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Abstract

:

The aim of this study is to compare the mechanical and physical properties of different geopolymer mortars made with granulated blast furnace slag as a geopolymer source material, NaOH (8 M) as the activating solution, and three different types of fine aggregates (air-cooled blast furnace slag, biomass bottom ashes, and silica sand). The samples were made with an aggregate/geopolymer ratio of 3/1, and physical (density and mercury intrusion porosimetry), mechanical (compressive and flexural strength), and acid attack resistance were determined. When air-cooled blast furnace slag is used, the mechanical and acid attack properties are improved compared with silica sand and biomass bottom ashes because of the existence of amorphous phases in this slag, which increase the geopolymer reaction rate despite the particle size being higher than other aggregates. It can be highlighted that the use of ACBFS as a fine aggregate in geopolymer mortars produces better properties than in cement Portland mortar.
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1. Introduction


The European Union presents the circular economy as a viable alternative to the prevailing model of production and consumption worldwide, especially in developed countries or in those where excessive means of production are used, which encourage compulsive and sometimes unnecessary consumption, blurring the idea of acquiring goods and services for their necessity [1].



This new paradigm requires a significant shift in current production and consumption systems. The shift must be toward regenerative systems that are designed to conserve the value of resources (materials, water, soil, and energy) and products while exponentially diminishing raw material and energy inputs. This will reduce waste generation and negative impacts, hence decreasing negative externalities for the environment, climate, and human health [2].



The construction sector is one of the main polluters. For example, the cement industry is responsible for the emissions of 2 gigatons of carbon dioxide (    C O   2    ) per year, which is more than 5% of the total world emissions, and it is expected that by 2050, the emissions will be 5 gigatons [1]. There are numerous lines of investigation researching the replacement of cement with geopolymers [3]. Geopolymerization is a term coined by Joseph Davidovits in the 1980s to designate synthetic inorganic polymers of aluminosilicates resulting from the chemical reaction known as geopolymerization [4]. Geopolymers have the advantages of low     C O   2     emissions during production, high chemical and thermal resistance, and satisfactory mechanical properties, all at room temperature and at extreme temperatures. The geopolymerization reaction takes place under highly alkaline conditions between an aluminosilicate powder and an activating solution (alkaline hydroxide and/or alkaline silicate) at ambient or slightly above ambient conditions (<60 °C), to obtain a new synthetic alkaline aluminosilicate of a polymeric chain structure.



Many wastes (coal fly ashes, blast furnace slag, construction and demolition wastes, municipal solid waste incineration ashes, metallurgical and mining waste, etc.) [5,6,7,8,9] have been studied as raw materials for the manufacturing of geopolymeric materials such as concrete, mortars, building components, insulation, and fire-resistant coatings [10,11,12,13].



Slags developed during the manufacturing of pig iron are referred to as “blast furnace” slags and are produced by the smelting of various fluxes mixed with gangue minerals. The raw material quality, as well as the design and operation, determine the quality and quantity of slag. Several types of slags are produced. Granulated blast furnace slag, air-cooled blast furnace slag, expanded or foamed slag, and pelletized slag are the various names for these products [14].



Granulated BFS is obtained by cooling the liquid slag by dropping it on a powerful jet of cold water, thereby making it expand, and using the water jet as a transport vehicle to the decantation basins. During this process (granulation), the slag vitrifies. The principal use of granulated blast furnace slags is for cement production [15,16], but GBFS can also be used as a raw material to obtain geopolymers [7,17], showing good physical and mechanical properties.



Air-cooled blast furnace slag (ACBFS) is also a material derived from iron and steel production, which is obtained by slow cooling of the liquid slag in large facilities. The material crystallizes, forming different components, leaving only a small part in a glassy state. The principal uses of this material are cements with soil-cement additions [18], geopolymers [19], base layers of roads [20], and sound absorption materials [21]. Previous studies [15] have analyzed the use of ACBFS as a fine aggregate, but the results are worse than for natural aggregates. In 2016, 430,000,000 tons of slag were produced, 66% of which were granulated blast furnace slags and 34% air-cooled blast furnace slags [14].



Olive pomace is used as biomass because of its high energy content and low cost; around 30% of it is used to create power. In Spain, the combustion of olive pomace produces more than 50,000 tons of ash each year [22].



Bottom and fly ash are two types of ash created during the combustion process of solid fuel. Bottom ash is created on the grate in the boiler’s initial combustion chamber, and it presents a higher percentage of unburned biomass. Previous studies have used these bottom ashes in bricks [23,24], cement manufacture [25], road binders [26], geopolymers [27], fine aggregates in mortars [28], fire resistance materials [29], and fertilizers [30], but the percentage of recycling is very low.



Although ACBFS and olive pomace bottom ash (OPBA) has previously been used as sources of aluminum and silicon to produce geopolymers and as a fine aggregate for mortars using Portland cement, the results have not been promising [15,19,27,28]. The aim of this study is to compare the mechanical and physical properties of two types of geopolymeric mortars made with BFS as geopolymeric precursor, NaOH (8 M) as activating solution, and ACBFS and OPBA as fine aggregates. This work presents two important benefits: (1) the environmental benefit by means of the valorization of three wastes/byproducts in this construction material, fulfilling the European regulation regarding circular economy, and (2) the respective cost savings because of not landfilling these wastes.




2. Materials and Methods


2.1. Materials


Mortars were made with three fine aggregates and a geopolymer cement as the binder. The geopolymer cement is made by means of the activation of granulated blast furnace slag (BFS) with NaOH (8 M). The fine aggregates are standard silica sand, air-cooled blast furnace slag, and olive pomace bottom ash.



Both granulate (BFS) and air-cooled (ACBFS) blast furnace slag come from EDERSA (Gijón, Asturias, Spain). Biomass bottom ashes came from an energy generation process that uses only olive pomace in an inclined grill oven from Villanueva del Arzobispo (Jaén, Spain). Figure 1 shows an image of the four raw materials.



The chemical composition of BFS and ACBFS is practically the same, as can be seen in Table 1. Both materials comprise four main components: lime, silica, alumina, and magnesia, which constitute more than 95%. The chemical composition of the slags varies depending on the steelmaking process employed and varies between 27–50% of SiO2; 5–33% of Al2O3; 30–50% of CaO, and between 1–21% of MgO [19].



According to EN 196-1 [31], natural silica fine aggregate (NA) (standard sand) is processed mainly from what used to be lakes and rivers where large silica sand sediments are found. SiO2 exceeds 85% of its chemical composition.



As can be seen, CaO, SiO2, Al2O3, and K2O are the main components of olive pomace bottom ash (OPBA). In addition, OPBA presents a high unburned content, which leads to the particles presenting a low specific gravity.



The XRD analysis of BFS, ACBFS, and OPBA was carried out using a D8 Advance A25 instrument (BRUKER) (40 kV and 30 mA). The DIFFRAC-EVA software (BRUKER) was used for phase identification. The software works with a reference database ICDD PDF4.2022 version of JCPS. Phase identification and accurate quantitative phase analysis (amorphous and crystalline contents) are based on the reference intensity ratio (RIR) method [32,33]. Figure 2 shows the diffractograms of the three raw materials.



Curves of BFS and OPBA were moved 1000 and 2000, respectively, from the real intensity to improve the visualization of the curves. The XRD pattern of BFS showed a broad peak in almost all 2θ ranges which is characteristic of an amorphous material (60.4%). BFS only presented a peak corresponding to calcium silicate. ACBFS presented an amorphous content of 20.5%. The main crystalline phases were akermanite, quartz, microcline, and gehlenite. OPBA showed an amorphous content of 39.6%. Quartz, bütschliite, calcite, and kalsilite were identified as the main crystalline phases. As can be seen, BFS has a large amount of vitreous content, which made it a perfect raw material for the geopolymerization reaction. On the other hand, ACBFS, which comes from the same process but with a slow cooling in the air, showed a lower content of vitreous phase than BFS.



The particle size was examined using a Mastersizer 3000 particle size analyzer. The particle size distribution of the three fine aggregates is depicted in Figure 3. OPBA presents a particle size between 0–1500 µm with an average particle size of 387 µm. NA presents a particle size between 250–1500 µm, with an average particle size of 680 µm while ACBFS presents a wider size range than SS (0–2000 µm), but with a slightly lower average particle size (660 µm) than NA. Previous research shows that BFS presents a smaller particle size (50–100 µm) compared to the three fine aggregates [16].




2.2. Methods


2.2.1. Geopolymeric Mortar Preparation


Three different geopolymeric mortars were manufactured at room temperature using a mixer (KitchenAid). The solid phase (BFS and fine aggregates) was mixed for 4 min at low speed. Next, the liquid phase (activating solution, superplasticizer, and water) was added to the solid phase, and all materials were mixed for a further 10 min. Table 2 shows the different dosages. The geopolymer binder was prepared using BFS as the source material and NaOH 8 M as the activating solution. In all cases, a superplasticizer (SP) based on polycarboxylic ether-based superplasticizer (MasterEase 5025) was added. NaOH/BFS, fine aggregate/BFS, and SP/BFS ratios were kept constant in all the mortars. Previous tests were performed to calculate the accurate ratios of water to obtain a thixotropic material with the same workability, as can be seen in Table 3. Mixtures with OPBA required a higher H2O/BFS ratio, due to the higher LOI content, lower specific gravity, and fine particle size, which increase the absorption of water during the mixing. Mixtures with SS showed the lowest H2O/BFS ratio since SS presents the highest specific gravity (lower porosity).



The solid phase (blast furnace ash and fine aggregates) was mixed for 4 min in a mixing machine. Next, activating solutions SP and H2O were added to the previous mixture and mixed for 15 min. The resulting paste was placed in molds and was vibrated on the vibrating machine for 1.5 min. The setting time of the mortars was less than 15 h at room temperature, results were similar to other works [34], then, 24 h after their manufacture, the samples were unmolded, wrapped in transparent film, and left to cure for a total of 28 days at 20 °C.




2.2.2. Mortar Characterization


The density of the mortars was evaluated in accordance with EN 1936 [35] for samples cured for 28 days.



The pore size distribution in the range of 1 to 300 μm was studied using mercury intrusion porosimetry (MIP-PoreMaster 60GT). The surface tension was 480 mN/m, the contact angle was 140°, and the maximum pressure was 413 MPa.



After 28 days, flexural and compressive tests were performed on parallelepipeds 160 × 40 × 40 mm, using a Tinius Olsen-TO317EDG, in accordance with EN 1015-11 [36]. For these tests, 5 parallelepipeds of each mortar were used, and the 2 pieces after the flexural test (10 per composition) were subjected to compressive tests.



Resistance to acid attack is measured by evaluating the compressive strength of the samples after immersion in 1 M sulfuric acid and water for 15 days (Figure 4), in accordance with previous studies [37].



For the test, four samples of each mortar were left to cure during a 28-day period. Two of the samples were immersed in 1 M sulfuric acid, while the other two were left out in the air. Acid samples were removed after 15 days. Then, they were dried at room temperature for 2 days, and compressive strength was determined.




2.2.3. Leaching Study


According to EN 998-2 [38], mortars require the study of emissions of dangerous substances, using standardized European tests and considering the different existing national and regional provisions, although the said standard does not have any specific tests or limits that must be met.



There are more than 55 different leaching tests for different conditions and materials. Leaching tests can be classified mainly as static, dynamic, and tank tests.



In static tests, the leaching solution is a single addition that is not updated during the test. The most used batch leaching tests are EN 12457-4 [39] and TCLP [40].



The leaching solution is recovered during dynamic experiments. This approach is unsuitable for monolithic materials, such as cement-based materials, unless the material size is reduced to the standard size required before testing.



The tank test method involves rinsing the monolithic material in reagent water in a tank. The most common tank tests are NEN 7345 [41] and EPA-1315 [42] and require more than 60 days of testing.



In static tests, the leaching solution is a single addition which is not updated during the test. EN-12457-4 [39] is the most frequently used leaching test in Europe, and it is used to classify wastes in accordance with the EU Landfill Directive [43]. The test is quite basic. It is based on a single stage leaching at a liquid/solid ratio of 10/1 for materials with particle size distributions less than 10 mm. The liquid/solid mixture was rotated at 15 rpm for 24 h. This study made use of deionized water. The Research, Technology, and Innovation Center of the University of Seville (CITIUS) provided an ICP spectrometer (Agilent Technologies, Madrid, Spain). Each leaching was subjected to two leaching tests.



Furthermore, this test is utilized in various European national and regional leaching regulations to evaluate waste use in construction applications. For example, Portugal [44], Italy [45], and some Spanish regions (Cantabria [46] and Basque Country [47]) have imposed leaching limits for the valorization of wastes as part of construction materials based on the results of this test.






3. Results and Discussion


3.1. Physical and Mechanical Properties


In Table 3, physical and mechanical properties (density, compressive, and flexural strength) are shown. With respect to density, geopolymer mortars prepared with NA and ACBFS presented similar values. Geopolymer mortar prepared with OPBA presented a very low density (almost half compared with the other two).



To explain the results, porosity and pore size distribution were also analyzed. Porosities of geopolymer mortars are: 0.5 (M-NA), 0.8 (M-ACBFS), and 3.22 mL/g (M-OPBA). Figure 5 shows the pore size distribution of the geopolymer mortars. M-OPBA presented a high proportion of sorption pores (<0.1 μm) due to the presence of hydrated phases [48] and the internal porosity of these bottom ashes because of the high quantity of unburned matter (Table 1) present in the OPBA aggregate. Capillary pores are also visible in the graph (ranging in size from 0.1 to 100 μm). They are the pores generated within the binder and in the aggregate/binder interface. Water movement causes primary porosity due to absorption into the surrounding masonry unit or evaporation to the air. Because of its high water/solid ratio, M-OPBA has more capillary holes due to its high-water requirement (Table 2). For these reasons, the M-NA mortar shows the lowest number of capillary pores.



Coarse pores present sizes higher than 100 μm. Aggregates with high particle sizes produce higher pores between particles. Consequently, M-OPBA mortars present a lower coarse pore content compared with M-ACBFS and M-NA.



M-ACBFS mortar presented the highest compressive strength values (slightly higher than M-NA and much higher than M-OPFA).



XRD of the three mortars was carried out and diffractograms are presented in Figure 6.



Curves of M-ACBFS and M-OPBA were moved 1700 and 3000, respectively, from the real intensity to improve the visualization of the curves. As can be seen, calcium silicate appears in all curves; the crystalline phase comes from the BFS. Calcite, quartz, and kalsilite from the OPBA stayed in the M-OPBA. However, the Bütschliite completely disappeared. Akermanite, quartz and, microcline from the ACBFS remained in the M-ACBFS (reduction of the akermanite peak is important) and the gehlenite disappeared. M-NA presented peaks of quartz and mullite, which comes from the natural aggregate (standard sand). Amorphous content of M-NA, M-ACBFS, and M-OPBA was determined by DIFFRACT.EVA software and the results were 34.2, 36.3, and 41.9%, respectively. Considering that the amorphous content in the M-NA (34.2%) is due to the BFS attack (NA was contacted with the activating solution and no reaction was displayed (wet sand behavior was observed)) and comparing the amorphous content of the three mortars (M-ACBFS = 36.3% and M-OPBA = 41.9%), it can be confirmed that the aggregates ACBFS and OPBA have been attacked during the geopolymerization reaction, contributing to the development of the amorphous phase of the final material.



Although M-ACBFS presented higher porosity than M-NA, the CS of M-ACBFS was slightly higher due to the greater amorphous content of M-ACBFS lead by the contribution of BFS and ACBFS (materials with amorphous content of 60.4 and 20.5%, respectively) to the geopolymerization reaction, which creates a final mortar with a higher content of geopolymer gel and better CS. In addition, BFS and ACBFS are similar materials with the same source; therefore, compatibility and adhesion between the geopolymer gel, the unreacted BFS and ACBFS, could be right to improve the CS [19].



M-OPBA mortars presented the worst mechanical properties. This mortar showed the highest amorphous content (41.9%) of the three mortars; therefore, the contribution of OPBA to the amorphous content of the M-OPBA is greater than the ACBFS and NA in their respective mortars. However, this higher contribution does not correspond with the CS results. This could be due to the effect of the smallest particle size and unburned content of OPBA, which produces greater requirements of water to obtain a workable material, with a final result of a low-density mortar with a lower CS.



According to EN 998-2 [38], M-NA and M-ACBFS could be classified as M-15 to be used as masonry mortars, and M-OPBA is slightly below M-15 and can be classified as M-10. On the other hand, all mortars present a compressive strength higher than 12.4 MPa at 28 days, and they can be classified as type S mortars according to ASTM C270 for masonry mortars [49].



The flexural strength followed the same trend as density and compressive strengths. The mortars made with NA and ACBFS, which contained less water, obtained the highest flexural strength results. On the other hand, the OPBA mortar presents a high porosity; therefore, the flexural test showed the worst results. As previously mentioned, the use of ACBFS produced a higher geopolymerization process and slightly increased the flexural strength.




3.2. Acid Attack Test


Compressive strength results after air contact and acid immersion for a further 15 days are shown in Figure 7. All the compressive strength results after the acid attack are lower than air. The main effect of the sulfuric acid attacks in the matrix was the generation of gypsum inside the pores and all around the sample (Figure 8), which causes pore spalling and results in worse mechanical properties for all the mortars [26]. This decrement is directly related to the macropores present in the mortars; M-OPBA presents a high proportion of macropores (Figure 5) and presents a higher percentage of diminution (41% of reduction), while M-NA presents a low amount of macropores, and its diminution is lower (23% of reduction).




3.3. Leaching Study


EN-12457-4 [39] has been used to characterize the leaching behavior of the different solid materials. According to the EU Landfill Directive [41], this test is used to classify wastes [43].



Table 4 shows the results of the leaching test of BFS, ACBFS, OPBA, and NA. Three categories are defined by the Landfill Directive: inert, non-hazardous, and hazardous wastes. Results show that ACBFS, BFS, and NA can be considered an inert waste. Because the values of Se, Sb, and Ni are higher than inert limits but lower than non-hazardous standards, OPBA can be classified as non-hazardous waste.



Portugal [44] and Italy [45] have national requirements, whereas Spain (Cantabria [46] and Basque Country [47]) present regional regulations for waste recycling in construction materials in accordance with the results of EN 12457-4. Table 5 shows the comparison of the results with the different international and regional requirements.



In Portugal, waste recycling is permitted as long as the limit for inert waste [42] in waste components is not exceeded. According to Portuguese law, BFS and ACBFS could be reused, but not OPBA. According to the Italian requeriments [45], OPBA cannot be used due to excessive As, Mo, Pb, Se, Ni, Sb, and Cu levels. BFS has a greater Ba leaching content, whereas ACBFS matches the standards of the Italian law.



In Spain, there are no specified national limitations for heavy metals leaching of wastes as raw materials. Nonetheless, there is regional legislation based on EN 12457-4 results, that allows us to determine whether a waste can be recycled in construction applications, such as Cantabria and Basque Country legislations. BFS and ACBFS can be recycled in construction materials in Cantabria and Basque Country under these conditions. Most of the metals in OPBA leaching exceed the Cantabria and Basque Country limits.





4. Conclusions


The results of some physical, leaching, and mechanical properties of two different recycled aggregates, air cooled blast furnace slag and olive pomace bottom ash in geopolymeric mortars has been analyzed.



Although OPBA shows amorphous content which is slightly activated by the alkaline solution, as can be observed with the amorphous content of the M-OPBA, in the M-OPBA prevails the effect of the smallest particle size and unburned content of the OPBA, which produces greater requirements of water to obtain a workable material, with the final result of a low-density mortar with lower CS.



Regarding mechanical properties, geopolymeric mortars with ACBFS have 7% more compressive and flexural strength than those made with OPBA and even with NA. This result could be due to two reasons. On one hand, ACBFS presents an amorphous content, which, although it is lower than BFS, it is significant enough to participate in the geopolymerization reaction. On the other hand, chemical similarities between BFS and ACBFS could improve the compatibility and adhesion between the geopolymer paste, the unreacted BFS and ACBFS, upgrading the final mechanical properties.



Leaching studies have also been performed to determine the environmental safety use of these wastes. According to those findings, OPBA has leaching values greater than several Spanish, Portuguese, and Italian criteria, but the use of ACBFS has not presented any leaching problems.



According to EN 998-2 [38], M-NA and M-ACBFS could be classified as M-15 to be used as masonry mortars while, as M-OPBA strength is slightly below the M-15 limit, it must, therefore, be classified as M-10.
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Figure 1. Solid wastes and natural silica aggregates. 
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Figure 2. X-ray diffraction of BFS, ACBFS and OPBA. 
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Figure 3. Particle size distribution of the fine aggregates. 
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Figure 4. Samples in sulfuric acid. 
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Figure 5. Pore size distribution of the mortars. 
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Figure 6. Mortars diffractograms. 
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Figure 7. Compressive strength after acid attack. 
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Figure 8. M-ACBFS after immersion in sulfuric acid and air for 15 days. 
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Table 1. Chemical composition, specific gravity, and loss on ignition of the materials.
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	Chemical Composition

(% Weight)
	BFS
	Natural Aggregate
	ACBFS
	OPBA





	CaO
	43.46
	0.59
	42.14
	16.5



	SiO2
	35.82
	86.5
	34.76
	45.4



	Al2O3
	11.60
	5.83
	9.12
	10.4



	MgO
	7.59
	0.13
	6.06
	5.0



	SO3
	-
	0.04
	1.77
	-



	TiO2
	-
	0.13
	0.76
	-



	K2O
	0.36
	2.37
	0.54
	17.2



	Fe2O3
	1.01
	1.33
	0.42
	4.2



	MnO2
	-
	-
	0.41
	-



	Na2O
	0.21
	0.87
	0.19
	1.7



	BaO
	-
	-
	0.11
	-



	P2O5
	-
	0.07
	-
	-



	MnO
	-
	0.03
	-
	-



	Specific gravity (g/    c m   3   )  
	2.93
	2.71
	2.91
	2.05



	Loss on ignition (%)
	1.47
	1.34
	1.49
	9.30
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Table 2. Ratios of geopolymeric mortars.
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	Fine Aggregates
	NaOH/BFS
	Fine Aggregate/BFS
	SP/BFS
	H2O/BFS





	M-NA
	0.3
	3
	0.078
	0.027



	M-CBFS
	0.3
	3
	0.078
	0.168



	M-OPBA
	0.3
	3
	0.078
	0.503
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Table 3. Density and strength of mortars.
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	Fine Aggregates
	Density

(kg/m3)
	Compressive Strength

(MPa)
	Flexural Strength

(MPa)





	M-NA
	2313 ± 24
	17.6 ± 1.1
	2.5 ± 0.2



	M-CBFS
	2316 ± 34
	18.9 ± 0.9
	2.7 ± 0.1



	M-OPBA
	1712 ± 15
	14.9 ± 0.7
	2.0 ± 0.1
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Table 4. Leaching results of different solid materials of EN 12457-4 (mg/kg, dry basis).
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	BFS
	NA
	OPBA
	ACBFS
	Inert Waste
	Non-Hazardous

Waste
	Hazardous Waste





	As
	<0.2
	<0.2
	1.8
	<0.2
	0.5
	2
	25



	Zn
	<0.25
	<0.25
	<0.25
	<0.25
	4
	50
	200



	V
	0.19
	-
	-
	0.16
	-
	-
	-



	Sn
	<0.25
	-
	-
	<0.25
	-
	-
	-



	Se
	<0.04
	<0.04
	0.4
	0.07
	0.1
	0.5
	7



	Sb
	<0.05
	<0.05
	0.2
	<0.05
	0.06
	0.7
	5



	Pb
	<0.2
	<0.2
	9.3
	<0.2
	0.5
	10
	50



	Ni
	<0.05
	<0.05
	1.3
	<0.05
	0.4
	10
	40



	Mo
	<0.2
	<0.2
	1.8
	<0.2
	0.5
	10
	30



	Hg
	<0.01
	<0.01
	<0.01
	<0.01
	0.01
	0.2
	2



	Cu
	<0.1
	<0.1
	6.7
	<0.1
	2
	50
	100



	Cr
	<0.1
	<0.1
	<0.1
	<0.1
	0.5
	10
	70



	Co
	<0.02
	<0.02
	<0.02
	<0.02
	-
	-
	-



	Cd
	<0.02
	<0.02
	<0.02
	<0.02
	0.04
	1
	5



	Ba
	13.1
	0.82
	0.3
	0.7
	20
	100
	300
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Table 5. Leaching results of EN 12457-4 compared with different international and regional requirements (mg/kg, dry basis).






Table 5. Leaching results of EN 12457-4 compared with different international and regional requirements (mg/kg, dry basis).





	Element
	Portugal [43]
	Italy [44]
	Cantabria

[45]
	Basque Country

[46]
	BFS
	OPBA
	ACBFS





	Zn
	4
	0.03
	4
	1.2
	<0.25
	<0.25
	<0.25



	V
	-
	-
	-
	1.3
	0.19
	-
	0.16



	Sn
	-
	-
	-
	-
	<0.25
	-
	<0.25



	Se
	0.1
	0.1
	0.1
	0.007
	<0.04
	0.4
	0.07



	Sb
	0.06
	-
	0.06
	-
	<0.05
	0.2
	<0.05



	Pb
	0.5
	0.5
	0.5
	-
	<0.2
	9.3
	<0.2



	Ni
	0.4
	0.1
	0.4
	0.8
	<0.05
	1.3
	<0.05



	Mo
	0.5
	-
	0.5
	1.3
	<0.2
	1.8
	<0.2



	Hg
	0.01
	0.01
	0.01
	-
	<0.01
	<0.01
	<0.01



	Cu
	2
	0.5
	2
	-
	<0.1
	6.7
	<0.1



	Cr (total)
	0.5
	0.5
	0.5
	2.6
	<0.1
	<0.1
	<0.1



	Co
	-
	-
	-
	-
	<0.02
	<0.02
	<0.02



	Cd
	0.04
	0.05
	0.04
	0.009
	<0.02
	<0.02
	<0.02



	Ba
	20
	10
	20
	17
	13.1
	0.3
	0.7



	As
	0.5
	0.5
	0.5
	-
	<0.2
	1.8
	<0.2
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