Ni sludge, while the continuous consumption of the NiO and α-Fe2O3 is mainly due to the incorporation of Ni into the NiFe2O4 structure. At the same time, the Ni-containing amorphous phase(s) can also react with the α-Fe2O3 precursor, resulting in the generation of quite large amounts of NiFe2O4 spinel even at lower temperature ( 800 °C). As NiO has almost been exhausted at 1100 °C, the extra increase in the weight proportion of NiFe2O4 phase is mainly due to the enhancement crystallinity of the NiFe2O4 nuclei with elevated temperatures. A tiny amount (< 2%) of α-Fe2O3 was observed at higher temperatures (1200-1400 °C), potentially due to the existence of some iron-containing compounds in the Ni sludge. Additionally, the total amount of other minor phases such as quartz (SiO2) and grossular (Ca3Al2(SiO4)3) were found ranging from 7.9% to 14.5% during the sintering process. In the Ni sludge+γ-Al2O3 system (Fig. 2b), similarly, NiO was also formed with a weight fraction of 18.1% in the 700 °C sintered products and decreased continuously to 2.4% at 1100 °C, and then disappeared at even higher temperatures. At the same time, the weight fraction of NiAl2O4 was gradually increased from 45.7% to 94.1% at temperatures from 700 to 1400 °C, which is due to the interaction of Ni and aluminum in the reaction systems as reflected from the XRD patterns (Fig. 1). However, as the γ-Al2O3 usually exists as a poor crystalline phase, and therefore, the amount of γ-Al2O3 was quantified together with other amorphous phase(s). Besides, the γ-Al2O3 will be transformed to α-Al2O3 at higher temperatures (Lu et al., 2013; Tang and Shih, 2013), and the results show that around 8.6% of α-Al2O3 was quantified in the 1100 °C-sintered product. But the α-Al2O3 was further involved in the continuous formation of the NiAl2O4 spinel at temperature range of 1100-1400 °C, with the simultaneous growth of the NiAl2O4 phase. Moreover, two minor phases, grossular (Ca3Al2(SiO4)3) and gehlenite (Ca2Al2SiO7) were quantified as 8.6% and 2.8% respectively at 700 °C, and then the amounts of the two phases were both declined continuously with growing temperature. The decline of grossular and gehlenite can also provide more aluminum for Ni incorporation, contributing to a higher weight fraction of NiAl2O4 compared to that of NiFe2O4. Meanwhile, the amount of quartz (SiO2) (< 4.0%) was generally not affected by the sintering temperature and was not directly involved in NiAl2O4 generation during the sintering process. 

[bookmark: OLE_LINK1]Furthermore, based on the weight fractions of each phase in the reaction systems of Ni sludge/α-Fe2O3 and Ni sludge+γ-Al2O3, the incorporation efficiency of Ni can be quantified accordingly. Here, the transformation ratio (TR, %), noted as TRFe and TRAl, was calculated by the following equations, indicating the efficiency of Ni incorporated into the NiFe2O4 and NiAl2O4 product phases, respectively.


	

where MW means the molecular weight, and the TR value of 100% represents the almost complete transformation of Ni into the product phases.

Fig. 2c shows that the TR values of Ni grew obviously with the elevated temperatures from 700 to 1100 °C in both reaction systems, from 51.2% to 98.4% while 60.3% to 97.0% for α-Fe2O3 and γ-Al2O3 system, respectively. After that, the TR values for both systems reached ~100%, indicating the nearly complete incorporation of Ni after thermal treatment. Notably, the Ni TR in α-Fe2O3 system is much lower than that in γ-Al2O3 system at temperatures  1000 °C. Previous studies have reported γ-Al2O3 as a poor crystalline with defective spinel structure (Chong et al., 2019), and therefore, the incorporation of Ni into the spinel structure may become more energetically feasible when using the γ-Al2O3 as reaction precursor at lower temperature range (Tang et al., 2011a, 2011b), resulting in a higher TR value at lower temperature range. Besides, the aluminosilicates (Fig. 2b) can facilitate the reaction between Ni and aluminum by providing more Al-containing components as the reactant. When the sintering temperature reached 1100 °C, the Ni incorporation in α-Fe2O3 system was found surpassing the γ-Al2O3 system, and then the TR values were kept at similar value (97-99%) and stable in both systems until the end of the sintering scheme. As reflected from the XRD patterns of the reaction systems at temperatures  1100 °C (Fig. 2b), the phase of the remaining aluminum oxide has transformed to α-Al2O3. That is the major reason for the slowing down of TR growing rate of the aluminum system, caused by a more negative Gibbs free energy for the formation of α-Al2O3 compared with that of α-Fe2O3 as the reactant (Atkins P.W. and de P.J., 2014). Nevertheless, the high TR value in both systems (~100%) indicate that the hazardous Ni in the Ni sludge can be mostly incorporated into the spinel structure via the sintering process in this study.

3.3 Stabilization Effect of Ni in the Sintered Products

3.3.1 Leaching Behaviors of the Sintered Products

To evaluate the stabilization effect of Ni after sintering processes, the leaching experiments were conducted on the raw mixtures and the sintered products at different temperatures (700-1400 °C). Figs. 3a&b show the leachate pH of the α-Fe2O3 and γ-Al2O3 sample series, respectively. The pH value was increased dramatically from its initial value of 2.9 to 4.6 and 4.8, after the 0.75 d leaching of the raw mixtures of both α-Fe2O3 and γ-Al2O3 systems, respectively. However, when the mixtures were sintered at 700 °C, the leachate pH was substantially declined to 3.6 and 3.7 for α-Fe2O3 and γ-Al2O3 systems, respectively. Then, with further increase of the sintering temperature, the leachate pH of α-Fe2O3 series was continuously decreased to 3.2 for the 1400 °C sintered sample. For the γ-Al2O3 system, the leachate pH decreased at sintering temperature range of 700-1000 °C but varied slightly when the sintering temperature kept increasing. Moreover, for each sample, the leachate pH was increased with prolonged leaching time from 0.75 d to 20 d. The Ni concentration in the leachates of all sample series were presented in Figs. 3c&d. The results show very high Ni concentrations (over 3000 mg/L) in both leachates of the raw mixtures, but the value decreased dramatically to 73.3 mg/L and 145.4 mg/L in the 0.75 d leachate of the 700 °C sintered samples for α-Fe2O3 and γ-Al2O3 systems, respectively. With further increase of the sintering temperature, the Ni concentration in both systems was found to decrease continuously, until reaching relatively stable value of 1.7-4.5 mg/L for α-Fe2O3 and 2.4-5.0 mg/L for γ-Al2O3, respectively, within the sintering temperature range of 1100-1400 °C (as shown in the inserted figure in Figs. 3c&d). The increase in Ni concentration of the sample leachates was observed with prolonged leaching time from 0.75 d to 20 d, especially for the un-sintered raw mixture and the sintered products at low temperatures ( 1000 °C). For example, for the raw mixture of both systems, the Ni concentration in sample leachate was increased by around 1000 and 600 mg/L from 0.75 to 20 d for α-Fe2O3 and γ-Al2O3 series, respectively. However, when the mixture was sintered at even 700 °C, such increase in leachate concentration was dropped to about 20 and 90 mg/L for α-Fe2O3 and γ-Al2O3 series, respectively, For the samples sintered at temperature range of 1000-1400 °C, the Ni concentration in the sample leachate was kept at a very stable value after a prolong leaching time of 20 d, indicating the effective Ni stabilization in the sintered products even being attacked by the acid solution for a relatively long time. The decreasing trend can also be observed clearly when the values of Ni concentration were presented in log scale as shown in Fig. S4 of SI.

We further compared the ratio of leached Ni with respect to the total Ni content of the solid sample, and the results were summarized in Figs. 3e&f. Similar trend was observed for the ratio of leached Ni, in comparison with the Ni concentration in sample leachate. For the raw mixtures, the leached Ni ratio can reach over 30%, while such ratio was declined significantly to around 1.0% when the mixtures were sintered at 700 °C. The ratio was calculated as 0.05% and 0.06% (nearly zero) for the α-Fe2O3 and γ-Al2O3 systems sintered at 1000 °C, respectively, while such ratio was kept at a very low value until the end of the sintering scheme in this study (shown in the inserted figure of Figs. 3e&f). Besides, after thermal treatment with temperature range of 1000-1400 °C, the leached ratio of Ni was also kept at a very stable and low value (0.02%-0.05% for α-Fe2O3 system and 0.02%-0.06% for γ-Al2O3 system) even with prolonged leaching time to 20 d. When the pH value variation was discussed together with the changes of Ni concentration in the leachates, the decrease of leachate pH is due to the declining amount of exchangeable metal ions with the protons (H+), revealing the stabilization of heavy metals after thermal treatment (Ma et al., 2019). Moreover, with prolonged leaching time, very slight increase was observed for the Ni concentrations in leachates of thermal treated products even under conditions with low pH value ( 3.5), which further indicates the strong stabilization of hazardous Ni in the sintered products.
 
To further understand the leaching behavior of the sintered products, the concentrations of other major components including Al, Fe and Si were also investigated with results shown in Fig. 4. Overall speaking, the concentrations Fe in sample leachates were all found with very low value ( 10 mg/L for all samples, and  5 mg/L for most of the samples) throughout the leaching processes. The overall concentration of Al was lower than 50 mg/L, and the value was increased when the samples were sintered at temperatures  1000 °C, but then decreased obviously at the higher temperature range. Meanwhile, a similar trend was found in the Si concentration of the sample leachates, with increasing value for the 700-900 °C sintered samples but a decreasing tendency with further growth in sintering temperatures. The variation of Al/Fe/Si concentrations is closely related to the changes of Ni leachability of the sintered products. As for the raw mixture and lower-temperature products, a majority of H+ ions have been consumed by Ni leaching, which suppressed the ion-exchange reaction between the other metal ions with protons (H+ ions). Whereas the following increase in leachate Al, Si and Fe concentration was probably attributed to more available H+ ions in the leachate as a result of Ni stabilization in the spinel structure. Moreover, a further decrease in the leachable Al and Si from the samples sintered at higher temperatures ( 1100 °C) probably owes to their phase transformation and even melting of the sample matrix (Tang et al., 2018).  

3.3.2 Discussion on Ni Stabilization regarding to the Leaching Behavior and Phase Transformation in Sintered Products

Combining with the phase transformation during thermal treatment processes, it was found that the substantial decrease in the leachate pH and Ni concentration was closely related to the development of NiFe2O4 or NiAl2O4 spinel in the sintered products. For un-sintered mixtures, the extremely high Ni concentration is mainly due to the existence of highly leachable Ni-containing phase(s). Even at the lowest sintering temperature of this study, once the Ni transformation into the spinel structures occurred (Fig. 2), the Ni concentration in the leachates was dramatically decreased in both reaction systems. Moreover, with continuous development of the spinel, the Ni concentration kept declining accordingly. Such diminishing trend was found to stop at around 1100 °C, reaching a minimum and stable Ni concentration even with elevated sintering temperature and prolonged leaching time. From the transformation ratio shown in Fig. 2c, it is indeed at 1100 °C that the Ni incorporation reached the maximum value in both reaction systems. 

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The leaching performance of α-Fe2O3 and γ-Al2O3 series was further compared, with respect to the pH and Ni leached ratio of the 20-d sample leachate (Fig. 5). Compared with the α-Fe2O3 series, the sintered products using γ-Al2O3 precursor possessed a little bit higher leachate pH for sintered samples at any sintering temperature (Fig. 5a). For raw mixtures and lower temperature sintered samples (700-900 °C), the leached Ni ratio of γ-Al2O3 series was obviously higher than that of α-Fe2O3 series. However, at a higher temperature range (1000-1400 °C), the leached ratio of both sample series became very close with a value range of 0.05%-0.09% (Figs. 5a&b). Although a relatively higher Ni TR value was observed in the γ-Al2O3 series at the lower temperature range (700-1000 °C), the poor crystallinity of the NiAl2O4 spinel generated at lower temperatures will make the structure more vulnerable to be attacked by the H+ ions in comparison with the NiFe2O4 spinel. Besides, as compared in other studies, the ferrite spinel was found with a superior ability for Cu stabilization when the leaching behavior of pure CuAl2O4 and CuFe2O4 spinels were compared (Su et al., 2017; Tang et al., 2019). 

4. Conclusions 

In this study, the Ni stabilization via the formation of spinel structures was conducted on the hazardous electroplating sludge, through a ceramic sintering process with α-Fe2O3 and γ-Al2O3 as the precursor. Phase identification results showed that the NiFe2O4 and NiAl2O4 spinels were formed as the predominant Ni-containing product phases in the α-Fe2O3 and γ-Al2O3 systems, respectively, together with the existence of other minor phases such as SiO2, Ca3Al2(SiO4)3 and Ca2Al2SiO7. Furthermore, the weight fractions of all phases were obtained via quantification refinement, showing that the NiFe2O4/NiAl2O4 phase occupied around 80% of the total sample weight and over 99% of Ni can be incorporated into the spinel structure. The leaching results showed that the leachable ratio of Ni can be as low as 0.05%-0.09% even in the 1000 °C sintered sample series, and the Ni was kept stable in the sintered products even after a prolonged leaching time (20 d). The results indicated the function of spinel structure for effective Ni stabilization and detoxification of the hazardous sludge, and further provided a quantitative strategy for precisely controlling the metal incorporation and stabilization effects, as well as the possibility of using heavy metal-laden sludge for a variety of products such as ceramic pigments, ceramic membranes, and glass ceramics.
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Fig. 1. XRD patterns of the sintered products from (a) Ni sludge + α-Fe2O3 precursor system, and (b) Ni sludge + γ-Al2O3 precursor system. The sintering processes were performed at temperatures ranging from 700 to 1400 °C for 5 h. The phases were identified as: nickel ferrite spinel (NiFe2O4, PDF#10-0325), nickel aluminate spinel (NiAl2O4, PDF#78-0552), nickel oxide (NiO, PDF#75-0197), hematite (α-Fe2O3, PDF#89-0596), quartz (SiO2, PDF#83-2465), grossular (Ca3Al2(SiO4)3, PDF#74-1088), gehlenite (Ca2Al2SiO7, PDF#04-0690), aluminum oxide (γ-Al2O3, PDF#10-0425), corundum (α-Al2O3, PDF#73-1512).
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Fig. 2. Weight fractions of different phases in the sintered products of (a) α-Fe2O3 and (b) γ-Al2O3 sample series. (c) The transformation ratio (TR) of Ni calculated to indicate the transformation efficiency of Ni into the NiFe2O4 and NiAl2O4 spinel structure.
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Fig. 3. (a, b) pH value and (c, d) Ni concentration in the leachates of α-Fe2O3 and γ-Al2O3 sample series before and after sintering processes; (e, f) The leached Ni ratio calculated based on leachable Ni amount with respect to the total Ni amount in the samples. The samples were sintered at temperature range of 700-1400 °C for 5 h, and the leaching process was conducted within a period of 0.75-20 d. The inserted figures in Figs. 3c&d present the Ni concentration in the leachates of the 700-1400 oC sintered samples of (c) α-Fe2O3 and (d) γ-Al2O3 series. The inserted figures in Figs. 3e&f display the leached Ni ratio of the 700-1400 oC sintered samples. The maximum concentration limit of Ni is 5 mg/L according to the regulation of to the national standard of HJ/T 300-2007 and GB 5085.3-2007.
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[bookmark: _Hlk55326206]Fig. 4. Concentrations of (a, b) Al, (c, d) Fe and (e, f) Si in the leachates of α-Fe2O3 and γ-Al2O3 sample series before and after sintering processes. The samples were sintered at temperature range of 700-1400 °C for 5 h, and the leaching process was conducted within a period of 0.75-20 d.
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[bookmark: _Hlk66738096][bookmark: _Hlk66738116]Fig. 5. The comparison of (a) pH value and (b) leached Ni ratio after 20-d leaching of the α-Fe2O3 and γ-Al2O3 sample series. The inserted figure in Figs. 5b presents the leached Ni ratio of the 700-1400 oC sintered samples for α-Fe2O3 and γ-Al2O3 series.
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