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Abstract


Brazil stands out as one of the main producers of dimension stones and, in order to maintain sustainable production, the principles of environmental sustainability have been increasingly desired. The importance of studying sludge from dimension stone processing is not only based on the economic and environmental burden that its waste disposal represents for the sector but also on the opportunity to use a material that can reduce the extraction of other mineral goods. This study aimed to describe the characteristics of this sludge at different stages of the processing to evaluate the differences between the material circulating in the production process and after dehydration, when it becomes a residue to be disposed of. Aluminum, iron, manganese, and barium concentrations were high in the liquid phase of the sludge, but they were reduced considerably in the solubilized extract. The hydrogen potential reduced, falling below the threshold of corrosivity, after the withdrawal of the liquid phase. Elements with concentrations higher than the maximum allowed value for inert wastes come from both the inputs used in the processing and the processed stone itself. Initiatives to segregate materials from different sources and investments for the creation of eco-products that can replace inputs, besides the use of wastes, should be encouraged to work towards sustainable production.
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1. Introduction


Almost 70% of the global dimension stone production is from China, India, Turkey, Iran, and Brazil [1]. Brazilian exports of dimension stones in 2021 exceeded historical records, totaling USD 1.34 billion, with a positive variation of 35.5% compared with the previous years [2]. Espírito Santo, Minas Gerais, and Ceará are the main exporting states, and Espírito Santo and Minas Gerais are responsible for about 93% of sales. The stone sector in Espírito Santo accounts for 8.7% of formal jobs and 19.6% of businesses [3], and its main segment is dedicated to processing, that is, the transformation of rocky blocks into raw and polished slabs.



Among all the waste generated by this activity, dimension stone processing sludge (DSPS), whose management is regulated by the State Institute of Environment and Water Resources of Espírito Santo (IEMA) [4,5,6], has been gaining prominence. The composition of this material is of interest for the manufacture of various products, and the disposed volumes are significant. According to some authors [1], about 41% of the material taken to the processing plant is transformed into waste in Iran, which is one of the world’s major producers of dimension stones. In Brazil, the volume of waste accumulated in deposits in the region of Cachoeiro de Itapemirim, southern Espírito Santo, is estimated to be at least 3 million m³ by 2019, and the minimum growth predicted in the next two decades is 6 million m3 [7]. Although the Institute of Applied Economic Research (IPEA) [8] puts dimension stones on the list of the main Brazilian export mining products, the sector is not on the list of the largest mining waste producers. However, considering the local reality, limitations in waste management, and economic issues involved, further studies on the characteristics of these materials are necessary.



Many studies have already addressed the use of rock wastes as part of the raw material to produce ceramics [9,10,11,12], cement, concrete, and mortar [13,14,15,16], as well as bricks and blocks [17,18,19], besides evaluating it to correct the hydrogen potential (pH) [20,21,22,23] and for the mineral enrichment of soil [24,25,26]. However, significant fear and insecurity still surround environmental issues, since it involves industrial wastes whose characteristics, compositional variability, and source of potentially toxic components are unknown.



DSPS has different characteristics according to the stages of the production process [27], which gives it different classifications in terms of environmental hazards. While some authors classify wastes from the disposal of DSPDS as inert [28], others consider them non-inert due to the presence of various parameters above Brazilian thresholds [29]. In fact, this sludge is composed of a solid and a liquid phase, and significant differences between these parts are expected after drying, for example.



This study aimed to describe the characteristics of DSPS at different stages of the rock processing, both in compositional terms and considering the waste classification of the Brazilian Association of Technical Standards [30]. The research was conducted in the State of Espírito Santo, Southeast Region of Brazil, where the main Brazilian dimension stone production center is located. Samples of DSPS were divided into the liquid phase and solid phase to evaluate the differences between the sludge circulating in the production process and the waste from DSPS, which is dehydrated before disposal. The data were compared with the characteristics of processed stones and some of the inputs used, seeking to map possible sources of some elements that define the type of waste.




2. Materials and Methods


2.1. Sampling


Samples were collected in companies that use different types of rock processing: conventional looms plus plate polishing, diamond (or multi-wire) looms plus plate polishing, and only plate polishing. Figure 1 shows the location of the sludge collection points in the production line of the companies.



Samples of the blocks (fragments of rocks) that were being sawn at the time of the collection of DSPS were also collected, in addition to samples of the slurry that is temporarily stored in the sedimentation tanks. Theses tanks receive the effluent from the polishing stage and return the liquid phase to the processing system after decantation of the solid phase. In these tanks, samples of the supernatant liquid phase and samples of the particulate material decanted at the bottom of the tank were collected. Samples of the mixed sludge, which is driven by channels (conduits) to the filter press, where the material is dehydrated before disposal, were also collected.



In total, 80 samples of DSPS, 50 samples of traditionally processed stones from the region, and 5 samples of inputs used in the processing were collected. The samples of DSPS were stored in previously cleaned 2 l bottles made of resistant polyethylene with a wide mouth and screw cap and packed in a cooler with ice to ensure the preservation of their original characteristics. The samples were transported to the Laboratory of Applied Geology of the Department of Geology at the Federal University of Espírito Santo (UFES), where they were stored in a refrigerator under 4 °C until analysis. Stone and input samples were packed in resistant plastic bags until properly identified.




2.2. Separation of Liquid and Solid Phases and Determination of Water Content


Samples of DSPS in the liquid and solid phase were homogenized and then placed in a graduated cylinder of a known volume to rest. After the decantation of particles (24 h at rest, with the graduated cylinder capped to prevent the entry of external particles), the liquid and solid phases were obtained (Figure 2). The liquid phase was pipetted and stored in a previously cleaned resistant polyethylene container with a screw cap for pH measurement and metal analysis. The solid phase was kiln-dried at 42 °C for later analyses.




2.3. Particle Size Analysis of the Solid Phase of DSPS


For the particle size analysis of the solid phase of DSPS, previously dried samples were wet-screened using a set of sieves with an opening of 18 to 270 mesh. The fraction that passed through the finest sieve (0.053 mm) was analyzed in a laser sedigraph at the Sedimentology Laboratory of the Department of Oceanography of UFES, where fractions of up to 0.00025 mm were dimensioned.




2.4. Analysis of the Chemical Composition of the Solid Phase of DSPS, Stones, and Inputs


The chemical compositions of the solid materials (the solid phase of DSPS, stones, and inputs) was evaluated by X-ray fluorescence (XRF) spectrometry. Previously dried samples were ground and mixed with reagents for the manufacture of fused pellets made of 1 g of sample, 9 g of lithium tetraborate, and 1.5 g of lithium carbonate. The mixtures were fused in a fusing machine for 17 min at about 1300 °C. The steel grit sample was prepared for chemical analysis by complexometric titration. Previously ground and dried samples were subjected to ultrapure HCl for 24 h, and the filtered extract was titrated using DCTA (1,2–cyclohexylendinitrile-tetraacetic acid monihydrate) to determine the iron content. To evaluate the loss on ignition (LOI), platinum crucibles (without samples) were taken to the muffle furnace at 1000 °C for 20 min. A total of 1000 ± 0.001 g of sample was weighed in each crucible. Samples were calcined in a muffle furnace at 950 ± 50 °C for at least 50 min until reaching a constant mass. Before each weighing, crucibles with and without samples were placed in a desiccator to reach room temperature without absorbing moisture from the environment.




2.5. Analysis of the Liquid Phase and the Solubilized Extract of the Solid Phase of DSPS and Rocks


The IEMA adopts the ABNT waste classification system as a valid regulation to evaluate the potential of environmental impacts of solid wastes. According to NBR 10,004/2004 [30], wastes can be classified as dangerous (type I) or non-dangerous (type II). Non-dangerous waste may also be non-inert (type II-A) or inert (type II-B). To identify dangerous and non-dangerous wastes, the leaching test is used according to NBR 10,005/2004 [31]. This test was not performed in this study, but considering the pH levels of the samples, their corrosivity was tested. A waste is considered corrosive and, therefore, dangerous when, in the case of aqueous samples, its pH is less than or equal to 2.0 or greater than or equal to 12.5, or its mixture with water, in the proportion of 1:1 by weight, produces a solution with a pH less than 2.0 or greater than or equal to 12.5 [30]. Type II-A waste (non-inert) may have biodegradability, combustibility, or solubility in water. When type II-B waste (inert) enters into dynamic and static contact with distilled or deionized water at room temperature, according to NBR 10,006/2004 [32], none of its components are solubilized to concentrations higher than the water potability standards, except for the appearance, color, turbidity, hardness, and flavor. Waste classification as type II-A or II-B is evaluated by the solubilization test, in which the sample is mixed with deionized water and left at rest for seven days. Later, the mixture is filtered, and the extract is analyzed to measure the elements and/or substances that were solubilized in the liquid phase.



To obtain the solubilized extract, a 250 g aliquot (dry basis) of each sample (including the solid phase of DSPS and rock powder samples) was separated in a 1500 mL bottle, in which 1000 mL of ultrapure water was added. The mixture was stirred at a low speed for 5 min. The bottle was sealed with PVC film and a lid and left to rest for seven days at a controlled temperature of up to 25 °C. The supernatant solution was filtered in a filtration apparatus garnished with a 0.45 μm porosity filter membrane. The liquid obtained after filtration is the solubilized extract. Its potential hydrogen (pH) value was measured, and an aliquot was stored in a previously cleaned polyethylene bottle acidified with nitric acid (HNO3) until the pH was lower than 2.



The pH value of the liquid phase samples of DSPS was also previously measured, and then, an aliquot was filtered in a 0.45 µm membrane and acidified with ultrapure HNO3 until reaching a pH lower than 2. These samples, together with the solubilized extracts, were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) to obtain the concentrations of aluminum (Al), barium (Ba), cadmium (Cd), calcium (Ca), cobalt (Co), copper (Cu), chromium (Cr), lead (Pb), iron (Fe), magnesium (Mg), manganese (Mn), nickel (Ni), titanium (Ti), and zinc (Zn). This analysis was performed at the Environmental Geochemistry Laboratory (NGqA) of the Professor Manoel Teixeira da Costa Research Center (CPMTC), Institute of Geosciences, Federal University of Minas Gerais (UFMG). The values obtained were compared with the limit values between inert and non-inert waste in the classification system of NBR 10,004/2004 [30].



The laboratory procedures involved the preparation of a “laboratory blank”, which was a sample of the same ultrapure water used in all laboratory processes and which was subjected to the same procedures as the samples under analysis. It would identify cross-contamination or contamination from any source outside the original sample.



A survey of DSPS classification reports was conducted, and IEMA and 145 classification data were also included in this study. These data show an overview and support part of the discussion presented at the end of this study.





3. Results


3.1. Characteristics of DSPS


The water content in DSPS is extremely variable (Figure 3a) and tends to be lower (up to about 60%) when using conventional looms. When using diamond or multi-wire looms, the water content is higher, reaching values close to 100%. The amount of particulate material greatly reduces when the processing system used is diamond looms, hindering the collection of samples in the solid phase for analysis. In this type of processing, instead of “sludge”, the more appropriate term for referring to the material would be “processing fluid”.



The grain size of the particulate material existing in sludge, or processing fluid, is very small, ranging from 1.0 to 0.00025 mm (Figure 3b), and about 70% of the particles are smaller than 0.05 mm. About 20% of the grains from samples collected in the conventional system (SC, MC, and DC) are 1.0 to 0.1 mm, while in other sets (SM, MM, DM, and DP), only 5% of the grains are in this range. This is due to the steel grit, which is part of the abrasive material used for sawing in the conventional system. In companies that use diamond looms, as well as those that perform the polishing, the particulate material tends to have a smaller grain size.




3.2. Chemical Composition of the Solid Phase of DSPS


The percentage of components existing in the solid phase of DSPS is very similar, regardless of the processing technique used (Figure 4). Si, Al, and Fe are the main elements, and they usually constitute more than 70% of the solid phase. Ca is also a relevant element in samples from multi-wire looms, and its provenance in these cases is associated with marble that is commonly sawn using this type of equipment. In conventional looms, the lime in the sawing pulp also provides Ca, along with the steel grit, which introduces Fe into the sludge.



The solid waste classification system of ABNT involves the analysis of the concentration of elements and substances in extracts obtained from solubilization and leaching tests. The liquid phase of DSPS is not this type of extract, but it is the liquid portion that separates from sludge, in a greater or lesser amount, when it is left at rest. The concentrations of elements in this liquid phase were measured to compare this solution with the liquid extracted from the solubilization of the components of the solid phase after sludge dehydration in the filter press or drying bed.



Table 1 shows data on the samples of the liquid phase of DSPS and the solubilized extract of the solid phase. In all cases studied, Al has values higher than what is allowed for inert waste according to NBR 10,004/2004 [30]. However, the values are considerably higher in the liquid phase compared with the solubilized extract. Fe, Mn, and Ba exhibit the same behavior. The regulation for Ti, Ca, and Mg does not establish a limit value, but their concentrations are always higher in the liquid phase of DSPS compared with the solubilized extract. The elements Cd, Co, Cr, Cu, Ni, Pb, and Zn were also analyzed, but the values were below the detection limit of the equipment.



The pH values of the liquid phase of DSPS vary considerably between samples at different stages of production (Figure 5a). Samples from sawing in a conventional loom (SC) and the channel mixture of a conventional loom (MC) have values higher than 12.5, which is the threshold from which waste is considered corrosive, that is, dangerous from an environmental perspective. On the other hand, the pH values of the solubilized extract of the solid phase (Figure 5b) are lower compared with the liquid phase, especially the samples from conventional looms (sawing and mixture). The corrosivity test (Figure 5c) showed no value as higher than the maximum limit allowed, indicating that this waste is non-dangerous regarding this parameter.




3.3. Chemical Characteristics of Processed Stones


In the commercial sector, silicate rocks are generally called “granite”. However, according to geological nomenclature, these rocks involve various lithotypes, including granite itself, granodiorite, diorite, gabbro, and gneiss, among others. Their common characteristic is the predominance of quartz and the various types of silicate in their composition. On the other hand, carbonate rocks consist of marble. This name is commonly used in both the commercial and scientific sectors. The waste analyzed in this study came from the processing of both silicate and carbonate rocks.



The main chemical composition of silicate rocks (Figure 6a) includes Si and Al and secondarily Fe, K, Na, Ca, Mg, and Ti. Ti, Mn, P, and LOI accounted for less than 1%. “Other” elements include Sr, Zr, and Ba. The main components of carbonate rocks (Figure 6b) were Ca, Mg, Si, and the radical carbonate (CO3−2), which is evaluated as the LOI in this type of analysis. The percentage of the other components is very low (less than 0.5%), which substantially differentiates the two large lithological groups studied.



Table 2 shows the concentration of chemical elements in the solubilized extract obtained from the powder of the rocks that were sampled during the collection of DSPS and milled in our laboratory. The values for both Al and Fe were higher than the thresholds for inert waste, showing that these elements are also released by the processed rocks.




3.4. Main Inputs Used in the Processing of Rocks


Fe is the main component of the inputs used in the sawing of blocks in conventional looms (Figure 7a), as it constitutes the steel grit and blades, which are materials that wear out and become part of the DSPS. Regarding the main inorganic components of the abrasive materials used in the polishing of slabs (Figure 7b), the conventional type mainly includes Si and Mg, while the type referred to as “luster” has more than 50% of Al, almost 40% of resinoid, and almost 20% of Na. The analysis performed (XRF) did not identify organic components, but they were quantified by the LOI.





4. Discussion


This study presents the characterization and classification of the DSPS and the fluid circulating in the production system, as well as its comparison with the solubilized extract of processed rocks and the composition of the main materials used. The results show that the non-inert nature (according to ABNT) of the waste generated by discarding the DSPS is associated with both the processed stones and inputs used in the processing.



Some authors [27] showed that a direct correlation exists between the chemical composition of the solid phase of DSPS and sawn rocks, except for some components found in the sludge of conventional looms, such as Fe, as their contents can increase by more than 400% compared with rocks that are sawn with conventional sludge. Mn, Ti, and P also increase, probably because, along with Fe, these elements exist in the steel grit and blades. However, according to the present study, certain types of stones also provide Fe, while Ca and Mg can also come from both rocks (usually marble) and inputs (such as the lime used in the sawing process and magnesian abrasive used in the polishing of slabs).



Al and Na, besides being provided by silicate minerals that constitute the rocks, also come from the abrasive materials that are used in the polishing of slabs. Coagulants used in the decantation tank of particulate materials, a process that occurs after polishing, may be another source of Al. Unlike Al from silicate minerals, Al from coagulants exists in soluble substances, such as AlCl3 and Al2(SO4)3. Similarly, Fe can come from FeCl3, which is also used as a coagulant to accelerate the decanting of the solid phase of the polishing effluent. As companies usually perform water recirculation in the processing system, the liquid phase of sludge and processing fluids is full of various soluble components of inputs, as well as minerals, which are comminuted and solubilized. The small particle size of the solid phase of sludge shows the increase in the surface area of mineral particles, which can facilitate the release of chemical elements to the liquid phase. It can accelerate in cases in which the pH becomes corrosive (higher than 12.5) as a consequence of the introduction of lime into the sludge of the conventional sawing system. At the end of the process, the sludge and fluids of the sawing and polishing stages are usually mixed and all elements, and substances become effluents of the processing, which are dehydrated before disposal.



The dehydration of DSPS before disposal is extremely important to reduce the potential for environmental damage, since some components of the inputs may be toxic to living organisms [29,33], especially those that are used in the polishing of slabs. The analysis of the liquid phase that separated from the solid phase of sludge, as presented here, shows that DSPS is different from the dehydrated waste or the waste with reduced water contents. The IEMA Normative Instruction 12/23 [5] defines the licensing procedures for the processing of dimension stones and requires a reduction in the moisture content of sludge to a maximum of 30% before disposal. Corroborating the requirements of the managing body, the presented data show that removing the liquid content of sludge tends to make the waste from DSPS different from the original sludge, considerably reducing possible environmental risks.



The high pH measured in the liquid phase of DSPS tends to mitigate after dehydration by pressing. The collection of circulating sludge, when its liquid and solid phases coexist, can lead to the classification of waste as dangerous as a function of corrosivity. Previous studies have already thoroughly discussed the issue of the pH of waste from DSPS and showed that the pH values tend to mitigate over time [34]. However, the results of this study highlight the need to measure the pH in the solubilized extract and/or by the corrosivity test, according to NBR 10,004/2004, and never directly in the pasty sludge. Moreover, the sampling of waste from DSPS for classification should be performed after the material is subjected to the filter press or bed-drying.



In Brazil, following ABNT standards, studies have classified waste from DSPS as non-dangerous and non-inert [35,36] according to the IEMA Normative Instruction 11/16 [3], as has the state environmental management body itself. However, due to the compositional variability of the rocks, technologies, and inputs used, inert waste can also be produced, in line with previous work [28] and in accordance with the data presented here, as well as data obtained in the survey of reports provided by IEMA (Table 3).



Considering that the types of stones demanded by the market vary over time and depend more on trends related to visual aspects than on the composition of the product, suggesting the selection of types of rocks with predetermined compositions to avoid the production of non-inert waste is not feasible. On the other hand, investing in the creation of ecologically sustainable inputs can be an important action aimed to produce predominantly inert waste or waste with a low environmental risk. Moreover, the use of multi-wire looms should be encouraged, because this process produces a considerably lower volume of waste to be disposed, besides its other advantages, such as greater possibilities of using the waste in products of higher added value [7].



Elements that usually prevent waste from being classified as inert (Al, Fe, and Mn) have a geochemical behavior of low mobility in the natural environment [37] and, thus, tend to constitute insoluble minerals or adhere to solid particles. However, under particular environmental conditions, these elements may be mobilized in the environment, which explains their presence in the list of parameters of technical standards and legal regulations. Moreover, the source of these components is not only rocks, but inputs, which often consist of highly soluble compounds.



The separation of effluents from sawing and polishing is another initiative that should be encouraged, aiming at the safe management of the waste from DSPS and other processing fluids. Considering that about 90% of the waste from DSPS comes from the sawing stage, future studies should address the segregation and differentiated treatment of the solid phase produced in the polishing, aiming at waste management. This would also contribute to eliminating mistrust regarding the safe use of sawing waste as a raw material in other production processes, as several studies suggest. The composition of waste from DSPS, especially that produced from sawing using diamond or multi-wire looms, consists essentially of milled rocks with extremely small particle sizes. Its potential to serve as a raw material in several production processes is great, especially when grinding or comminuting materials with compositions that are similar to the Al, K, Na, Ca, and Mg silicates, besides Ca and Mg carbonates, is necessary.




5. Conclusions


The characterization of the sludge circulating in the processing of dimension stones showed that the percentage of water content of the DSPS in the sawing of blocks in conventional looms is 60% and close to 100% in diamond or multi-wire looms. Therefore, in the latter two, the term processing “fluid” is used instead of “sludge”. Processing fluids and sludge must be distinguished from the waste that is produced after the removal of excess water, and it must be performed before taking the waste to industrial landfills or using it as a raw material in other industrial processes.



The effluents of the processing of dimension stones should be evaluated using the ABNT classification system based on samples collected after being subjected to the filter press or drying bed; however, they should not be collected in the system of circulation of sludge or fluids of the company. This is because the liquid phase of sludge has several components in high concentrations, which make it different from materials that are to be transported and stored in waste deposits.



The differences between sludge and fluids circulating in the production process of dimension stones and the waste produced are significant regarding their potential environmental impacts. In this study, the Al, Fe, and Mn contents in the solubilized extract of the solid phase of DSPS were higher than the thresholds established for inert waste by NBR 10,004; therefore, they are classified as non-inert materials. However, the concentrations of these elements were higher in the liquid phase of DSPS, in which the Ba content was also higher than the threshold, showing the importance of dehydrating this material before transport and storage in deposits or landfills, in accordance with IEMA Normative Instruction 11/2016. Similarly, the pH reached levels of hazard in the liquid phase of DSPS, but it was below this threshold in both the solubilized extract of the solid phase and the corrosivity test recommended by ABNT.



Therefore, the removal of the liquid phase of the produced waste is essential to reduce environmental risks during disposal. Dehydration using a filter press should be prioritized, aiming at the effective removal of the liquid phase and not only air-drying, since in this case, part of the components that were previously in solution may precipitate.
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Figure 1. The locations of the sampling points in the processing system of dimension stones of companies that use (a) a conventional loom and polishing machine; (b) a multi-wire or diamond loom and polishing machine; (c) a polishing machine only (the acronyms in parentheses in the legend are used throughout the text). 
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Figure 2. The separation of the liquid and solid phases of DSPS samples collected from companies. 
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Figure 3. (a) The water contents (liquid phase) in samples of DSPS and (b) particle size of the solid phase (SC: sawing in a conventional loom; MC: conduit mixture from a conventional loom, DC: decantation tank of companies with a conventional loom; SM: sawing in a multi-wire loom; MM: conduit mixture in a multi-wire loom; DM: decanting tank of companies with a multi-wire loom; DP: decanting tank in a polishing company) (the asterisk means an outlier). 
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Figure 4. The chemical composition of the solid phase of DSPS collected in companies using conventional looms (n = 48) and multi-wire looms (n = 19), and companies that only perform polishing (n = 8) (n = number of samples in each group). 
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Figure 5. pH values measured in (a) the liquid phase, (b) the solubilized extract of the solid phase, and (c) the corrosivity test of the sample groups of DSPS (SC: sawing in a conventional loom; MC: channel mixture in a conventional loom, DC: decantation tank of companies with a conventional loom; SM: sawing in a multi-wire loom; MM: channel mixture in a multi-wire loom; DM: decanting tank of companies with a multi-wire loom; DP: decanting tank in a polishing company). 
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Figure 6. The chemical compositions of the processed rocks, which have a (a) silicate composition (referred to as “granite” in the commercial sector, as mentioned before) or (b) carbonate composition (marbles) (n: number of samples). 
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Figure 7. The chemical composition of (a) the steel grit and blades used in the sawing of blocks in conventional looms and (b) selected abrasive materials used in the polishing of slabs. 
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Table 1. The concentrations of elements in (a) the liquid phase of DSPS and (b) the solubilized extract of the solid phase of DSPS. T-Inert: thresholds for inert waste, according to NBR 10,004/2004 [30]; n: number of samples.
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(a) Liquid Phase of DSPS (mg L−1)




	
Elements

	
Al

	
Fe

	
Mn

	
Ba

	
Ti

	
Ca

	
Mg




	
T-Inert

	
0.2

	
0.3

	
0.1

	
0.7

	
(null)

	
(null)

	
(null)




	
Conventional

(n = 46)

	
mean

	
2.64

	
1.57

	
0.05

	
0.18

	
0.03

	
47.41

	
28.22




	
median

	
0.56

	
0.18

	
0.01

	
0.13

	
0.00

	
25.98

	
11.13




	
stand.dev.

	
4.74

	
4.24

	
0.13

	
0.22

	
0.09

	
64.18

	
48.53




	
minimum

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
1.01

	
0.01




	
maximum

	
20.71

	
23.81

	
0.79

	
1.13

	
0.47

	
366.30

	
266.80




	
multi-wire

(n = 34)

	
mean

	
1.43

	
0.67

	
0.15

	
0.12

	
0.05

	
65.69

	
37.99




	
median

	
0.14

	
0.04

	
0.07

	
0.10

	
0.00

	
23.86

	
16.86




	
stand.dev.

	
3.91

	
1.83

	
0.27

	
0.09

	
0.16

	
110.31

	
32.35




	
minimum

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
9.23




	
maximum

	
18.54

	
9.19

	
1.34

	
0.40

	
0.81

	
477.00

	
105.30




	
Polishing

(n = 20)

	
mean

	
0.47

	
0.36

	
0.09

	
0.17

	
0.03

	
16.78

	
47.31




	
median

	
0.13

	
0.02

	
0.09

	
0.12

	
0.00

	
16.41

	
12.12




	
stand.dev.

	
0.98

	
0.89

	
0.07

	
0.15

	
0.09

	
6.03

	
74.25




	
minimum

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
8.13

	
6.92




	
maximum

	
4.42

	
3.86

	
0.22

	
0.48

	
0.41

	
23.17

	
208.10




	
(b) Solubilized extract of the solid phase of DSPS (mg L−1)




	
Elements

	
Al

	
Fe

	
Mn

	
Ba

	
Ti

	
Ca

	
Mg




	
T-Inert

	
0.2

	
0.3

	
0.1

	
0.7

	
(null)

	
(null)

	
(null)




	
Conventional

(n = 42)

	
mean

	
0.30

	
0.07

	
0.00

	
0.01

	
0.04

	
6.81

	
1.27




	
median

	
0.07

	
0.00

	
0.00

	
0.00

	
0.02

	
4.25

	
0.15




	
stand.dev.

	
0.69

	
0.14

	
0.00

	
0.01

	
0.04

	
7.16

	
2.05




	
minimum

	
0.00

	
0.00

	
0.00

	
0.00

	
0.02

	
0.72

	
0.01




	
maximum

	
4.31

	
0.57

	
0.01

	
0.03

	
0.09

	
32.53

	
7.42




	
multi-wire

(n = 26)

	
mean

	
0.40

	
0.15

	
0.03

	
0.05

	
0.01

	
34.20

	
5.71




	
median

	
0.14

	
0.04

	
0.01

	
0.04

	
0.00

	
17.48

	
4.32




	
stand.dev.

	
0.63

	
0.23

	
0.07

	
0.04

	
0.02

	
80.84

	
3.95




	
minimum

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.25




	
maximum

	
2.41

	
0.84

	
0.27

	
0.17

	
0.06

	
426.00

	
15.19




	
Polishing

(n = 10)

	
mean

	
0.55

	
0.35

	
0.01

	
0.04

	
0.04

	
13.32

	
9.72




	
median

	
0.12

	
0.21

	
0.01

	
0.03

	
0.03

	
10.93

	
12.33




	
stand.dev.

	
0.67

	
0.45

	
0.01

	
0.02

	
0.05

	
9.30

	
5.14




	
minimum

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
6.04

	
2.18




	
maximum

	
1.74

	
1.50

	
0.03

	
0.08

	
0.12

	
35.85

	
15.17











 





Table 2. The concentrations (values in mg L−1) of elements extracted from the solubilization test of the powder of dimension stones (powdered rocks). T-Inert: thresholds for inert waste according to NBR 10,004/2004 [30]; n: number of samples.
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	Elements
	Al
	Fe
	Mn
	Ba
	Ti
	Ca
	Mg





	T-Inert
	0.2
	0.3
	0.1
	0.7
	(null)
	(null)
	(null)



	mean
	0.73
	0.57
	0.01
	0.03
	0.05
	20.55
	3.06



	median
	0.22
	0.00
	0.00
	0.01
	0.00
	23.34
	1.79



	stand.dev.
	1.33
	2.06
	0.03
	0.06
	0.22
	9.68
	3.21



	minimum
	0.00
	0.00
	0.00
	0.00
	0.00
	3.45
	0.22



	maximum
	5.40
	9.26
	0.12
	0.19
	0.98
	30.30
	12.61










 





Table 3. Percentage of samples of DSPS classified as inert and non-inert by analyzing the solubilized extract obtained according to NBR 10,006/2004 [32] (data source: state environmental agency database and this study) (n: number of samples).
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Origin of the Sample

	
Type




	
Non-Inert

	
Inert






	
conventional loom + polishing machine (n = 120)

	
51%

	
49%




	
conventional loom + multi-wire loom + polishing machine (n = 40)

	
45%

	
55%




	
multi-wire loom + polishing machine (n = 49)

	
43%

	
57%




	
polishing machine (n = 14)

	
50%

	
50%




	
TOTAL (n = 223)

	
48%

	
52%
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