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Abstract

:

Investigations of metal ecotoxicity in life cycle assessment (LCA) and life cycle impact assessment (LCIA) are becoming important tools for evaluating the environmental impact of a product or process. There is, however, improvement needed for LCIA of metal ecotoxicity in order to make this assessment more relevant and robust. In this work, three issues within the LCIA of metal ecotoxicity are investigated, mainly focusing on topics related to stainless steel manufacturing. The first issue is the importance of considering regional water chemistry when constructing the characterization factor (CF). A model freshwater of relevance for stainless steel manufacturing in a region of Sweden was created with chemistry different from available options. The second issue is related to the lack of consideration on changes in speciation of Cr(VI) in freshwater for a given emission, as Cr(VI) to some extent will be reduced to Cr(III). Two new options are suggested based on relationships between the Cr(VI)–total Cr ratio as a way to improve the relevancy of LCIA for Cr(VI) in freshwater. The last issue is how to treat metal release from slags in LCIA. Metal release from slags was shown to vary significantly between different ways of modelling slag emissions (differences in total metal content, slag leaching tests, estimated emissions to groundwater).
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1. Introduction


Life cycle assessment (LCA) is increasingly used to investigate the environmental impact of products and processes, including stainless steel production [1]. The method accounts for the environmental impact during the entire life cycle, from the cradle to the grave [2,3,4]. According to ISO standards 14,040 [5] and 14,044 [6] regarding LCA, relevant environmental aspects should be considered both in the data inventory phase and in the impact assessment. The assessment is based on data collected from the life cycle inventory (LCI) on e.g. resources, energy, and emissions to water and air. A life cycle impact assessment (LCIA) of the environmental impact is based on data from this inventory in which a characterization factor (CF) is applied to the emission of interest to translate it to a potential environmental impact, including metal emissions translated into ecotoxicological impact [7]. Work is currently ongoing that aims to harmonize ecotoxicity characterization in LCIA [8,9].



Metals are dispersed to varying extents from several different processes during alloy manufacturing and from products during their service lives, for example metal release from constructions, metals in process water released to freshwater, and the diffuse metal release (leaching) from disposal of slags and landfills [10]. Previous studies have shown that both improved inventory data and improved methods for the assessment of ecotoxicological impact are needed to increase the relevance and accuracy of the assessment of metals leaching from slags, compared with data today available in USEtox (the consensus method for toxicity in LCIA) [11,12,13].



This study proposes a strategy to improve the accuracy and relevance of the LCIA with respect to metal-induced ecotoxicity of metals emitted/dispersed from slag deposits obtained as a direct consequence of stainless steel production. The metals in focus include nickel (Ni) and chromium (Cr) as they are of more environmental concern due to their toxic properties at certain conditions compared with other alloying metals such as iron (Fe) and molybdenum (Mo) [14]. The scope is further narrowed by considering only the freshwater compartment, but the same kind of issues when evaluating the ecotoxicological impact described above (inventory, methods for assessment) also translates to the marine and soil compartments [15,16].



The first aim of this study is to use the diffusive gradient in thin-films (DGT) technique to assess the labile metal fraction and estimate bioavailability factors (BF) for Cr(VI), Cr(III), and Ni in a model freshwater relevant for regions with stainless steel production in Sweden. These factors are compared with results of the Windermere humic acid model (WHAM) and the Visual MINTEQ theoretical modelling tools to assess the bioavailable metal fraction and partitioning coefficients [17]. Complete CFs are constructed using a framework outlined elsewhere [18], and compared with default CFs in USEtox as well as with other regional CFs. The use of DGT to assess the bioavailable metal fraction in freshwater is especially important for Cr(VI) due to a deficit in available CFs in LCIA.



The second aim of this work is to consider changes in oxidation state of Cr in freshwater in LCIA. Presently in USEtox, an emission of Cr(VI) is treated as it will remain in the same oxidation state independent of environmental interactions. Changes in Cr speciation are, however, very important to consider as the toxicity of Cr(VI) in general is much higher compared with Cr(III) [19]. It is well established that an emission of Cr(VI) at least to some extent will be reduced to Cr(III) upon entry into freshwater [20]. This study evaluates how different scenarios for Cr(VI) reduction kinetics influence the assessment of its ecotoxicity in LCIA. These scenarios are compared with the default way of treating Cr(VI) emissions in USEtox today in which no Cr transformation in speciation is considered.



The third aim is to determine metals release (leaching) from slags sampled stainless steel production sites. The use of by-products, waste material, and secondary raw materials such as slags from stainless steel manufacturing are of large importance in relation to ambitions of a circular economy. Such a use of industrial residues can contribute to the reduction of the overall environmental impact, both by considering mitigating negative impact from landfills and by enabling positive impact from use of secondary raw materials in construction. In such cases and in general, it is crucial that the LCIA of slags should be relevant and robust [21]. A strategy on how to facilitate such an analysis is given in this study. This is performed by means of DGT (bioavailable metal fraction) and applying the generated CFs for the model freshwater. These findings are compared with results using default CFs in USEtox and default slag leaching data for Cr in Ecoinvent (a life cycle inventory database) [11,22]. The hypothesis is that DGT measurements can provide a more realistic data and a relatively easy way to estimate the leaching of metals from slags compared with existing data in the Ecoinvent database, version 3 [23], often used in LCIA.




2. Materials and Methods


An overview of the strategy of this study is given in Figure 1 and described in the more detail in the sections below. In this study, we constructed CFs for Cr(VI), Cr(III) and Ni in a model freshwater in order to compare with default factors used in LCIA. The novel approach takes into account the reduction of Cr(VI) in freshwater, generates data for release of metals from slags, and applies the obtained CFs to the latter data. This is done using equilibrium modelling as well as DGT measurements to estimate the bioavailable metal fraction (labile fraction). Two different scenarios were constructed to take into account the effect of changes in redox state of Cr(VI), which also result in new CFs. We have in addition investigated the fraction of bioavailable metal leaching from slags from stainless production and how it influences the LCIA assessment compared with the current default approach using leaching data from slags available in the Ecoinvent database.



2.1. Construction of Characterization Factors for a Model Freshwater


A model freshwater of relevance for stainless steel production in the Bergslagen region of Sweden was constructed (Table 1; more details in Tables S1 and S2 in Supplementary Information), as none of the alternatives in USEtox or in the EU archetype freshwaters (see Table S3 in Supplementary Information) [14] reflect the water chemistry of the region. This freshwater is representative of the collected slag samples. The suspended particulate matter (SPM) used in the model freshwater were silica-based particles obtained from Sigma Aldrich, Sweden.



USEtox is the consensus impact model available to assess both human and environmental toxicity in LCA [7]. This model includes the physical and chemical properties of chemical substances (including metals) that provide data for CFs calculations. For ecotoxicity, the CF consists of a fate factor (FF), an exposure factor (XF, often also denoted the bioavailability factor, BF) [18], and an effect factor (EF). The FF represents the persistence of a chemical in the environment, the XF/BF represents the bioavailability of a chemical, and the EF represents the change in potentially affected fraction of species due to changes in concentration, see Equation (1):


CF=FF·XF·EF



(1)







Bioavailability is defined as the metal fraction that readily can be taken up by an aquatic organism and is in this context estimated by the labile fraction [26,27]. Metal complexes that are strongly bonded to organic complexes are generally regarded as non-labile and not bioavailable (specifically adsorbed or covalently bonded).



In this study, the USEtox version 2.02 is applied on the results from the experimental measurements and modeling made for Cr(III), Cr(VI), and Ni. The following input parameters were modified: the partitioning coefficient between suspended solids and water (kPSS), the partitioning coefficient between dissolved organic carbon and water (kDOC), and the hazardous concentration (HC50) for the given metal species (see below for details). The partitioning coefficients affect the FF and the HC50 the EF. These parameters and the bioavailable (labile) metal fraction were determined using the DGT technique and predicted using WHAM and Visual MINTEQ as described below.




2.2. Geochemical Modelling of Metal Speciation


Visual MINTEQ was employed to estimate the BF of Cr and Ni in the model freshwater. The composition of the model freshwater was used as input for the calculations (Table 1, Tables S1 and S2) with the pH fixed and the ionic strength calculated by the software. The Stockholm humic model (SHM) was used for modelling metal complexation with humic material [17]. Default parameters were used in these calculations [28], assuming 100% of the dissolved organic matter to consist of fulvic acid and the concentration of dissolved organic matter (DOM) to be 1.65 times higher than the DOC [28]. Surfaces of suspended matter were modelled using ferrihydrite using default parameters.



The Windermere humic acid model, WHAM (ver. 7.05), was used to predicted the bioavailable metal fraction in the model freshwater, and used to model the BF for further use in the LCIA assessment [29]. Particulate matter was modelled as iron oxide. The output data of WHAM was also used to obtain numbers for kDOC and kPSS.




2.3. DGT Measurements to Estimate Metal Bioavailability


The bioavailable (labile) fraction of specific metals in freshwater and dispersed from slags was determined using the DGT technique [26,30]. The labile metal fraction is related to metal species that can dissociate relatively fast (mainly free ions and inorganic complexes) and thus readily react with e.g., biological media. This fraction can thus be used as an estimate of the bioavailable fraction of the total amount of released metal [26]. Metals strongly associated with large molecules, e.g., fulvic acids, or strongly attached to particles are hence in general excluded from the labile fraction [26]. DGT has been shown to assess the labile metal fraction in relatively good agreement with equilibrium modelling of freshwater [31].



The DGT is comprised of three layers held together by a plastic casing. The first layer is a membrane filter with a 0.45 µm pore size, the second layer is made up of an ion-permeable gel membrane that only permits diffusion of labile metal species, and the third layer is an ion-exchange resin designed to selectively accumulate metal ions. After exposure of the DGT device to the solution of interest, the resin is removed and the metal of interest is eluted in 1 M HNO3 during 24 h. More details are given in Section 2.8.



The DGT-accessible concentration is then calculated according to Equation (2) using Fick’s law [27], a constant for metal diffusion, and the volume of the resin, absorbing the metal of interest.


CDGT=Csol(VHNO3+Vgel)bfeDtA



(2)




where Csol is the determined concentration of the specific metal in the eluate (g/L), VHNO3 is the volume of the eluate (L), Vgel is the volume of the resin gel (L), b is the thickness of the diffusive gel and the membrane (cm), fe is the elution factor (dimensionless), D is the diffusion coefficient (cm2/s), t is the time (s), and A is the area of the membrane (cm2).




2.4. Construction of New Effects Factors


The same procedure as reported in Dong et al. was followed to construct the BFs and EFs for Ni and Cr(III) for the model freshwater [14,15]. In brief, free ion activity HC50 values were constructed based on the water chemistry of ecotoxicity tests for three different trophic levels (using WHAM). Obtained free ion activity HC50 value were used as input into the WHAM modeling and the resulting truly dissolved fraction, the “truly dissolved HC50” fraction, was used to construct the EF according to EF = 0.5/HC50. The free ion activities used as input into WHAM for calculations of the model freshwater was 1.53·10−6 M for Ni and 3.17·10−12 M for Cr(III) [14]. The construction of a new EF for Cr(VI) was not possible due to lack of toxicity datasets to calculate the truly dissolved HC50 fraction.




2.5. Scenarios for Taking the Reduction of Cr(VI) into Account in LCIA


The default scenario in the standard USEtox method assumes that an emission of Cr(VI) remains in the same redox state throughout its lifetime and is as such evaluated in LCIA. However, this assumption does for most conditions not necessarily reflect reality as Cr(VI) has a tendency to be reduced at freshwater settings [20]. This is a complex transformation that is not necessarily complete (100%) and that depends on a large number of parameters such as pH, presence and type of natural organic matter (NOM), and presence of Mn- and Fe-oxides [20,32]. Two main scenarios were constructed in order to explore different ways of taking changes in redox state of a Cr(VI) emission into account. These two scenarios are depicted together with the default USEtox treatment of Cr redox (no change of redox state) in Figure 2.



Scenario 1 ignores the kinetics of reduction and assumes that a steady-state level of Cr(VI)/total Cr is obtained instantaneously, which is significantly lower than the initial level. A study of the Cr speciation in Swedish non-urban lakes reports Cr(VI)/Cr(total) ratios varying between 0.44 and 0.77 [33]. This ratio was described by the authors as the soluble fraction of Cr, defined as the fraction filtered through a 0.45 µm pore size membrane. Hence, particulate Cr or Cr attached to particulate matter need to be further considered. Literature data reports the fraction of dissolved Cr to 11% [34] or 20% [35] of the total concentration. As will be shown later this study demonstrates that the partitioning between dissolved Cr(VI) in solution and Cr(VI) bound to particulate matter (ferrihydrite) is 46% in the model freshwater. From this follows the possibility to estimate a lower and an upper boundary for the fraction of Cr(VI) to total(Cr).



The lower boundary (Scenario 1A) was constructed by assuming that 44% of the dissolved Cr is present as Cr(VI) [33] and that these species account for 11% of the total amount of Cr and that the remaining 46% of the Cr(VI) fraction is bound to ferrihydrite. This results in the following calculation to assess the fraction of Cr(VI)/total Cr:


Cr(VI)total Cr(min)=dissolved Cr(VI)total Cr+particulate Cr(VI)total Cr=0.44×0.11+0.44×0.11×(0.460.54)≈9%



(3)







Analogously, the upper boundary (Scenario 1B) was estimated by assuming that 77% of the dissolved Cr fraction is present as Cr(VI) and that this phase accounts for 20% of the total amount of Cr, and that the remaining 46% of the Cr(VI) fraction is bound to ferrihydrite. This results in the following calculation for the fraction of Cr(VI)/total Cr:


Cr(VI)total Cr(max)=dissolved Cr(VI)total Cr+particulate Cr(VI)total Cr=0.77×0.20+0.77×0.20×(0.460.54)≈29%



(4)







The reduction of Cr(VI) is fast at conditions with high concentrations of reductants (e.g., humic acid, iron oxides) [32]. Scenario 2A represents such a case and assumes a half-life of 20 days for Cr(VI), while scenario 2B assumes a half-life of one year and hence corresponds to a case with low concentrations of reductants in the freshwater [32].



The time-dependent change in the redox state (Scenario 2) was modelled in USEtox by changing the degradation rate of Cr(VI) in freshwater, Equation (5), taking into account the reduction of Cr(VI) to Cr(III):


C=C0e−kdeg·t



(5)







Here, C is the metal species concentration, C0 is the concentration upon dispersion, t is the time, and kdeg is the degradation constant, which in this case represents the reduction of Cr(VI) to Cr(III). Normally, in USEtox, this degradation rate is set to a very low number for metals (10−20 s−1) due to the fact that metals, in contrast to many organic compounds, are not degradable. For a half-life of one year for Cr(VI), this results in a kdeg of 2.2·10−8 s−1, and for a half-life of 20 days kdeg equals 4.0·10−7 s−1. The change in degradation rate alters the FF and hence also the CF. The same type of terminology as used in the work by Owsianiak et al. on ageing of metals in soil can be used to describe changes in characterization factors related to changes in Cr(VI) reduction:


CF=ACFT·FFT·BF·EF



(6)







Here, ACFT is the accessible fraction of the metal and takes into the account the redox of Cr species, which is time-dependent and represents the metal that is potentially bioavailable [16]. In this work, ACF represents the fraction of the Cr(VI) that has not been reduced to Cr(III):


ACFT=∫OTfreactive(t)dtT



(7)







Here, freactive(t) is the Cr(VI)/total Cr ratio given in Figure 2 and T is the time horizon for the evaluation. Here, Cr(VI) refers to the total fraction in form of Cr(VI), and the bioavailable fraction is a sub-fraction of this total Cr(VI). Following this definition, the ACF is time-independent for scenario 1 and results in value of 0.09 for scenario 1A and 0.29 for scenario 1B. For scenario 2, the ACF becomes time-dependent, and also the FF as it depends on the degradation rate. Cr(III) formed by the reduction from Cr(VI) will influence the ecotoxicity. This is taken into account by generating a composite CF where the ACF of Cr(III) is simplified to (1-ACFCr(VI)). The effect on FF is hence ignored and motivated by the relative short FF for Cr(III) in freshwater [36]. The resulting CF is then calculated as:


CF=CFCr(VI)+CFCr(III)



(8)








2.6. LCIA of Stainless Steel Slags Using SimaPro


In this study, the LCA software SimaPro version 8.5.0.0 was used to model scenarios based on both existing CFs and on constructed CFs. Datasets were generated based on both specific LCI data from experimental metal release tests as well as on data available in the public database Ecoinvent, version 3 (dataset: Slag, unalloyed electric arc furnace steel treatment of, residual material landfill|Alloc Rec, U) [23]. As Cr and Ni were the main metals in focus of this study, only emissions of Cr(III), Cr(VI), and Ni were considered, both for the Ecoinvent dataset and for the generated experimental data.




2.7. Experimental


All vessels and glassware were cleaned with 10% HNO3 for at least 24 h and rinsed with MilliQ (MQ) water (18 MΩ·cm). The chemicals were used as received, and of reagent grade or higher (>99.0%). The total suspended solids (TSS) for the model freshwater consisted of a 100 mg/L standard purchased from Sigma Aldrich (Sweden). The chemical composition is given in Table 2. Natural organic matter (NOM) for the model freshwater was Nordic Aquatic Fulvic Acid Reference, obtained from the International Humic acid Substance Society (IHSS). The pH of the model freshwater was adjusted using NaOH (reagent grade, >98%) and HNO3 (suprapur). The addition of metals (Cr, Ni, Al, Fe) to the model freshwater was made using certified atomic absorption standards (Perkin Elmer, 1 g/L) that were further diluted.




2.8. Determination of Total Metal Concentrations in Solution


Atomic absorption spectroscopy (AAS, Perkin Elmer AAnalyst 800) in graphite furnace mode was employed to determine total Ni and Cr concentrations in solution. Calibration standards were prepared from 1 g/L certified metal standards (Perkin Elmer) in 1% HNO3 solutions. Each sample was measured three times and the resulting average concentration was calculated after subtraction of blank samples (samples without slag or model water without added Cr or Ni). The detection limit was estimated as three times the standard deviation of the blank and the determination limit was calculated as ten times the standard deviation of the same blank. This resulted in detection (LOD) and determination (LOQ) limits of 2.6 and 8.5 µg/L for Ni, and 1.3 and 4.2 µg/L for Cr, respectively.




2.9. Diffusive Gradient in Thin-Films


All experiments were performed as described elsewhere [26,27]. DGT samplers were purchased from DGT Research (Great Britain), consisting of LSNM devices for the determination of Ni and Cr(III) and LSNE devices for measurements of Cr(VI) [37], see Table 1. All devices were stored at 4 °C before usage and conditioned in a 1 mM ionic strength solution prior to the experiments (approximately same ionic strength as the model freshwater).



Model freshwater was freshly prepared before each experiment, see Table 2 for its composition. A volume of 150 mL of model freshwater was used for the DGT experiments, poured into an acid-cleaned polypropylene beaker (250 mL), and covered with parafilm to avoid evaporation. The pH was adjusted using NaOH (reagent grade, >98%) and HNO3 (suprapur) when necessary to maintain a pH of 7.3. The beakers were exposed at 25 °C on a shaking table at dark conditions in a climatic chamber. The beakers were left to equilibrate for 1 h before the DGT devices were immersed. The devices were taken out from the climatic chamber after 3 days and washed with MQ water. The resin from the DGT samplers was then taken out and eluted in 1 M HNO3 for 24 h. The total metal concentration of the eluate was analyzed with AAS after appropriate dilution in MQ water. The LOD was approx. 0.13 µg/L and the LOQ was 0.42 µg/L for Cr(VI) for the DGT method.




2.10. Total Metal and Labile Metals of Slag Leachates


Model freshwater, Table 2, was prepared in the same way as for the DGT measurements. Samples with a concentration of 100 mg/L (150 mL freshwater, 15 mg slag particles) were prepared in acid-washed polypropylene beakers (250 mL). The beakers were thoroughly covered with parafilm and placed on a shaking table in dark conditions at 25 °C in a climatic chamber. Aliquots of 6 mL were sampled after 16 days. After completion, the samples were carefully decanted into new acid-cleaned plastic beakers to remove the slag particles. DGT samplers for Cr(VI) detection were placed in each water sample, following the same procedure as described above to quantify the concentration of labile Cr(VI).




2.11. Slag Characterization


Two slag samples were collected from two different stainless steel manufacturing plant in the region of Bergslagen in Sweden. Slag 1 represents an electrical arc furnace manufacturing process and was sampled before any metal recovery. The other slag sample (slag 2) also originated from an electrical arc furnace manufacturing plant (different from slag 1) and was sampled before any metal recovery, but after water cooling of the slag.



Morphological and elemental characteristics of the slags by means of scanning electron microscopy (SEM) and electron dispersion spectroscopy (EDS) are given in Figure S1 and Table S4 (Supplementary Information). SEM and EDS analyses were performed using a Hitachi TM-1000 table-top scanning electron microscope. All images were obtained using backscattered electron mode with an acceleration voltage of 15 keV.





3. Results and Discussion


3.1. Comparison between DGT Measurements and Software Simulations for the Construction of Characterization Factors for Cr and Ni in a Model Freshwater


Results of using the different tools to determine/predict metal bioavailability (labile fraction) are exemplified in Figure 3 for Ni, Cr(III), and Cr(VI) in the model freshwater using the DGT technique and the prediction tools WHAM and Visual MINTEQ. Tables S5–S7 compiles the obtained modeling results for each metal using WHAM and Visual MINTEQ, including estimations on whether the complexes can be assigned as labile species or not and hence be regarded as bioavailable.



As seen in Figure 3, all methods were not applicable to all metals. The DGT measurements resulted in concentrations of Cr(III) below the detection limit due to the very low fraction of bioavailable Cr(III), similar to findings using Visual MINTEQ (no reported formation of labile complexes). Cr(VI) modelling is unfortunately not possible in WHAM. The BF (fitted slope in Figure 3) was 0.45 for Ni obtained by DGT, 0.19 for Visual MINTEQ, and 0.20 for WHAM. In the case of Cr(III), the BF was 5·10−5 as obtained by WHAM. DGT resulted in a BF of 1 for Cr(VI), whereas Visual MINTEQ resulted in a value of 0.64. Observed differences are discussed below.



A large difference in Cr(VI) BF was observed between the DGT measurements and the Visual MINTEQ prediction. This is most probably due to different characteristics of the SPM in the laboratory experiments using silica-based particles for the DGT measurements and iron oxide in the Visual MINTEQ calculations. The modelling results using iron oxide should be a more relevant proxy for SPM. This difference in SPM also affected observed differences between the modelling results and DGT in the case of Ni. These modelling calculations showed no significant adsorption to silica, whereas the binding to iron oxide was ca. 5–12%. The type of SPM can hence have an impact on the BF, and its inclusion models such as USEtox would improve the precision of predictions in freshwater.



The labile metal fraction that DGT probes is not precisely defined. Smaller metal–fulvic acid complexes may diffuse into the DGT device in addition to the diffusion of labile metal species [26]. Since the deployment time of the DGT device of this experiment was relatively long (3 days), it is possible that some metal–FA complexes also are included in the determined fraction of labile complexes measured by DGT and hence overestimated. However, the diffusion of free metal ions is used to estimate the labile fraction (Equation (2)) which normally results in an underestimated value for weak complexes with small organic molecules due to slightly lower diffusion constants in the gel of the DGT compared with free metal ions [26]. Since reported DGT measurements in freshwater show relatively good correlation with modelling of the same systems [26,31], we attribute observed differences in BFs in this study to mainly be a result of the differences in SPM composition. In the following, WHAM data was therefore used to construct the CFs in the model freshwater for Cr(III) and Ni, and Visual MINTEQ for Cr(VI).



The kDOC and kPSS partitioning coefficients obtained by WHAM are given in Table 3 together with new HC50 values that represent literature HC50 values, for which accessibility (the labile fraction) has been taken into account for the model freshwater [14,38] (see Section 2.4). New (corrected) HC50 values were only generated for Ni and Cr(III) due to the lack of data available for Cr(VI). Default USEtox values are included for comparison.



These parameters were used together with BF data presented in the previous section to calculate new FFs and CFs. The results are given in Table 4 along with default values in USEtox v.2.02.



As seen in Table 4, there are some differences between the constructed CFs of the model freshwater and the default values in USEtox. Cr(III) shows the largest difference in CF, in line with large variations of CFs seen for the freshwater archetypes relevant to EU for which the accessibility of metals has been considered in more detail compared with default CFs [14,18]. One reason is the sensitivity of Cr(III) speciation with respect to pH. The large variations between CFs show the importance of designing regional CFs in order to significantly improve the accuracy of the LCIA. Similar findings are reported elsewhere [39]. At present, there are no available CFs for Cr(VI) for the EU freshwater archetypes. The lack of more regional CFs for Cr(VI) further points out the need to, when possible, consider the regional water chemistry.



One improvement for future implementation of CFs for regional freshwaters is to include an option for specifying freshwater water chemistry in USEox (e.g., DOM, pH, alkalinity), and then let the software choose the appropriate CF based on this water chemistry from library of freshwater chemistries.




3.2. Comparing Modelling of the Impact of Changes in Cr Oxidation State with the Default Treatment of Cr in USEtox


As described in Section 2.2, two different scenarios were considered to take into account the reduction of Cr(VI) in freshwater. Scenario 1 corresponds to a drop of the Cr(VI)–total Cr ratio that is instantaneous (9% or 29%), and Scenario 2 is a first order degradation of Cr(VI) with a half-life of one year or 20 days. A time horizon has to be selected for the evaluation of the ACF and FF for scenario 2, as shown in Equations (3) and (4). Here we chose time horizons corresponding to the time spans of the calculated FFs in order to take into account the sedimentation and relatively short residence time of Cr(VI) in the freshwater compartment. The results are compiled in Table 5, including the contribution of Cr(III) (CF, Cr(III)) as a result of Cr(VI) reduction by using Equation (8). The resulting CFs for the scenarios and the default CF in USEtox are presented in Figure 4.



Observed differences between the scenarios in Figure 4 lie within the uncertainty stated in USEtox for the CFs of ecotoxicity (100–1000 times) [7]. The introduction of Cr speciation in LCIA nonetheless rectifies an otherwise inherent overestimation of metal toxicity in the default USEtox assessment due to the static Cr(VI) speciation in case of dispersion of such species.



One option for implementing changes in Cr(VI) speciation in USEtox is to include a Cr(VI)–Cr(total) ratio based on literature findings for a given freshwater chemistry, just as in Scenario 1, which can be used to calculate a ACF This is in the vein of the USEtox strategy to provide general data and trends for evaluating the environmental impact. A starting point for Cr speciation in USEtox should be experimental data, as modelling of Cr speciation is of such complexity that it requires more work before any robust models will be available [40]. The DGT method could come to use here and investigate the labile Cr(VI) fraction as a function of time. The reduction of Cr(VI) could also be added to the assessment of the soil compartment using a similar approach conducted by Owsiniak et al. [39], and the construction of time-dependent ACFs and FFs.



In the meantime, before any implementation of redox changes in USEtox, LCA users should be aware of that toxicity in LCIA resulting from the dispersion of Cr(VI) to freshwater is overestimated. This is especially important when the relative contribution of such a dispersion dominates in the impact assessment.




3.3. Implementing Experimental Data in LCIA on Metal Bioavailability of Cr(VI), Cr(III), and Ni Dispersed from Slag and Comparisons between the Use of Data and Default Values in USEtox


In this section, metal release (leaching) results from the collected slags will be compared with default Ecoinvent data for metal emissions from slags, applying the CFs generated in this study on the model freshwater and the scenarios for Cr(VI) reduction.



The DGT results for Cr(VI) released from two different slags are presented in Figure 5 (see Supplementary Information for additional slag characteristics). These slags represent worst case scenarios in the sense that they are sampled before any metal recovery, which means a higher metal content than typically for slags in landfills, and lack of time for ageing that in general results in a less reactive slag (less soluble metal oxides/minerals) over time [11,16].



The emission of Cr(VI) to freshwater is the largest emission in the current Ecoinvent data set with minor emissions taking place to river water, soil, and air. The Ecoinvent data for emissions to groundwater was used to model emissions to freshwater as no CFs in USEtox exist for emissions to groundwater. The amount shown in Figure 5 hence corresponds to the sum of emissions to both river and groundwater. Total release data of Cr and Ni from the slags were determined (not DGT) and measured by AAS. These results showed released concentrations being close to, or below the detection limit (see Section 2.8). For Cr, this implies that most of the released Cr was present as Cr(VI) as the detection limit is close to the observed concentration of Cr(VI) by means of DGT. The release of Cr as Cr(VI) from slags is expected to be larger than the amount of Cr(III) species released due to the formation of insoluble minerals and Cr(OH)4− [40], which make the released Cr(III) concentrations very low. Observed levels of released Cr(VI) were in the same order of magnitude as observed in the literature [41]. These results further imply that no Cr(VI) was reduced over the time frame of the DGT experiments (16 days) and shows that the model freshwater composition does not favor fast reduction kinetics (Scenario 2A).



Variations in the slag inventory data (Figure 5) can be larger than dissimilarities in CFs obtained by including different scenarios for the reduction of Cr(VI) (Figure 4). The variations in available slag release data hence have a high potential to overshadow the Cr(VI) reduction effects even though it is evident that information on the Cr(VI) reduction kinetics certainly improves the relevance of the LCIA.



It is important to point out that the DGT results are not directly comparable with literature findings and default Ecoinvent data from metal leaching from slags, as the DGT technique assesses the labile fraction of metals, as described previously. A BF has to be applied to measurements of total metal concentrations in order to make them somewhat comparable.



Figure 6 shows the slag release data multiplied by the appropriate CFs (depicted in Figure 4) without any BF involved in the calculations for the slag release measured using DGT. The CFs values are given in Table 5 and represent the total CF (both Cr(VI) and Cr(III) contributions). Calculations for the different scenarios 1A and 2B, i.e., freshwaters with fast reduction kinetics (1A) and slow reduction kinetics (2B), result in an approximately one order of magnitude difference in ecotoxicological impact.



A total difference of 2–3 orders of magnitude between introducing the different Cr(VI) scenarios and the default setting (Ecoinvent data with default CFs) is evident from the results of Figure 6. This underlines the importance of having and using relevant inventory data for slags in LCIA. The outlined methodology and strategy as presented in this study (Figure 2) can hence be useful for anyone doing an in-depth characterization of the ecotoxic impact in LCIA induced by the dispersion of metals from slag or any other source of metal dispersion.



The importance of slag release (or any release of metals from a landfill) in the context of LCIA has been recognized previously [12,16]. Most metals in slags are though recovered via different processes such as magnetic separation [42,43]. If not used in different applications, the slag, air-cooled or treated, is stored in landfills. Consequently, the slag predominantly contains (>80%) silica, calcium carbonate, aluminum oxide, manganese oxide, and calcium hydroxide and only to a minor part metals such as Ni and Cr [42]. Most of the metal content in the slag remains even after 100 years in a landfill (>ca. 99%) due to their presence as low solubility compounds/minerals [11]. If dispersed into an aqueous setting, released metals from the slag will to some extent be further transformed into even less soluble oxides [16]. Owsiniak et al. introduced, as mentioned, the ACF to take into account ageing of metals in soil in order to capture the trend of lower reactivity of metals as they form more and more stable oxides over time [39]. This study does not give any new insights into treatment of long-term emissions from slags, but it can be noted that the relatively short residence time of Cr(VI) in freshwater (55 days or shorter in this study) implies that, as seen earlier [36], this compartment will not be severely affected by long term ageing of the metals. DGT can be a useful tool to estimate both the bioavailable (labile) fraction of metals and to provide information on leaching kinetics in soils and sediments for long-term experiments [44]. The technique can also provide information on chemical speciation, such as Cr(VI) as shown in this study. A suggestion in this regard is to combine results of metal release investigations in terms of standard batch testing with metal release testing of minerals (relevant metal oxides that are known and expected to form and exist also after hundreds and thousands of years).



Another way forward could be that future inventory data in the Ecoinvent database for slags becomes more detailed, including metal release test procedures as well as slag characteristics (e.g., total metal content), as suggested previously [16]. Such data could help in modelling of metal release [45], and provide additional information on what the inventory data means in terms of time frames for the emissions being modelled. Another uncertainty lies in the lack of CFs for emissions to groundwater [46].





4. Conclusions


This study outlies a strategy to improve LCIA of metal release from slags in terms of ecotoxicity. CFs relevant for stainless steel manufacturing regions in Sweden were constructed by speciation measurements and predictions of Cr and Ni using DGT, Visual MINTEQ, and WHAM in model freshwater. Cr speciation should be considered in LCIA due to its documented changes in the redox state of Cr(VI) emissions to freshwater. The introduction of different realistic scenarios for changes in Cr(VI) levels with time resulted in up to one order of magnitude lower ecotoxic impact compared with the standard option in LCIA (no redox state change). A proposal on how to implement Cr speciation in LCIA to counteract the current overestimation of metal toxicity in the default USEtox assessment is to include a general steady-state relationship between Cr(VI)/Cr(total). The DGT method was used to assess the release of Cr(VI) from slags sampled from two stainless steel production sites. All in all, the most significant relative influence on the ecotoxicological impact was observed for metal release from slag, as the different options on how to assess and model metal emissions from slags spanned more than two orders of magnitude, in addition to the one order of magnitude span observed for different CFs. In the future, it should be prioritized to account for changes in Cr speciation in LCIA and that the assessment is made for freshwater conditions of relevance for the region of interest, e.g., at aquatic settings adjacent a stainless steel manufacturing plant.
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Figure 1. Outline of the strategy of this study including construction of new fate factors (FF), effect factors (EF), bioavailability factors (BF), accessibility factors (ACF), and characterization factors (CFs). New partitioning coefficients were determined between metals in solution and dissolved organic matter, as well as for suspended solids (PSS) (kDOC, kPSS). The degradation rate was changed in order to take into account the reduction of Cr(VI) to Cr(III). The diffuse gradient in thin-film technique (DGT) was used to estimate bioavailable (labile metals—free ions and easily soluble metal complexes) metals in solution, and atomic absorption spectroscopy (AAS) to determine total concentrations of metals in solution (independent on metal speciation). 






Figure 1. Outline of the strategy of this study including construction of new fate factors (FF), effect factors (EF), bioavailability factors (BF), accessibility factors (ACF), and characterization factors (CFs). New partitioning coefficients were determined between metals in solution and dissolved organic matter, as well as for suspended solids (PSS) (kDOC, kPSS). The degradation rate was changed in order to take into account the reduction of Cr(VI) to Cr(III). The diffuse gradient in thin-film technique (DGT) was used to estimate bioavailable (labile metals—free ions and easily soluble metal complexes) metals in solution, and atomic absorption spectroscopy (AAS) to determine total concentrations of metals in solution (independent on metal speciation).



[image: Sustainability 11 01655 g001]







[image: Sustainability 11 01655 g002 550]





Figure 2. Description of scenarios for treatment of Cr(VI) reduction in USEtox. Default is the standard way in USEtox (no change in Cr(VI) speciation), Scenario 1 is an instantaneous reduction of the Cr(VI)/Cr ratio, and Scenario 2 is a first-order reduction of Cr(VI) with a half-life of 20 days (2A) and one year (2B). 
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Figure 3. Investigation of the bioavailable (labile) concentration of (A) Ni, (B) Cr(III), and (C) Cr(VI) in the model freshwater. Multiple data points represent individual samples for the DGT investigations. The dotted lines are linear fits to the respective dataset. 
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Figure 4. The contribution of Cr(III) and Cr(VI) to the total CF for the different scenarios that take into account Cr(VI) reduction, compared with the default approach in USEtox that does not consider this process. 
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Figure 5. Release of Cr(VI) from slags sampled prior to metal recovery (worst-case scenarios). Data for slags 1 and 2 was generated based on DGT measurements in this study. The Ecoinvent result corresponds to available data in its database for stainless steel slag (sum of emissions to river and groundwater). 
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Figure 6. Ecotoxicological impact of Cr(VI) released from slag (Slag 1 and 2) and Cr(VI) release assessed from Ecoinvent data for slags relevant for stainless steel manufacturing. The CFs from scenarios 1A and 2B were used together with default CFs in USEtox for freshwater. 
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Table 1. Basic parameters of the model freshwater based on data collected from the SLU database [24,25].
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	pH
	Dissolved Organic Carbon, DOC

(mg/L)
	Alkalinity

(mg CaCO3/L)
	Temperature

(°C)
	Suspended Particulate Matter

(mg/L)





	7.3
	11
	16
	11
	7.2







SLU—Swedish University of Agricultural Sciences.
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