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Abstract 14 

Sediments from coal mine drainages (CMDs) contain large quantities of suspended pollutants 15 

(possibly numerous chemical substances) along with sulfates and hazardous elements (e.g., 16 

chromium, zinc, copper, lead) that irreversibly accumulate in the water. As this accumulation can 17 

continue for decades after discontinuation of coal extraction, it is necessary to employ 18 

multidisciplinary approaches to control the threat in such zones. The quantity of amorphous 19 

material in some CMDs was evaluated by X-ray powder diffraction (XRD) using the Rietveld-20 

based SIROQUANT software package. Modern Dual Beam Focused Ion Beam (FIB), field 21 

emission scanning electron microscopy (FE-SEM), high-resolution transmission electron 22 

microscope (HR-TEM), and energy-dispersive X-ray spectrometer (EDS) were used to evaluate 23 

the occurrence and transformation of nanophases (NPs). FIB is used to determine the 3D 24 

distribution of different species (internal structure) within individual NPs, whereas EDS is used 25 

to observe NP features (e.g., shape, constituent, range, assembly, and form of polymerization). 26 

The mineralogy of the sediment from the Brazilian CMDs, including the proportions of quartz, 27 

clays, Al-Fe-oxides, and amorphous NPs, appears to be related to the nature of the mineral 28 

matter in the relevant coal cleaning rejects (CCRs). The sediments of CMDs from the Brazilian 29 

coal area derived at a lower-pH range have different amorphous compositions as compared to 30 

those derived at a higher pH range. These special amorphous compositions are shown to be 31 

related to several other sediment properties such as particle surface area.  The information 32 

gleaned in this study will be useful for further geochemical evaluation of CMDs in other parts of 33 

the world.  34 

Keywords: Multi-analytical approach; Non-destructive techniques; Potential impacts diagnosing; 35 

3D nanoparticles study.  36 
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1. Introduction 37 

Nanomineralogy is a major geochemical innovation in the earth system research (Civiera 38 

et al., 2016a; Dalmora et al., 2016; Ferrari et al., 2019; Oliveira et al., 2019a,b). Recently 39 

there has been great scientific concern about the possible human health risk associated with 40 

coal power plants containing anthropogenic nanophases (NPs) in the size range of 1 to 100 41 

nm and composed of different compounds (carbon complexes, hazardous elements, such as 42 

arsenic, cadmium, mercury, and selenium) of different shapes (Gredilla et al., 2019; 43 

Agudelo-Castañeda et al., 2017). However, to date, there is a lack of ecotoxicity data. The 44 

occurrence of NPs containing hazardous elements (HEs) in natural processes (e.g., in forest 45 

fires, biological processes, weathering of rocks, precipitation reaction, and volcanic 46 

eruptions) is low as compared to those caused by mining, which largely contributes to the 47 

anthropogenic NPs in the atmosphere and water (Hower et al., 2013; Ramos et al., 2017; 48 

Ribeiro et al., 2010). For this reason, it is essential to better understand and determine the risk 49 

that these compounds may pose to the environment and consequently to human health. The 50 

surface properties and very small size of minerals nanoparticles, fullerenes, and multi-walled 51 

carbon nanotubes (MWCNTs) facilitate their binding to surfaces and transport (Cerqueira et 52 

al., 2011; Silva et al., 2011a,b; Gredilla et al., 2019; Sanchis et al., 2015). As the size of NPs 53 

is reduced to the nanoscale, it offers unique optical, electrical, and mechanical properties and 54 

they can encapsulate HEs.  55 

Pollution of air, sediments, and soils with HEs is a worldwide problem stemming from 56 

many anthropogenic activities, such as mining, processing, and burning of coal (Saikia et al., 57 

2015, 2018; Oliveira et al., 2012a,b; Ribeiro et al., 2010). The contaminants persisting in topsoil 58 

and wastewater include heavy metals, inorganic compounds, organic pollutants, and many 59 
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complex compounds (Sanchis et al., 2015; Silva et al., 2013; Wilcox et al., 2015). Releasing 60 

these contaminants into the environment through wastewater is harmful to human beings and 61 

ecology. In addition, it is important to know the geochemical status of the elements (e.g., 62 

bioaccumulation of organic or inorganic complex, precipitation, or specific details on the 63 

aqueous sorbed state) and their interaction or potential interaction with the surroundings. All 64 

these factors play key roles in the mobility, bioavailability, distribution, and toxicity of the HEs. 65 

In contrast to the classical residual coal NPs, the nanominerals, owing to their nanoscale and 66 

huge surface area may interact more efficiently with hazardous volatile elements during coal 67 

combustion and later with biological systems especially in aquatic and atmospheric 68 

environments, threatening human health and environmental toxicity (Quispe et al., 2012; Ribeiro 69 

et al., 2013). The high surface area of nanocompounds is directly correlated with their surface 70 

properties and physicochemical reactivity (i.e., absorption ability), which are mainly responsible 71 

for their in vivo toxic behavior. As the mechanistic basis of exposure and possible effects of NPs 72 

are poorly understood, especially in the aquatic environment, this study further explores this 73 

topic. 74 

2. An overview of the coal mine drainage 75 

Coal mine drainage (CMD) is a heterogeneous environment and includes organic and 76 

inorganic substances. As reported earlier (Silva et al., 2011, 2013), the mineral matter of 77 

Brazilian CMD sediments, especially where pH ≥3.5, normally contains amorphous inorganic 78 

compounds that are trace residuals of the carbonaceous matter. These non-crystalline compounds 79 

might exemplify interchangeable ions enclosed by carboxylates and PHEs in organometallic 80 

compounds, as well as suspended Al-Fe-sulfates present in the CMD sediments. The amorphous 81 

Al-Si NPs strongly influence the reactivity of the coal acid rivers and play a key role in the 82 
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adsorption of HEs. However, to the best of our knowledge, no study on NPs (including 83 

amorphous phases) release by coal mining has been undertaken to date. Earlier studies have 84 

explored the chemistry of HEs in coal beneficiation and successive liberation in the CMDs, 85 

which is essential to understand their ecological influence. CMDs cover all NPs and UFPs (coal 86 

rejects from the coal cleaning and impacted topsoil) liberated by rain flows. 87 

A complete understanding of NPs involved in CMDs is essential for effective 88 

management of coal cleaning byproducts, including the evaluation of influence of CCR dumping 89 

in diverse ecological circumstances. The geochemical data of CMDs are assessed with a focus on 90 

specific elements. For example, Al, As, Fe, S, Si, and Ti, may occur as separate crystalline 91 

phases in the form of quartz, aluminosilicate minerals such as clays, or as an amorphous 92 

aluminosilicate. The reactivity of major and trace HEs may, therefore, be expected to differ 93 

depending on the form in which they actually occur in CMD sediments. Minerals such as clays 94 

(e.g., kaolinite and illite), phosphates (e.g., monazite and xenotime), quartz, zircon, titanium 95 

dioxides (anatase and rutile), carbonates, sulfates, and sulfides are the most common crystalline 96 

phases in CMD sediments (Silva et al., 2013, 2011e). However, with decreasing pH value, these 97 

minerals undergo chemical and structural modifications (oxidation, dehydration, 98 

dehydroxylation, decomposition, and formation of new phases), altering the original material 99 

considerably (Oliveira et al., 2019a, Sanchis et al., 2015). Thus, CCRs mineral matter around 100 

CMDs transforms into various degrees of other minerals depending on the physical-chemical 101 

environment conditions. Thus, the determination of the relative abundance of the different phases 102 

in ash and similar materials is essential for the geochemical analysis of  CMDs. 103 

There are very few reports on the background concentrations and geophysical–chemical 104 

occurrence of ultra-fine/nanocompounds (mineral and amorphous phases) due to the limitations 105 
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in separation and analytical methodologies, although some laboratory-based studies have been 106 

carried out. To the best of our knowledge, this is the first attempt to assess aggregated NPs in 107 

CMD sediments and to evaluate the changes in proportions of such HEs. Consequently, low 108 

ordered Fe-minerals normally occur as temporary compounds in CMD. The current study offers 109 

a comprehensive geochemical characterization of CMDs and establishes a link between the 110 

characteristics of particular rivers and HEs.  111 

 112 

3. Materials and Methods 113 

 114 
The environmental problems associated with CMDs are the result of 100 years of coal 115 

mining activity (Civeira et al., 2016a; Dalmora et al., 2016; Rodriguez-Iruretagoiena et al., 116 

2016). This study describes the geochemical composition and amorphous phases, and collects 117 

mineralogical data for minerals associated with oxidative weathering of complex phases in 118 

CMDs by XRD-Siroquant, FIB-SEM, and HR-TEM at several localities in the Santa Catarina 119 

State, Brazil. A map of the area with the selected sampling point locations and images of CMDs 120 

are shown in Figure 1. Field sampling in this study area was performed in 2016. The sediments 121 

of CMDs were collected with plastic scoops and placed into bottles flushed with river water. All 122 

sediment collection materials were acid cleaned, rinsed with Milli-Q water, and placed in plastic 123 

bags until sampling in the field (Dalmora et al., 2020). All sediments were air-dried at a 124 

temperature of <30 °C, homogenized, sieved through 200 mesh (<74 μm), and stored in 125 

polypropylene containers in a dry system in the Laboratory of Environmental Research and 126 

Nanotechnology Development. The sampling protocol was developed by Smith et al. (2000) and 127 

adapted by Silva et al. (2013) as a sustainable sampling scheme for the selection and ordering of 128 
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coal mine rejects. The electrical conductivity, pH, and redox potential (Eh) were measured in the 129 

field using portable Quimis instruments. Eh and pH were controlled and calibrated using 2 points 130 

(240–470 mV) and 3 points (pH 4.01–7.00–9.21), respectively with Crison standard solution. 131 

The detailed methodology of coal area and sample preparation can be found in previously 132 

published works (Rodriguez-Iruretagoiena et al., 2015; Civeira et al., 2016a; Duarte et al., 2019).  133 

The materials used as standards were either natural (Saikia et al., 2016; Oliveira et al., 134 

2020) or synthetic. The synthetic samples were γ-alumina (γ-Al2O3, 99%), amorphous silica 135 

(SiO2, Aerosil® 300, Evonik, Essen, Germany), pyrite (FeS2, 99.8%), rutile (α-TiO2, 99.99%), 136 

anatase (β-TiO2, ≥99%), and zincite (ZnO, 99.999%), all from Sigma Aldrich (Saint Louis, MO, 137 

USA). The natural standards were coal rejects (previously reported by Civeira et al. (2016a,b), 138 

Sehn et al., 2016; Fdez-Ortiz et al., 2017), quartz (α-SiO2, Minusil® 5, U.S. Silica, Paci c, MO, 139 

USA), natural siderite (FeCO3, Nova Scotia; acquired from Ward’s Science, Rochester, NY, 140 

USA), and natural montmorillonitevolclay® (Wyoming SPV 200, American Colloid Company, 141 

Troy, IN, USA).  142 

Sediment mineralogy was analyzed using an X-ray Bruker diffractometer (model D8 143 

DISCOVER) with NAP-LOCK X-ray optics using a slit fixed at 12 mm, Cu Kα monochromatic 144 

radiation, and 20 mA at 40 kV current. The samples were scanned at a speed of 0.3° 2θ/min (5–145 

65°). The UFPs in the sediments with minerals or amorphous compounds were investigated by 146 

X-Ray Diffraction and a complex sequential extraction procedure previously reported by Ribeiro 147 

et al. (2010) and Silva et al. (2011a,b) was followed. The extraction was done to improve sample 148 

quality for advanced electron-beam (FIB-SEM, FE-SEM, and HR-TEM200 kV), fast Fourier 149 

transform (FFT), selected area electron diffraction (SAED), and effective FE cathode analyses 150 

(Oliveira, 2018; Silva et al., 2020a,b,c). The utilized FIB (reported by Oliveira et al., 2018 for 151 
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coal rejects study) combined with SEM and EDS were used to examine the 3D division of 152 

species within the individual and aggregated NPs (and their optical properties). During HR-TEM 153 

observations, the elements with high atomic numbers appear in the brightest zones and those 154 

with low atomic numbers appear in the dark-field zones (Silva et al., 2011d,e). A sophisticated 155 

analytical practice was applied to define the area of NPs in the sediments and the interrelation 156 

between organic NPs and PHEs (Silva et al., 2012a,b,c,d). Different methodical approaches can 157 

be applied to decrypt low-temperature progressions that have occurred in limited places in, 158 

around, and on the aggregated and/or individual particle shells at a nanometer scale (Silva et al., 159 

2011c; Sehn et al., 2016). Suspensions were pipetted onto separate lacy carbon films supported 160 

by Au grids and left to evaporate before inserting into HR-TEM (Silva et al., 2010, 2009a,b). In 161 

most of the cases, during sequential extraction, only large, strong magnetic particles (with 162 

goethite, magnetite, and hematite) could be separated from the dry bulk CMD sediments.  163 

To the knowledge of the authors, this study is the first work that demonstrates the 164 

confirmations of encapsulated HEs by massive carbonaceous and inorganic NPs in CMD 165 

sediments and reveals the authentic ecological and human assessment by advanced electron 166 

microscopic analytical procedures.  167 

 168 

4. Results and discussion 169 

4.1 Major phases 170 

Advanced electron microscopy combined with XRD analysis of CMD sediments in this 171 

study showed numerous proportions of amorphous phases (detected especially by SAED patterns 172 

as particle aggregations and/or individual particles), and mineral and non-mineral inorganic 173 

elements (Table 1). The results of XRD (see supplementary material) confirmed that more acidic 174 
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CMDs (pH≤4) have a great proportion of amorphous material (with diverse shapes and sizes can 175 

capably offer mineralization evidence). This justifies that in highly acidic CMDs, adequate 176 

crystalline arrangement and formation of a three-dimensional internal arrangement is difficult. In 177 

contrast, the less acidic samples have a high degree of crystallinity (well-defined peaks in their 178 

XRD diffractograms).  179 

 180 

4.2 Minor phases and environmental evaluation  181 

From an environmental perspective, with respect to presented sediment samples, one of 182 

the most important features of amorphous proportions is their high characteristic surface area as 183 

detected by HR-TEM/SAED/FFT/MBD/EDS, which facilitates their role as powerful 184 

sequestrates of ions from CMD solutions. Applied sequential extraction combined with 3D 185 

images by FIB-SEM/EDS and H-TEM provided additional information about the elemental 186 

composition of the samples (Table 1). For example, EDS combined with FIB-SEM, FE-SEM, 187 

and H-TEM performs the elemental analysis, whereas SAED and FFT give information about the 188 

crystalline properties of several ultrafine/nano mineral particles. The identified hazardous 189 

elements bearing NPs fell into one of the four clusters, i.e., amorphous phases, single-crystal 190 

(tremendously rare, occurred as irregular, rod-like, curved, and ellipsoidal), poly-crystal, and 191 

aggregated poly-crystal with diverse crystalline features and aggregated types. 192 

Several HEs-bearing phases (e.g., As, Cd, and Pb) appear in the acid CMD samples 193 

(Table 1) in three forms: (1) small bright spherical particles dispersed in a Fe-aluminosilicate 194 

matrix (2) amorphous and crystalline sulfates/hydr/oxides and (3) crystalline complex NP 195 

aggregates. In the first case, several particles may have resulted from the decomposition of the 196 

sulfides, carbonates, and clay minerals such as kaolinite, illite, and chlorite. In the second case, 197 
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the HEs bearing NPs were most likely formed by the decomposition  of sulfides. In the last case, 198 

the HEs bearing NPs were most likely transported by CMDs or were originally present in the 199 

CMD samples as absorbed to the NPs, co-sedimented with it, or possibly were the Al-Fe-Si-200 

nanocompounds (especially amorphous and less crystalline) detected by HR-TEM/SAED/EDS.  201 

The material recognized as amorphous in several sediment samples may involve complex 202 

mineral compounds (Figure 2A) in UFPs and NPs, which lower the limit of recognition by X-ray 203 

diffraction. It must also be noted that the amorphous phases from CMDs are not necessarily of 204 

uniform composition but may vary within and between the individual CMD particles. According 205 

to the utilized analytical procedure (Table 1), the most common materials in the studied sediment 206 

are fibrous amorphous materials containing crystalline phases (Figure 2B), pickeringite (Figure 207 

3A), gypsum (Figure 3B), chlorite (Figure 3C), illite (Figure 3D), calcite, goethite, hematite, 208 

muscovite, kaolinite (Figure 4A), and jarosite (Figure 4B), and quartz.  Numerous accessory 209 

species were detected by electron microscopes, which included ferric oxides/sulfates, Ti-oxides, 210 

and rare silicates (e.g., zircon) (Table 1). While the sequential extraction procedure was intended 211 

to disorder particle-particle connections, the method was not quantifiable as an evident quantity 212 

of accumulation may happen between NPs that have fragile physicochemical dynamism with 213 

electrostatic repulsion. Consequently, some of the mentioned NPs are in fact little NP groups.  214 

The hydrolysis of several minerals from CCRs results in an increase in acidity and 215 

provokes the buffering of the CMD systems and rivers contaminations (Fernandez-Ortiz et al., 216 

2017). Iron sulfates and hydr/oxides have received much attention due to their unique properties, 217 

such as magnetic properties, extremely small size, high surface-area-to-volume ratio, surface 218 

modifiability, and great biocompatibility (Dutta et al., 2017). The most abundant 219 

crystalline/semi-amorphous Fe hydr/oxides found in the samples were jarosite, goethite, 220 



11 
 

magnetite, and ferrihydrite, which were secondary minerals in this case and are commonly found 221 

in Brazilian CMD sediments, while the most common Ti dioxides were rutile and anatase, which 222 

is a primary mineral known to occur in the Brazilian coal mine areas. These data corroborate that 223 

the utilization simultaneity of chemical investigation may be applied to resolve the threat in a 224 

zone where CMDs have occurred. At a pH of ≤ 3.5 and high sulfate concentrations, massive Al-225 

Fe-Si-Si-amorphous phases and jarosite can form (Table 1). As pH increases, schwertmannite 226 

(collected in waters at a pH of 2.8 to 4.5) and goethite are known to precipitate containing high 227 

proportions of As, Cd, Cu, Cr, Mo, Pb, Th, Sb, V, Se, and U. The presence of these elements 228 

associated with ferrihydrite-goethite nanocrystals probably forming within the highly disordered 229 

schwertmannite needle matrix has interesting implications for the fate of HEs once the 230 

transformation to goethite has occurred.  231 

The surface properties of the samples were studied for their mineral NP aggregation 232 

behavior with Fe-hydr/oxides (i.e., hematite containing Cr with a trace amount of Ca, F, Hg and 233 

Se, goethite containing As and V), amorphous clay silicates, and gibbsite. These results show the 234 

ability of anthropogenic mineral nanoparticles to act as absorbents. However, their ability to get 235 

associated with aggregates will change the bioavailability of these compounds and create 236 

addition toxicological concerns around CMDs. Therefore, it is important to characterize coal 237 

rejects at the nanoscale (Ribeiro et al., 2013). The in-depth analysis of the HR-TEM, SAED, 238 

FFT, and EDS data suggested that the detected rare Fe-sulfates (e.g., schwertmannite) should not 239 

be defined as a unique crystal with a replicating unit cell; rather it should be defined as complex-240 

phasic ultra-fine aggregate NPs with crystalline zone, traversing less than a little nanometer 241 

within a non-crystalline encapsulation. The d-spacings calculated from lattice fringes inside 242 

multiple Fe-sulfate needles balance the d-spacings of the identified alteration results of 243 



12 
 

schwertmannite with crystalline and Fe-amorphous hydr/oxides. These data indicate that the 244 

initial stages of schwertmannite conversion occur as a gradual structural reordering at a 245 

nanoscale. It is important information regarding the Brazilian acid sediments near the coal 246 

mining area. Detected aggregates of Fe-hydroxides (e.g., ferrihydrite) by HR-247 

TEM/SAED/FFT/EDS also had aperture areas that are present in the minor NPs. This 248 

demonstrates that NPs are probably playing an important role in dictating the adsorption and 249 

distribution of HEs in CMDs (especially with pH ≤ 4), which could affect the bioavailability and 250 

toxicity of these elements. In general, the present study, using sequential and magnetic 251 

extraction, showed the existence of non-classical crystal growth mechanisms, such as oriented-252 

attachment of crystalline nanocompounds. These would be carrying toxic trace metals in the 253 

studied CMD systems over long distances (that otherwise would have not been predicted in 254 

Brazilian coal area). In the XRD analysis, the NPs appeared poorly crystalline or amorphous and 255 

similar data were reported earlier (Dutta et al., 2017; Duarte et al., 2019).  256 

Newly generated crystals from studied CMD sediments may have a significant function 257 

in decreasing PHEs (with arsenic, chromium, lead, and selenium). Table 1 shows several Fe-258 

sulfates (e.g., jarosite and schwertmannite). These ecologically important minerals for PHEs may 259 

be integrated inside their configurations. The capability for PHEs adsorption in the studied CMD 260 

areas has been focused on specific PHEs (Oliveira et al., 2012; Quispe et al., 2012; Silva et al., 261 

2011a). Conversely, the influence of aggressive or synergistic co-adsorption among oxyanionic 262 

compounds and PHE cationic residues has to be determined. This issue was not observed in other 263 

works dealing with the behavior of pollutants in the ecosystem. In the present research, fine 264 

grains with variable Cr>Fe and Fe>Cr compositions were found in the jarosite aggregates from 265 

the sediment river from Brazilian CMDs. In general, the atomic ratio of titanium to oxygen was 266 
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around 1:2 (confirmed by EDS), which indicates that the association of titanium and oxygen is 267 

anatase rutile with several amorphous phases. Nanomineral-trace HEs trends are similar for all 268 

samples; Pb is more commonly found in association with Ti oxides (by sorption to these dioxides 269 

on Pb-doped Ti dioxide), while As, B, Cd, Co, Cr, Cu, Se, V, Zn, and U, known to be sorbed to 270 

goethite, are most often associated with the Fe and Al hydr/oxides (the obtained SAED indicates 271 

that the NPs are well-crystallized). It is to be mentioned that nanocompounds and UFPs and their 272 

combinations have the capability to stay in suspension within pore water permitting connected 273 

PHEs to leach faster than UFPs, most of which are consigned to the bed load of the investigated 274 

sediment rivers near coal mining activities.  275 

As reported by previous studies (Oliveira et al., 2018, 2019b), detected jarosite crystals 276 

were of great importance in the retention of elements such as As, Cr, Cd, Ni and V. However, 277 

only with FIB it was possible to observe that the interior and all 3D forms of the jarosite crystals 278 

contained rare elements such as Hg, Mo, Sb, and U. Especially when aggregated with the jarosite 279 

crystals (Figure 3B), there were amorphous phases and schwertmannite. In addition to the 280 

importance of jarosite to adsorb HEs by FIB-SEM/EDS, it was also possible to observe that 281 

inside the crystals of jarosite, there was sphalerite containing Fe, indicating great geochemical 282 

importance, as these Zn-sulfides are capable of forming Fe-sulfates of high environmental 283 

relevance. The hematite found in the samples originates from the soil weathering of the region in 284 

which iron sulfide is generated by the local vegetation in reducing environment and also due to 285 

the presence of CCRs. The hematite is only soluble in water with a pH of less than 3, as is the 286 

case with some CMDs (Table 1). 287 

The melanterite occurs especially on CMD rocks that are exposed to the humidity of the 288 

air forming an environment near the surface from the oxidation of sulfide minerals such as pyrite 289 
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and marcasite, as well as other iron sulfides. Halotriquita, a highly hydrated Al and Fe sulfate, 290 

soluble in water, is formed by the weathering and decomposition of pyrite, clays and other 291 

minerals containing Fe and Al. The large concentrations of these minerals show that the old 292 

mining activities together with the abandonment of the coal mines directly impacted the study 293 

area, generating minerals highly soluble in water, which facilitates the bioavailability of 294 

hazardous elements. Another interesting sulfate observed in this study area was the alunite 295 

(analog of jarosite), a mineral present in acid drainage, in which aluminum replaces Fe3+. 296 

 297 

4.3 NPs general view  298 

The present work determined HEs in the NPs. Advanced electron microscopic images of 299 

NPs examined by HR-TEM displayed that darker NPs were possibly metallic; however, lighter 300 

NPs habitually contained Al, Ca, Na, Cl, and/or Si. A minor forest was studied as the related 301 

zone where non-crystalline and anthropogenic contamination was detected. Sodium chloride, Ti-302 

dioxide phases, and many iron NPs have been identified in the studied CMD sediments. These 303 

categories of NPs were clearly notable: atomic numbers of HEs were less and these NPs 304 

generally occurred in the sediment as well as the background zone. These NPs were not linked 305 

with crystallization and were individually connected to Si, Al, O, K, Mg, and P. However, in 306 

general, the detected NPs differ in the category, grades of oxidation, and µ-characters, which can 307 

be accredited principally to the CCR associations and the environmental circumstances. The 3D 308 

observations obtained by FIB-SEM, as well as the preparation of particles containing HEs in this 309 

equipment, helped facilitate the identification of HEs encapsulated in aggregated and individual 310 

crystals of Al and Fe. The use of FIB helped in this study; however, HR-TEM was an accurate 311 

technique for the study of NPs of environmental importance. 312 
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The obtained H images for the same areas were studied in comparison with an in-house 313 

NP consortium made using dual-scan absorption contrast and phase contrast modes of electron 314 

microscopy. The detailed cross-section views obtained from the restructured 3-D datasets 315 

showed subtle aspects of NPs and distinctly outlined the fine boundary of the distribution of NPs. 316 

The morphology, shape, size, and division of NPs were classified accurately using the absorption 317 

contrast mode (EDS). For the different field sediments, the NPs detected within the consortium 318 

were often distributed in clusters and were only sparsely in contact with UPF surfaces. The 319 

conservation of plant-like structures in sediments might play a role in coal balance in the 320 

ecosystem, as their permeability and reactive surface are conducible for the zones for amorphous 321 

phases and mineral coating, providing geophysical endurance. 322 

The obtained nanoscale 3-D images in this work divulged an extraordinary heterogeneity 323 

within the real mineral consortium and amorphous phases and minerals coated a large amount of 324 

the UFP surface. Several micron-sized and clay-sized, euhedral and crystalline NPs were 325 

detected (e.g., nano-aggregates/clusters had a direct association with the boundary of sediments). 326 

The compactly packed NP texture offers geophysical rigidity to the NP surface. The main NPs in 327 

coal mine drainage are mineral NPs and amorphous submicron-sized phases, instead of 328 

crystalline clay-sized nanominerals. The aggregation of natural NPs by poorly crystalline NPs 329 

increases the sorption capacity in CMD. 330 

 331 

5. Summary 332 

 The results presented in the study demonstrated that combined techniques are very useful 333 

in the study of mineral transformations in acid CMDs around coal mining areas. It is a useful 334 

approach for the characterization of acid sediments, allowing the proportions of the different 335 
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minerals and amorphous phases within the sediment to be quantified. Despite indicating the 336 

crystallographic structure of the analyzed material (using X-ray diffraction, FIB, HR-TEM, and 337 

FE-SEM), the elemental composition obtained from the EDS, SAED, and MBD allowed 338 

tentative identification of mineral phases (with diverse NPs multifaceted morphology and 339 

numerous agglomeration of HEs-bearing particles). A large number of amorphous phases and 340 

organic matter in CMD sediments suggest that Al-Fe-Si-amorphous phases and organic acids 341 

might have played an important role in ion transportation and speciation of hazardous elements 342 

by forming many simple organic compounds in the CMD sediments during the sedimentation 343 

and deposition. 344 

The CMD sediments were derived from a diverse range of geochemical environments. 345 

The quartz proportion and, to a small extent, the quantities of clays and Fe-compounds in the 346 

sediments might be associated with the abundance of comparable compounds in the investigated 347 

drainages. The structure of the amorphous compounds also suggests that the samples can be 348 

divided into two clusters (Fe and Al species). In some cases, the amorphous phase composition 349 

of acid CMD appears to be related to variations in other sediment properties, such as particle 350 

surface area and may have an impact on natural hazardous element adsorption. The present study 351 

offers an understanding on the relationships between the structure and reactivity of hazardous 352 

elements bearing nanocrystalline and amorphous phases present in CMDs. The analysis of the 353 

environmental tragedy of the Santa Catarina coal mining area may help in determining the grade 354 

of contamination and be helpful in managing worldwide coal areas. The proposed H 3-D FIB 355 

approach is a promising microscopic method for probing the multi-interfacial features between 356 

hazardous elements and NPs. It is also a potentially powerful tool for tracking the fate of NPs 357 

including heavy metals in the coal areas.  358 
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Figure captions 556 

 557 

Figure 1: An illustration of the studied area and identification of crystallized minerals. 558 

 559 

 560 

Figure 2: General FIB-SEM view of CMD sediments. (A) Typical amorphous in complex 561 

interaction with crystalline phases; (B) Fibrous amorphous phases. 562 
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 563 

 564 

Figure 3: (A) Pickeringite; (B) Gypsum; (C) Chlorite; (D) Illite. 565 

 566 

 567 
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Figure 4: Selected UFPs and NPs. (A) Nanokaolinite and FFT structure confirmation; (B) 568 

Nanojarosite by H-TEM after FIB preparations and ultra-fine jarosite by FIB-SEM; (C) 569 

Nanomagnetite. 570 

 571 

 572 

Table 1 - Major, minor phases and hazardous elements in the studied CMDs. 573 
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