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Abstract

:

This paper proposes a fundamental investigation of coal gangue and fly ash impact on B. pasteurii to enhance the properties of backfill materials. The goal is to obtain effective microbial mineralization and potential mechanical properties of coal gangue and fly ash as backfill materials and to mitigate the impact of the most common binders used in the backfill material of mines. Micro-scale mineralization was performed with B. pasteurii bacteria using microbially induced carbonate precipitation (MICP) technology to clarify solid waste impact on B. pasteurii and to bind coal gangue and fly ash. Several tests were carried out to analyze the behavior of B. pasteurii, especially when it coexists with these two waste materials separately. In such cases, it was possible to observe a reduction in mineralization initiation time with respect to the natural mineralization of the MICP technology. Moreover, at the macro-scale, the new mineralized backfilling material shows good workability in the fresh state, whereas the strength at 28 days is 5.34 times higher than that obtained with non-mineralized coal gangue and fly ash.
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1. Introduction


Coal gangue (CG) is a solid waste byproduct of the coal mining process. The mass of CG, which is approximately 15–20% that of coal produced yearly, is one of the largest amounts of solid waste in China. Currently, 1500 gangue mountains have been formed in China, storing more than 3 billion tons of unused CG, covering an area of nearly 20,000 hectares [1]. Similarly, fly ash (FA) constitutes the majority of coal combustion products (CCPs), accounting for approximately 40–90% of the total CCPs. For every 4 tons of coal burned, 1 ton of CCPs is generated, and the worldwide production of CCPs in 2019 was approximately 1.2 billion tons per year [2,3]. The disposal of CG and FA not only occupies a considerable amount of land, but, due to long-term weathering and leaching, it also causes the accumulation of heavy metals and water pollution in the surrounding soil [4]. Moreover, FA can also produce dust pollution [5], which potentially contaminates the atmosphere.



Accordingly, part of the green mining technology consists of the cementation of solid waste resources, such as CG and FA, and using them to backfill the goaf of coal mines. The solid waste is prepared as a slurry composite and pumped into the underground goaf of the coal mine through backfilling pipelines [6]. The confined environment of the goaf could limit, to some extent, the dispersion of any mobile contaminants leaching from the backfilling material [7,8]. This technology can reduce hazards caused by CG and FA, as well as largely solve a series of other ecological problems, such as the destruction of the underground water system and subsidence due to the traditional method of mining.



Specific binders, such as cement and lime, must be used to cement solid waste and produce backfilling materials of coal mines with a prescribed strength [9]. Nevertheless, the production of these binders is considered a serious contributor to occupational health hazards and life-threatening conditions [10,11]. Phosphogypsum could also bind waste byproducts [12], but the leaching of backfilling materials can release phosphates into the underground water [13]. Other binders, such as polymers and mechanically activated gangue powder, are energy consuming, and their production releases a huge amount of carbon dioxide into the atmosphere [14].



Hence, many researchers have been searching for new binders to tailor more environmentally friendly backfilling materials. This is the case of microbially induced carbonate precipitation (MICP), which is a more sustainable biomineralization technology [15,16,17,18], to be used as a novel binder. It is based on the enzymatic reaction of microorganisms that produce urease through cellular metabolism and catalyze the decomposition of urea to produce NH4+ and CO32− ions, which, in turn, provide CO32− for the mineralization reaction:


CO(NH2)2 + 2H2O → 2NH4+ + CO32−



(1)







When calcium ions exist in the solution and meet the deposition conditions, CO32− can be combined with them to form biological calcium carbonate of a certain crystal shape, according to the following reaction [19,20]:


Ca2+ + CO32− → CaCO3(s)



(2)







The mechanism of microbial mineralization is shown in Figure 1 [21].



This principle has great potential and good prospects to be developed in many applications. For example, to increase the durability and reduce the maintenance costs of concrete structures, micro-cracks can be continuously repaired by using MICP technology [22,23,24]. Some researchers studied the application of the MICP method to reinforce loose soils and improve the strength characteristics of expansive soils with low permeability [25,26,27]. In other studies, MICP technology reduced the release of heavy metals into the environment, because heavy metal ions can replace Ca2+ ions in the biocalcite structure [28,29,30,31,32].



In recent years, MICP technology has also been introduced in the field of backfilling. For example, microbial grouted sand was proposed by Deng et al. [33], and mineralized backfilling materials with bonding tailings were introduced by Liu et al. and Rong et al. [34].



While the versatility of MICP is evident in various applications, a significant gap in the current literature revolves around the micro-scale mineralization impact of solid waste on B. pasteurii. Existing studies have yet to comprehensively explore how different ingredients in backfill materials influence the mineralizing function of B. pasteurii. The recognition of the influence of backfill material ingredients on B. pasteurii mineralizing function could help enhancing material properties by making suitable changes.



Accordingly, the present study, devoted to the microbial mineralization of CG and FA, proposes a novel micro-scale view to understand the CG and FA impact on the B. pasteurii mineralizing function, and then, it is reflected in the material properties, in order to (1) reduce the environmental impact by substituting the traditional binders of backfilling materials in coal mines and (2) improve solid wastes handling by recycling CG and FA (i.e., CG and FA originating from the extraction and use of coal). Thus, in this paper, Section 2 reports the physical and chemical properties of CG and FA, and the preparation of bacterial strain and mineralized solutions. The experimental methods are given in Section 3. The experimental results, concerning the bacteria mineralizing function (micro-level) and then reflecting on properties of mineralized materials (macro-level) are analyzed and discussed in Section 4. Finally, the main findings of this study and ideas for future research are listed in Section 5.




2. Materials


Figure 2 shows the particle size distribution curves of CG (Figure 2a) and FA (Figure 2b), acquired using high-performance dry dispersion technology (Jinan Winner 3009B, Jinan Winner Particle Instrument Stock Co., Ltd., Jinan, China). CG was obtained by secondary sieving of natural CG from the Xinjulong coal mine, whereas FA was taken from Datang Henan power plant.



Table 1 shows the chemical compositions of both CG and FA materials, which were measured at Jiangsu Design Institute of Geology for Mineral Resources (China) using the XRF technique. It can be observed that samples of CG and FA, which were dried, ground and sieved (through a 75-µm sieve) prior to analysis, are mainly composed of silicates, aluminates and other minor oxides.



Bacillus pasteurii (B. pasteurii), herein employed as the target bacteria species, was obtained from Shaanxi Microbial Species Resource Conservation Center (China) with the strain number A484. In a previous study [21], it was domesticated to be resistant to CG leaching solution and 1 M urea solution simultaneously. The basic culture medium was composed of 5 g/L tryptone, 3 g/L beef extract, a buffer regulator (0.42 g/L NaHCO3 and 0.53g/L Na2CO3), deionized water and a certain amount of KOH to obtain a pH of 8.5. All mediums and equipment involved in the basic bacterial culture process were sterilized at 121 °C for 30 min [35].



B. pasteurii was firstly moved from the agar slant into the culture medium with an inoculating needle, and then incubated at 30 °C in a shaker, rotating at 120 rpm for 18 h, to obtain the seed cultivation. Afterwards, the seed cultivation was placed into the basic culture medium at a ratio of 2% v/v, and then in a constant temperature (at 30 °C) shaker (rotating at 150 rpm), followed by incubation. After 24 h, the strain matured, and the bacterial cultures derived from our custom research procedure were used for subsequent experiments.



Two mineralizing solutions, made with CaCl2 and urea, respectively, were used in this study. CaCl2 was autoclaved, whereas urea was filtrated with a 0.22 μm microporous filter membrane. The final concentration of both CaCl2 and urea solutions was 0.5 M [36].




3. Methods


The mineralization function of B. pasteurii is the key factor to successfully prepare environmentally friendly backfilling materials. Unlike conventional binders, B. pasteurii is a living organism and environmentally sensitive. Therefore, it is important to understand, at a microscopic level, how CG and FA will affect the function of B. pasteurii and whether it can be used as a binder. When these microscopic behaviors are known, CG and FA can be suitably combined and used to cast the backfilling material for macroscopic tests.



3.1. Micro-Tests after the Addition of B. pasteurii to CG and FA


To discover the effect of CG and FA environments on the mineralizing capacity of B. pasteurii at the micro-level, they were added separately to the basic culture medium in two different tubes, also containing urea. The tubes, named FA group_1 and CG group_2, respectively, were placed in a shaker at a constant temperature of 30 °C. In this shaker, a third tube, considered as reference group_0, was also present. It contained the same basic culture medium of B. pasteurii and the same amount of urea, but without the presence of CG and FA. The compositions of the three groups used for micro-tests are shown in Table 2. From each tube, a 0.3 mL sample was extracted seven times (after 0 h, 6 h, 12 h, 24 h, 36 h, 48 h and 60 h) to be immediately subjected to a bacterial concentration test and a urea hydrolysis test. This procedure was repeated three times.



The optical density (OD) test, based on the turbidity of the culture, was used to measure the B. pasteurii biomass concentration. Monitoring bacterial growth dynamics is routinely performed in a wide range of areas, and due to its relative ease of implementation, the OD measurement is widely adopted for this purpose. By utilizing the OD method, bacterial concentrations are approximated indirectly through changes in light scattering within the sample [37]. This approach provides real-time data on bacterial density, enhancing the utility of B. pasteurii across various industrial contexts. The maximum absorption peak (at λ = 645 nm) was obtained by full wavelength scanning [38] of B. pasteurii in a basic culture medium using a spectrophotometer (Puxi, China). A blank (uninoculated culture medium) was used to calibrate the spectrophotometer prior to measuring the OD of the three groups. Subsequently, 0.3 mL was taken from the bacterial culture and transferred into a 10 mm cuvette to undergo a tenfold dilution. Finally, the density was measured with the above-mentioned spectrophotometer.



After adding urea to each group, conductivity tests, performed by means of a conductivity meter (Thermo Scientific Orion 410C-06A, Thermo Scientific, Waltham, MA, USA), detected when the B. pasteurii was producing urease (i.e., hydrolyzing urea and providing CO32−) to be used in the subsequent mineralization reactions.



Inside the tubes, a precipitation generation experiment was carried out to exclude conductivity increases due to other factors or experimental errors, as well as to provide a multifaceted view of the mineralization phenomenon. A pre-test was first conducted to check whether a visible precipitation occurs immediately after the addition of CaCl2 at a later stage of incubation (at least after 36 h). Accordingly, to clearly and visually observe the onset of mineralization of B. pasteurii in the CG and FA groups, respectively, CaCl2 was added at different times (chosen according to the results of the urea hydrolysis test).



The precipitation samples were observed at various magnification levels using scanning electron microscopy (SEM; Sigma series; Zeiss, Jena, Germany). A thin layer of gold was sprayed on the samples to increase the electrical conductivity. In addition to SEM, energy-dispersive X-ray spectroscopy (EDS; X-Max 20; Oxford Instruments, Oxfordshire, UK) was used to identify the chemical elements of the samples.



To determine the presence of biominerals in the precipitation samples, a Bruker Vertex 80 V spectrophotometer was used to record the FTIR spectra (with the wavenumber ranging from 4000 to 400 cm−1). Prior to analysis, precipitation materials were ground and mixed with 100 mg of KBr in an agate mortar under an infrared lamp, and then, the powder was pressed into transparent tablets with an infrared tablet press (YP-12).



As the different results from the previous test could be ascribed to the microscopic differences between CG and FA solid surfaces, the surface morphology of CG and FA was also observed and compared using SEM and optical microscopy (Leica DM500, Leica Microsystems, Wetzlar and Mannheim, Germany).



Through all these microscopic tests, it was possible to ascertain whether B. pasteurii plays a mineralizing role and whether it can be used as a binder in CG and FA systems.




3.2. Macro-Test on Backfilling Material


Two mortar mixtures, one containing only CG and B. pasteurii (in a solution of mass equal to 20% of the total) and one with FA, CG (with the mass ratio FA/CG = 30%) and B. pasteurii (with the same mass solution of 20%), were prepared simultaneously under the same conditions. The compositions of the two mortars, named, respectively, A-spread and B-spread, are shown in Table 3. In the assessment of workability, the mortar spread was measured after 10 s (initial spread) because, depending on this value, the mortar can have either a good pumping performance (when the initial spread is ≥220 mm) or an excellent pumping performance (when it is ≥260 mm) [39,40].



To measure the strength of the new mortars at 28 days, another two mixtures containing both CG and FA (with a mass ratio FA/CG = 30%), one mineralized by B. pasteurii (in a solution of mass equal to 20% of the total, named B-strength) and the other without B. pasteurii (named C-strength), were prepared under the same conditions (see Table 3). Afterwards, three samples for each mixture were cast in plastic cylindric molds with an inner diameter of 50 mm and a length of 100 mm. After 1 day, the molds were removed, and the specimens were stored in a curing room at 30 °C (RH = 50%) for 28 days before performing the unconfined uniaxial compression test (UCT). According to the methods suggested by the Chinese National Standards for Geotechnical Testing (GB/T 50123–2019, GB/T 23561–2009) [41,42], the UCT was conducted by applying a compressive load which progressively increases at a speed of 1 mm/min. The UCT was performed three times for each mortar.





 





Table 3. Composition of the mortars used for macro-tests.
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	Components
	A—Spread
	B—Spread
	B—Strength
	C—Strength





	CG (g)
	2000
	2000
	1200
	1200



	FA (g)
	0
	600
	360
	360



	B. pasteurii with mineralized solutions (mL)
	500
	650
	390
	0



	Water (mL)
	0
	0
	0
	390










4. Results and Discussion


4.1. Micro-Tests after the Addition of B. pasteurii to CG and FA


4.1.1. Bacterial Concentration Test


In Figure 3, the curves of absorbance (ABS) of FA group_1 and CG group_2 are similar to that of Reference_0, as ABS increases according to the stages of the B. pasteurii growth curve. Each ABS vs. time curve shows almost the same three distinct phases: a short lag phase, a very rapid period of cell growth (exponential phase) and a maximum stationary phase, which continued until the 60th hour (60 h was the time of observation) [43,44].



With respect to Reference_0, both FA group_1 and CG group_2 had a higher ABS, while the ABS in CG group_2 was the highest. This indicates that the addition of B. pasteurii to CG and FA does not affect the normal growth of B. pasteurii, and a significant increment in biomass was observed in the two groups. Indeed, bacteria in a liquid environment tend to adhere to solid surfaces for growth, which fosters their multiplication and anticipates the beginning of biological processes [45,46], such as that given in Equation (1). Thus, CG and FA culturing conditions can enhance the biomass of B. pasteurii, especially when it is an important factor influencing the mineralization performance.




4.1.2. Urea Hydrolysis Test


As is shown in Figure 4, the conductivity increases in all three groups of Table 2. In fact, the urease reaction involves the hydrolysis of the non-ionic substrate urea and, also in the absence of calcium ions, generates the NH4+ and CO32− ionic products. As a result, the corresponding increment in the electrical conductivity of the liquid can be measured [47]. At the same time, higher concentrations of ammonia produced from urea facilitate the production of adenosine triphosphate by ureolytic bacteria, speed up the metabolism and increase enzyme activity [48]. As the incubation time increases, B. pasteurii hydrolyzes more urea, thus producing and accumulating more ions and increasing the conductivity of the liquid more rapidly.



It was noted that the mineralization began to occur after approximately 12 h, 31 h and 43 h in CG group_2, FA group_1 and Reference_0, respectively. As the addition of B. pasteurii to CG resulted in mineralization occurring 31 h earlier than that in Reference_0, it is possible to reduce the time when biomineralization begins to occur by approximately 72%, with respect to the systems without CG or FA. Likewise, the addition of B. pasteurii to FA resulted in mineralization occurring 12 h earlier than that in the control group, which could decrease the time at which biomineralization begins by only 28%. In other words, the coexistence of CG (or FA) with B. pasteurii not only facilitates B. pasteurii multiplication but also boosts the production of urease by B. pasteurii, enabling a faster start to urea hydrolysis compared to the original culture method. Thus, with the addition of CG (or FA), the initiation of the MICP reaction process is accelerated.




4.1.3. In Situ Urea Hydrolysis Experiment


After the production of CO32− due to the B. pasteurii hydrolysis of urea (see Section 4.1.2), additional calcium chloride solution was added for the in situ test, which was conducted at three specific time points: 12 h, 36 h and 48 h. As also observed by other researchers [49,50], the white bioprecipitate, shown in Figure 5a, formed immediately. This precipitate was used to assess whether the mineralization had occurred in the culturing system after incubating the bacteria within urea and, subsequently, adding calcium chloride.



Based on the results of the conductivity tests (see Figure 4), in situ urea hydrolysis tests were also carried out. In particular, Figure 5 shows the comparison between the tubes containing CG group_2, FA group_1 and Reference_0 after 12 h (Figure 5b), 36 h (Figure 5c) and 48 h (Figure 5d) of urea hydrolysis, respectively. If precipitation occurred after the addition of CaCl2, then the bacteria within the solution performed mineralization and generated CO32− [51].



As illustrated on the left side of Figure 5b, the addition of CaCl2 after 12 h resulted in a bioprecipitate in the tube containing CG group_2. Thus, CO32− was present in this solution, and B. pasteurii were able to perform mineralization. In the other two groups (see the tubes on the right side of Figure 5b), precipitation did not occur immediately, indicating that no CO32− was present at this time and that the urea was not hydrolyzed by B. pasteurii.





[image: Applsci 14 00799 g005] 





Figure 5. (a) A pre-test: Mineralization occurring from a macroscopic perspective. After the introduction of calcium ions, a white bioprecipitate was formed immediately. (b–d) Phenomena after the simultaneous addition of CaCl2 solution to three sets of test tubes at the 12 h, 36 h and 48 h incubation time points (from left to right), respectively. The test tubes comprise CG group_2, FA group_1 and Reference_0. Different symbols correspond to different test tubes. 
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The addition of CaCl2 to the three groups after 36 h (Figure 5c) immediately produced white precipitates in the two tubes on the left side (CG group_2 and FA group_1), indicating that B. pasteurii in the solution were already performing the mineralization function and secreting urease to hydrolyze the urea contained in these tubes. At this time, as in the previous case, mineralization by the bacteria did not commence in Reference_0 (the tube on the right side of Figure 5c did not show any precipitation). Finally, when CaCl2 was added at 48 h (Figure 5d), bioprecipitation occurred in all tubes. Therefore, at this time, the bacteria were performing their mineralization function in all three groups.



The previous tests demonstrate that the addition of bacteria to CG or FA does not inhibit the mineralization of the bacteria, but rather, it shortens the initiation time. Indeed, the bacteria in Reference_0 took the longest time to develop their mineralization function, whereas in CG group_2, they can perform their mineralization function earlier than in FA group_1. Moreover, the results of this macroscopic analysis are consistent with those of the microscopic urea hydrolysis tests described in Section 4.1.2.




4.1.4. SEM/EDS and FTIR Precipitation Test


All of the biochemical reaction products under B. pasteurii mineralization were also investigated by means of SEM/EDS and FTIR, in order to analyze their morphology and composition.



In Figure 6a,b, the structure of the bioprecipitate can be clearly observed using SEM at different magnifications, indicating that plate-like layers were stacked to form ellipsoids. A similar morphology was also observed in other studies [52,53,54]. A clear rod-shaped bacterial structure (a typical shape of B. pasteurii) of diameter 0.5–1.5 μm, which is consistent with other researchers [55], along with calcite crystals, can also be observed in Figure 6a. Thus, during the mineralization process, bacteria functioned as nucleation sites [56]. The presence of Bacillus species surrounded by mineralization products was described in detail by Sharma et al. [57]. Finally, EDS quantification revealed that the elemental composition of the bioprecipitate shown in Figure 6c was mostly calcium, carbon and oxygen (see Figure 6d).



In Figure 7, strong absorption bands were observed at 875 cm-1 and approximately 1414 cm-1, which is consistent with other researchers [58,59]. They belong to the C–O bond characteristic of CaCO3, mainly present in CG group_1 and FA group_2, and confirm the MICP process. These characteristic peaks are not present in only FA (Figure 7b). Although very small vibrational bands were also present in only CG (Figure 7a), this suggests that the latter contains very low levels of carbonate derived from natural chemical processes. The absorption located at around 795 cm-1 is assigned to Si–O stretching vibrations, which suggests the presence of quartz in CG (Figure 7a) and FA (Figure 7b). It must be remarked that the results of FTIR spectroscopy were consistent with those of both the SEM/EDS analyses and the MICP process.




4.1.5. Effect of Solid Surface Roughness on B. pasteurii


SEM and OM images (Figure 8) showed different sizes among CG, FA and B. pasteurii. As can be seen in Figure 8a,b, CG is much larger compared to FA. In order to observe B. pasteurii clearly and compare its size with FA, OM is used (Figure 8c,d). And it shows that the size of B. pasteurii is close to some FA particles. Therefore, the B. pasteurii we selected has a size comparable with that of FA, whereas CG has the largest size.



In Figure 9, the CG particles have a rough surface, whereas most of the FA has a smooth surface. Surface roughness is a major factor affecting adhesion [60], because if the surface is smooth and the spacing between the filaments is smaller than the size of the bacteria, the adhesion of bacteria is reduced [61]. With a larger anchoring area, bacterial adhesion of the rough surface can be enhanced. Hence, it is easier for B. pasteurii to adhere to the CG surface (Figure 9a). In other words, the presence of CG promotes, more than FA (Figure 9b), the B. pasteurii adhesion and growth. The microorganisms in the system are able to reach a stable growth phase and start their biological processes more rapidly [62]. For this reason, the CG environment contains a greater B. pasteurii biomass to hydrolyze urea, resulting in a faster increase in conductivity than in FA. As a consequence, mineralization occurs in a short time.





4.2. Macro-Test on the Backfilling Material


Spread was measured in order to quantify the workability of the mortars described in Section 3.2 (see Figure 10a and Table 4). As is shown in Figure 10b, there is no workability in the mortar without FA (A-spread). On the contrary, B-spread, which contained CG, 30% FA and B. pasteurii with mineralized solutions, showed good pumping performances, as the initial average spread was 243 mm (Figure 10c).



Due to the microbial mineralization of CG and FA, the average compressive strength of the mortar B-strength reached 0.471 MPa (refer to Section 3.2 for detailed strength measurement procedures, see Table 4 and Figure 11a), which is higher than the value of 0.0882 MPa measured in the C-strength group of CG and FA materials only (Figure 11b). Therefore, the addition of B. pasteurii to CG and FA aggregates for mineralization can increase the strength of the material by approximately 5.34 times. In other words, in B-strength mortar, microorganisms can not only survive in the presence of CG and FA but also effectively perform the mineralization function.



Combined with the results of rheology tests, we can argue that the backfilling material prepared by microbially mineralized CG and FA not only has the mechanical performance to play the role of a green binder, but its slurry also has excellent pumping properties. Therefore, based on the effect of CG and FA on the mineralizing capacity of B. pasteurii at the micro-level, CG and FA could be accepted well as substrates for biomineralized composites to be used as backfilling materials. Accordingly, the present study also gives new insights into biomineralization in backfill materials and contributes to the sustainable development of the environment by utilizing solid waste in an effective way and reducing the risk of hazardous materials.





5. Conclusions


Beginning with micro-level tests on bacteria co-cultured with CG and FA, and ending with macro-tests on mortars made with CG, FA and bacteria, the conclusions of this paper are as follows:




	
Both CG and FA environments are favorable for the growth of B. pasteurii.



	
CG and FA environments can significantly shorten the initiation time for urea hydrolysis and mineralization. The time for the occurrence of B. pasteurii mineralization is reduced by 72% when using CG and by 28% in the presence of FA.



	
A reason why B. pasteurii performs better in the CG environment than in FA may be ascribed to the substrate surface roughness, which offers more attachment sites.



	
SEM and FTIR analyses confirmed that the mineralization precipitate, generated by the co-culture of B. pasteurii with CG or FA, is bio-CaCO3.



	
Mortars with CG, 30% FA and B. pasteurii with mineralized solutions showed a better pumping performance than in the absence of FA.



	
The compressive strength of biomineralized materials at 28 days is 5.34 times higher than that obtained without biomineralizing.



	
Finally, our findings support the viability of using microbial mineralized coal gangue and fly ash for eco-friendly backfilling materials, demonstrating potential benefits for sustainable practices in coal mining operations.








As this is the first study on the effect of CG and FA on the mineralizing capacity of B. pasteurii, future research will be devoted to accelerating B. pasteurii mineralization and improving the strength of the backfilling material. Moreover, the use of other solid wastes, with a rougher surface, will also be investigated.
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Figure 1. Mechanism of microbial mineralization. 
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Figure 2. Particle size distribution of (a) CG and (b) FA. 
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Figure 3. Effect of CG and FA environments on the biomass of B. pasteurii. The bacteria were cultivated in tubes and incubated for 60 h. FA group_1 and CG group_2 comprised B. pasteurii cultivated in basic culture medium with FA and CG, respectively. Reference_0 was composed of B. pasteurii cultivated in basic culture medium only. All of the tests were performed in triplicate. The vertical error bars indicate the standard deviation. 
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Figure 4. Effect of CG and FA environments on the conductivity of B. pasteurii cultures. The bacteria were cultivated in tubes and incubated for 60 h. The experimental groups were composed of B. pasteurii cultivated in basic culture medium and urea with CG and FA, respectively. Reference_0 comprised B. pasteurii cultivated in basic culture medium and urea. Each set of data is displayed as the difference from the 0 h data. All tests were performed in triplicate and the vertical error bars indicate the standard deviation. 
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Figure 6. Scanning electron microscopy images of the bioprecipitate (a) at 7500 times magnification and (b) at 20,000 times magnification. (c) SEM image and (d) EDS analysis of the bioprecipitate. EDS data are shown from one of several determinations (abscissa unit: keV). 
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Figure 7. FTIR spectra of (a) the bioprecipitate in the CG group compared with only CG and of (b) the bioprecipitate in the FA group compared with only FA. A small amount of CG or FA substrate is mixed in the bioprecipitate. 
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Figure 8. (a) Image of CG particles (magnified 200 times) and (b) SEM of FA particles (magnified 5000 times). OM images of (c) FA magnified 1000 times and (d) B. pasteurii magnified 1000 times. A typical image is taken from many similar examples. 
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Figure 9. SEM (magnified 1000 times) of (a) CG with its surface plot and (b) FA with its surface plot. Schematic diagram of B. pasteurii adhesion is shown on different rough surfaces and anchoring areas. A typical image is taken from many similar examples. 
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Figure 10. Mortar spread tests. (a) Spread testing bucket; (b) A-spread: mortar without FA; (c) B-spread: mortar with CG, 30% FA and B. pasteurii with mineralized solutions. 
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Figure 11. Results of the compression test on (a) B-strength: microbially mineralized solid waste CG and FA materials; and (b) C-strength: microbial-free original solid CG and FA. 
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Table 1. Chemical composition of CG and FA from XRF analysis.
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	Chemical Composition (%)
	K2O
	Na2O
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	TiO2
	MnO2
	P2O5





	Coal gangue
	1.47
	0.14
	80.57
	6.74
	2.32
	2.08
	0.85
	0.28
	0.06
	0.04



	Fly ash
	2.11
	0.65
	49.17
	28.28
	4.63
	3.55
	0.84
	1.12
	0.06
	0.31










 





Table 2. Compositions of the three groups for micro-tests.
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	Components
	Reference_0
	FA Group_1
	CG Group_2





	CG (g)
	0
	0
	1



	FA (g)
	0
	1
	0



	Culture medium (mL)
	5
	5
	5



	B. pasteurii (mL)
	0.1
	0.1
	0.1










 





Table 4. Average properties of the backfilling material macro-test.
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	Mortar
	Compressive Strength (KPa)
	Spread after 10 s (mm)





	A
	/
	100



	B
	471
	243



	C
	88.22
	/
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